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Abstract 

Applications of Atomic Magnetometry and Hyperpolarized Xenon 

by 

Hattie Lucille Ring 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Alexander Pines, Chair 

 

Conventional nuclear magnetic resonance techniques have been exploited by scientists for 
everything from protein structure determination and clinical imaging, to drug synthesis and design. 
However, there are still several limitations, including portability, expense, and sensitivity. New 
methods will be described for sensitivity enhancement using xenon hyperpolarization and 
inexpensive low-field detection of nuclear quadrupole resonance (NQR), J-coupling, and 
hyperpolarized xenon (hp-Xe). Low-field detection is performed with an alkali vapor atomic 
magnetometer which is known to be extremely sensitive at earth’s magnetic field and lower. This 
low field sensitivity allows for detection of nucleus interactions that are normally overshadowed by 
the much stronger Zeeman interactions at low field, such as NQR and J-coupling interactions. 
Lower magnetic field detection of conventional (Zeeman) NMR interactions are problematic due to 
the inherent loss of polarization at low fields. Hyperpolarization techniques, such as hp-Xe, allow 
NMR signal to be independent of the leading field strength. Hp-Xe is explored at high fields for 
microfluidic rapid screening applications, and at low field to expand the applications of these 
techniques.  
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 Introduction Chapter 1:

Although I have worked in an NMR group, my research experience with NMR has been atypical. All 
of the projects described in this work fall under the category of “exotica” at NMR and MRI 
conferences. These projects are very novel and stretch the boundaries of conventional NMR, which 
is why they are so interesting.   

My introduction to NMR was with vapor cell atomic magnetometers at low field. This new method 
of detection has great potential for NMR and MRI applications at earth’s field and lower. Chapter 2 
includes a background on atomic magnetometry. This background is meant is an introduction to a 
person with a basic physics background and new to the concepts of magneto-optical interactions 
with alkali atoms. Later projects were performed at high field, but my interest in these projects 
largely revolved around xenon hyperpolarization. Therefore Chapter 3 is a background chapter that 
briefly covers the concepts of conventional high field NMR and describes special enhancement 
techniques such as xenon hyperpolarization and remote detection. Although the basic concepts of 
traditional NMR are covered in this chapter, the reader is pointed to many of the various texts on 
NMR for a more comprehensive review (1–4).   

The next two chapters cover the experiments performed in lab. Chapter 4 covers experiments that 
used an atomic magnetometer for detection. The major component of Chapter 4 is discussion on a 
new method of NQR detection using a DC atomic magnetometer. Work towards the detection of 
lower concentrations of paramagnetic impurities and J-coupling low-field spectroscopy is briefly 
described. Chapter 5 captures the experiments performed using hyperpolarized xenon. This largely 
focuses on the detection of hyperpolarized xenon in a microfluidic chip. The expansion of the 
project toward the detection of a xenon based molecular sensor attached inside of a microfluidic 
chip is also discussed. This chapter ends on the discussion of a microfabricated xenon polarizer. 
This project has been exciting on many levels. First, it is an important step in the dream of creating 
an entirely microfabricated chemical analysis system. This system would not only include NMR 
spectroscopy but mass spectroscopy, optical spectroscopy, and liquid chromatography techniques. 
Secondly, this project is a beautiful combination of both atomic magnetometry and xenon 
hyperpolarization within a single microfabricated chip. Although only in its beginning building stage, 
the understand and design for this project has required the accumulation of successful methods 
applied to both the large scale xenon polarizers used in lab, and the more recently constructed 
atomic magnetometers.  

The appendices are largely meant as a reference for anybody interested in the specific details of the 
projects described in Chapters 4 and 5. This includes the collection of different NQR frequencies 
while searching for the perfect sample described in Chapter 4. Also, the appendices give the details 
for constructing various parts of an atomic magnetometer or xenon polarizer. These parts range 
from circuit design, laser diode assembly, to schematics submitted to various shops for the shield 
and bias coil design.  
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 Atomic Magnetometers Chapter 2:

Alkali vapor atomic magnetometers have been around for ~50 years, but only recently have they had 
the sensitivity to rival SQUID technology for potential medical, NMR, geophysical, and other 
applications. As a growing technology atomic magnetometers have only recently become 
commercially available (5). Many applications are still being explored and require constructing 
specially optimized atomic magnetometers. Many optimizations should be considered when building 
a vapor cell atomic magnetometer for a specific application. This chapter is meant to act as a guide 
to those new to the field of vapor cell atomic magnetometry. Thorough explanations on the physical 
principles of atomic magnetometry are given in several texts (6, 7).  

This chapter starts with a general description of magnetic field sensors, including typical 
nomenclature. The principles of vapor cell atomic magnetometry focus on alkali atoms and their 
interaction with light. Typical sources of fundamental noise, cell interactions which relate to 
fundamental noise, and environmental noise are examined. This chapter finishes with a brief 
description of different types of vapor cell atomic magnetometers, as well as several techniques for 
enhancing sensitivity.  

2.1 Magnetic Field Detection Methods 
Portability, cost, and sensitivity are three important factors to consider when comparing methods of 
magnetic field detection. A brief introduction is given to common terminology used and current 
methods of magnetic field detection.  

2.1.1 Nomenclature 

2.1.1.1 Sensitivity 
The field sensitivity of atomic magnetometers is given in units of T/√𝐻𝑧 indicating both the 
magnetic field detected and the length of time of signal acquisition. 

 sensitivity �
𝑇

√𝐻𝑧
� =

𝑠𝑖𝑔𝑛𝑎𝑙(𝑇)
𝑆𝑁𝑅

��𝑇𝑎𝑐𝑞 (𝑠)� [2.1] 

 

In general a magnetometer sensitivity is compared with magnetic signals by declaring the signal-to-
noise ratio (SNR) = 1 and acquisition time (at) = 1 s. The signal is averaged over the acquisition time 
causing an increase in the signal by the square root of the acquisition time.  

2.1.1.2 Bandwidth 
A signal bandwidth indicates the sensitive frequency range of the magnetic sensor. This term is not 
specific to magnetic field detection and often refers to the full-width-half-maximum (FWHM) of the 
detector spectrum. Several magnetic sensors, such as inductive coils and atomic magnetometers, will 
often trade bandwidth for signal strength. A standard bandwidth for a magnetometer would be on 
the order of Hz, a bandwidth on the order of kHz is considered high. For NMR spectrum 
acquisition the center sensitive frequency can be swept over a range to make up for this.  
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2.1.1.3 Dead Zones 
Dead zones refer to magnetic field orientations that the sensor is unresponsive to. This term is used 
with magnitude (scalar) magnetic field detectors, where the same reading for the magnetic field is 
given despite its orientation. Vector magnetic field detectors (see Section 2.7.3) will only be sensitive 
to a single magnetic field direction or multiple independent components.  

2.1.2 Solid-State Magnetometers 

Many solid-state magnetometers are commercially available, such as flux gates, hall probes, and 
anisotropic magnetoresistive (AMR or GMR) sensors. These sensors are useful in applications 
where portability is an issue, such as aerospace guidance, geophysics, and magnetic field 
homogeneity measurements for medical and industrial applications. Each of these magnetometers 
operates differently, but all create a voltage associated with the magnetic field that is present. All of 
these methods are cost effective, commercially available, and portable, however do not have 
sensitivities lower than 1 pT/√𝐻𝑧 (8, 9). 

More recently, a new method of detection has been demonstrated using the observed change in 
optical interactions in diamond nitrogen-vacancy centers to measure a magnetic field. Sensitivities of 
100 pT/√𝐻𝑧 (10) have been demonstrated using this type of magnetometer, much more impressive 
is the spatial resolution available with this method of detection of 0.1 nm (11). This detection 
technique is currently being explored for potential magnetic field detection applications.  

2.1.3 Inductive Pick-up Coils 

When in the presence of a changing magnetic field perpendicular to a loop of wire a current is 
induced. This principle, known as the Faraday effect, is used with inductive pick-up coils for high 
field NMR and MRI applications. For low field NMR applications inductive pick-up coils are 
problematic because their sensitivity is proportional to the rate of change in magnetization, which is 
proportional to the NMR frequency. A thorough comparison between the sensitivity of atomic 

Figure 2.1: Inductive Coil Schematic 
A sketch of an inductive coil. The cross-section is shown on the left of the object, where D is average 
diameter, W is the cross-section length. The coil is multiple wires wrapped into the shape.  
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magnetometers and inductive coil sensitivity has been derived, where the sensitivity of inductive 
coils can be estimated with Equations [2.2] and [2.3] (12). 

 𝛿𝐵𝑙 =
8
𝜔𝐷

� 𝑘𝐵𝑇𝜌
𝜋𝐷𝑊2 [2.2] 

   

 𝛿𝐵ℎ =
8
𝜔𝐷

� 𝑘𝐵𝑇𝜌
1.8𝜋𝐷𝑊𝛿

 [2.3] 

 

Equation [2.2] indicates the sensitivity of an inductive coil at low frequencies, where ω is the 
frequency of the field being detected, kB is the Boltzmann constant, T is the temperature, ρ is the 
resistivity of the wire, D is the mean diameter of the coil, and W is the cross-sectional width of the 
coil as shown in Figure 2.1. This Equation describes the best possible sensitivity an inductive coil 
can possibly have, however, is no longer accurate above tens of kHz. At high frequencies the skin 
depth of an oscillating magnetic field, δ, must also be considered. When compared to the sensitivity 
of rf atomic magnetometers of similar volume, surface inductive pick-up coils are less sensitive at 
frequencies below 50 MHz (12).  

2.1.4 SQUIDs 

Superconducting quantum interference devices (SQUIDs) are a sensitive method of measuring high 
and low frequency magnetic fields. SQUIDs are created with a superconducting coil and two 
Josephson junctions, a non-superconducting junction between superconductors. Typical 
measurements are made by the difference in phase created between the two Josephson junctions 
from changes in the magnetic field passing through the superconducting coil. SQUIDs are 
commercially available and are already the leading technology for medical and sample 
characterization applications.  

The most sensitive SQUIDs have demonstrated at cryogen temperatures rf sensitivity of 10 
aT/√𝐻𝑧 (13) with a limited bandwidth, and a DC sensitivity of 3 aT/√𝐻𝑧 (14), for high (non-
cryogen) temperature SQUIDS the best sensitivity demonstrated is 3.5 fT/√𝐻𝑧. In general, 
commercial SQUIDs operate at sensitivities ranging from 2.5 - 130 fT/√𝐻𝑧 (15).  

2.1.5 Vapor Cell Atomic Magnetometers 

Alkali vapor cell atomic magnetometers are another sensitive method of measuring high (see Section 
2.7.1) and low frequency (see Sections 2.7.2 & 2.7.3) magnetic fields. In this case the interaction of 
alkali atoms within a magnetic field is observed. These interactions will be described in more detail 
below. Two recent technological advances have pushed forward the potential applications of vapor 
cell atomic magnetometers. First, more affordable diode lasers at alkali D1 and D2 transitions (see 
Section 2.2.2) are available. Second, microelectromechanical systems (MEMs) fabrication techniques  
have been developed allowing for the creation of millimeter scale alkali cells and they have 
demonstrated sensitivities comparable to SQUIDs (16). This indicates a strong potential to replace 
SQUIDs for a non-cryogenic sensor creating more cost effective and portable equipment.  
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2.2 Alkali Atoms 

2.2.1 Alkali Spectra 

Any atom with spin can be used for an atomic magnetometer, however, alkali atoms are the 
preferred medium. The lone valence electron has a simple absorption spectra compared to other 
atoms, allowing for easy excitation and less decay pathways. The alkali valence electron is excited 
from the ground s-shell (L=0) state to a p-shell (L=1) state. The fine structure has two splittings 
(J=1/2, J=3/2) in the excited state which for the heavier alkali atoms are resolved in the spectrum. 
The excitation from the 2S1/2 state to the 2P1/2 and 2P3/2 states are known as the D1 and D2 
transitions respectively. The energy level splitting for alkali atoms and allowed transitions are shown 
in Figure 2.2.  

The resolution for the hyperfine structure is dependent on the linewidth of the alkali spectrum. If 
the optical linewidth is smaller than the alkali electron’s hyperfine splitting, the hyperfine splitting 
can be observed in the spectra and it will be necessary to consider the individual transitions. The 
strengths of each of these transitions can be derived based on the Clebsch-Gordon coefficients (6), 
they are given in Table 2.2 while the transitions are defined in Figure 2.2. The linewidths of the 
spectra depend on three different effects, the natural lifetime of the excited state, pressure 
broadening, and Doppler broadening.  

The natural linewidth is determined from the natural lifetime of a state and the uncertainty principle. 
The natural lifetime of the 2P1/2 and 2P3/2 states are 25 - 35 ns (17). This indicates that the natural 
linewidth for the D1 and D2 transitions of the alkali atoms is approximately 4 – 6 MHz.  

Pressure broadening is caused by collisions with other gas species. Often times a buffer gas or 
quenching gas is added to the cell to lengthen the magnetometer polarization time [see Section 2.5]. 
The loss of the alkali electrons due to the collisions with the other atoms affects both the linewidth 
and wavelength known as pressure broadening and pressure shift. Pressure broadening is 
proportional to the average time between collisions while in the excited state. At pressures typical 
for buffer and quenching gases the pressure broadened linewidth is on the order of 1 - 100 GHz 
(18–20). 

Doppler broadening is caused by the motion of the alkali atoms. If the alkali atoms velocity has a 
component in the same direction as the laser, it will cause the frequency experienced to be shifted 
based on the Doppler effect.  This shift allows off resonant light to be absorbed and on-resonance 
light will not be absorbed. The linewidth associated with Doppler broadening is on the order of 300 
– 1000 MHz (6).  

 Table 2.1: Potassium, Rubidium, Cesium Fine Tranisition Frequencies  
   
 Transition Potassium Rubidium Cesium  
 D1 (nm) 770.1 795.0 894.6  
 D2 (nm) 766.7 780.2 852.3  
      



 
~ 6 ~ 

2.2.2  Absorption 

Discharge lamps were the original light source for atomic magnetometers, but created more photon 
shot noise and had less power available (21). Modern magnetometers use lasers tuned for potassium, 
rubidium, and cesium D1 and D2 transitions (see Table 2.1). 

 

External cavity diode lasers were the first lasers introduced at alkali resonance wavelengths. They 

 Table 2.2: Potassium, Rubidium, Cesium Hyper-fine 
Tranisition Probabilities  

   

 Transition 
39K, 41K, 87Rb 

(I = 3/2) 
85Rb 

(I = 5/2) 
133Cs 

(I = 7/2)  

 a 1/16 5/54 7/64  
 b 5/16 35/108 21/64  
 c 5/16 35/108 21/64  
 d 5/16 7/27 15/64  
 e 1/16 1/8 5/32  
 f 5/32 35/216 21/128  
 g 5/32 7/54 15/128  
 h 1/32 5/108 7/128  
 i 5/32 35/216 21/128  
 j 7/16 3/8 11/32  

Figure 2.2: Alkali Atoms Energy Levels 
Shown is the energy splitting of an alkali electron due to the orbital, fine, and hyperfine structure of the atom. Additionally, 
the energy transitions between the s and p orbitals are indicated. 



 
~ 7 ~ 

have a diffraction grating controlled with a piezo-electric motor to tune to a specific wavelength. 
They are known to drift over time due to temperature, thermal, and mechanical fluctuations. This 
drift can be avoided through the use of a dichroic atomic vapor laser lock (DAVLL) (22, 23). The 
DAVLL is a feedback system that uses a vapor cell with a known magnetic field in the direction of 
the laser light. The shift in signal due to circular dichroism (see Section 2.2.2), is used to adjust the 
piezo-voltage selecting the wavelength of the light. More recently, DFB (distributed feedback) solid 
state diodes have become a low cost option and are easier to control due to their narrower linewidth. 
Additionally, these diodes are stable and do not require the use of a DAVLL.  

2.2.3 Density 

The density of the alkali vapor can have a drastic effect on the sensitivity of a magnetometer (see 
Section 2.4). Additionally, the optical depth, the characteristic distance the laser light can penetrate 
the cell, is determined by the alkali vapor density. The alkali vapor density is controlled with the 
temperature of the vapor cell. An advantage of using alkali atoms is that significant densities can be 
created at relatively low temperatures. The vapor density within a cell can be derived using the 
Clausius-Clapeyron equation, however, empirically determined vapor equations and constants are 
slightly more accurate (24). By using Equation [2.4] and the constants given (see Table 2.3), one can 
approximate the alkali density at a given temperature.  

 𝜌 =
10𝐴+

𝐵
𝑇

𝑅𝑇
 [2.4] 

 

In this Equation ρ is the density in atoms/cm3, R is the molar gas constant, A and B are empirical 
constants (24), and T is the temperature in Kelvin. For reference the alkali vapor density is given for 
the commonly used temperature range in Figure 2.3. An established procedure can be used to 
determine the alkali vapor density in a cell (25).  

Table 2.3: Empirical Alkali Vapor Constants 
 

 Element & 
State A B  

 K(s) 4.961 -4646  
 K(l) 4.402 -4453  
 Rb(s) 4.857 -4215  
 Rb(l) 4.312 -4040  
 Cs(s) 4.711 -3999  
 Cs(l) 4.165 -3830  
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Figure 2.3: Alkali Density Graphs 
The calculated alkali density is plotted as a function of 
temperature. Over the working temperature range for the alkali 
atoms.  
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2.2.3.1 Heating Methods 
There are multiple methods for heating used with atomic magnetometers. The simplest method is to 
use a twisted wire pair as the heating element. This method is effective, especially for a larger cells, 
however, this method creates Johnson noise, as well as transfers any noise within the current of the 
heating element. Johnson noise is due to the random electron motion fluctuations in metal. The 
current noise can be avoided by cycling the heater off while detecting, however, this often results in 
a drift in temperature affecting the magnetometer signal. The use of AC current avoids temperature 
drift issues and the higher frequency noise can be filtered out of the magnetometer signal. Chip 
resistors are useful for small scale (~ mm3) magnetometers. They allow more control over the 
specific volume being heated. The electrical leads and current are also susceptible to the same noise 
as heating with a twisted wire pair methods. Hot air blown around the cell will remove electrical 
current noise, but results in mechanical noise. Methods using a laser frequency that only interacts 
with the glass of the cell have recently been demonstrated as a low noise method for heating (26).  

Most methods of heating use feedback system to maintain the cell at a specific frequency. Within 
this work twisted wire pair heaters were commonly used which required a resonant current source, 
amplifier, and temperature controller (see Section B.1). Type T thermocouples, made with copper 
and constantan are preferred for these measurements because they do not use paramagnetic metals.  

2.3 Light Interactions 

2.3.1 Polarized Light 

Most readers are familiar with the concept of linearly polarized light. Considering light as a wave 
linearly polarized light indicates the light is at a particular orientation. If light is broken into its 
electric and magnetic components, light polarization can be defined by the difference in phase 
between the two components. Linearly polarized light can be thought of as both components in 
phase.  

Circularly polarized light can be thought of as the case where the electric and magnetic components 
are 90° out of phase. The light orientation is thought to rotate as the wave travels, similar to a 
corkscrew. This rotation can be either clockwise (left) or anti-clockwise (right). Linearly polarized 
light is an equal combination of both left and right circularly polarized light. In between circularly 
and linearly polarized light is elliptically polarized light, which occurs at any phase difference other 
than a multiple of 0° and 90°.   

For the description of optical pumping, it is easier to define light as photon particles. 
Mathematically, light polarization can be described as a function of the angular momentum of the 
photon, which can only have a ±1 angular momentum along the direction of propagation. Where 
+1 and -1 refer to left (σ-) and right (σ+) circularly polarized light, respectively, and the linearly 
polarized (π0) light is a linear combination of the two.  When photons interact with atoms, they 
transfer angular momentum and energy while transitioning to the excited energy state via the 
selection rules. 

2.3.2 Magneto-optical Effects 

Magneto-optical effects refer to the effect a magnetic field has on light as it passes through a 
medium. In both effects of interest, optical rotation occurs as it passes through a medium in a 
magnetic field Figure 2.4.b. A direct relationship can be assumed between the strength of the 
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magnetic field and the degree of rotation shown in Equation [2.5]. In each instance these effects 
occur for different reasons.  

 𝜃 ∝ 𝐵0 [2.5] 
 

Where θ is the angle of rotation and B0 is the magnetic field.  

2.3.2.1 Circular Dichroism 
Circular dichroism is a technique used in organic chemistry to determine the chirality of a molecule. 
This spectroscopy technique often encompasses both circular dichroism and circular birefringence 
effects (see Section 2.3.2.2).  

With magnetic circular dichroism, a magnetic field is applied in the same direction as the beam of 
light. This causes Zeeman splitting to occur within the energy splitting, resulting in the two 
components of circularly polarized light having a maximum absorption at different wavelengths. The 
rotation of linearly polarized light is due to the difference in extinction coefficients at a particular 
wavelength. The linear region created by the differential absorption signal between the two circular 
components is known to be useful for laser locking (see Section2.2.2). Figure 2.4.a shows the 
frequency shift and energy level diagram changes due to the present magnetic field.  

2.3.2.2 Faraday Rotation 
Alternatively, the left and right circularly polarized light can have different indices of refraction, 
causing one component to move more quickly through the medium than the other. Theoretical 
derivations of this phenomenon have been extensively covered (27, 28). Generically, this is referred 
to as circular birefringence. Faraday rotation is used to describe the angle of rotation of the polarized 

Figure 2.4: Magneto-optical Effects 
Two different magneto-optical effects are shown which both result in the same overall macroscopic effect. (a) demonstrates 
circular dichroism (b) optical rotation, (c) faraday rotation. Both circular dichroism and faraday rotation result in the rotation 
of polarized light as it passes through a medium. 
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light passing through the cell. This effect is known to be enhanced by near resonance lines in atomic 
vapors, because high laser powers can be used and they will not be absorbed or only weakly 
absorbed by the alkali atoms (29). The optical rotation that results is often used for detection in an 
atomic magnetometer with a probe beam (see Section 2.3.4).  

2.3.3 Optical Pumping 

Optical pumping is a method that uses light to transform a medium, in our case alkali vapor, from a 
thermal to high polarization. A thorough explanation of optical pumping is given by several papers 
by Happer et. al. (30, 31), Figure 2.5 shows a simplified diagram of this process.  

Optical pumping for alkali spins is focused on the transitions of the electron, however, this results in 
polarization of the total atomic spin because the electron and nuclear spins are strongly coupled. 
The alkali vapor starts in thermal equilibrium, where the Zeeman energy states are close enough 
together that the valence electron has equal probability of being in any ground state (Figure 2.5.a). 
The application of circularly polarized light only allows transitions where angular momentum is 
transferred. For Figure 2.5.a we assume the light is right circularly polarized and transfers angular 
moment of +1.  Only electrons in certain states are allowed to accept the angular momentum of the 
photon, states that cannot participate in this interaction are known as dark states. The electrons then 
decay spontaneously or through quenching to the ground state. The electrons return to any state 
where the angular moment is changed by ±1 or 0, allowing the electrons in Figure 2.5.b to return to 
both ground states. Over time, the electron population will accumulate in the dark energy state 
(Figure 2.5.c), giving a macroscopic magnetization. An experiment comparing optical pumping with 
the D1 and D2 transitions for 85Rb established the D1 transition to be nearly an order of magnitude 
more effective than the D2 transition (32).  

Optical pumping can also be performed with linearly polarized light, which is slightly more 
complicated but relies on the same principle. Unlike optical pumping with circularly polarized light, a 
dark state is not present. The probability of interacting with linearly polarized light is unequal 
between the different states which creates an unequal electron population distribution. This results 
in a polarization difference between the states or an alignment.  

Figure 2.5: Optical Pumping 
(a) circularly polarized light is able to transfer angular momentum, allowing excitation from a single energy state. (b) the electron 
is able to return to either ground state. (c) over time an excess population of the electrons accumulate in the energy state that 
does not undergo the transition. 
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2.3.4 Optical Probing 

Optical probing can be performed with the same or a separate laser as optical pumping. Observing 
the absorption of light is the simplest method of optical probing used in atomic magnetometry. As 
the polarization of the alkali atoms is perturbed, the absorption of the light passing through will 
change. This can result in quasi-static changes or oscillatory changes depending on the type of 
magnetometer used (see Section 2.7). The transmission of light through the cell is maximized when 
there is no perturbation and the alkali vapor is fully polarized and is thus transparent to the light. 

Better accuracy can be achieved through polarimetry, a method of measuring the changes of 
polarization in the laser indicating optical rotation. A balanced polarimeter will have linearly 
polarized light passing through the cell and on the opposite side a polarizing beam splitter (pbs) 
which is set to an angle compared to the linear polarizer before the cell which determines the type of 
magneto-optical effect that is measured (see Section 2.3.2.1 & 2.3.2.2). The differential signal from 
these two components of the pbs is observed. The linear range this occurs over is used for detecting 
magnetic fields. Other polarimeter setups take advantage of high frequency signals which is 
preferred because slow changes the alignment of the probe beam occur, which reduce the sensitivity 
of measurements at frequencies at or lower than 1 Hz (6).   

2.4 Fundamental Noise Sources 
The fundamental limit of vapor cell atomic magnetometer sensitivity is defined by quantum 
mechanical limits. A thorough derivation of magnetometer sensitivity is given in by several papers 
(33, 34). There are three factors that are considered with this limit: (1) the atomic projection noise 
inherent to measurement of the alkali atoms, (2) the photon shot noise, caused by the fluctuations in 
the number of photons emitted by the laser at a given time, (3) the AC Stark shift, which is 
dependent on the geometry of the system. These different noises can be combined in quadrature to 
define the fundamental sensitivity.  

 𝜕𝐵 = �𝜕𝐵𝑠𝑝𝑛2 + 𝜕𝐵𝑝𝑠𝑛2 + 𝜕𝐵𝑎𝑐𝑠2  [2.6] 

Figure 2.6: Simple Polarimeter Setup 
Shown is a simple polarimeter setup, where after passing through the alkali cell the beam is split into 
two orthogonal linearly polarized components. The orientation between the linearly polarizer and 
polarizing beam splitter determins the magneto-optical effect that is measured.   
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2.4.1 Spin Project Noise  

Quantum mechanically if an atom is polarized in a direction, a certain amount of uncertainty is 
associated with the projection of the angular moment in any other direction. Equation [2.7] is a 
general equation that references any measurement of the alkali atoms, which will result in a 
fundamental amount of uncertainty in the measurement (34).  

 𝜕𝐵𝑎𝑝𝑛 =
1
𝛾

ℏ
�𝑛𝑇2𝑉𝑇𝑎𝑐𝑞

 [2.7] 

 

This Equation is derived from the observation that a measurement with a single atom produces 
uncertainty in the Larmor precession angle on the order of 1 radian. In this Equation γ is the 
gyromagnetic ratio of the nucleus, T2 is the transverse spin relaxation time, V is the volume of the 
cell, and Tacq is the measurement (acquisition) time.  

As can be observed from Equation [2.7], the best way to improve the sensitivity of a magnetometer 
is to maximize the number of atoms in the system and their transverse spin relaxation time. 
Techniques such as SERF (see Section 2.7.3) increase the T2. Spin-squeezing has been demonstrated 
as a method to stretch the limits created by atomic projection noise (35).  

2.4.2 Photon Shot Noise 

The photon shot noise results from the rate of fluctuations of photons and polarization coming 
from the laser and detected by the photodiodes (�̇�𝑝ℎ). It results in a change in the angle of 
detection, which can be used to derive the resulting magnetic noise (33, 34). A simplified version of 
the magnetic noise is given in Equation [2.8].  

 𝜕𝐵𝑝𝑠𝑛 ∝
1

��̇�𝑝ℎ𝑇𝑎𝑐𝑞
 [2.8] 

2.4.3 AC Stark Shift 

AC stark shift is caused by the creation of fictitious magnetic fields due to the interaction between 
light and electrons in the direction of the applied laser light. This noise is only an issue if the pump 
beam is off resonance, the probe beam is not linearly polarized, or the detected field is not 
orthogonal to the beams. The geometry of the magnetometers discussed within this work removes 
noise from AC Stark Shift, and therefore, this noise is not a concern. When the detected field is not 
orthogonal to the beams fluctuations in the probe polarization can lead to noise. A thorough review 
of this effect on alkali cell atomic magnetometers can be found in Fleischhauer et. al. (36). 

2.5 Cell Interactions 
The heart of an atomic magnetometer is the alkali vapor cell. As described earlier the sensitivity of a 
magnetometer is increased with the density of alkali atoms and spin polarization lifetime. The 
density of the alkali atoms can be controlled with the temperature of the cell [see Section 2.2.3]. This 
section focuses on the interactions affecting the spin polarization lifetime. 
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The atomic magnetometer depends on the response of alkali atoms to a magnetic field, therefore, 
many of the terms and concepts applied in NMR are relevant here. A Bloch Equation for describing 
the alkali atom polarization includes unique terms due to optically pumping the atoms and gas phase 
collisions.  
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 [2.9] 

In this Equation 𝑆 is the alkali spin, 𝐵�⃑  is the magnetic field, γ the gyromagnetic ratio for the alkali 
atom, q = 2I+1 is the nuclear slowing down factor of the electron relating its polarization to the 
nucleus, Rop is the rate of optical pumping for the alkali electrons, S0 is the equilibrium polarization, 
and T1 and T2 are the longitudinal and transverse relaxation times respectively.  

 
1
𝑇1

=
1
𝑞
�𝑅𝑆𝐷 + 𝑅𝑜𝑝 + 𝑅𝑝𝑟� + 𝑅𝑤𝑎𝑙𝑙 [2.10] 

   

 
1
𝑇2

=
1
𝑇1

+
1
𝑞𝑆𝐸

𝑅𝑆𝐸 + 𝑅𝑔𝑟 [2.11] 

Some of the causes of T1 and T2 relaxation are identical to NMR, such as the rate of relaxation due 
to a magnetic field gradient across the vapor cell, Rgr. Other effects are more specific to the atomic 
magnetometer, such as relaxation from probe beam absorption, Rpr, or polarization from optical 
pumping, Rop. Many of the other sources of relaxation (RSD, RSE, Rwall) occur due to collisions within 
the cell and are described in more detail below. The spin-exchange broadening factor, qSE, is 
dependent on the size of the background magnetic field and the alkali vapor density.   

2.5.1 Gas Collisions 

Two types of collisions occur between gas atoms, spin-exchange (SE) collisions and spin-destruction 
(SD) collisions. Both are dependent on the density of the gas species (n), probability of collision, 
also known as the collision cross-section (σ), and the relative thermal velocity (�̅�). A general rate 
equation for collisions is: 

 𝑅 = 𝑛𝜎�̅� [2.12] 
 

where the thermal velocity can be calculated using: 

 �̅� = �8𝑘𝐵𝑇
𝜋𝑀

 [2.13] 

 

where T is the temperature and M is the reduced mass of the colliding particles.  
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2.5.1.1 Spin-Exchange Collisions 
Spin-Exchange collisions are the most dominate relaxation method within the cell with a high alkali 
density, because the probability of undergoing a spin-exchange collision is much higher than a spin-
destruction collision (6). Note that this interaction is different from the interaction described in 
xenon polarization in Section 3.3. Within these collisions the total angular moment is maintained 
between the colliding atoms. This may result in the direction of the electron spins of the two atoms 
being reversed. The depolarizing effect from these collisions can be removed if one performs 
measurements in the spin-exchange relaxation free (SERF) regime. This is described more 
extensively in Section 2.7.3. 

2.5.1.2 Spin-Destruction Collisions 
Spin-destruction collisions do not preserve the total spin of the alkali ensemble. These collisions 
often occur with an additional transfer of angular momentum to orbital angular momentum or 
angular momentum of the pair of atoms during collision. Spin-destruction collisions also occur with 
other gases in the cell which contribute to the overall relaxation caused by spin-destruction collisions 
between alkali atoms (𝑅𝑆𝐷

𝑠𝑒𝑙𝑓), the buffer gas (𝑅𝑆𝐷𝐵 ), and the quenching gas (𝑅𝑆𝐷
𝑄 ): 

 𝑅𝑆𝐷 = 𝑅𝑆𝐷
𝑠𝑒𝑙𝑓 + 𝑅𝑆𝐷𝐵 + 𝑅𝑆𝐷

𝑄  [2.14] 

2.5.2 Wall Collisions 

Wall collisions are devastating to the polarization of alkali atoms because bare glass causes the alkali 
spin to become completely randomized, unlike previous collisions where only the electron spin was 
affected. Rwall is the rate of relaxation due to wall collisions without accounting for diffusion of the 
alkali atoms through the cell 

 𝑅𝑤𝑎𝑙𝑙 = 𝜐�𝐴
4𝑉

. [2.15] 

Where V is the volume of the cell, A is the surface area of the cell, and �̅� is the thermal velocity, 
which is defined in Equation [2.15], but with the mass of the alkali atom is used in place of a 
reduced mass. There are two major methods used to decrease this loss of polarization, the addition 
of a buffer gas, or the use of wall coatings.  

2.5.2.1 Wall coatings 
A surface coating applied to the cell wall reduces the chance of energy loss during a collision. 
Paraffin is the most commonly used coating known to allow 10,000 collisions with the wall (37). 
Studies are ongoing to gain chemical comprehension of paraffin and other surface coatings (38). 
Paraffin melts at temperatures between 60 – 80°C, this cell temperature limitation can hinder the 
sensitivity of an atomic magnetometer. High temperature coatings made out of 
octadecyltrichlorosilane have been demonstrated to operate at 180°C and allow 2,000 collisions 
before depolarization (39). Recent experiments have demonstrated alkene coatings allow ~1,000,000 
collisions before depolarization, however only work at temperatures below 33°C (40). 
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2.5.2.2 Buffer Gas  
Buffer gases are another method used to reduce collision relaxation. In general, helium is used as a 
buffer gas because its probability of causing a spin-destructive collision with alkali atoms is fairly low 
(6). Additionally, more gas into the cell slows the diffusion motion of the alkali atoms increasing the 
time for the alkali atoms to reach the wall. The relaxation equation for wall collisions can be adjusted 
due to the slower diffusion of the alkali atoms through a buffer gas  

 𝑅𝑤𝑎𝑙𝑙 = 1
3𝜆�̅� �

𝜋
𝑅
�
2
. [2.16] 

 

Where λ is the mean free path of the alkali atoms through the buffer gas. Equation [2.16] assumes a 
spherical cell with radius R. 

Quenching gases are useful to reduce the effects of radiation trapping (41). Radiation trapping 
occurs when atoms spontaneously decay back to the ground state they emit a randomly polarized 
resonant photon that is able to depolarize other alkali atoms when reabsorbed. Nitrogen has many 
lower energy vibrational and rotational transitions that can be excited and decay back to the ground 
state without emitting a resonant photon, making it ideal to avoid radiation trapping.  

2.6 Environmental Noise 
The sensitivity of atomic magnetometers necessitate methods to remove background magnetic 
noise. This noise can be caused by motion of any metallic object, such as elevators in the building. 
Additionally, this noise can be created by electron noise, such as Johnson noise, or atmospheric 
noise. One method to remove background magnetic noise is through magnetic shielding. For all of 
the experiments discussed, Mu-metal shielding is used and will therefore be emphasized. 
Gradiometry, a technique that observes the differential signal from two sensors or two channels 
using the same device is also an effective method to remove environmental noise.  

2.6.1 Magnetic Shielding 

Figure 2.7: Atomic Collisions 
a) Spin-Exchange Collision, the overall angular momentum is conserved. B) spin-destruction collision, the overall 
angular momentum is not conserved 
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The most commonly used magnetic shielding is mu-metal shielding. Mu-metal shielding is 75% 
nickel, 15% iron, copper and molybdenium are added for ductility. The most important property of 
mu-metal shielding is its high magnetic permeability. This high magnetic permeability creates an 
easier path for magnetic fields to follow, guiding the magnetic field to follow outside of the 
shielding.  

In general, the presence of metal is avoided around atomic magnetometers, because Johnson noise is 
created from random fluctuations of electrons in metal. The Johnson noise created in cylindrical 
shielding can be approximated using a dipole in a box derivation which becomes the following 
Equation (42): 

 𝛿𝐵 =
𝜇0�𝑘𝐵𝑇𝜎𝑇𝑎𝑐𝑞

𝑎
� 2
3𝜋
𝐺, [2.17] 

 

where T is the temperature in kelvin, rho is the electrical conductivity of the material, a is the radius 
of the cylinder, and µ0 is the magnetic permeability constant. G is a complicated, as shown in 
Equation [2.18].  
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Must of this complication comes from solving for a particle in a circular rather than square box. α is 
the zeros of the zeroth order Bessel function, and L is the length of the cylinder. The value of G 
changes depending on the ratio between the length and radius of the cylinder. A list of G values (42) 
is given in Table 2.4.  

Table 2.4: G Values for Mu-Shield Johnson Noise 
 

 L/a G  
 2 0.657  
 3 0.460  
 4 0.438  
 ∞ 0.435  
 

As can be seen when the ratio is higher than 4, G can be approximated to infinity with certainty of 
0.5%.  

A reduction in Johnson noise can be achieved by using an electrical insulator with a high magnetic 
susceptibility, such as Ferrite. Experiments have demonstrated ferrite shields to have a noise level 
that is 25 times lower than comparable mu-metal shields (43). These shields are more expensive to 
make and are unnecessary for the sensitivity required for NMR experiments. 
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2.6.2 Gradiometer 

Another method used to remove background magnetic noise is a gradiometer. Gradiometers are a 
two sensor setup, where the both sensors detect the background noise. The two sensors can detect 
the sample signal in opposite directions or only one sensor can detect the sample signal. For the first 
case, the sample signal should be equal but opposite. Both cells will be equally impacted by non-local 
noise sources, such as earth’s magnetic field or elevator motion. The non-local background noise 
will be cancelled out, leaving only the sample noise. Figure 2.8 gives a general schematic of this 
detection method with a gradiometer detecting opposing sample signals.  

 Signal(𝐶𝑒𝑙𝑙 1) = Signal(𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) + Signal(𝑆𝑎𝑚𝑝𝑙𝑒) [2.19] 
   
 Signal(𝐶𝑒𝑙𝑙 2) = Signal(𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) − Signal(𝑆𝑎𝑚𝑝𝑙𝑒) [2.20] 
   
 Signal(𝑇𝑜𝑡𝑎𝑙) = 𝑆𝑖𝑔𝑛𝑎𝑙(𝐶𝑒𝑙𝑙 1) + 𝑆𝑖𝑔𝑛𝑎𝑙(𝐶𝑒𝑙𝑙 2) = 2Signal(𝑆𝑎𝑚𝑝𝑙𝑒) [2.21] 
 

Equations [2.19],[2.20], & [2.21] give a mathematical representation of the detected signal in Figure 
2.8. Original atomic magnetometer applications in our group were performed with a gradiometer 
(44). They are also useful for portability applications where magnetic shielding is not practical (45).  

2.7 Types of Magnetometers 
There are many types of atomic magnetometers, the advantage of each depend on the magnetic field 
being detected. The magnetic fields detected can be separated based on frequency, radio frequency 
or quasi-static. The type of quasi-static fields detected can be further divided between a scalar 
detection where the orientation of the field is inconsequential or a vector detection where the field 
in the orientation or the orientation itself is measured. Applications described in this work will 
largely focus on the detection of quasi-static atomic magnetometers. This section will give a brief 
overview of the different types of magnetometers and their advantages.  

Figure 2.8: Gradiometer Detection 
A gradiometer setup requires the use of two cells. Background noise is anticipated to have an equal effect on the two 
detectors, while the sample is centered between the two sensors allowing equal but opposite signals to be detected.  
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2.7.1 Rf Magnetometers 

Radio-frequency (Rf) magnetometers have been demonstrated to be sensitive to oscillating magnetic 
fields ranging from kHz – MHz, ideal for NMR (12) and NQR (46) applications. A major advantage 
of this type of magnetometer is the ability to tune the sensitive frequency. Additionally, low 
frequency noises such as thermal Johnson noise, vibrational noise, and laser noise which often affect 
the sensitivity of quasi-static magnetometers have a negligible effect.  

The cell of the magnetometer is placed in a static magnetic field (bias field). The atoms are optically 
polarized (see Section 2.3.3) along the same direction as the bias field. If a weak rf magnet field 
resonant to the Zeeman splitting of the alkali electron is perpendicular to the static, it induces a 
transverse rotating component of the spin polarization through spin precession around the bias 
field. The rotating component is optically detected (see Section 2.3.4).  

The initial establishment of an Rf magnetometer had a bandwidth of 400 Hz while tuned to a 
resonant frequency of 99 kHz. A sensitivity of 2 fT/√𝐻𝑧 was demonstrated and a fundamental 
sensitivity of 0.01  fT/√𝐻𝑧 was calculated (34). Further improvements were made to the Rf 
magnetometer design for the detection of an NQR signal where a sensitivity of 0.24 𝑓T/√𝐻𝑧 was 
demonstrated at 423 kHz (46). This is the best known sensitivity reached using an rf magnetometer, 
which still far exceeds the inductive coil equivalent at this frequency. 

The advantage of detecting high frequency magnetic fields is the effect from low frequency noise 
becomes inconsequential. This is particularly useful for NMR and NQR applications. This property 
was exploited with the demonstration of NMR detection and a sensitivity of 7 fT/√𝐻𝑧 without 
magnetic shielding (12).  In comparison, the best sensitivity detected with an unshielded quasi-static 
magnetometer is on the order of 1 pT/√𝐻𝑧 (47).  

Rf magnetometers are often optimized at high cell temperatures (180 – 190°C) (12, 34, 46). Low 
temperature Rf magnetometers have also been developed. They utilize nonlinear magneto-optical 
rotation (NMOR) (see Section 2.7.2). This method allows for an optimized operational temperature 
of ~50°C, which is much closer to room temperature and stable temperatures for various samples. 
This reduces the complication of keeping the sample cooled to reasonable temperatures, however, 
was demonstrated to have a slightly lower sensitivity of 10 fT/√𝐻𝑧 (48). 

2.7.2 Scalar Magnetometers 

The detection of a scalar magnetic field is often useful for applications where the orientation of the 
magnetic field is likely to change. A scalar magnetometer is ideal for portable applications where a 
background field, such as earth’s field, is present.   

With scalar detection a modulation is applied to optically polarized spins which when on resonance 
causes precession around any magnetic field present. The precession of the spins occurs at the 
Larmor frequency which is used to indirectly determine the magnetic field. Because this method 
requires resonant modulation it is also known as a resonant magnetometer. The detection of the 
precession frequency allows for the magnetic field strength to be determined despite the orientation 
with the magnetometer, although dead zones can occur due to lack of signal. 
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Designs for scalar magnetometers apply the resonant modulation with an rf coil or the pumping 
laser beam. Rf coil modulation designs, Mx and Mz magnetometers, were some of the first 
magnetometer designs implemented with sodium vapor. The rf coil design is prone to systematic 
errors if the rf coil is misaligned with the pumping beam (49). Two dead zones are known to be 

Figure 2.9: Types of Magnetometers 
The different magnetometers operate in different ways, 
but all require alkali vapor cells. 
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created with this geometry, one along the direction of the pump beam, the other along the direction 
of the applied rf field. A Bell-Bloom (BB) method removes some of the intrinsic problems found in 
rf coil magnetometers. A BB magnetometer instead applies a modulation to the pumping laser beam 
(50). This method removes the errors inherent to the use of an rf coil and has a single dead zone 
aligned with the laser beam (51). 

A type of BB magnetometer is nonlinear magneto-optical rotation (NMOR) magnetometer. An 
NMOR magnetometer applies modulation to the laser wavelength at twice the Larmor precession 
frequency (52) and detects the oscillation of the polarized spins using Faraday rotation detection (see 
optical probing) (53). NMOR magnetometers are projected to have a sensitivity below 1 𝑓T/√𝐻𝑧 
(53). This design uses linearly polarized light to both optically pump and probe the alkali vapor cell. 
While on resonance the laser light pumps the alkali spins into a polarized state. They then precess 
around the magnetic field being detected. The alkali spins are then probed while the laser is off 
resonance, which results in Faraday rotation of the linearly polarized light. The modulation of laser 
wavelength also allows for selection of the sensitive magnetic field. Modulation can be applied to the 
amplitude of the laser beam instead of the wavelength. This method, known as AMOR, has been 
demonstrated to have a sensitivity of 5 fT/√𝐻𝑧 (54). The initial atomic magnetometer NMR, MRI 
demonstrations in the Pines Lab were performed with a frequency modulated NMOR design which 
obtained a sensitivity of 80  fT/√𝐻𝑧 (44). This setup was used to demonstrate zero-field remote 
NMR detection (55), earth’s field MRI remote detection (56–59), and magnetic particle detection 
(60).  

2.7.3 Vector Magnetometers 

The detection of the vector component of a magnetic field has the capability to give a better 
characterization of the magnetic field detected. For a vector magnetometer atoms are optically 
polarized and rotated slightly in the presence of a weak orthogonal to the polarizing beam. The 
polarization of the atoms is probed in the direction orthogonal to both the optical polarization and 
the sample field.  

High sensitivities with vector magnetometers can be achieved under the spin-exchange relaxation 
free (SERF) regime. Collisions between alkali-metal atoms are dominated by the spin-exchange (see 
Section 2.5.2.2) process in which the electron spins of the colliding atoms rotate with respect to their 
combined spin, which is conserved in the collision. Even though such collisions conserve the total 
spin, they can lead to loss of spin coherence. The loss of coherence can be suppressed by increasing 
the rate of spin-exchange collisions until it exceeds the Larmor precession frequency. In this regime 
each atom experiences an average angular moment which precesses around the magnetic field 
without spin-exchange relaxation.  

This method of detection was initially described in 1977 by Happer et. al (61), but was not applied 
toward atomic magnetometry until 2002 (62). SERF is anticipated to allow sensitivities as low as 2 
aT/√𝐻𝑧 (62). The most sensitive magnetometer demonstrated was a highly optimized SERF 
magnetometer with a sensitivity of 160 aT/√𝐻𝑧 (63). Although this method of detection is better 
suited for a zero-field environment, its performance in an unshielded environment with 
compensating coils has been demonstrated to perform three-axis vector field detection and have a 
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sensitivity of 1 pT/√𝐻𝑧 (47). SERF cannot be applied at high magnetic fields, however, light 
narrowing effects can cause partial spin-exchange suppression (46). This type of magnetometer was 
useful in the most recent demonstrated applications of J-coupling spectroscopy (64, 65), magnetic 
Microparticle detection (55), and parahydrogen enhanced zero-field NMR detection (66). SERF 
magnetometers have also been demonstrated to detect biomagnetic signals like MCG (67) and MEG 
(68).   
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 Nuclear Magnetic Resonance Chapter 3:

This chapter will give a brief introduction to NMR, because there are many good resources for 
understanding nuclear magnetic resonance (NMR) (1–3), and MRI techniques (4)., but will only go 
into depth on the NMR topics necessary to understand the experiments described in this work. This 
includes xenon-hyperpolarization and remote detection. Other nuclear interactions are covered in 
depth in subsequent chapters (see Chapter 4:) 

3.1 Conventional NMR 
Conventional NMR techniques have been exploited by scientists for everything from protein 
structure determination and clinical imaging, to drug synthesis and design. Before discussing 
specialized NMR techniques, it is best to briefly describe traditional NMR methods. This section will 
cover the primary interaction responsible for NMR, Zeeman splitting, and then describe techniques 
that exploit this interaction.  

3.1.1 Zeeman Splitting 

NMR techniques involve the manipulation and detection of spin polarization. The magnetic dipole 
moment of the nucleus interacts with an applied magnetic field (bias field). The alignment of the 
dipole moment with respect to the magnetic field causes energy level splittings (see Figure 3.1). This 
splitting is known as the Zeeman splitting. The Hamiltonian of this system is given in Equation 
[3.1].  

 ℋ𝑍 = −γB0∙ I [3.1] 
 

The gyromagnetic ratio, γ, indicates the effect a magnetic field (B0) has on the spin of the nucleus (I). 
The corresponding frequency which defines the precession frequency, known as the Larmor 
frequency, is defined by the same terms: 

 ω = −γB0 [3.2] 

 

 

 

Figure 3.1: Zeeman Splitting 
Zeeman energy levels are created by the nuclear magnetic 
dipole moment’s alignment with respect to an applied 
magnetic field (B0). This case is for a spin ½ nucleus. 
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3.1.2 Magnetization 

The difference in populations between the states is known as spin polarization. At thermal 
equilibrium, the energy levels are populated with a Boltzmann distribution. The polarization between 
the two states is:  

 P = 𝑁2−𝑁1
𝑁2+𝑁1

≈ ℏ𝜔0
2𝑘𝐵𝑇

, [3.3] 

 

where kB is the Boltzmann constant, T is the temperature, ω is the precession frequency, ℏ is Plank’s 
constant, and N is the population of each state. Magnetization is created from a spin polarization 
which is proportional to the strength of the sample signal detected. This has resulted in the 
progressive march toward higher field magnets in an effort to create stronger signals. The 
magnetization is dependent on the polarization (P), sample density (ρ), and magnetic moment (µN) 
of the nucleus.  

 M = 𝑃𝜌𝜇𝑁 [3.4] 
 

The magnetization is created along the same direction as the bias field. Therefore, to observe the 
magnetization a radio frequency (rf) pulse is applied to the polarized spins. This pulse is applied until 
the spins are oriented in a direction orthogonal to the bias field. When the spins are oriented in a 
direction orthogonal to the bias field, they will begin to precess around the bias field.  

3.1.3 Relaxation 

Spin precession is not permanent and over time the spins will return to their original orientation. 
Two relaxation time constants are used to describe the effects of relaxation on the magnetization 
vector (see Figure 3.2). Longitudinal, spin-lattice, or T1 relaxation, refers to the return of equilibrium 
along the direction of the bias field. T1 relaxation behaves according to the following equation: 

 M𝑧 = M0�1 − 𝑒−𝑡 𝑇1⁄ �, [3.5] 
 

where t is the time, Mz is the magnetization component along the direction of the bias field, and M0 

Figure 3.2: NMR Relaxation 
Generally relaxation is considered as longitudinal (T1) relaxation and translational (T2) relaxation.  
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is the original magnetization. Translational, spin-spin, or T2 relaxation, refers to the dephasing that 
largely occurs due to inhomogeneities in the local magnetic field. T2 relaxation behaves according to 
the following equation:   

 M𝑥𝑦 = M0𝑒−𝑡 𝑇2⁄ , [3.6] 
 

where Mxy is the magnetization component in a direction orthogonal to the bias field. The Equations 
[3.5] and [3.6] can be combined with the precession of the magnetization factor to describe the 
dynamics of the nuclear magnetization in the Bloch equation:  

 𝑑𝑀��⃑
𝑑𝑡

= 𝛾𝑀��⃑ × 𝐵�⃑ −
𝑀𝑥𝑥� + 𝑀𝑦𝑦�

𝑇2
−

(𝑀𝑧 −𝑀0)�̂�
𝑇1

 [3.7] 

3.1.4 Inductive Coil Detection 

Conventional NMR detection is performed with an inductive pick-up coil. Faraday’s law dictates 
that as the magnetic field within a loop of wire, or the flux (Φ), changes it induces a current in the 
coil or an electromotive force (ε).   

 ϵ =
𝜕Φ
𝜕𝑡

 [3.8] 

 

The time dependence of the current on the magnetic field causes this method of detection to only 
be sensitive for high frequency (MHz) signals. The dependence of the Larmor precession frequency 
on the strength of the magnetic field is another reason why higher bias fields are used to increase 
NMR sensitivity.  

 

Figure 3.3: 1D Projection 
Applying a gradient in a single direction results in a spectrum that is a 1D projection of that 
image along the direction of the gradient. 
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3.1.5 Signal Analysis 

The resulting time signal as described by the Bloch equation (Equation [3.7]) is referred to as the 
free induction decay (FID). Fourier transforms are performed on collected data, because FID are 
difficult to visually interpret. A Fourier transform is an equation that transposes from one space to 
another. For NMR it is common to use a Fourier transform to take time dependent data and 
transform it into frequency dependent data. The transform occurs as follows: 

 F(𝑘𝑡) = ∫ 𝑓(𝑡)𝑒−𝑖2𝜋𝑘𝑡𝑡𝑑𝑡∞
−∞ , [3.9] 

 

where F(kt) is the frequency spectrum of f(t). This results in the frequency of the FID becoming the 
center for the spectral peak and the exponential decay of the signal indicating the linewidth of the 
signal (Figure 3.4). 

3.1.6 Chemical Shift 

Chemical shifts result from the local magnetic fields created within a molecule. This effect is due to 
a two-step process. First, the bias field produces electric currents from the electron distribution 
within the molecule. Second, the molecular currents generate an induced field, which causes local 
magnetic fields affecting the nuclei within the molecule differently based on their location. This 
phenomenon shifts the observed frequencies between different chemical groups and is responsible 
for NMR becoming a strong chemical analysis and identification tool.  

The chemical shift can be given in a field independent value by defining a reference frequency (ωREF) 
which is set to zero. TMS (tetramethylsaline) is commonly used as the reference for the 1H, 13C, and 
29Si, while in 129Xe experiments the reference frequency is often the xenon gas peak. The field 
independent value of chemical shift is given as: 

Figure 3.4: Fourier Transform 
The changes in frequency and exponential decay in the time domain result in changes in the x-axis 
offset and linewidth in the frequency domain.  
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 δ = 𝜔−𝜔𝑅𝐸𝐹
𝜔𝑅𝐸𝐹

. [3.10] 

 

3.1.7 Magnetic Resonance Imaging 

NMR spectroscopy focuses on the differences in frequency created from the chemical shift 
interactions. A controlled shift in frequency can be created with magnetic gradients, which apply 
much larger fields than chemical shifts. This practice is referred to as magnetic resonance imaging 
(MRI). 

Figure 3.5: Phase Encoding Gradient Parameters 
A phase encoding pulse sequence has a different gradient field strength with each 
signal acquisition. This results in a point-by-point acquisition in k-space that the 
parameters in image space are tied to.  
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By knowing the gradient that is applied to a sample, the detected frequency spectrum can be mapped 
to a spatial location. The spectrum that results is generally the 1D projection of the object imaged 
along the axis of the magnetic field (Figure 3.3). By performing measurements with gradients in two 
dimensions a 2D object can be reconstructed. Reconstruction is performed using a 2D Inverse 
Fourier transform: 

 f(x, y) = � � 𝐹(𝑘𝑥,𝑘𝑦)𝑒+𝑖2𝜋�𝑘𝑥+𝑘𝑦�𝑑𝑘𝑥𝑑𝑘𝑦
∞

−∞

∞

−∞
 [3.11] 

 

The line that the object is projected onto is often described in terms of its location in the frequency 
domain, also known as “k-space”. The k-space (kn) can be described by any given gradient (Gn) as: 

 k𝑛 =
𝛾

2𝜋
� 𝐺𝑛(𝜏)
𝑡

0
𝑑𝜏 [3.12] 

 

The gradient is assumed to vary over time (τ). Similar to the effects mentioned in Section3.1.5, the 
range and number of data points collected in k-space effect the image that is reconstructed. The two 
factors often of interest are the field of view (FOV) and resolution (δ) of the image. The FOV 
determines the scope of the image and is determined by the distance between the points in k-space 
(Δkn). The resolution is determined by the range of k-space points (kn,max). For the experiments 
described (see Section 5.2.5) the points in k-space are acquired using phase encoding. In phase 
encoding the gradient field remains static during time (τ) in the pulse sequence, but changes (Gni) 
between each pulse sequence. When applied in two directions, this results in a point-by-point 
acquisition in k-space. The FOV and resolution that results from a phase encoded gradient sequence 
is:  

 FOV𝑛 =
1

𝛾
2𝜋 𝐺𝑛𝑖𝜏𝑛

 [3.13] 

   

 δ𝑛 ≈
1

𝛾
𝜋 𝐺𝑛,𝑚𝑎𝑥𝜏𝑛

 [3.14] 

3.2 Remote Detection 
In conventional NMR the excitation pulse and detection are performed with the same inductive coil. 
This is problematic for samples, such as microfluidic chips, where the region of interest is of much 
smaller volume than the entire sample. Microfluidic chips commonly used in the Pines lab have 
external dimensions on an order of cm x cm x mm, but the region of interest is the 150 µm diameter 
channels inside of the chip.  

In remote detection the excitation and detection are separated to allow individual optimization and 
overall enhancement of the detected signal. For a microfluidic chip, the detection coil is at an 
optimized geometry to measure liquid at the outlet of the microfluidic chip. Liquid flow allows the 
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sample to flow from the excitation, or encoding, region on the chip into the detection region. Figure 
3.6 demonstrates liquid flow remote detection.  

A set of excitation pulses is applied to the spins in the encoding region. Often a storage pulse is 
applied at the end of the encoding pulses to align the spins into the longitudinal direction. This way 
the spins only undergo T1 relaxation between the encoding and detection region resulting in minimal 
signal loss.  

In the detection region a 90° pulse is applied to detect the signal using standard methods (see 
Section 3.1.4). The detection region is designed to contain a smaller volume than the encoding 
region allowing the signal to be detected with several detection pulses. This rapid succession of 
pulses is known as stroboscopic detection. The signal detected results in a time-of-flight 
measurement, known as a travel curve. 

 Remote detection is considered an indirect measurement because the time between the storage and 
detection pulse changes between each detection pulse. Each point on the travel curve consists of the 
spectrum from an FID (Figure 3.6).  

 

 

Figure 3.6: Remote Detection Diagram 
Remote detection is the separation of the excitation and detection region to better enhance each region. In this 
case an inversion is applied in the encoding region. Stroboscopic detection allows time-of-flight detection of the 
spins as they pass through the detection region.  
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3.2.1.1 Inversion Travel Curve 
Figure 3.6 shows an inversion travel curve. The spins in the encoding region have an inversion pulse 
applied to them. As the spins enter the detection region the inverted spins cause a decrease in the 
detected signal. The detected signal is at its minimum when the detection region only has encoded 
spins in it. Once the inverted spins have passed through the detection region the signal returns to its 
original value. 

3.2.1.2 Phase Corrected Travel Curve 
A more intuitive travel curve can be created by using a phase correction travel curve. This four step 
phase cancellation pulse sequence results in a simplification in imaging pulse sequences (69). This 
pulse sequence is demonstrated in Figure 3.7 with the phase of each pulse is given in Table 3.1. In 
the first step there will be signal from spins experiencing all four pulses and the detection pulse. 
After the fourth step, spins only experiencing the detection pulse.   

 

 

 

 Table 3.1: Phase Corrected Pulses  
   

 Step Encoding 
(π/2) 

Encoding  
(π) 

Encoding  
(π /2) 

Detection  
(π /2) All 4 Detection 

Only  

 1 -y +x -y +x +x +x  
 2 +y +y +x +y +x +y  
 3 -y -x +y -x +x -x  
 4 +y -y -x -y +x -y  
     Total 4x 0  
         

 
Figure 3.7: Phase Corrected Pulse Sequence 
This four step pulse sequence changes phase between each pulse  (see Table 3.1) causes all spins that 
do not experience the all four pulses to be cancelled out.  
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3.2.1.3 Remote Detection Imaging 
Remote detection often involves a sample which is moving over time. In this case imaging requires 
the use of a static magnetic field for each measurement. A phase encoded gradient sequence (see 
Section 3.1.7) is integrated with the phase corrected travel curve by applying gradients between the 
first 90° pulse and 180° pulse. During this time the spins accrue different phases depending on their 
spatial location. The phase change is then stored in the longitudinal direction with a storage pulse. 
The point-by-point acquisition required causes the run time for these experiments to be long, but 
results in a wealth of spectroscopic and imaging information (70).  

3.2.1.4 Remote Detection Analysis 
The data that results from remote detection is a long string of FID, which requires specific analysis 
(71). Each FID represents a different time point on the travel curve. First, the series of FID are 
separated into individual FID.  

A lot of the data analysis techniques used for standard NMR analysis are applied here. Apodization, 
a method to smooth the discontinuities at the beginning and end of the data set, was performed by 
multiplying each FID by an exponential function. Left shifting the data removes noise from quickly 
decaying signals. DC offsets in the FID are removed by adjusting the baseline to zero. Zero-filling is 
a method that increases the digital resolution in the frequency domain by appending zeros to the end 
of the FID. The data is Fourier transformed (see Section 3.1.5) to create the spectrum. The 
spectrum from the first FID is set to give a positive signal and is used to set the phase for each 
subsequent spectrum. The signal under each of the resulting curves was integrated over the values 
determined from the full width at half maximum of the first FID’s spectrum. The integrated value of 
each FID creates the data points of the travel curve.  

Figure 3.8: Remote Imaging Pulse Sequence 
This sequence is nearly identical to the phase corrected sequence, except that phase encoding 
gradients are applied between the first and second pulse. 
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3.3 Xenon Hyperpolarization 
A direct comparison in signal between 1H and 129Xe would indicate that 1H is clearly the better 
nucleus (Figure 3.9). Protons have a higher natural isotopic abundance (99.99%), concentration in 
water (110 M), and gyromagnetic ratio. All of these factors lead to a much higher thermal 
polarization in 1H (2.5 x 10-5) than 129Xe (6 x 10-4) at biological temperatures (37°C) and high fields 
(7T). The ability to enhance the signal of xenon through hyperpolarization (see Section 3.3.1) has 
allowed it to gain significant attention for NMR and MRI applications. Hyperpolarized xenon (hp-
Xe) has been demonstrated for applications in lung imaging (72), sample targeting (73), temperature 
measurement (74), and recently combustion (75).  

Xenon is very flexible for signal detection. Although a gas at room temperature, xenon can be easily 
converted into liquid or solid with cryogenic temperatures. Xenon in the solid state is known to have 
an extremely long lifetime (500 hours at 0.1 T) (76). Therefore, xenon is often frozen after 
polarization to create a large quantity of hyper-polarized xenon. Xenon in the gas state still has a 
very reasonable relaxation time of 33 min at 50 mT (77). This allows more than an adequate amount 
of time to transfer gaseous xenon from the polarizer to the sample. Furthermore, xenon is readily 
dissolved in a variety of solutions. The solubility of xenon can be estimated using empirically derived 
equations (78) 

The empirically derived constants A, B, and C are -74.7398, 105.210, and 27.4664, respectively. T* is 

the temperature divided by 100 in Kelvin. For the experiments described later (pXe = 0.02, P = 60 
psi, and T = 20°C) the concentration of xenon in water is calculated to be 511 µM. Better 
concentrations can be achieved with organic solvents. The ability to obtain a decent concentration 
within solutions allows xenon to be present in a variety of samples.  

As a nobel gas, xenon is non-reactive and creates very few molecules. This is a wonderful asset for a 
variety of reasons. Xenon does not affect the sample when present. This property has been of 

 lnΧ1 = 𝐴 + 𝐵
𝑇∗

+ 𝐶𝑙𝑛𝑇∗. [3.15] 

Figure 3.9: 129Xe v. 1H Signal 
A travel curve of 1% hp-Xe is compared to a travel curve for protons. Although the signal 
for the xenon is much smaller, it has the capability to give more information than protons.  
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particularly interest for biological applications such as lung imaging or in vivo blood measurements. 
Unrelated signals are avoided with xenon detection, because there it is not naturally present in 
organic or biochemical samples.   

Xenon has a highly polarizable electron cloud surrounding it, creating a very large chemical shift 
range. When dissolved in solutions xenon has a chemical shift range of ~200 ppm, which is much 
larger than the ~12 ppm chemical shift range of protons. The large chemical shift range allows for 
more chemical information to be determined. This large chemical shift range has been found to be 
useful at low magnetic fields where the chemical shift frequency range is reduced (79). 

3.3.1 Spin Exchange Optical Pumping  

Xenon hyperpolarization is performed with a method known as spin exchange optical pumping 
(SEOP). The physical principles behind SEOP are very similar to vapor cell atomic magnetometry 
(see Chapter 2:). In vapor cell atomic magnetometry, optical interactions occur to alkali atoms 
enclosed in a cell (Figure 3.10). Xenon hyperpolarization is nearly identical, except that xenon gas is 
allowed to flow through the cell.  Reviews written by Goodson (80) and Walker et. al. (81) are 
recommended for a comprehensive understanding of SEOP.  

Hyper-polarization occurs as a two-step process. The first step is identical to the process of optically 
pumping alkali atoms (see Section 2.3.3). A heated glass cell contains an alkali vapor. Circularly 
polarized light transfers polarization to the alkali atoms, causing them to become optically pumped. 
The focus with SEOP is to create a highly polarized system. Although, many of the concerns are the 
same, such as reducing wall collisions, there are several slight differences in the systems. The power 

Figure 3.10: MITI Cell 
The MITI cell inside of the polarizer oven. 
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of the laser is much higher than for atomic magnetometers, this is partially due to the use of cells 
that are much larger to create an appreciable volume of hyperpolarized xenon. Additionally, the laser 
beam path is often widened to encompass the cross-section of the entire cell. Lastly, the goal is to 
completely saturation and there is not a concern with magnetic field interactions. A powerful laser is 
a great way to do this. 

The second step for xenon hyperpolarization is the transfer of polarization between the alkali atoms 
and xenon atoms. Two types of collisions can cause this transfer, two-body collisions and Van der 
Waals collisions. Two body collisions are much more common at the pressures used with our 
experiments (60 psi). These collisions occur exactly as they sound, where an alkali atom and xenon 
transfer polarization during a collision. Van der Waals collisions are more frequent at higher 
pressures (82). In a Van der Waals collisions a third molecule, generally N2, collides with the alkali 
atom and xenon. The alkali atom and xenon remain together until another collision with N2 occurs. 
In both cases, multiple collisions are necessary to fully polarize the xenon atoms.  

The polarized xenon atoms require a magnetic field to remain polarized. Therefore, a magnetic field 
is applied while the xenon is being polarized (~ 500 G). Furthermore, care is taken to ensure that the 
hp-Xe does not pass through any zero-field crossings.   

3.3.2 MITI 

The high field hp-Xe experiments described in this thesis (see Chapter 5:) used a commercially built 
xenon polarizer from Amersham. Although, recent optimizations have been performed to this 
system, many of the original parameters remain the same.  

The cell used for the polarizer is 250 cm3 (Figure 3.10). The cell has at least 50 mg of rubidium 
inside of it. The cell is heated inside of the oven using and external heater that blows in hot air. The 

Figure 3.11: MITI 
The MITI is a commercially built system purchased from Amersham.  
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oven allows a temperature range from room temperature to 210°C. A feedback system with a 
thermocouple and controller is used to maintain the temperature.  

The cell is connected to an elaborate set of gas and vacuum connections (see Section Appendix D:). 
Great care is taken to avoid oxygen contamination into the system, because this will cause the 
rubidium to oxidize and decrease the lifetime of the cell. The cell has stem valves that allow it to be 
closed off from the rest of the gas flow system. A 10-6 Torr vacuum is able to connect to all of the 
lines to vacuum them down before opening the cell to the rest of the system. When the cell is open 
to the system, it is constantly purged with nitrogen gas. While in operation a 2% Xe gas mixture 
flows through the system. Both gas mixtures pass through an oxygen trap before entering into the 
cell. The flow of the gas through the cell is controlled by the pressure of the gases (~ 60 psi) and 
monitored with a mass flow monitor. The connections between the outlet of the cell and the MITI 
sample are all nonferrous materials. Materials with paramagnetic impurities are also avoided. These 
connections largely consist of aluminum and PFA (Teflon).  

The alkali atoms are polarized with a 75 W laser (inside the black enclosure in Figure 3.11). The laser 
sits on a water-cooled pad to maintain a low (17 – 25°C) temperature. The laser passes through an 
optics box (Figure 3.12). The entrance into the optics box contains a convex lens that causes the 
beams to expand to the same diameter (5 cm) of the cell at the cell location. The optics box splits 
the laser beam into two linearly polarized components with the polarizing beam splitter. Both 
components pass through separate quarter wave plates to create circular polarized light. The beams 
exit the optics box side by side and overlap as they expand. A photodiode is place on the opposite 
side of the cell, allowing the absorption spectrum of the cell to be observed. 

Once it has left the polarizer the hp-Xe travels in ¼” and 1/8” Teflon tubing and all connections are 
made with Teflon connectors. The MITI is just outside of the fringe field of a 7 T magnet to ensure 
that no zero-field crossings are encountered on the way to the sample. This setup originally 
demonstrated a polarization of 10%, but most recently has demonstrated polarizations of 1 – 2%. 

  

Figure 3.12: MITI Optics 
The optics used to create circularly polarized light for the MITI. 
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 Magnetometry Applications Chapter 4:

Zero and low field NMR detection has potential to have greater portability and be more cost 
effective. Low field NMR also has the advantage of longer relaxation times, creating potentially 
better relaxation agents and narrower linewidths. NMR is traditionally considered a high magnetic 
field technique, where the Zeeman splitting of the nuclei dominates by such a large margin, every 
other nuclear interaction is considered a perturbation. Vapor cell atomic magnetometers allow for 
detection at zero and low fields (see Chapter 2:). At zero field the interactions that are often treated 
as perturbations become the dominant interaction. Nuclear quadrupole resonance (NQR), dipole-
dipole coupling, and J-coupling are three nuclear interactions that are independent of an applied 
magnetic field. NQR is generally considered the dominate term at zero field because it is a magnetic 
field independent interaction that ranges from zero to hundreds of megahertz frequencies (1). When 
a sample is in a liquid form, both NQR and dipole-dipole interactions average to zero due to 
isotropic tumbling, allowing J-coupling to become the dominate term.   

This entire chapter is dedicated to work on alkali cell atomic magnetometers performed with our 
collaborators in Dmitry Budker’s group in the Physics department. Much of this chapter is dedicated 
to the description of the work performed for the detection of NQR, including the magnetometer 
built for the experiment. A secondary magnetometer of similar design was created, the 
microfabricated magnetometer. The microfabricated magnetometer was originally created for the 
detection of small paramagnetic impurities in samples and was useful for the demonstration of 
cobalt microparticle detection. It was further used for establishing J-coupling spectroscopy. Much of 
the work on J-coupling spectroscopy has been covered recently (83), and will not be emphasized in 
this chapter.  

4.1 Nuclear Quadrupole Resonance 
NQR is spectroscopy component of NMR. Both are non-invasive and indicate the response of the 
nucleus to its surrounding environment. A major difference between the two methods of detection 
is that NMR introduces an externally applied magnetic field to the environment of the nucleus, 
whereas NQR is present from the electric field gradients (EFGs) created within the molecular 
environment. This difference allows NQR detection a zero magnetic field. The lack of a leading field 
is particularly useful in the context of contraband detection, where low field detection is much easier 
to implement to the general population and easier to transport. 

NQR is appealing for chemical identification because the frequency of the signal depends very 
strongly on the local crystalline and chemical environment. The frequency range in NQR (several 
hundred MHz (1)) is much larger than is given from the NMR chemical shift information which 
ranges 1 – 2% of the Larmor precession frequency in the most extreme cases.  

There has been a growing interest in NQR detection for contraband detection in packages, airport 
screening, and landmine detection (84, 85). Nitrogen-14 is a quadrupolar nucleus has a high natural 
abundance (96.9%), and is prevalent in narcotics, explosives, and biological agents. The NQR signals 
for 14N range from 0 to 6 MHz (84).  

NMR spectroscopy of solid-state quadrupolar samples are known for being particularly broad, 
partially due to quadrupolar splittings, requiring the use of complex pulses and analytical techniques. 
This is caused by the axis system of the EFG not being oriented along the magnetic field. In 
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contrast when no magnetic field is present, NQR gives sharp spectral lines in solid samples. This 
could make NQR particularly useful for protein structure determination. Currently, protein structure 
analysis is performed with solid state NMR (ssNMR) methods and x-ray diffraction. X-ray 
diffraction often requires the sample be in a crystal rather than powder form and ssNMR often 
limits the protein size. NQR spectrums can be complicated and require a lot of analysis to fully 
understand the structural information. Often times for screening and material characterization a 
chemical fingerprint is used to compare samples. For biochemical analysis this method could be 
combined with other molecular structure methods (86). All of these applications require a method of 
broadband NQR detection.  

NQR detection has been demonstrated previously with inductive coil (85), SQUID (87), and rf 
atomic magnetometer (46). The limited sensitivity of inductive coils below 1 MHz has led to low 
frequency NQR signals to be overlooked. SQUIDs require the use of cryogens, making a more 
expensive and less portable technology. The purpose of this experiment was to demonstrate the 
enhanced sensitivity in NQR through line narrowing and observe NQR using a quasi-static (DC) 
atomic magnetometer. A DC atomic magnetometer would allow for a more sensitive acquisition of 
the low frequency NQR signals being detected. Furthermore, by observing the low frequency NQR 
splittings and applying spin-lock detection this method could be expanded to a broadband detection 
scheme for contraband applications.   

4.1.1 NQR Principles 

Several articles and books give a theoretical description of NQR (88–91). NQR is the manipulation 
of the transitions between energy splittings caused by the interaction of the quadrupole moment of 
the nucleus and the surrounding electric field gradient (EFG). This interaction involves the molecule 
and surrounding structure allowing it to only be observed in viscous liquids, powders, and crystal 
samples. The derivation of the Hamiltonian is given, as well as the effects of detecting a powder 
sample, and rf pulse manipulations in NQR.  

4.1.1.1 NQR Hamiltonian 
The nuclear quadrupole moment indicates a modification of a nuclear charge from a spherical 
distribution. This is only possible for nuclear spin (I) being greater than ½. By not being spherical, 
this moment can interact with other non-spherical charge distributions outside of the nucleus. 
Looking at the electrostatic interaction between the nucleus and electrons we have: 

 ℋ𝑁𝑄𝑅 = ∫ ρ(x) V(x) d3x, [4.1] 

Figure 4.1: Illustration of Power Expansion 
The power expansion can be considered as a monopole, dipole, quadrupole, etc. 
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where ρ(x) is the electric charge density in the nucleus and V(x) is the electric potential of electrons. 
The electrostatic potential is considered to have a relatively small change over the volume of the 
nucleus, therefore it is reasonable to expand V(x) in a power series with the nuclear mass. In which 
case we have: 

ℋ𝑁𝑄𝑅 = ∫ 𝜌(𝑥) � 𝑉0 + ∑ �𝒹𝑉
𝒹𝑥𝑗
�
0
𝑥𝑗 +𝑗

1
2
∑ � 𝒹2𝑉

𝒹𝑥𝑗 𝒹𝑥𝑘
�
0
𝑥𝑗 𝑥𝑘𝑗,𝑘 + ⋯ � 𝑑3𝑥, [4.2] 

     
where x1, x2, x3 imply the x, y, z axis, respectively.  

The first term is from the electric charge of the nucleus: 

 ∫  ρ(x) d3x ≝ Ze, [4.3] 
this is the nuclear electric charge which interacts with an applied electric potential, but does not have 
a shape, therefore it does not create an orientation based on the surrounding magnetic field.  For 
NQR interactions, the nuclear charge is ignored.  

The second term is due to the electric dipole moment of the nucleus: 

 ∫ρ(x) xj d3x ≡ Pj, [4.4] 

the electric dipole moment orients in electric fields, however, for the nucleus this is considered 
unphysical. P, CP, and T (charge, parity, time reversal) symmetries (92) all dictate that the strength of 
the electric dipole moment is weaker than can currently be detected. 

The third term is from the electric quadrupole moment of the nucleus: 

 ∫ρ(x) xj xk d3x ≡ Q𝑗𝑘 ~Q2
m, [4.5] 

the electric nuclear quadrupole moment orients in the EFG. This term will only interact with an 
EFG and only occurs in nuclei with a spin of 1 or greater. There are hexadecapole and higher order 
terms however, these have weak couplings, and in general can be ignored. Thus the Hamiltonian will 
only focus on the interaction with the nuclear quadrupole moment and the EFG: 

The quadrupole moment of the nucleus, Q𝑗𝑘 , is described as a second rank tensor, where its 
irreducible components given in terms of the coordinate system x, y, and z are: 

 Q2
0 =

𝑒𝑄
2I(2I − 1)

(3I𝑧2 − I2) [4.7] 

 Q2
±1 =

√6𝑒𝑄
4I(2I − 1) �Iz�Ix ± 𝑖Iy� + �Ix ± 𝑖Iy�Iz� [4.8] 

 Q2
±2 =

√6𝑒𝑄
4I(2I − 1) �𝐼𝑥 ± 𝑖𝐼𝑦�

2
 [4.9] 

 ℋ𝑁𝑄𝑅 = ∑ 𝑄2𝑚(∇𝐸)2𝑚𝑚 . [4.6] 



 
~ 39 ~ 

The scalar quadrupole moment Q is defined as the measured proton charge in a state where Iz is 
maximized and e is the charge of an electron. This has been theoretically defined (93), but in this 
derivation is assumed to be a quantitative number. The first constant in equation [4.7], 𝑒𝑄

2I(2I−1), is the 
nuclear electric quadrupole moment.  

The EFG is caused by a non-uniform electric field and can be described by a second rank tensor. 
Before describing the irreducible components of this tensor, a simplification can be made to these 
components by creating a set of axes defined by:  

 Vzz = eq [4.10] 
   

 η ≡
Vxx − Vyy

Vzz
 [4.11] 

In general the axes are define as |Vzz| ≥|Vyy| ≥ |Vxx|.  Vzz is considered the primary axis and 
defines the value of q. The asymmetry parameter, η, ranges from 0 to 1 and is indicates the axial 
symmetry of the EFG about the z axis. Figure 4.2 demonstrates the difference in energy states 
between asymmetric and symmetric EFG for a spin 1 nucleus. If the electric field is asymmetric 
about the z-axis (η > 0) and additional splitting in the non-zero energy levels is observed.  

With this simplification the EFG has two different components which effect the nuclear quadrupole 
moment: 

 (∇𝐸)0 =
1
2
𝑒𝑞 [4.12] 

   

 (∇𝐸)±2 =
1

2√6
𝜂 [4.13] 

Both the EFG and quadrupole tensors can be inserted into the Hamiltonian to give: 

Where e2Qq is the quadrupolar coupling constant which indicates the strength of the interaction 
between the quadrupole moment and the EFG and I± are the ladder operators (94). 

When considering a spin one system these interactions combine to give the following frequencies: 

 ℋ𝑁𝑄𝑅 =
𝑒2𝑄𝑞

4I(2I − 1) �3I𝑧2 − I2 −
𝜂
2

(I+2 + I−2 )� [4.14] 
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𝑒2𝑄𝑞
ℎ

�
(3 ± 𝜂)

4
 [4.15] 
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2

 [4.16] 
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As described earlier and in Figure 4.2, the energy splitting v0 only exists when an EFG asymmetry is 
present. This effect is often observed as a perturbation of the Zeeman interaction, therefore, it is 
useful to describe the quadrupolar basis in terms of the Zeeman basis: 

 |0⟩ = |0⟩ 

[4.17] 
  

 | ±⟩ =
(| + 1⟩ ± |−1⟩)

√2
 

4.1.1.2   Powder and Crystalline Spectra 
The spectral lines in NQR do not change frequency between a crystal and powder sample but, a 
noticeable change in the intensity of the lines occurs. For a crystal, the largest signal is observed 
when the EFG is aligned with the applied pulse. For a powder, the individual crystals have different 
EFG directions. To determine the effect on the signal, one can take the integral over all the possible 
orientations which are equally likely. By doing this exercise, shown in Equation [4.18], the powder 
signal is observed to be 1/3 the intensity of the crystal signal.  

 EFG ∙ �̂� = EFG cos(𝜃) 

[4.18] 

  

 |EFG ∙ �̂�|2 =
1
4
�|EFG|2 cos2(𝜃) sin(𝜃)𝑑𝜃𝑑𝜙 

  

 |EFG ∙ �̂�|2 =
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4𝜋
�−

cos3(𝜃)
3

�� 2𝜋
𝜋

0

=
1
3

|EFG|2 

4.1.1.3 Radio Frequency Pulse Response 
The description of pulsing on NQR energy splittings is very similar to applying a pulse in NMR (see 
Section 3.1.4). In both cases, only the two states corresponding to a single frequency are considered. 
A radio frequency pulse is applied to create a coherence between the two states. The magnetic 
dipole and electric dipole are strongly coupled, therefore an interaction with one will cause an effect 
on the other. The magnetic dipole moment of the nucleus is sensitive to the on resonance 
fluctuating magnetic field and will cause a change in orientation of the system. After the pulse the 
system will return back to its original orientation through T1 and T2 relaxation.   

Figure 4.2: NQR (I=1) Energy Splitting 
(left) energy splitting with axial symmetry around the z-axis; (right) asymmetric splitting around the z-axis. 
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The physical effect observed is slightly different from NMR detection (95). The Hamiltonian for a 
pulse is generally written as: 

 

Where B1 is the field strength of the pulse, x is the direction of the pulse in the lab frame, ω is the 
frequency of the pulse, and φ is the phase of the pulse. The pulse is linearly polarized and can be 
decomposed into its circular components:  

In NMR only one circular component (H+) of the pulse can interact with the energy states, however, 
both components interact with the NQR energy states. The overall physical result is a spin 
precession from the spin ensemble that is linear and occurs in the direction that the original single 
pulse was applied.  

The pulse orientation effects in NQR create interesting effects with double resonance pulses, where 
the signal response of the detected transition can be controlled (96). This results in either a 
controlled enhancement of signal through the use of a saturating pulse before a detection pulse or a 
creation of a non-irradiated transition after the application of a pulse at the other two 14N NQR 
transitions. The creation of a non-irradiated transition can be orientation dependent (97). A double 
resonance pulse will be used to transfer the polarization of the initial frequency to the secondary 
frequency in this experiment.  

4.1.2 Nuclear Quadrupole Detection with a DC Atomic Magnetometer 

Recently, it was demonstrated that systems with drastically different T1 and T2 relaxation times can 
use this to create a signal enhancement (55). This method maps the transverse magnetization onto 
the longitudinal magnetization, effectively increasing the lifetime of the signal by several orders of 
magnitude. Performing this method requires applying a magnetic field that is large compared to the 
frequency of the signal being detected. Lower frequencies are much easier to use in implementing 
this experiment. A DC atomic magnetometer is ideal for this type of detection (see Section 2.7.3). A 
double resonance pulse sequence is implemented to enhance signal by transferring polarization from 
the larger energy splittings to the asymmetric splitting. Figure 4.3 shows the general concept of this 
detection method while Figure 4.4 gives the pulse diagram and expected resulting signal for the 
associated pulse sequence. 

4.1.2.1 Sample Polarization 
A double resonance pulse sequence (see Section 4.1.1.3) is used to enhance the low energy (kHz) 
asymmetric splitting (υ0) polarization with one of the high energy (MHz) polarizations (υ+ or υ-). This 
increases the signal by several orders of magnitude. For calculations predicting the signal strength it 
is assumed that there will be a full polarization transfer during the double resonance pulse sequence. 

 ℋRf = 2x�𝐵1𝑐𝑜𝑠(𝜔𝑡 − 𝜙) [4.19] 

 ℋRf = 𝐵1[x�𝑐𝑜𝑠(𝜔𝑡 − 𝜙) − y�𝑠𝑖𝑛(𝜔𝑡 − 𝜙)]
+ 𝐵1[x�𝑐𝑜𝑠(𝜔𝑡 − 𝜙) + y�𝑠𝑖𝑛(𝜔𝑡 − 𝜙)] [4.20] 

   
 ℋRf = ℋ+ + ℋ− [4.21] 
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This polarization and magnetization can be calculated by the Boltzmann distribution across that 
energy splitting (see Section 3.1.2).  

4.1.2.2 Locking Pulse 
NQR samples undergo rapid dephasing due to inhomogeneities in the EFG resulting in typical T2 of 
milliseconds, however The T1 is typically in seconds. In cases where T1 relaxation is much longer 
than the T2 relaxation it can be advantageous to map the transverse magnetization component into a 
longitudinal component. This is known to increase the sensitivity by a factor of 1.5�𝑇1 𝑇2⁄  (55). For 

Figure 4.4: NQR Pulse Sequence 
A two-pulse sequence results in a quickly decaying signal which can be extended with a locking pulse. The locked 
signal is indirectly detected by adjusting the time between the two-pulse sequence and the locking field to 
reconstruct the original two-pulse signal.  

Figure 4.3: NQR Experiment Concept Diagram 
In this experiment 14N NQR signal will be detected by first transferring polarization 
(pulse 1), then applying a pulse for detection (pulse 2). A locking pulse will be applied 
to the sample (with the solenoid), and the resulting magnetic response from the sample 
will be measured with the alkali vapor cell atomic magnetometer.  
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NQR signals, this could result in a signal enhanced by more than an order of magnitude. 
Furthermore, this method is also ideal for the magnetometer created for this experiment, which was 
measured to have a bandwidth of 10 Hz requiring that a signal last as long as 50 ms for detection. 

The sudden change in basis from suddenly applying a magnetic field halts the spin precession, 
allowing the net magnetization to only undergo T1 decay. The original signal is reconstructed using a 
point-by point acquisition by varying the time between the second pulse and the application of the 
locking field (see Figure 4.4). This method of detection comes at the disadvantage of requiring more 
time for indirect detection of the signal and is therefore only advantageous for the case where 
T1>>T2. 

A sudden change requires that while the dominant basis set changes, the wavefunction remains in 
the original basis. A frame model of the Hamiltonians can be utilized to better understand the 
requirements for a sudden change. In a frame model two separate Hamiltonians are considered 
orthogonal vectors. The eigenvalues of those Hamiltonians are considered vectors oriented on the 
same axis as the Hamiltonian. If a population is in a basis set that is not parallel to the Hamiltonian, 
it will precess, representing a coherent state.  

For this experiment, there are two separate Hamiltonians, the NQR Hamiltonian (H0) and the 
Zeeman Hamiltonian (H1). The final Hamiltonian after applying a locking field will be a linear 
combination of the two. The Hamiltonians are weighted according to the ratio of the quadrupolar 
splitting (a) to the Zeeman energy splitting (b) created from the locking field. This final Hamiltonian 
will be at some angle, θ, from the original Hamiltonian H0. In order to be considered a sudden 
change, the time derivative of θ must be greater than or equal to the precession frequency, ω. The 
change in θ is caused by the change in b. Before the locking field is turned on, b(0) = 0, after the 
locking field is turned on b(tf) = b. It can be assumed that in between these two times the value be 
undergoes a linear ramp. This leads to a time dependent equation for θ: 

 𝜃(𝑡) = 𝑎𝑟𝑐𝑡𝑎𝑛 �
𝑏𝑡
𝑎
� ≈

𝑏𝑡
𝑎

 [4.22] 

   

Figure 4.5: The Frame Model 
The frame model is useful for 
understanding the dynamics of switching 
between different Hamiltonians. 
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 �̇� =
𝑏
𝑎
≥ 𝜔 [4.23] 

 

A linear change is assumed for b(t) allowing a substitution of bt. The small angle approximation can 
be assumed for taking the derivative as shown in Equation [4.18]. The derivative of θ can be taken 
to determine the maximum precession frequency that can occur at a given locking field and allow for 
a sudden change.    

To allow the Zeeman Hamiltonian to become the dominant Hamiltonian, the strength of the 
locking field will cause the Zeeman splitting to be an order of magnitude larger than the asymmetric 
quadrupolar splitting. This would indicate that the precession frequency must be larger than 10 Hz, 
or that the locking solenoid must be up to field within 100 ms. As will be demonstrated later, this 
speed was easily achieved with our locking coil (see Section 4.2.2).  

4.1.2.3 Sample 
The pulse sequence described above requires a sample with a small asymmetric splitting and a much 
larger quadrupolar splitting. Many potential samples were explored for this experiment (see 
Appendix A:). Equipment constraints forced the applied magnetic field to be no higher than 50 G. 
Therefore, the ideal range of NQR frequencies to lock is less than 1.5 kHz. Furthermore, to have a 
detectable signal, the larger splitting must be at least 1 MHz.  

Narcotics such as heroin and cocaine (85, 87) have a small asymmetry parameter (~90 kHz), but this 
splitting is still too large to apply the spin locking field. Amino acids looked appealing for spin 
locking, but they do not have a larger energy splitting to create a gain in polarization through double 
resonance (98, 99). Several explosives, such as RDX and HDMX were stable at room temperature 
but similar to many narcotics had frequencies that were too large to lock (96, 100).  

Cyanogens were found to be the most likely samples for detection (101). Of the cyanogens, BrCN 
and ICN were found to be stable at room temperature, but limited to temperatures above 52°C. 
BrCN had two large quadrupolar splittings at 2.465 MHz and 2.462 MHz and a small asymmetry of 
3.3 kHz at room temperature (102). The molecular and crystalline structure of BrCN is symmetric, 
however, BrCN is described as a combination of three different resonance structures (see Equation 
[4.24]) which manifest themselves as slight deformities within the crystalline structure.  

 Br − C − N ⇌ Br+ = C = N− ⇌ −[Br+ − C− = N] − [4.24] 



 
~ 45 ~ 

4.2 NQR Experimental Setup 
Most of this experimental setup was home-made including the magnetometer, coils for pulsing and 
locking, and a means to contain our sample. The magnetometer was largely constructed from pre-
existing parts, although several parts were replaced with custom components. Other components of 
this experiment were custom built for this specific purpose. All components required optimization 
for their application toward NQR detection. Figure 4.6 is a picture of this setup.  

4.2.1 NQR Magnetometer 

Initially, this atomic magnetometer was a Cs SERF magnetometer. At its best, this magnetometer 
demonstrated a sensitivity of 100 ft/√𝐻𝑧. Many optimizations were performed on this setup to gain 
sensitivity. An NMOR design was later implemented to reduce the effects from the locking field (see 
Figure 4.14) It was determined that a double beam NMOR setup could be more sensitive than a 
SERF design at lower cell temperatures. 

4.2.1.1 Alkali Cell 
Cesium cells were available and could achieve higher vapor pressures at lower temperatures 
compared to other available alkali atoms (See Section 2.2.3). The cell was fairly large (51 mm 
diameter x 51 mm long). This cell had a high temperature paraffin coating, however, to ensure the 
coating integrity the cell was not heated above 80°C.  

4.2.1.2 Oven 
Over the course of this project, two different ovens were used and an additional oven was 
constructed to be optimized for this experiment. All three ovens share the same basic design which 
accounted for a future gradiometer design for this magnetometer. The oven was made out of G-10 
with alkali cell holders inside. Resistive heating was created with a twisted wire (24 AWG) pair was 

Figure 4.6: NQR Magnetometer 
This is a picture of the NQR magnetometer from March 2009. At this point in time the magnetometer was a 
SERF two beam setup. The pump beam is on the elevated platform on the right, the probe beam is on the 
elevated platform on the lift. The optics in the front are for DAVLL stabilization of both lasers. The mu 
metal shielding is approximately 3.5 ft. in diameter.  
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wrapped around the exterior of the oven and held in place with Kapton tape. Foam insulation was 
attached to the exterior of the oven, over the twisted wire pairs to reduce the power to heat the 
oven.  

The original oven for this magnetometer setup did not allow the piercing solenoid (see Figure 4.13) 
access. A new oven based on the original design was created with holes for the piercing solenoid and 
optical access, with a stand to set the oven at the appropriate height (see Oven Design #1 in Figure 
4.7). This design was problematic because the temperature inside of the piercing solenoid near the 
cell was the same temperature as the cell requiring that the sample be the same temperature as the 
cell. For the SERF setup, the cell was typically 60°C, which is not an ideal temperature for our 
sample (see Section 4.1.2.3).  

A second design (see Oven Design #2 in Figure 4.7) allowed space for insulation between the cell 
and interior of the solenoid. The implementation of this design would require two separate 
temperature controllers to ensure both cells were at the same temperature. Before this design was 
executed, it was realized that an NMOR magnetometer was functional at room temperature (see 
Section 4.2.1.7). 

The temperature of the oven was maintained with a feedback loop. A T-type thermocouple 
measured the temperature inside of the oven. This temperature was sent into an Omega (CNi3245) 
temperature controller. This temperature controller sent out a binary 5V signal to trigger the power 
to the twisted wire pairs. This signal was sent to a Wavetek function generator (MVP Series) set to 
output an AC (22 kHz) signal with an amplitude of 10 Vpp. Lastly, this signal was amplified with an 
audio amplifier before being sent to the twisted wire pair.  

Additional noise was created due to the current in the temperature being controlled with an on-off. 
The temperature controller was replaced with a controller that allowed a varied output of 0 – 2 Vpp. 
This output used to trigger and adjust the amplitude of the function generator. Additionally, the 
amplifier was replaced with a newer audio amplifier (Phonics Max 1500), and the function generator 
was set to 15 kHz which was within the range of the audio amplifier. 

4.2.1.3 Bias Coils 
The bias coils had been previously constructed and were custom designed to fit within the interior 
cube shield of the shielding used for this magnetometer. The bias coils were a cube surrounded with 
a wire grid of 1 cm. The oven and cell were accessed through the top of the bias coil, which was 
screwed into place. The wires connecting to the top of the bias coils were connected with individual 
pin connections. This design was not optimal for regularly accessing the interior of the 
magnetometer. The wires were wound to create x, y, and z uniform fields, as well as  
𝜕𝐵𝑥
𝜕𝑥 ,  

𝜕𝐵𝑦
𝜕𝑦 ,  𝜕𝐵𝑧𝜕𝑧 ,  𝜕𝐵𝑥𝜕𝑧 ,  

𝜕𝐵𝑦
𝜕𝑥   gradients. The gradients and uniform fields were controlled with separate 

circuits. These circuit diagram for the current control are in Section B.2. These coils created well 
controlled magnetic fields ranging from -2 to 2 G .  
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4.2.1.4 Magnetic Shielding 
Four layers of µ-metal shielding were used to provide a magnetically shielded environment, with a 
shielding factor of approximately 106 (103). The shields consisted of three nested cylinders and a 
cube in the center with foam insulation between the layers to avoid movement. The outermost 
shields were ~3.5 ft. in diameter. The sides had four sets of optical and locking solenoid access holes 
that were orthogonal to each other. The optical access holes had a diameter of 0.75” and the access 
holes used for the locking solenoid had a diameter of 1.409”.  The access holes the bottom where 
used for wiring connections for the heater and bias magnetic coils. The access holes were largely 
used to grip of the top cap when opening the magnetic shields. 

4.2.1.5 Lasers 
Throughout this experiment two cavity tuned diode lasers were primarily used. The pumping laser, a 
Vortex 6000, was tuned to the D1 excitation line of Cs. The probe laser (Newport Model 2010A) 
was tuned to the D2 excitation line of Cs. Both lasers operated by adjusting the voltage of an 
electric-piezo grating to tune the wavelength. The power of both lasers was controlled by the current 
setting.  

A locking method was necessary to keep the wavelength of the lasers stable. The lasers were locked 

Figure 4.7: Oven Designs 
Both oven designs were made out of G-10 to allow for better insulation. Oven Design 
#1 was created to allow passage of the piercing solenoid as close as possible to the 
magnetometer cell. Oven Design #2 was created to allow the sample temperature (inside 
the piercing solenoid) to be insulated from the cell temperature.  

Figure 4.8: DAVLL Optical Setup 
Two DAVLL Designs were implemented, a standard design and a double laser DAVLL design. The Double DAVLL 
design resulted in interference between the two lasers. With a larger cell and higher buffer gas pressure the double 
DAVLL design is still feasible. General optics abbreviations are used in this figure: LP – Linear Polarizer, PBS – 
Polarizing Beam Splitter, λ/4 – Quarter Wave Plate, and PD – Photodiode.  



 
~ 48 ~ 

using a DAVLL optical setup (See Section 2.2.2) and a locking circuit (Section B.4) which could be 
used as a feedback mechanism for the laser piezo voltage. Before polarizing the light a small amount 
of light (~1%) was picked off of the main beam path for the DAVLL with a microscope slide.  
Several DAVLL optical path designs were applied as demonstrated in Figure 4.8. The double 
DAVLL design resulted in interference effects between the beams. It is possible this design would 
be more effective in a cell with a high buffer gas pressure (104). The optimum setup was found to be 
a separate DAVLL for each laser. Even with the use of a DAVLL the lasers were found to only be 
stable for several hours. 

4.2.1.6 Optics 
The beam path for both the pump and probe beam had a series of two linear polarizers which were 
used to adjust the intensity of the laser light passing through the cell. The pump beam path included 
a quarter wave plate after the linear polarizers to create circularly polarized light. The polarity of the 
light before the cell was confirmed using TXP 5004 Polarimeter from Thorlabs. 

Optical detection was performed with a polarimeter that used a lock-in amplifier (SRS830). Initially, 
the polarimeter was a Rochon prism with two separate photodiodes, however, any adjustments to 
balance the polarimeter resulted in drastic changes in position for the corresponding photodiodes. 
The need to balance the polarimeter depended on the amount the probe laser would drift 
throughout the day. Instead the Rochon prism and photodiodes were set in a fixed location with 
respect to each other on a rotating mount to allow for adjustment of the entire polarimeter at once.   

4.2.1.7 SERF v. NMOR Experimental Setup 
When optimized the SERF magnetometer was found to have a sensitivity of 100 ft/√𝐻𝑧. While 
respectable, the nature of SERF magnetometer caused it to be very sensitive to DC offset magnetic 
fields, such as the leaking fields produced by the piercing solenoid. An NMOR magnetometer would 
be less affected by the leaking fields from the piercing solenoid. 

The NMOR experimental setup was nearly identical to the SERF experimental setup. For the 

Figure 4.9: SERF & NMOR Magnetometer Diagram 
A top-down diagram of the SERF and NMOR Magnetometers created for the NQR experiment are shown.  
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NMOR setup a bias field was applied in the vertical direction (orthogonal to viewpoint in Figure 4.9) 
of the magnetometer. A modulation at the Larmor frequency was then applied to the pumping laser 
piezo causing a modulation in the wavelength of the laser. The signal detected was sent into a Lock-
in Amplifier (SRS 830), where only the signal at the Larmor frequency was analyzed.  

Figure 4.10 demonstrates the different effects on the SERF and NMOR magnetometer from the 
leaking solenoid field. Both figures show the full magnetometer signal, where the detection region is 
the linear region in the center. Both detection methods were performed with the same settings and 
at 60C. The SERF signal is noticeably more sensitive than the NMOR signal when no field is applied 
to the solenoid field. However, it is very noticeable that as the solenoid field reaches higher values, 
the NMOR magnetometer is less affected.  

While working with the NMOR magnetometer experimental setup, it was noticed that the 
magnetometer signal was still present at room temperature. The NMOR sensitivity was measured at 
different temperatures and determined to be optimized to 100 fT √𝐻𝑧⁄  at 32.5°C. A direct 
comparison was made between SERF and NMOR experimental setups at room temperature 
(21.6°C), the SERF magnetometer had an SNR of 47 while the NMOR magnetometer had an SNR 
of 100. Although the SERF magnetometer has better sensitivity at higher temperatures, the NMOR 
magnetometer was determined to be better for this experiment to be performed at room 
temperature.  

4.2.1.8 Water Demonstration 
The detection of a sample signal is important to verify that the magnetometer was operational. The 
simplest sample that could be detected was the NMR spectrum of water. Similar to previous 
experiments (58, 59), this demonstration involved the use of flowing water to hyperpolarize the 
water and then detect a low frequency NMR signal.   

Water flow was controlled direction from the sink, where it flowed into the polarization region. The 
polarization region was created inside a copper tube with a 0.925” inner diameter and a 3” length 
that fit inside of a 7 kG permanent magnet. The water then flowed through 1/8” Teflon tubing in a 
leading field of 0.18G created by the piercing solenoid. The water flowed into the sampling region, a 

Figure 4.10: SERF v. NMOR: Solenoid Leaking Effects  
Both plots demonstrate the changing magnetometer signal as a function of solenoid field. The entire field range of the 
magnetometer is swept showing the entire Lohrenzian. Although the SERF signal is more sensitive (the linear region has a steeper 
slope), the NMOR signal is better at higher solenoid fields.  
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glass bulb with a 0.9” diameter. The location of the sampling region was optimized with respect to 
the cell. Helmholtz coils were wound around the spherical bulb orthogonal to the orientation of the 
solenoid. Pulses were applied to the water with a function generator (HP 3314A) set to burst mode. 
A diagram of the water flow setup is shown in Figure 4.11.  

The signal acquired is shown in Figure 4.12. An SNR of 10 and a linewidth of 0.735 Hz was 
observed. This measurement established the NQR magnetometer as a function magnetometer.   

4.2.2 Piercing Solenoid 

The piercing solenoid was necessary to apply the leading and locking fields. An optimized solenoid 
design was reached after several iterations. All of the solenoids were four feet long and wound 
around fiberglass (G-7 or G-10) tubing to allowing clearance through 1.409” diameter hole in the µ-
metal shields. 

The initial piercing solenoid was a single layer of wire (26 AWG) with field strength of 58.1 G/A. 

Figure 4.12: Water Signal 
The detection of a water NMR signal was performed as a demonstration 
of a simplified sample with this magnetometer.  

Figure 4.11: Water Flow Setup 
Detection of an NMR water signal required the water to be pre-polarized before detection. Water was 
flowed into a prepolarizing region of 0.7T before being detected with the magnetometer with a standard 
pulse applied with a Helmholtz coil pair.  
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Field measurements at different distances inside of the solenoid were observed to have a standard 
deviation of 0.37 G/A. These inhomogeneities were expected due to imperfections in the 
construction of the solenoid. Measurements for the interior field of the solenoid were all made with 
magnetostrictive sensors (GMR). The field inhomogeneity was determined based on measurements 
of the field outside of the solenoid. These field measurements were taken either with a GMR sensor 
or using the atomic magnetometer. The GMR sensor has the ability to distinguish the direction of 
the leaking fields, however, there was difficulty in systematically detecting the field outside of the 
solenoid due to any slight changes in geometry effecting the detected signal. The magnetometer not 
only indicated the magnetic field present outside of the solenoid, but also the effect on 
measurements the solenoid would have at higher fields. 

The second solenoid design with two layers and an improved construction method was expected to 
remove the field inhomogeneity observed in the first design. This design was anticipated to create 
less field inhomogeneities by having two separately wound solenoids with current passing in 
opposite rotation directions cancelling out orthogonal fields. A cross sectional view of the two 
layered solenoid and a picture of the single layer solenoid is shown in Figure 4.13. 

The two layered solenoid leaking field was quantified, as was the effect on the magnetometer. A 
measurement to quantify the inhomogeneous field of the solenoid is known as the suppression 
factor, which is the ratio of the magnetic field strength outside the solenoid compared to the field 
inside the solenoid. The coil calibration was found to be 26.0 G/A. Suppression measurements were 
made with a GMR sensor along the length of the solenoid which was determined to be 3.6 x 10-4 
near the cell. The demonstrated effect the solenoid field had on the magnetometer can be seen in 
Figure 4.14. During characterization of the coil, the outer layer was scratched. The interior coil was 
functional and used for NMR water measurements (see Section 4.2.1.8). The interior coil was found 
to have a calibration of 11.6 G/A. 

To avoid scratching the outer solenoid, the next solenoid was the same two-layer design but with 
thinner (20 AWG) wire. This solenoid was found to have a calibration of 29.3 G/A and with an 
optimized geometry a suppression factor of 0.6 x 10-4.  This solenoid was tested with an AE 
Techron LVC 2016 rf amplifier to determine the limits for quickly apply the locking field. Once 

Figure 4.13: Piercing Solenoid  
(a) cross-sectional sketch of two-layer solenoid. (b) picture of the one layer solenoid, which is 4 ft. long and wrapped around G-7 
tubing. All solenoids were built to fit inside the shield opening of 1.409”. 
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Figure 4.14: Solenoid Field Effect on Magnetometer Signal 
(a) the change in linewidth of the magnetometer signal from the leaking solenoid field (b) the effect of the leaking signal from the 
solenoid at locking field strength on the magnetometer signal. The compensating field is applied in the z-axis of the atomic 
magnetometer.  

optimized the rise time of the solenoid was found to be 175 µs, much faster than required for a 
sudden change from the quadrupolar to Zeeman Hamiltonian.  The limit of the amplifier 
constrained the piercing solenoid to 50 G maximum. 

The use of a compensating field (see Section B.2) to remove the effects of the inhomogeneities was 
investigated and was successful in reducing the offset of the magnetometer signal (Figure 4.14). 
Even with compensation from all of the uniform from the bias coil, the atomic magnetometer signal 
was lost at fields as high as 7.5 G. Compensation with the gradient fields were not found to have a 
large effect. 

In an attempt to create a more homogeneous solenoid, a fourth commercially made solenoid was 
also characterized for field inhomogeneities. The commercial solenoid was measured to have a at 
best a suppression factor of 1.2 x 10-4 and a calibration of 27 G/A. The homebuilt solenoid was 
found to have a slightly better suppression factor making it the most optimized solenoid built. It was 
determined that this was the physical limit of optimized solenoid homogeneity of this design. 

As the most optimized solenoid, the home-built solenoid was used to apply the locking field. The 
locking field was created using amplifying the signal using an rf amplifier (LVC 2016 in parallel 
mode). With this configuration a rise time of 165 µs was achieved.  

4.2.3 Sample Holder 

The sample holder was built with two purposes. First, it acted as a secondary containment which 
was necessary for working with BrCN. Second, it gave a structure to wind the pulsing coils around. 
The description of pulsing coils and the safety precautions for the sample are described below. 

4.2.3.1 Pulsing Coils 
The first pulse was applied with a saddle coil that was oriented to create a field orthogonal to the 
locking field of the solenoid. The saddle coil was wound in the outer grooves on the exterior of the 
sample holder shown in Figure 4.16. The dimensions of the coil were determined by the inner 
diameter of the solenoid, the length of the coil chosen to optimize the homogeneity of the coil 
(105).The coil calibration was measured to be 4.484 mG/A using an inductive pick-up coil for 
detection of the field. The exact orientation of the coil is unimportant but, it must be orthogonal to 
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the second pulse. The coil was tuned with a standard tuning and matching circuit (2) (see Figure 
4.15) where a capacitor is parallel (C’) and another in series (C) with the coil so that the circuit’s 
resonance condition matched 2.465 MHz. C’ was 40pF with a 50pF variable capacitor and C was 
550pF with a 50pF variable capacitor. The pulse to this coil was amplified with an AE Techron LVC 
2016 with an adjustable amplitude.  

The second pulse was applied with a Helmholtz coil oriented to create a field parallel to the field of 
the locking solenoid. The Helmholtz coil was wound in the inner grooves shown on the exterior of 
the sample holder shown in Figure 4.16. The dimensions of the coil were also determined by the 
inner diameter of the solenoid and the other dimensions were determined to optimize the 
homogeneity of the magnetic field created (105). This coil was measured to have a calibration of 
1.792G/A. This coil applied a 2.3 kHz pulse, which did not require an additional tuning circuit. The 
pulse was amplified with an rf amplifier (RFGain, Ltd HF300-0130M) before being sent to the coil.  

Figure 4.16: NQR Sample Holder 
The BrCN would be held in the glass bulb which slipped into the sample holder. The 
sample holder was made out of G-10 with grooves on the exterior for the pulsing coil. A 
saddle and Helmholtz coil are wound outside of the sample holder held in place by the 
milled grooves and kapton tape. Caps were to be glued on either side to fully contain the 
sample.  

Figure 4.15: Tank Circuit 
This is a standard circuit used in NMR for tuning and 
matching the resonance frequency of the coil (2). 
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The timing of the pulses were controlled using Labview 7.1 on the Gage box (Marposs Interface 
boxes). The function generator cards were limited to 2 mA and 2V for output, requiring amplifiers 
for both coils.  

4.2.3.2 Sample Containment 
The safest sample that met the criteria of this experiment was bromine cyanogen (BrCN). BrCN 
does have the potential to decompose into cyanide and bromine gas at room temperature and 
becomes explosive at higher temperatures, posing a very serious safety risk. The sample was 
contained in a custom made screw top glass spherical bulb that had an outer diameter of 0.75”. 
Secondary containment was created with the sample holder with G-10 (see Figure 4.16), which 
would be sealed shut with glue after the sample was inserted. The interior of the solenoid was 
vented to a chemical fume vent. A smoke test would be performed before the start of experiments 
to ensure there were no leaks in the tubing. Furthermore, all materials to contain the decomposed 
BrCN gases to the chemical fume vent were specifically chosen because they would not react with 
HBr or HCN. A cyanide gas sensor was placed next to the other outlet of the solenoid to warn 
about any sample leaks before lethal doses were reached. As a further precaution NMOR detection 
was performed at room temperature, rather than the more sensitive higher temperatures.  

4.3 NQR  Conclusions 
While pursuing this experiment, several difficulties were realized that made its achievement 
improbable. An optimized experiment system could resolve many of the issues with this experiment, 
but, the major issue with this experiment is the leaking field produced by the solenoid (see Section 
4.2.2). The experiment cannot procedure further until this problem is resolved. A discussion of 
recommended optimizations and additional considerations for this experiment is given below.  

4.3.1 Magnetometer Optimization 

The original design of this magnetometer was not for this experiment. Therefore, much of the work 
performed to build this magnetometer was to optimize the pre-existing experimental setup. A 
magnetometer designed specifically for this experiment would be more ideal. This section is largely 
recommendations for a new experimental design based on previous experiences.  

4.3.1.1 Laser Replacement 
A reoccurring issue within our experiment was the failure of our diode lasers. In addition, when 
these lasers were working they exhibited unreliable behavior between days. In retrospect, purchasing 
new 133Cs D1 and D2 lasers could have easily relieved this issue. DFB diodes have been experienced 
(see Section 4.4.1) to be more reliable and not require a DAVLL for stability. Additionally, the 
replacement cost of a DFB diode is only $3,000* as opposed to the nearly $5,000* necessary for 
repairs performed on the tunable diode laser.  

4.3.1.2 Magnetometer Geometry 
The geometry imposed by the shields of this magnetometer was a major issue. These shields were 
used for their ability to allow a larger sample size, which was necessary for adequate signal. These 
shields forced the sample to be 4 cm away from the cell, drastically reducing the strength of the 
signal experience by the cell from the sample (see Figure 4.17). This issue could be partially resolved 
with lower buffer gas pressure in the cell, however this would likely result in a lower magnetometer 
sensitivity due to wall collisions. Even if the magnetic and optical effects of the cell were completely 
homogeneous over the volume of the cell, the shortest distance between the cell and sample is 2 cm. 
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A set of shields redesigned to allow a larger sample volume but still have a distance on the order of 
millimeters between the cell and sample would be ideal. 

4.3.2 Temperature Considerations 

NQR samples are very sensitive to temperature because, minuet changes in temperature can result in 
large changes in the EFG. This is a powerful effect for material analysis techniques, but, it makes 
NQR susceptible to temperature gradients and instabilities. Detection at room temperature is ideal 
for a stable temperature and also practical for contraband detection.  

Detection with an atomic magnetometer requires the alkali cell to be heated. Even in the case of the 
NMOR magnetometer, the optimal cell temperature was above room temperature (see Section 
4.2.1.7). It is unlikely that a cell can be created that would have optimal sensitivity at room 
temperature, because the alkali vapor density is very low at room temperature. This requires some 
method to allow a temperature gradient between the alkali cell and sample and a method to create a 
reliable temperature for the sample.   

A magnetometer specifically designed to allow additional space for insulation between the cell and 
piercing solenoid would be incredibly useful. Furthermore, other methods of heating that are more 
efficient, such as resistor chips or hot air, may not have as strong of an effect on the sample. A 
unidirection method of heating, such as chip capacitors or hot air would be more efficient and may 
have less of an effect on the sample.  

4.3.3 Alternative Polarization 

A double resonance method was proposed to enhance the NQR signal (see Section 4.1.2.1). This 
method requires that the sample have a large energy splitting in addition to the smaller asymmetric 
splitting. An alternative method for signal enhancement is cross-polarization between 1H and 14N. 
Cross polarization enhances the signal from the quadrupolar nucleus by transferring the polarization 
from another nucleus. Typically, this is done with proton nuclei which have been prepolarized in a 

* - from quotes received in 2010 from Eagleyard and New Focus.  

Figure 4.17: Effects on the Predicted Signal as a Function of Cell to Sample Distance 
The calculated magnetic field at the location of the cell decreases to the cubed power as the 
distance between the cell and the sample increases. A distance as close as 0.5 cm would 
immensely improve the sample signal.  
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higher magnetic field. As the field is lowered to zero field the magnetic field will reach crossing 
points where the quadrupolar and Zeeman energy splittings are equal, allowing polarization transfer 
through dipole-dipole interactions. Cross polarization for 14N NQR signals has been demonstrated 
for PETN (106), TNT (107), and cocaine (87), using field cycling techniques. This method would 
expand the potential samples to amino acids, salts, and narcotics, which have low asymmetric 
splittings but lack a high frequency signal.  

4.3.4 Locking Solenoid Considerations 

The homogeneity of the locking solenoid became a major challenge for this project. There are 
several potential solutions to this issue:  (1) a lower field could be used to decrease the effect at the 
alkali cell, (2) compensation could be applied to remove the effects on the alkali cell or (3) alternative 
could designs could be explored.  

4.3.4.1 Lower Field 
Other experiments that employ a piercing solenoid use lower (sub-Gauss) fields then was proposed 
for this experiment (44, 60, 103). A locking field of 1 G or less is anticipated to barely perturb the 
magnetometer since the leaking fields detected were 5 orders or magnitude smaller (see section 
4.2.2). BrCN was determined to be the most viable option for a sample, with the smallest 
asymmetries of ~3 kHz. Ideally, a field of 100 G would have been applied to this sample, rather than 
the 10 G proposed. Even at 10 G a drastic decrease was observed in the magnetometer signal (see 
Figure 4.10). Performing this experiment with a locking field of 1 G would require a sample with a 
30Hz asymmetric splitting. Although a sample may exist with this splitting, it is not recorded.  

Alternatively, a controlled asymmetric splitting can be created by applying stress to a sample (108, 
109). This idea was originally considered with the use of a crystalline sample and applying 
mechanical stress to the sample. The mechanical stress to the sample could be applied a variety of 
ways. Either by mechanically squeezing the sample (110) or applying pressure to the entire sample 
(111). Both of these methods required the integration of specialized equipment with the 
magnetometer and were not pursued. There are high field NMR strain-induced alignment methods 
for measuring dipole-dipole transitions that could be employed (112), which would require a change 
in the sample holder design. One such method would be creating a gel that expands in the sample 
holder (112). To apply this method careful consideration would need to be made to ensure that 
impurities were not introduced into the sample.  

4.3.4.2 Compensation 
Attempts to compensate for the leaking field were performed. Z-axis compensation produced 
noticeable effects on the magnetometer signal (see Figure 4.14), however, x, y, and gradient 
compensation effects were less promising. The SERF and NMOR magnetometers were either 
insensitive to the x and y directions or unable to distinguish the different directions of the magnetic 
field. The use of small modulating fields for the detection of all three components of a magnetic 
field would be useful to characterize the solenoid inhomogeneity (47). Additionally, the use of 
smaller coils surrounding the cells would be more effective than using the bias coils surrounding 
both the cell and the sample. The fields from the localized coils would create extra field gradients 
inside of the magnetometer, the fields are expected to be a small perturbation compared to the 
strength of the locking field.  
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4.3.4.3 Alternative Coil Design 
Additional techniques for creating a more homogeneous field could be employed, such as creating 
grooves in the tubing to force a more rigid wire wrapping or the use of end caps on the solenoid to 
adjust for higher order field effects (113). Although, these methods are somewhat effective, 
ultimately the small deviations (as high as 0.5µm) in the enamel and wire create enough of an 
inhomogeneity to be problematic (12).  

An alternative coil design recently demonstrated used two solenoid coils rather than a single coil and 
demonstrated a better sensitivity (114). It is possible that by using such design there would be fewer 
effects from the leaking field of the solenoid. The demonstration with these coils has been 
performed at earth’s field and not within magnetic shielding, there is potential for strange effects to 
occur due to the magnetic field lines responding to the magnetic shielding.  

4.4 Microfabricated Magnetometer 
As described in Chapter 2:, SQUIDs are currently used for industrial detection of paramagnetic 
impurities in products. Vapor cell atomic magnetometers have the potential to be a more cost 
effective industrial method, because they do not require cryogens. This magnetometer was 
constructed for a brief demonstration of the technology to a commercial group. This magnetometer 
was further used to demonstrate more sensitive measurements of cobalt particles and eventually 
became the main magnetometer used for J-coupling spectroscopy projects.  

My involvement with this project was largely the initial construction of this magnetometer. This 
section will focus on the initial construction of this magnetometer and briefly touch on the 
applications this magnetometer was used for.  

4.4.1 Magnetometer Construction 

The heart of this magnetometer was a cell obtained from collaborators in John Kitching’s group at 

Figure 4.18: Microfabricated Magnetometer Bias Coil 
The Microfabricated Magnetometer bias coil was designed to slip into the 
mu-metal shielding. The grooves on the exterior allow for winding a 
solenoid and two orthogonal saddle coils.  



 
~ 58 ~ 

NIST. The cell was created using microelectromechanical systems (MEMs) fabrication techniques 
which allow for millimeter sized cells to be created (115). This specific cell is 1mm x 2 mm x 3mm 
and was filled with 87Rb and 1300 Torr N2 buffer gas. Many sources of noise were anticipated to 
decrease with a smaller cell size, such as the fundamental atomic projection noise or broadening 
from magnetic field gradients.  

The cell was glued to the top of a cell holder made out of PEEK. A twisted wire pair was wrapped 
around the cell holder to heat the cell. No insulation surrounds the oven, causing the entire interior 
of the magnetometer shielding to be the same temperature. The magnetometer signal was optimized 
at a cell temperature of 190°C. The oven controlling the temperature was initially controlled with a 
current supply and omega controller in an on/off setting, where data was taken while the heater was 
off. Eventually, this was changed to a more controlled AC setup as described in Section 4.2.1.2. 

A bias coil was designed to be slip tight into the smallest magnetic shield (see Figure 4.18). This 
design has grooves to allow a Helmholtz pair and two orthogonal saddle coils wound around the 
exterior of the bias coil insert. This design also required holes in the center of the inert to allow 
optical access. Additionally, to easily slide the insert into the magnetometer, the bias coil insert was 
flattened along the length of the optical access holes to allow space for the welding joints of the mu 
metal magnetic shields.  

The magnetic shields are four nested layers designed by Shojun Xu. It had ½” optical holes 
orthogonal to each other on the cylinder piece. One of the end caps has a larger 1” hole to allow for 
better access. The other side had a slot, this was originally designed to allow wire access, but was 
determined to be useful for laser access.  

The magnetometer was setup as a SERF vector magnetometer. The top-down view of the 
magnetometer is very similar to the NQR magnetometer (see Figure 4.6), the optical setup was 
identical to the NQR magnetometer (see Section 4.2.1.6). The pump beam was centered on the D1 
transition created by Newport Velocity 6312. Alkali spin-precession is probed with linearly polarized 
light tuned 100 GHz off resonance of the D1 transition which was created by Eagleyard DFB Diode 
(see Appendix C:). This magnetometer was optimized to be 50 fT √𝐻𝑧⁄   

4.4.2 Cobalt Particle Detection 

Paramagnetic nano- and micro-particle detection is important for industrial processes, as well as, 
potential medical and microfluidic applications. A previous demonstration of cobalt microparticle 
with a vapor cell atomic magnetometer was performed for particles with a 150µm diameter (60) 
using a the phase I magnetometer used in lab. The previous setup used larger, 1cm3 glass cells (60). 
The microfabricated magnetometer setup, was anticipated to have a better sensitivity because of use 
of a new microfabricated cell that was 1mm x 2mm x 3mm. The smaller size of the cell and a SERF 
magnetometer are anticipated to increase the sensitivity of the experimental setup. A sensitivity of 50 
fT √𝐻𝑧⁄  was demonstrated with the microfabricated magnetometer (116), this is an order of 
magnitude better than the magnetometer of the previous cobalt particle detection experiment which 
demonstrated a sensitivity of 100 fT √𝐻𝑧⁄  (60). 

As an initial, simple, demonstration, samples were put in an NMR tube to observe the magnetic field 
present after pre-polarization in a 1.8T Halbach magnet. To observe a change in signal, the sample 
was oscillated above the cell by hand. Measurements were made on water, Styrofoam, and a 150µm 
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cobalt particle. The signal from the cobalt particle and Styrofoam were as expect. The cobalt particle 
gave a very large signal. The Styrofoam resulted in no noticeable signal, as expected. Slightly more 
unexpected, the water signal indicated a magnetization. Although this would be expected for a  1 – 2 
seconds (117), it is surprising to see a signal for the 40 seconds. The noise from the water signal, is 
indicative of mechanical noise. More precise measurements were taken where a peristaltic pump and 
syringe pump were used to control the motion of the cobalt particle in tubing next to the cell. This 
resulted in repetitive spikes from the cobalt sample (116), similar to the previous cobalt particle 
demonstration (60). 

In both experiments, a cobalt microparticle was in water in tubing where a pump was used to 
control the flow of the cobalt microparticle next to the alkali cell. With the better sensitivity of this 
magnetometer a 2um diameter cobalt microparticle was detected. The demonstrated detection of a 
smaller paramagnetic particle further establishes atomic magnetometry as a technology in 
paramagnetic nano- and micro-particle applications. 

4.4.3 J-Coupling  

Figure 4.19: Preliminary Cobalt Particle Data 
The preliminary cobalt particle data. Measurements were made while the 
heater was off. The samples were pre-polarized in a 1.8T magnet for 30s 
before being oscillated 1 mm away from the magnetometer cell. The 
cobalt signal indicates a large magnetic signal with an oscillation of 
~0.5mG. Styrofoam indicated no change in signal. Water indicated an 
oscillation of 0.05m 

Figure 4.20: The J-Coupling Interaction 
J-Coupling is caused as an intermolecular interaction where the bonds between nuclei 
cause a preferred orientation in their surrounding electrons.  
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J-coupling is known to be a great source of molecular structure information (118). Conventionally, it 
is detected as a perturbation on the Zeeman Hamiltonian in NMR (see Section 3.1). Special pulse 
sequences with 2D spectra can be used to allow the J-coupling parameter to be determined (118). 
Alternatively, working in an environment where J-coupling is the dominant term is a good method 
to measure the strength of J-coupling between two nuclei. At zero-field the Zeeman Hamiltonian 
disappears, if the sample is also a liquid then the quadrupolar and dipole-dipole interactions will 
average to zero. This will leave J-coupling as the dominant interaction.  

J-coupling, also known as indirect dipole-dipole coupling, is an interaction discovered in the 1950s  
between two nuclei in the same molecule (119). This interaction is not averaged out from molecular 
motion in liquids because it is caused by the molecular bonds. This means that the interaction is 
independent of applied magnetic fields. Additionally, this interaction is mutual between two nuclei 
(Jjk=Jkj). The strength of coupling is due to the chemical bonds between nuclei, and therefore gives 
rich information about the molecular structure of a sample (1).  

J-couplings are considered scalar couplings, the Hamiltonian is shown in Equation [4.25]  

 ℋ = ℏ∑ 𝐽𝑗𝑘𝐼𝑗 ∙ 𝐼𝑘𝑗≠𝑘 . [4.25] 
 

The sum given extends over all distinct nucleus pairs within a molecule where Ii is the total angular 
momentum of the spin i. Jjk is the J-coupling parameter for spins j and k, indicating the strength of 
the interaction between the nuclei. The physical cause of the J-coupling parameter is illustrated in 
Figure 4.20. 

Previous work demonstrated zero-field J-coupling in 13C enriched methanol (13CH3-OH), 1-ethanol 
(12CH3-

13CH2-OH), and 2-ethanol (13CH3-
12CH2-OH) was observed with frequencies matching the 

coupling frequencies determined at high magnetic fields. This demonstration, performed with an 
atomic magnetometer, showed characteristic function groups with distinct spectra gave a 
straightforward interpretation for molecular structure identification (65).    

The problem with a J-coupling spectrum at zero magnetic field is that all information about the 
measured nucleus is lost. The J-coupling spectra will only give information about the strength of 
coupling between two nuclei. This becomes a more obvious issue in cases where samples enriched in 
two locations are observed, such as 1,2-ethanol (13CH3-

13CH2-OH) (65). Therefore, measurements 
with a magnetic field are still preferable for characterization.  

Simulations have been performed demonstrating the range of situations between the J-coupling 
dominant regime and the Zeeman dominant regime (120). As expected, by adding only a small or 
“ultra-low” magnetic field the resulting splitting gives information about the spin of the nucleus.  
Just as J-coupling is treated as a perturbation of the Zeeman Hamiltonian at high fields, at ultra-low 
fields the Zeeman Hamiltonian becomes a perturbation of J-coupling. The regime in-between, where 
perturbation theory cannot be used, results in a complicated spectrum, but is believed to give 
interesting molecular and structure information. The Hamiltonian for this regime is a combination 
of the J-coupling and Zeeman Hamiltonians and is given in Equation [4.26] 

 ℋ = ℏ∑ 𝐽𝑗𝑘𝐼𝑗 ∙ 𝐼𝑘𝑗≠𝑘 − ℏ∑ 𝛾𝑗𝐼𝑗 ∙ 𝐵�𝑗 . [4.26] 
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Initially, these experiments were going to be demonstrated with the NQR magnetometer (see 
Section 4.2.1) however, it was realized that the magnetic field strength needed could be applied 
within the shielding of the microfabricated magnetometer (see Section 4.4.1). This allowed the use 
of a system which is more sensitive and has an easier geometry for sample shuttling. Both shuttling 
systems used solenoid valves connected to in house air and vacuum to control the sample location. 
The shuttling setup created for the NQR magnetometer was identical to the microfabricated 
magnetometer except that it was horizontal rather than vertical. The vertical shuttle had the 
capability to shuttle 5mm NMR tube samples, rather than the specially made sample holders for the 
horizontal shuttle. Samples held in 5mm NMR tubes were first pre-polarized in a 1.8T Halbach array 
and then shuttled into the magnetometer next to the cell for detection.  

This work established J-coupling as a new method of spectroscopy by demonstrating the J-spectra 
of isotopically labeled formic acid (H13COOH), acetonitrile-2 (13CH3CN), fully labeled acetonitrile 
(13CH3

13C15N) and 1-acetic acid (CH3
13COOH) (64). The spectra interpretation was confirmed with 

perturbation theory calculations. Furthermore, for the 1-acetic acid, it was possible to explore the 
condition where the neither the Zeeman or the J-coupling Hamiltonians were dominant. In this 
case, the spectra produced was complicated with at least 11 lines, and was predicted using the 
calculations previously described by Appelt et. al. (120). The strength of this technique was further 
emphasized with spectrum linewidths of 0.1Hz, which is a linewidth unheard of in high field NMR 
spectroscopy.  A continual issue with low-field NMR methods is the lack of polarization due to 
small energy splittings. For the measurements discussed a 1.7T pre-polarizing magnet was used to 
achieve a detectable polarization. Further exploration of J-coupling spectroscopy as well as other 
methods of polarization enhancement are discussed in further detail in recent publications (55, 64, 
83).  
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 Microfluidic Applications of Hyperpolarized Xenon Chapter 5:

The combination of NMR and microfluidics has recently been demonstrated as a powerful new 
technique, because small amounts of fluids in opaque samples can be detected giving both chemical 
and spatial information about the sample. Microfluidic demonstrations of chemically selective NMR 
methods, such as hyper-polarized xenon (hp-Xe), are a promising way to simplify chemical detection 
in complex samples, such as blood.  

Microfluidic, lab-on-a-chip technologies, allow control of fluid flow on the micron and nano-scale 
and is very promising for drug development (121) , synthetic chemistry (122), and biological 
processes (123). Optical methods are often used for fluid tracking, but they suffer from serious 
drawbacks such as a lack of chemical specificity and the need for optically transparent materials 
(124). Optical detection requires samples to be heavily purified until they are transparent. 
Additionally, only an image or spectrum can be obtained through optical methods, not both. NMR 
imaging methods have been developed to simultaneously obtain spatial and spectral information, 
noninvasively and with opaque materials (125).  

Previous experiments have demonstrated the potential of NMR with microfluidic systems, such as 
porous, opaque samples (126). This chapter largely focuses on the demonstration of using 
chemically targeted hp-Xe and its potential applications in combinatorial screening. This chapter also 
finishes with a developing technique for xenon hyperpolarization for microfluidic applications.  

5.1 Remote Detection of a Xenon-Based Molecular Sensor 
Xenon-based molecular sensors (XBMS) have been developed to sensitively report on targeted 
chemical species. In combination with lab-on-a-chip technology, these biosensors could be 
implemented in microfluidic-based chemical and biological assays. The work reported here is a 
continuation of a project to demonstrate the detection of the XBMS in a microfluidic chip with 
chemical exchange saturation transfer of hp-Xe (hyper-CEST) (73) and remote detection methods 
(127). A proof-of-concept on the macroscopic scale was performed by Monica Smith and Tyler 
Meldrum. This work was continued by Monica and myself. A description entailing the entire scope 
of this project is given in Monica’s dissertation (128). 

5.1.1 Xenon-Based Molecular Sensor (XBMS) 

Xenon has been demonstrated for a variety of applications (see Section 3.3), however, the fact that it 
can be combined with XBMSs is extremely useful. XBMS allow the signal from xenon to be targeted 
to a specific site. Additionally, xenon is highly polarizable allowing its chemical shift to be extremely 
sensitive to its surrounding environment. Xenon’s chemical shift is sensitive enough to differentiate 
the target moiety interactions of XBMS, creating a useful contrast agent.  
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5.1.1.1  XBMS Structure 
For contrast applications a XBMS should create a large enough chemical shift in xenon to allow its 
signal to be differentiated from the solution signal. In order to do this, the exchange of hp-Xe in and 
out of the sensor needs to be fast enough that the signal is replenished. Additionally, the exchange 
rate must not be faster than the NMR timescale or else the XBMS associated resonance frequency 
will be indistinguishable from the solution peak. Different types of XBMSs are being explored to 
optimize this interaction and targeting agents (129–135). Only cryptophane-A cage XBMSs are 
described in this work.  

The heart of the XBMS used in these experiments is the cryptophane cage (orange in Figure 5.1). 
Cryptophanes are two cyclotirveratrylene caps, a set of three benzene rings connected by methyl 
linkers, connected with three alkoxy linkers creating a cage-like structure. Cryptophane-A, a cage 
with methoxy linkers in the anti-conformation is commonly used for XBMS experiments in our 
group (73, 74, 136–140).  This cage is known to have a volume of 94Å3 (141) making it an ideal host 
for a single xenon atom (42 Å3). The residence time in the cage has been demonstrated to be 30 – 
300 ms (140, 142), which is relatively fast.  Xenon dissolved in organic and aqueous solutions have 
been shown to have a high binding affinity with these cages (143–145). Furthermore, it can be easily 
synthesized reducing cost and time. The XBMSs currently used in our group are synthesized by our 
collaborators in Matt Francis’ lab in the Chemistry Department.  

Cryptophane-A is very hydrophobic and not water soluble. A water soluble version of cryptophane-
A has been designed (140). A methoxy group is substituted with acetic acid, known as a monoacid 
cage. Then, a hydrophilic peptide sequence (Lys-Glu-Glu-Glu-Glu) is connected to the acetic acid 
group resulting in a construct that is water soluble. This connection, known as the solubilizing 
linker, connects the cage and the targeting moiety (green in Figure 5.1).  

A variety of targeting moieties have been developed with XBMS. These targeting groups are as 
simple as a strand of DNA (132) or complicated enough to interact with peptides (133) and cells 
(134). The combination of a variety of targeting moieties is an advantage for XBMSs in multiplexing 
applications. The work described here will focus on the first-principle demonstration in the 
multiplexing capabilities of XBMSs. In particular this experiment will be performed with DNA 
strands as the targeting moiety.  

Figure 5.1: XBMS Structure 
The cryptophane-A cage (in orange) interacts with the xenon. Attached (in green) is the solubilizing linker made 
of hydrophilic peptide sequence. The targeting moiety to be attached to the linker is not shown.  
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5.1.1.2 XBMS Chemical Shift 
Due to its highly polarizable electron cloud, xenon has an expansive chemical shift range (see 
Section 3.3). The same is true for xenon’s chemical shift associated with its interaction with XBMS. 
The chemical shift of xenon in the gas phase is often defined as being 0 ppm. Xenon dissolved in 
water has been demonstrated to have a chemical shift near 190 ppm (146). When interacting with 
XBMS, xenon has a chemical shift measure to be ~65 ppm, depending on the linker and targeting 
moiety (132). This drastic change in chemical shift of ~ 120 ppm is an asset for contrast agent 
applications with XMBSs (see Section 5.1.1.3).  

The chemical shift in xenon is sensitive enough to observe small changes in the chemical structure 
of the XMBS. Differences in chirality within the solubilizing linker have been shown to result in a 1 
ppm chemical shift (140). A larger change in structure, such as connecting to the target site has also 
been known to result in chemical shift changes, although this effect is less noticeable with longer 
and more rigid linkers (137). One such experiment with single-stranded DNA as the targeting 
moiety was noticed to have a chemical shift of 1.5 ppm when attached to its complimentary pair 
(132). The observable chemical shift has been established for imaging methods differentiating the 
interaction of XBMS (73).  

5.1.1.3 Hyper-CEST 
Hyper-CEST is a contrast method that allows indirect detection of the XBMS and is based on 
chemical exchange saturation transfer (CEST) techniques. CEST techniques have been established 
as a contrast agent method, unlike the use of paramagnetic agents,  that has a controlled loss in 
signal (147). Resonance peaks from a bulk solution and an agent capable of exchanging a nuclei with 
the bulk solution must be resolved in order to utilize CEST. A saturation pulse applied to the 
resonance frequency associated with the CEST agent, resulting in depolarization of the nuclei 
associated with the agent molecule. The bulk solution undergoes a loss in magnetization as these 

Figure 5.2: XMBS Chemical Shift 
The chemical shift of Xe(g) is often defined as 0. The difference in 
chemical shift is known to be ~ 130 ppm.  
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nuclei exchange into the bulk solution.  A broadband pulse is applied to detect both the solute and 
solution resonance frequencies. The change in signal is observed. Often the agent peak is weaker by 
more than two orders of magnitude than the solution peak, therefore, it is common to indirectly 
observe the CEST agent based on the effects of CEST on the bulk solution peak.  

Hyper-CEST techniques have been established with functionalized XMBSs (73). For this specific 
case hp-129Xe dissolved in water is considered the bulk solution, while the XBMS is considered as 
the CEST agent (see Figure 5.3). The XMBS peak is generally 100 times weaker than the bulk 
solution peak, therefore, indirect detection is often performed (146). With this method the on-
resonance and off-resonance signal of xenon in the bulk solution are compared. The on-resonance 
signal applies the saturation pulse at the XMBS associated frequency. The off-resonance signal 
applies the saturation pulse at a frequency mirrored on the other side of the bulk solution peak. This 
removes noise associated with off-resonance detection. The difference between these two signals is 
an indirect method to determine the presence of XMBS.  

5.1.2 Experimental setup for Remote Detection 

The remote detection experiments were performed with a two probe system in a Varian Unity Inova 
7 T magnet. A diagram of the two probe detection is given in Figure 5.4. The overall flow of the 
setup is shown in Figure 5.5.  

A home-built liquid flow detection probe is used for detection measurements. Macroscopic 
experiments were performed with a single resonance probe tuned for 129Xe (82.9 MHz) (128). 
Microfluidic measurements were taken with a double resonance probe tuned for 129Xe and 1H (see 
Section 5.2.1). Both probes were based on designs by Elad Harel (70). Tubing for liquid flow passes 
through the detection coil at the top of the probe. The electronics for this probe were protected 

Figure 5.3: Hyper-CEST Pulse Sequence 
Hyper-CEST measurements act as a contrast agent by creating a noticeable 
change in the xenon solution signal by depolarizing xenon in the XBMS.  
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with a copper or brass cover. The cover held a Delrin microfluidic chip holder in place, which fit 
inside of the encoding probe.  

The encoding probe fit into the bottom of the magnet bore inside of the gradient stack. The 
encoding probe is a Varian 30 mm probe. The pulses applied to the encoding probe were direction 
from the console. The pulses applied to the detection probe were first sent through an external 
amplifier (CPC proton plus for 1H and Kamus LP1000 for 129Xe).  

Before entering the magnet the xenon is prepped for the sample. The xenon was hyper-polarized in 

Figure 5.5: Microfluidic Liquid Flow Diagram 
The hp-Xe is dissolved into water in the gas exchange membranes. The dissolved hp-Xe then flows into the encoding region 
where encoding pulses are applied. Lastly the encoded spins flow through the microcoil where they are stroboscopically 
detected.  

Figure 5.4: Dual-probe Remote Detection Diagram 
For a remote detection experiment, two probes are used. The encoding probe 
is inserted from the bottom of the magnet inside of the shim stack. The 
detection probe is inserted from the top of the magnet. The sample is attached 
to the remote detection probe so that it is positioned inside of the encoding 
probe.  
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a commercially built MITI (Amersham). A 2% Xe gas mixture was typically used at 65 psi with flow 
rates ranging from 0.3 to 0.5 SML. The MITI generally gives a 1 – 2% polarization. Optimizations to 
improve the polarization are ongoing.  

The hp-Xe is dissolved in water using gas exchange membranes (see Section 5.1.2.1). The dissolved 
hp-Xe flows into the encoding region and then the detection region. This flow path requires 0.5 – 3s 
to pass through. The relaxation rate of xenon in water is much faster than in the gas state (45 – 60s 
vs. 50 min.). Therefore, xenon is dissolved as close to the encoding region as possible. The fluid 
flow is controlled either with a steady backing pressure from N2 at 80 psi or by using a mass flow 
controller (see Section 5.2.2) 

5.1.2.1 Gas Exchange Membranes 
An optimized homemade setup was designed to dissolve xenon into a solution (128). Homemade 
gas exchange membranes were created using Swagelok connections, 1/8” Teflon tubing, and 
Membrana X-50 fibers.  

They were created using Swagelok connections, 1/8” Teflon tubing, and Membrana X-50 fibers. A 
2:1 gas to water ratio was determined to be similar to commercially available gas exchange systems 
(128). This ratio is created when water is connected along the longitudinal connections while the 
xenon gas connections create flow in the opposite direction through the 90° connections. The gas-
exchange membranes were attached on the exterior of the detection probe (see Figure 5.6).  

5.1.2.2 Macroscopic Remote Detection of an XBMS 
Hyper-CEST detection was successfully demonstrated with XBMSs in a macroscopic system. 
Polystyrene beads coated with a XBMS at a concentration of 1.3 mM were inserted into a short 
piece of 1/16” tubing with scrubber mesh blocking both sides of the tubing trapping the XBMS 
beads into the encoding region. The saturation pulse was applied for one second at 1000 Hz at the 
sensor-associated xenon frequency (3250 Hz) with a dsnob pulse. Stroboscopic detection was 
performed for 8 seconds following the encoding pulse. To measure contrast the same pulse was 
compared with the off resonance pulse applied equidistant downfield of the water xenon peak. This 
experiment determined a travel time of 2.7 – 3.7 s after the encoding pulse. A contrast of 65% was 
observed between the on and off resonance sequences.   

5.2 Microfluidic Remote Detection of XMBS 

5.2.1 Double Resonance Probe 

The detection of marcrofluidic remote detection led to the realization that a double resonance probe 
(1H and 129Xe) could drastically improve the efficiency of the remote detection measurements. The 
xenon signal was significantly lower than the 1H signal. This extended the necessary time for routine 
experimental setup, such as shimming the magnetic field in the resonance coil. Furthermore, the 
xenon polarization was too low to detect images, by having a probe that could detect both nuclei, 
the 1H MR images could be correlated with the Xe(aq) travel curve information. 
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The design of this probe was very similar to the single resonance probe (128), however it included a 
double resonance circuit design chosen for its efficiency and compatibility with the system’s physical 
constraints (148). This circuit design used a single coil connected to a high frequency (1H, 299.78 
MHz) and low frequency (129Xe, 82.9 MHz) channels with a single 4 turn inductor to isolate the two 
channels. Each channel had a variable capacitor in parallel for tuning and in series for matching each 
resonance. The low frequency circuits required an additional 20 pF in parallel with the coil. 

The coil was constructed to allow a volume smaller than 100 nL, the anticipated volume within the 
microfluidic chip. This would allow for travel curve information to be detected. The coil was 
supported with a Delrin structure at the top of the Teflon base of the probe. The coil was created by 
wrapping the wire around rigid silica tubing with an outer diameter of 500 µm and inner diameter of 
360 µm which allowed PEEK tubing to pass through it.  

The 90° and 180° times of a probe are vital for future experiments to appropriately set the pulse 
length. This was performed with an array of hard pulses with a varying pulse time. Using this 
method the 1H channel was found to have a 90° time of 3.375 µs and a 180° time of 6.75 µs. The 

Figure 5.7: Pre-existing Microfluidic Chips 
Preliminary microfluidic studies were performed on chips 
available in lab. These chips were originally created for 1H 
microfluidic demonstrations [Elad’sThesis/Paper]. 

Figure 5.6: Microfluidic Double Resonance Probe 
The double resonance probe holds the gas-exchange membranes, microfluidic chip, and detection coil (in the brass hat). 
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90° time of the 129Xe channel was 1.0 µs. A 180° time was not determined because the xenon signal 
was too low.  

5.2.2 Liquid Flow Controller 

The liquid flow was controlled using a Bronkhorst mass flow controller (L13V12-aad-11-K-30S). 
This controller interfaces with a computer for control. Software from Bronkhorst allows general 
control of the flow of the controller. To increase the residence time of the dissolved hp-Xe in the 
microfluidic chip, a stop flow setup was created using the mass flow controller. A trigger from the 
console was used to turn flow rate on and off. The trigger was integrated into the flow control 
software by creating a Labview (version 8.5) program to trigger and set the flow parameters. The 5 V 
trigger from the console was detected with a data acquisition card (National Instruments USB-6008). 
The results of a stop flow experiments will be described more in Section 5.2.5.  

5.2.3 Microfluidic Chips 

The initial experiments to demonstrate the microfluidic detection of hp-Xe and microfluidic imaging 
of 1H were performed with pre-existing chips. These chips were designed by Elad Harel (149, 150) 
and fabricated by Dolomite Ltd. The chip used in the hp-Xe experiments, referred to as the Y chip, 
had a Y pattern etched into a 15 mm x 30 mm x 4 mm chip with 150 µm channels (Figure 5.7.a). 
The serpentine chip, used for 1H imaging experiments, was a serpentine design etched into a 10 mm 
x 30 mm x 4 mm chip with 150 µm diameter channels (Figure 5.7.b). In both cases, the process for 
creating the chips causes the channels to be semi-circular.  

A Delrin microfluidic chip holder was attached to the copper hat of the remote detection probe to 
hold the microfluidic chip in place. Upchurch 6-32 flat bottom connectors are used with 1mm long 
Upchurch nanoport adapters to attach PEEK 360 µm inlet and outlet capillary tubing to the 
microfluidic chips. For imaging experiments, two glass capillaries filled with water and flame-sealed 

Figure 5.8 129Xe Inversion Travel Curve at Various Flow Rates 
The curves demonstrate the increase in residence time that can occur by lowering the 
flow rate of the water. Unfortunately, this increase in residence time reduces the strength 
of the signal intensity. 
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were taped to the face of the microfluidic chip holder. These capillaries allowed the alignment of the 
microfluidic chip in the x-z or y-z gradient axis. This simplified image acquisition and data analysis. 

5.2.4 Microfluidic hp-Xe Spectroscopy 

5.2.4.1 Xenon Travel Curve 
The Y chip was used for the initial demonstration of microfluidic hp-Xe remote detection. The 
inversion pulse for the encoding region was a dsnob inversion pulse with a 240 µs pulse with the 
xenon external amplifier set to 57 dB. A hard pulse was applied in the detection region. The 2% 
xenon gas mixture was delivered with a pressure of 65 psi and 0.5 SLM flow rate. The first result 
was at a water flow rate of 540 µL/min where the SNR with 512 averages was 20.  

At a flow rate of 540 µL/min the residence time within the microfluidic chip was only 420 ms. This 
amount of time is too short for the saturation pulse necessary in a hyper-CEST (see Section 5.1.2.2) 
experiment. Slower flow rates were investigated as a means of increasing the microfluidic chip 
residence time (see Figure 5.8). Each measurement was taken with 256 averages, except for 175 
µL/min and 135 µL/min which required 1024 averages. As the flow rates were increased, the signal 
intensity decreased due to T1 relaxation. This is observable for the slowest flow rates where even 
with 1024 averages an SNR (~ 5 at 96 µL/min) was much less than the SNR at 540 µL/min ( ~ 20 
with 512 averages). Each point in Figure 5.8 is an average of the adjacent 9 points. The data was 
prone to shot noise due to the low SNR and averaging allowed better visualization of the travel 
curve.  

The travel curves collected at the slower rates indicated a method to extend the residence time 
within the microfluidic chip. The residence time in the  Y shaped chip was found to be extended 
from 420 ms at 550 µL/min to 2 s at 135 µL/min. Additional measurements were made to flow 
times as slow as 96 µL/min which resulted in a residence time of 3 s, however the SNR of this 
measurement was very poor. A more reasonable residence time and signal intensity would be 1.25 s 
observed at 175 µL/min.  

5.2.4.2 Xenon Phase Correction Curves 
Phase corrected travel curves were desired for imaging applications (see Section 3.2.1.2). A hp-Xe 
phase corrected travel curve was demonstrated (Figure 5.9). This curve required 1024 averages to 
obtain data with the same signal intensity as the inversion travel curve. This measurement was taken 
with the same settings as the inversion travel curve and liquid flow at 550 µL/min. The positive 
signal intensity indicates the same residence time as the inversion travel curve (80 – 500 ms).  

5.2.4.3 Xenon Noise Characterization 
The tail of the travel curve data collected in Figure 5.9 indicates a potential issue with the 
consistency of the signal. Measurements were made to verify the accuracy and precision of the data 
collected. These measurements stroboscopically detected the signal in the detection region without 
an encoding pulse. This process was repeated six times with 1024 scans. The average standard 
deviation (4.3%) was indicative of the accuracy, while the standard deviation of the individual means 
with the averages (3.4%) indicated the precision of the measurements. These low values indicated 
that the fluctuations observed were due to the low SNR from low xenon polarization. 
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The tail of the travel curve data collected in Figure 5.9 indicates a potential issue with the 
consistency of the signal. Measurements were made to verify the accuracy and precision of the data 
collected. These measurements stroboscopically detected the signal in the detection region without 
an encoding pulse. This process was repeated six times with 1024 scans. The average standard 
deviation (4.3%) was indicative of the accuracy, while the standard deviation of the individual means 
with the averages (3.4%) indicated the precision of the measurements. These low values indicated 
that the fluctuations observed were due to the low SNR from low xenon polarization.  

5.2.5 Proton-based Imaging and spectroscopy 

As mentioned earlier (see Section 5.2.1) the initial imaging optimization is more efficiently 
performed with 1H. The calibration of the external amplifier for the proton frequency indicated 46 
dB on the external amplifier was equivalent to 52 dB on the internal amplifier. Inverted travel curves 
and phase cancelled pulse sequences were observed to have matching residence characteristics with 
the hp-Xe travel curves.  

For visual interest, the Y chip was replaced with the serpentine chip (see Figure 5.10). The chip was 

Figure 5.9: 129Xe Phase Corrected Travel Curve 
The phase corrected travel curve results in a positive signal rather than 
inverted signal from the spins effected in the encoding region.  

Figure 5.10: 1H Serpentine Image 
The water can be observed to flow through the microfluidic chip within 288 µs. At 288 and 336 µs the outlet 
connection is observed.  
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aligned with the x and z gradient. The water flow rate was 400 µL/min during imaging. Images were 
taken with 21 x 21 phase encoding steps following the initial 90° pulse in the encoding region. The 
z-gradient ranged from -34.3 G/cm to 34.3 G/cm in 3.43 G/cm increments, while the x-gradient 
ranged from -30.9 G/cm to 30.9 G/cm in 3.09 G/cm increments. The images for water are shown 
in 48 µs increments from the top to the bottom. The final two images (288 and 336 µs) show the 
water flowing in the tubing connected to the outlet of the chip.   

Stop flow imaging was attempted to increase the retention time in the chip. Ideally, the liquid flow is 
stopped while the encoding pulses are applied and resumes, flowing the effected spins into the 
detection region. Previous stop flow procedures had used solenoid valves to quickly stop the liquid 
flow. Stop flow was attempted with the mass flow controller and could still be optimized to achieve 
better results, however, the mass flow controller was not built to immediately stop liquid flow, only 
to maintain a steady flow rate (see Figure 5.11). The slower flow rate was still demonstrated to 

Figure 5.12: Slowed Flow Travel Curve 
The slowed flow from the mass flow controller still resulted in an increase 
residence time within the microfluidic chip. 

Figure 5.11: Liquid Flow Control 
The mass flow controller had a delayed response to sudden changes 
in flow setting.  
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extend the retention time within the microfluidic chip. Measurements were taken comparing the 
spectra of regular flow with “stop” flow (see Figure 5.12). Although the inlet and outlet of the chip 
were visible, no other characteristics of the microfluidic chip could be recognized. This may be 
resolved by using pulses which compensate for the change in velocity within the microfluidic chip, 
however, this method was not pursued. If an increase in polarization is achieved, increasing the 
residence time with a slower flow rate (see Section 5.2.4.1) becomes much more feasible. 

5.2.6 Discussion 

Two major factors need to be resolved before performing hp-Xe imaging experiments and hyper-
CEST experiments with XBMS. First, the xenon polarization must be increased to higher than 2%. 
Extensive work has been performed and is still ongoing to improve the polarization of the MITI. 
Furthermore, neither of the pre-existing chips used earlier are ideal for hyper-CEST experiments. 
Chips are being created and optimized.  

5.2.7 MITI Improvements 

The MITI is a commercially built xenon polarizer from Amersham. Services on this product were 
discontinued several years after General Electric acquired Amersham in 2004. Unfortunately, no 
other commercial group creates or services polarizers, meaning that all repairs must be performed in 
house.  

In its prime, the MITI produced polarizations as high as 10%. While testing the double resonance 
probe, it was realized that the lack of xenon polarization was the issue. The MITI was measured to 
have a polarization at 0.6%. After the replacement of the rubidium in the cell a polarization of 1% - 
2% was achieved. This polarization is in recent the normal range for the MITI, however, this 
polarization could be greatly improved (10%). The microfluidic hp-Xe experiments required a higher 

Figure 5.13: MITI Laser and Optical Setup 
The flexible MITI optical fiber was replaced with a rigid fiber. The rigid fiber was placed just inside 
of the MITI optics box.  
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polarization in order to obtain an image in a reasonable amount of time.  

One improvement to the polarization of the MITI was the replacement  of the aluminum tubing and 
connections. Aluminum tubing is used because it is not paramagnetic and does not contain 
paramagnetic impurities therefore, it is less likely to cause a loss in polarization in the hp-Xe while 
passing through the tubing due to wall collisions. It was speculated that the aluminum tubing may 
over time accumulate contaminants that were causing a loss in polarization. Upon replacement of 
the aluminum tubing, it was further discovered that several of the valves and other connections were 
cracked. This could result in oxygen entering the system and causing oxidation in the cell, leading to 
a shorter cell lifetime.  

Replacement of the aluminum valves and fittings was not trivial. Swagelok was the only company 
that sold aluminum connections, but they have an anodized coating on their aluminum connectors 
(a green coating) which causes spin depolarization during wall collisions*. Although some of the 
Swagelok parts could be special ordered without the coating, several of the parts, such as the valves, 
were unavailable. PFA fittings and valves were ordered as replacements and tested to not deform in 
60 mTorr vacuum pressures, which are used in the system. Unfortunately, these valves were found 
to be bulkier than the aluminum counter parts. Replacement with these parts would require the 
completely dismantling the system. The connection to the cold finger was removed and several 
connections were replaced with PFA allowing the aluminum connections to be rearranged and 
removing the immediate need for completely replacement all fittings with PFA fittings. The most 
recent diagram of the gas manifold can be found in Appendix D:.  

Shortly after the aluminum tubing was replaced the laser burned through the optical cable 
connecting it to the rest of the polarizer optics. This has led to the replacement of the entire laser. 
The original laser was from QPC (Brightlock Ultra-100 795 nm 75W CW) and it had a 30 cm optical 

* this was discovered in e-mail correspondence between (Dr.) Pete Mustonen and Dr. Bastiaan Driehuys. 

Figure 5.14: MITI Laser Power Measurements 
Baseline measurements were made after the new laser was received. These 
measurements also demonstrate the loss in power after the laser passes through the 
optics.  
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fiber connecting it to the rest of the polarizing optics. The diode was repaired and had the optical 
fiber replaced with a rigid 1” fiber which was also anticipated to enhance the polarization linearity 
(see Figure 5.13). An aiming beam was installed during repairs simplifying the laser alignment 
procedure.  

The rigid fiber designed necessitated a new laser location. The laser is now on top of the polarizer 
rather than in an enclosed shelf. The power of the laser was measured with a power meter as a 
function of the diode current (see Figure 5.14) to establish a baseline measurement. 

The last optimization necessary is the replacement of the oxygen scrubber. The recommended 
activation procedure from Amersham is to flow N2(g) through the scrubber while heating it to a high 
temperature. Recent correspondence* has indicated this is not the appropriate procedure and can 
result in poisoning the catalyst used to trap oxygen. Replacement oxygen scrubbers 
(Chromatography Research Supplies 202237-B) will be used to replace the current oxygen scrubber.   

5.2.8 Optimized Microfluidic Chip  

The sensor selected for the initial remote detection on a microfluidic experiments is an XBMS with a  
20-mer of single stranded DNA (5’ – TCA TAC GAC TCA CTC TAG GG -3’) as a targeting 
moiety. This sensor was synthesized by Gary Tong in Matt Francis’ lab. The purpose of for this 
structure was to have the complimentary strand of DNA attached to the surface of a microfluidic 
chip using relatively standard surface chemistry (151) and to then attach the sensor to the chip 
through hybridization of the DNA pair. 

The ideal microfluidic chip to prove the principle of hyper-CEST with XBMS was a chip with a 
2mm x 8 mm x 20 um well. This shallow well was anticipated to have a surface density of 1011/cm2 
giving an effective concentration of 166 nM XBMS. Chips were created by Daniel Kennedy and 
successfully had the single-stranded DNA attached to them (see Figure 5.15). However, it has been 
discovered that these chips easily dehydrate, which leads to blocked microfluidic channels.  Once 
obstructed the microfluidic channels cannot be cleared out without causing permanent damage to 
the chip. The procedure to create the microfluidic chips and attach the XBMS through DNA 
hybridization is being optimized by Daniel Kennedy a graduate student in the Pines Group.  

5.3 Future Directions: Xenon Micropolarizer 
This project is still in its building stage, however, it is a perfect example of the future of xenon 
microfluidics experiments. This project is a step in the dream of creating a fully microfluidic 

Figure 5.15: Microfluidic Chip with ssDNA 
The attachment of ssDNA onto the chip was tested by hybridizing the 
DNA to a complimentary strand with Luciferase attached.  
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analytical system. Furthermore, this project has been a combination of atomic magnetometry and 
xenon hyperpolarization combining many of the concepts described in previous chapters. 

Xenon polarizers are not easily transported. The ~250 mL cell usually requires an extremely 
powerful continuous wave laser (70 - 100 W) to fully saturate the alkali vapor. For microfluidic 
applications the volume of hp-Xe created with these cells is unnecessarily large therefore a smaller 
cell could still create the necessary amount of hp-Xe for microfluidic experiments (~ nL). A smaller 
cell allows for the use of less xenon gas, less power and a smaller size, which decreases the cost of 
the system and increases portability 

Previous work by John Kitching’s group at the National Institute of Standards and Technology 
(NIST) has confirmed that microfabricated cells of suitable design and size can be reliably fabricated 
and have been demonstrated to have sensitivities comparable to larger cell magnetometers(152). The 
cell requirements for atomic magnetometry are identical to xenon hyperpolarization, except that gas 
flow through the cell is required for xenon hyperpolarization. Therefore, the same microfabrication 
methods can be applied to design and create a cell filled with alkali atoms suitable for xenon 
hyperpolarization.  

5.3.1 Micropolarizer Design 

The detection of hyper-polarized xenon with an atomic magnetometer has been previously 
performed (103). That experiment used a larger scale polarizer and kept the hp-Xe separated from 
the alkali atoms. This microfabricated xenon polarizer is meant to act as both a means to 
hyperpolarize xenon and detect xenon. The microfabricated chip is 31 mm x 11 mm x 1 mm and 
contains two chambers connected with a microfluidic channel. Xenon gas flows through the chip as 
demonstrated in Figure 5.16. Both chambers contain rubidium vapor that is contained within the 
chip by the lower temperatures at the inlet and outlet which cause the rubidium to condense. The 
first chamber, known as the pumping chamber, is exposed to circularly polarized light causing the 

Figure 5.16: Micropolarizer Design 
A microfabricated chip with two chambers connected with a microfluidic channel. The first 
chamber is exposed to circularly polarized light ultimately polarizes the xenon. The second 
chamber is exposed to modulated linearly polarized light to probe the magnetization detected with 
the alkali atoms.  
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rubidium atoms to be optically polarized. As the xenon passes through this chamber it undergoes 
spin exchange collisions transferring the polarization from the rubidium atoms.  

The second chamber, known as the probing chamber, is a scalar magnetometer. The density of the 
rubidium atoms is lower in this chamber so that the rubidium atoms do not transfer much 
polarization to the xenon gas. As the xenon gas flows into the probe chamber it undergoes Fermi-
contact enhancement with the rubidium atoms. Fermi-contact enhancement is a strong interaction 
occurring from the effects of the close proximity between the xenon and rubidium atoms (81). The 
resulting magnetization in the xenon atoms can be described in a spherical geometry as (153): 

 𝐵𝑅𝑏 = 8𝜋
3
𝜅0𝑀, [5.1] 

where M is the magnetization of the xenon and κ0 is the Fermi-contact enhancement factor, which 
has been calculated to be 730 for xenon and rubidium (81). For our experiment a magnetic field on 
the order of µT is anticipated to be detected from the hp-Xe.  

5.3.2 Progress 

The characterization of the microfabricated chip will occur in tandem with our collaborators at 
NIST. Many of the design choices for this experiment were specifically to match the design of our 
collaborators. There were a couple of contributions which were applied due to previous experience 
with larger scale xenon polarizers and magnetometers used in previous experiments.  

Figure 5.17: Micropolarizer Interior 
Shown is a schematic of the interior of the Micrpolarizer. The cell is suspended by the 
inlet and outlet tubes for xenon gas. The gas lines are supported with Tybar supports 
throughout the shielding setup. The cell is centered in the Helmholtz and Saddle coils 
which are aligned near the front.  
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5.3.2.1 Microfabricated Chip 
Our collaborators Svenja Knappe, Ricardo Jimenez, Elizabeth Donley and John Kitching at the 
National Institute of Standards and Technology (NIST) have extensive experience in creating 
microfabricated alkali cells. They have designed and constructed the chips. The chips are 
constructed using MEMs fabrication technology, which is a silicon micromachining and anodized 
bonding method (154). This method is advantageous for reliably creating millimeter sized alkali cells. 
Previous chip designs have been with enclosed cells (26, 51, 152, 155–157), this unique method 
includes the challenge of creating a chip which allows for gas flow. To produce this, the chip was 
designed with two extra chambers on the outside of the chip. These two chambers allow for the 
inlet and outlet connections to the cell. These connections have glass and stainless steel tubing 
connections bound to each other and epoxied into place. The total size the chip is 31mm x 11 mm x 
1 mm. The channel cross section between the chambers is 300 µm x 300 µm.  

The heating method for these chips is of particular importance. Small PCB chip-resistors have been 
attached to the cell to allow controlled heating of the cells. As mentioned earlier, the alkali density in 
the probe chambers should be much lower than the density in the pump chamber, requiring a 
temperature gradient between the two chambers. The chip resistors were carefully placed to apply 
more heat toward the pumping chamber. When tested the thermal gradient was found to be 50°C 
when the pumping chamber was set to 150°C. This temperature difference is perfectly suited for our 
application. 

 RbCl + BaN6 ⟶ BaCl + 3N2 + Rb [5.2] 

 

Rubidium is activated inside of the cell using a rubidium chloride, barium azide, and water solution. 
This solution is inserted into the cell cavity, and then heated until the water is evaporated. The cell is 
then heated to a higher temperature to allow the evaporated mixture to undergo a decomposition 
reaction that results in the production of the alkali metal, barium chloride, and nitrogen gas (154). 
The transmission spectrum of the rubidium D1 line indicates the success of rubidium activation. 
Flow rates of 300 nL/s have been successfully demonstrated with N2. Characterization of the flow 
rates within the chip. 

Figure 5.18: Micropolarizer Cell 
The initial chip design from NIST. The large chambers in the center of the chip are of interested. From 
left to right the chambers are: inlet  chamber (A), pump chamber (B), probe chamber (C), and outlet 
chamber (D).  
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5.3.2.2 Magnetic Shielding 
Two nested cylindrical shields made with µ-metal with flat end caps were constructed by Mu Shield 
(see Appendix E:) The cylindrical shields had inner-diameters of 10” and 12”. To allow more 
flexibility with these shields for other potential applications, optical access holes 0.80” in diameter 
were added to the sides of the cylinders, creating optical access in three directions. A new 
implementation to these shields was to not include an extra ½ - 1” edge around each hole of the 
mu-metal shields. The welding joints created with this lip create extra complications when designing 
components inside of the shielding. The shields were nested using aluminum rings wrapped in 
Kapton tape and sprayed with electric insulating varnish to avoid large eddy currents between both 
sets of shields. If the eddy currents from the rings and shields are found to be a larger problem than 
anticipated, the rings could be changed to wooden rings. For this experiment, optical access is only 
necessary for one side of the shields. These end caps have three 0.80” holes. The opposite side of 
the shields allows access for the tubing of the micropolarizer with a 0.8” x 6” slot. 

5.3.2.3 Bias Coils 
Previous bias coil designs have involved a coil insert made out of Teflon with grooves for winding 
the coils that slides into the center shield. The size of the inner shields is much larger than previous 
shields used making this design difficult to implement. Furthermore, the heat inside of the magnetic 
shields from the cell limited the materials that could be used. Metal is generally avoided within the 
magnetic shields to avoid the noise from eddy currents. The material used was a ultra-high molecular 
weight polyethylene, or Tybar (McMaster-Carr #8270K51). Tybar has a softening point of 135°C, is 
much cheaper than Delrin or Teflon, and is much easier to machine than G-10 or G-7. Although the 
cell is heated to 150°C it is also known to rapidly drop off to 100°C within 200 µm. This change in 
temperature indicates a material with a softening point within 15°C of the highest anticipated 
pressure would be acceptable.  

Figure 5.19: Micropolarizer Shields 
The mu-metal shields used for the micropolarizer without the end caps.  
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Helmholtz and saddle coils were used to create uniform fields in orthogonal directions. The saddle 
coils demonstrated calibrations of Bx = 1.464 G/A and  By = 1.554 G/A, and the Helmholtz coil 
demonstrated a calibration of Bz = 0.927 G/A. The coils were designed so that the chip would sit in 
the center of the coils, which is offset by from the center by 4” toward the optical inlet. The coil is 
held into place by L-brackets that are attached to screw holes at the bottom of the magnetic shields. 

The coil itself is 10” long and has an edge piece that extends to give stability to the tubing 
connecting to the cell and attach to the L-bracket. The edge pieces of the coil can easily be 
converted to two edge pieces to allow the coil to sit in the center of the mu-metal shields. 
Alternatively, different L brackets can be created to center the coil within the magnetic shields. 

5.3.2.4 Control Circuits 
The bias coil controller (see Section B.3) is largely used to apply small field corrections, requiring a 
very low magnetic field (~ mG). For the NMOR magnetometer a higher bias field (0 – 113 mG) 
applied at 45° to the beam path (along the axial direction of the magnetic shields) is required. The 
strength of the bias field is limited by the bandwidth of the laser (100 kHz). This circuit allows for 
fine adjustment of the current being sent to each individual coil. The fine control circuit has a limit 
of 2 mA maximum. A higher power circuit was created that can allow 200mA of current to be sent 
to the coil. This circuit was only implemented for the z (along the axis of the cylindrical shields) 
direction, however, space was left within the circuits to allow the addition of this circuit in the x and 
y directions. The bias coils are also used to apply a test field or sweeping field to the magnetometer. 
This is useful for defining the response of the magnetometer to a magnetic field. This circuit takes 
the input from a function generator and can apply this input to any of the three directions. 

Figure 5.20: Micropolarizer Bias Coils 
The bias coils are inserted into the mu-metal shields.  
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Previous heater designs have used a function generator to create the AC current for driving the 
heater. Wien-bridge oscillators (shown in Section B.1) are a reliable source of a single or dual 
frequency, this is useful for purposes, such as the heater, where only one reliable frequency is 
needed. The rest of the circuit was made with commercial components. T-type thermocouples are 
used to read in the temperature and give feedback to an Omega temperature controller (CN9151A). 
An addition Omega temperature display (DP116-TC2-GR) is available to read a secondary 
temperature. The pump chamber temperature will be connected to the temperature controller, while 
the probe chamber temperature will be monitored. An audio amplifier kit (Velleman K8060) is used 
to amplify the current before being set to the resistive heating chip. 

5.3.2.5 Optics 
The optical path of this setup is shown in Figure X. Both the pump and probe beam enter on the 
same side of the shielding. Due to the gas flow connections, optical access can only be gained from 
the one side of the magnetic shields, requiring mirrors inside of the shielding. These mirror holders 
have been home-made out of Tybar. Both lasers are made from DFB (distributed feedback) diodes 
(EYP-DFB-0795-00080-1500-TOC03-00X) controlled with laser and temperature controllers 
(Thorlabs TED200C & LDC2xxC). This has included a collimating lens (Thorlabs C110TME) that 
is connected within in the same optical cage. These have been constructed as described in Appendix 
C:.  

Several new optical pieces were added to this optical path, compared to previous optical paths (see 
Section 4.2.1.6). An optical isolator (Isowave) is inserted after the laser diode, this is to avoid any 
back-reflection into the diode, which could destroy the diode. A prism pair (Thorlabs PS875-B) is 
then used to remove any ellipticity from the beam. Rather than using two linear polarizers to reduce 
the laser intensity, neutral density filters are in place. Linear polarizers (Thorlabs GL10-B) and 
quarter wave plates (Tower Optical Corp. Z-17.5-A-0.250-B-795) are then used to create linearly 
polarized light for the probe beam and circularly polarized light for the pump beam. 

Figure 5.21: Micropolarizer Optical Path 
The connections to the chip only allow direct optical access from a single direction. All of the optics will enter from the same side 
of the magnetic shielding. Two different beam paths are used for pumping and probing.  
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5.3.2.6 Discussion 
Characterization of the microfabricated polarizer will be performed in tandem with our 
collaborators at NIST. While our collaborators are focused on optimization of the chip, our focus is 
to perform an NMR characterization and define the limits of applying this new technology toward 
129Xe NMR. 

The first experiment will detect hp-Xe inside of the probe chamber. A change in the magnetization 
of the Xe atoms will result in a change in the transmission spectrum. This effect can be verified by 
comparing the signal with the pumping beam on and off. Additionally, the pumping dynamics of the 
system will be characterized using this method. Various parameters for the micropolarizer, such as 
flow rate, cell temperature, laser power, laser tuning, and gas pressure will be optimized and 
compared to characterizations for larger scale polarizers (158). 

The next experiment will observe NMR effects of the hp-Xe. This will include applying a 90° pulse 
to the hp-Xe in the chip. This coil will be placed to affect the spins in the probe chamber. By 
changing the strength of the pulse being applied a nutation curve will be observed. T1 experiments 
will also be performed to determine the relaxation time of the hp-Xe in the microfabricated chip. 
The relaxation time of xenon in a small diameter tubing is a concern. It is known from the remote 
detection experiments that the xenon signal drastically decreases when it is in 350 µm tubing when 
the xenon is dissolved in water. The channels used in this experiment will have a 300 µm cross 
section. Gaseous xenon is known to have a much longer relaxation time, indicating it may perform 
better at these small volumes.  

After the detection of an NMR signal has been established, this project will move forward to detect 
an image of a serpentine path between the pump and probe chambers. The demonstration of the 
imaging experiment is instrumental in furthering low-field detection methods with hyper-polarized 
xenon as well as work with hyperpolarized xenon in microfluidics. 

  

Figure 5.22: Micropolarizer Imaging Design 
The ultimate goal is to demonstrate imaging between the pump and probe region. This chip 
would have three sections: the pump region, the encoding region, and the probe region.  
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Appendix A: NQR Frequencies 

This section gives a list of NQR frequencies found for different molecules. This list large focuses on 
frequencies of interest for the described experiment in Section 4.1, however several derivative 
experiments had been considered and frequencies relevant to those projects are also listed.  

 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

1,2-dimethylimidazole 77 2.7348 2.5552 3.5267 0.102 179.9 (91) 
 

 
1,6-diaminehexane 77 3.3940 2.6870 4.0540 0.349 707.0 (91) 

 

 

2,2-azobis(2-
methylpropionitrile) 77 3.0146 2.9468 3.9743 0.034 67.8 (91) 

 
 

2,4,6-trichloro-1,3,5-triazine 77 3.0799 3.0445 4.0830 0.017 34.7 (91) 
 

 
2,4,6-trimethylpyridine 77 3.4448 2.9353 4.2500 0.241 513.0 (91) 

 
 

2,4-dimethylpyridine 77 3.9513 3.0089 4.6401 0.406 942.4 (91) 
 

 
2,6-dibromopyridine 77 3.3661 3.1285 4.3297 0.119 257.6 (91) 

 
 

2,6-dichloropyridine 77 3.3052 3.0790 4.2563 0.106 225.6 (91) 
 

 
2,6-dimethyloxypyridine 77 3.0022 2.7822 3.5863 0.114 204.4 (91) 

 
 

2-amino-iso-butyric acid 77 0.8578 0.7982 1.1040 0.108 59.6 (159) 
 

 2-amino-pyridine 77 
2.8420 2.7760 3.7450 0.352 659.1 

(91)  
 

1.6977 1.5868 2.1897 0.101 110.8 
 

 
2-chloropyridine 77 3.6268 3.0508 4.4517 0.259 576.5 (91) 

 
 2-cyanopyridine 77 

3.9007 3.0504 4.6338 0.367 850.3 
(91)  

 
3.0110 2.8170 3.8854 0.100 194.3 

 
 

2-methyl-butanenitrile 77 2.9075 2.8080 3.8140 0.052 99.2 (91) 
 

 
2-methyl-pentanenitrile 77 2.9118 2.8332 3.8300 0.027 51.7 (91) 

 
 

2-methylpyridine 77 3.9205 3.0099 4.6203 0.394 910.7 (91) 
 

 
3,5-dichloropyridazine 77 4.1020 3.3470 4.9660 0.300 744.9 (91) 

 
 

3,5-dichloropyridine 77 3.8974 3.0474 4.6299 0.367 849.6 (91) 
 

 
3,5-dimethylpyridine 77 3.5492 2.9325 4.3211 0.285 616.6 (91) 

 
 3-chloropyridine 77 

3.9126 3.0365 4.6280 0.379 877.0 
(91)  

 
3.9054 3.0286 4.6280 0.379 877.0 

 
 3-cyanopyridine 77 

3.9476 3.1298 4.7182 0.347 817.7 
(91)  

 
3.0396 2.8978 3.9583 0.072 141.7 

 
 

3-methylpyridine 77 3.7125 2.9757 4.4594 0.331 738.0 (91) 
 

 
3-phenylproprionitrile 77 2.8848 2.8267 3.8073 0.031 58.1 (91) 

 
 

4-bromoaniline 77 3.3417 2.8600 4.1350 0.231 477.6 (91) 
 

 
4-bromoaniline 275 3.2613 2.7764 4.0250 0.241 485.0 (91) 

 
 

4-chloroaniline 77 3.3382 2.8365 4.1170 0.243 500.2 (91) 
 

 
4-chloroaniline 292 3.2645 2.7694 4.0230 0.246 494.8 (91) 

 



 
~ 97 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 4-chloropyridine  77 

3.8409 3.0105 4.5620 0.363 828.0 
(91)  

 
3.8297 3.0043 4.5620 0.363 828.0 

 
 4-cyanopyridine 1 77 

4.0997 3.0576 4.7715 0.437 1042.6 
(91)  

 
2.9353 2.9073 3.8951 0.014 28.0 

 
 

4-methylpyridine 77 3.6884 2.9326 4.4140 0.342 755.7 (91) 
 

 
4-methylpyridine 190 3.6484 2.9120 4.3736 0.337 737.0 (91) 

 
 5-bromouracil 77 2.4750 1.6650 2.7600 0.587 810.1 

(160)  
 

2.3665 1.6685 2.6900 0.519 698.1 
 

 6-mercaptopurine 77 
1.4720 0.9280 1.6000 0.680 544.0 

(160)  
 

2.6120 2.1880 3.2000 0.265 424.0 
 

 
1.7381 0.9919 1.8200 0.820 746.2 

 
 

acetamide 77 2.1057 1.5993 2.4700 0.410 506.4 (159) 
 

 
acetamide RT 2.1313 1.6577 2.5260 0.375 473.6 (159) 

 
 

acetonitrile (phase I) 77 2.8078 2.7992 3.7380 0.005 8.6 (91) 
 

 
acetonitrile (phase II) 77 2.8108 2.7954 3.7375 0.008 15.4 (91) 

 
 

acrylamide 77 2.0281 1.5269 2.3700 0.423 501.3 (159) 
 

 adenine 77 
2.6040 2.1960 3.2000 0.255 408.0 

(160)  
 

1.8127 1.2623 2.0500 0.537 550.4 
 

 
2.4629 1.7221 2.7900 0.531 740.7 

 
 adenosine 77 2.5869 2.1381 3.1500 0.285 448.9 

(160)  
 

2.5621 1.8629 2.9500 0.474 699.2 
 

 
aminooxymethane 77 1.9200 1.4900 2.2740 0.378 429.8 (91) 

 
 

ammonia 77 2.3706 --- 3.1607 0.000 --- (91) 
 

 
ammonia-d3 77 2.4231 --- 3.2308 0.000 --- (91) 

 
 

ammonium phosphate RT 0.0180 --- 0.0240 0.000 --- (160) 
 

 ammonium sulfate 295 0.1420 0.0920 0.1560 0.640 49.9 
(160)  

 
0.1110 0.0705 0.1210 0.670 40.5 

 
 benzimidazole 77 2.5929 2.1171 3.1400 0.303 475.7 

(160)  
 

1.8551 1.0849 1.9600 0.786 770.3 
 

 
benzonitrile 77 3.0133 2.8098 3.8854 0.011 20.8 (91) 

 
 

benzyl cyanide 77 2.9085 2.8811 3.8597 0.001 2.7 (91) 
 

 

bis(dichloroglyoximato) 
palladium(II) 77 3.0204 2.0616 3.3880 0.566 958.8 (160) 

 
 bis(dimethylglyoximato)  77 3.3103 2.2532 3.7090 0.570 1057.1 

(160)  
 

3.2399 2.1301 3.5800 0.620 1109.8 
 

 
bis(dimethylglyoximato) 
nickel(II) 77 2.9716 1.6619 3.0890 0.848 1309.7 

(160)  
 

2.8220 1.4110 2.8220 1.000 1411.0 
 

 

bis(diphenylglyoximato)palladi
um(II) 77 3.2126 1.9234 3.4240 0.753 1289.1 (160) 

 



 
~ 98 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 

 

bis(pyridine)bromine(I)perchlo
rate 77 1.3977 0.7248 1.4150 0.951 672.8 (160) 

 

 

bis(pyridine)iodine(I) 
perchlorate 77 1.3299 1.2096 1.6930 0.142 120.2 (160) 

 
 

bromine cyanogen 77 2.5203 2.5109 3.3541 0.002 3.0 (91) 
 

 
bromine cyanogen 199 2.4963 2.4910 3.3249 0.001 1.8 (91) 

 
 

bromine cyanogen 273 2.4650 --- 3.2867 0.000 --- (91) 
 

 
bromine cyanogen 297.2 2.4650 2.4627 3.2851 0.000 0.1 (91) 

 
 

bromine cyanogen 77 2.5203 2.5109 3.3541 0.006 9.4 (101) 
 

 
bromine cyanogen 199 2.4963 2.4910 3.3249 0.003 5.3 (101) 

 
 

bromine cyanogen 273 2.4734 --- 3.2979 0.000 --- (101) 
 

 
bromine cyanogen RT 2.4650 2.4627 3.2851 0.001 2.3 (101) 

 
 

butanedinitrile 77 2.9952 2.8441 3.8728 0.077 148.3 (91) 
 

 
butyronitrile 77 2.9355 2.8322 3.8451 0.054 103.8 (91) 

 
 

chlorine cyanogen 77 2.4280 2.4000 3.2190 0.016 25.3 (91) 
 

 
chloroacetamide RT 2.0964 1.6206 2.4780 0.384 475.8 (160) 

 
 

chloroacetamide  RT 2.0964 1.6206 2.4780 0.384 475.8 (159) 
 

 
chloroacetonitrile 77 3.0582 2.7832 3.8943 0.140 272.6 (91) 

 
 

cocaine 77 3.8290 3.7400 5.0460 0.035 89.1 (87) 
 

 
cocaine 295 3.8168 3.7176 5.0229 0.040 99.2 (87) 

 
 

cocaine chloride 295 0.9600 0.8090 1.1780 0.263 154.9 (84) 
 

 
cocaine hydrochloride 4.2 0.9650 0.8150 1.1860 0.258 153.0 (87) 

 
 

cocaine hydrochloride 77 0.9610 0.8130 1.1820 0.250 147.8 (87) 
 

 
cocaine hydrochloride 141 0.9600 0.8110 1.1800 0.252 148.7 (87) 

 
 

cocaine hydrochloride 295 0.9610 0.8060 1.1780 0.263 154.9 (87) 
 

 
codeine 295 4.0280 3.9800 5.3387 0.018 48.0 (84) 

 
 

codeine phosphate 295 1.0170 7.8500 1.2000 0.350 210.0 (84) 
 

 
cyanoethylene 77 2.9063 2.8085 3.8000 0.048 90.6 (91) 

 
 

cyclopropanecarbonitrile 77 2.9297 2.6211 3.7005 0.167 309.0 (91) 
 

 
cysteine {Site I} 77 1.1584 0.7511 1.2730 0.640 407.4 (160) 

 
 

cysteine {Site II} 77 0.9351 0.8574 1.1950 0.130 77.7 (160) 
 

 
cysteine hydrochloride 77 0.9539 0.8806 1.2230 0.120 73.4 (160) 

 
 

cystine 77 1.0599 0.7701 1.2200 0.475 289.8 (160) 
 

 
cytidine 77 2.4827 1.9573 2.9600 0.355 525.4 (160) 

 
 cytosine 77 2.0382 1.2168 2.1700 0.757 821.3 

(160)  
 

2.4799 1.9301 2.9400 0.374 549.8 
 

 
cytosine 295 2.0200 1.2400 2.1700 0.720 781.2 (99) 

 
 

deuterated (ethyl) glycine (α) 77 1.0880 0.7758 1.2425 0.502 312.2 (161) 
 

 
deuterated(amine)glycine (α) 77 1.0690 0.7700 1.2260 0.488 299.0 (161) 

 



 
~ 99 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

deuterated(amine)glycine (β) 77 1.1100 0.8310 1.2940 0.431 279.0 (161) 
 

 
deuterated(amine)glycine (γ) 77 1.0240 0.8120 1.2240 0.346 210.0 (161) 

 
 

deuterated(amine)glycine (γ) 90 1.0220 0.8100 1.2210 0.347 211.8 (161) 
 

 

deuterated(ethyl)glycine (γ) 77 1.0385 818.50
00 1.2383 0.355 219.8 (161) 

 
 dibromobis(pyridine) zinc(II) 77 2.3450 2.0395 2.9230 0.209 305.5 

(160)  
 

2.2754 2.0071 2.8550 0.188 268.4 
 

 
dichloroacetonitrile 77 2.9986 2.9895 3.9470 0.003 6.7 (91) 

 

 

dichlorobis(pyridine) 
cadmium(II) 77 2.8486 2.2994 3.4320 0.320 549.1 (160) 

 
 dichlorobis(pyridine) zinc(II) 77 2.3868 2.0787 2.9770 0.207 308.1 

(160)  
 

2.3319 2.0376 2.9130 0.202 294.2 
 

 dichloroglyoxime 77 
4.3185 2.9355 4.8360 0.572 1383.1 

(160)  
 

4.2928 2.9402 4.8220 0.561 1352.6 
 

 
4.2876 2.9184 4.8040 0.570 1369.1 

 
 

dichloroglyoxime 293 4.2672 2.9268 4.7960 0.559 1340.5 (160) 
 

 
diethyl ammonium chloride 77 1.0391 0.5494 1.0590 0.925 489.8 (159) 

 
 diglycine 77 

1.0912 0.8288 1.2800 0.410 262.4 
(160)  

 
2.5831 1.9619 3.0300 0.410 621.2 

 
 diiodobis(pyridine) zinc(II) 77 2.3595 2.0535 2.9420 0.208 306.0 

(160)  
 

2.3207 2.0293 2.9000 0.201 291.5 
 

 
dimethyl ammonium chloride 77 1.2497 0.6418 1.2610 0.964 607.8 (159) 

 
 

dimethylglyoxime 293 4.5829 2.8751 4.9720 0.687 1707.9 (160) 
 

 
dinitratobis(pyridine)zinc(II) 77 

2.1242 1.8838 2.6720 0.180 240.5 

(160) 
 

 
2.0967 1.8768 2.6490 0.166 219.9 

 
 

0.5717 0.2878 0.5730 0.991 283.9 
 

 
2.5748 2.1802 3.1700 0.249 394.7 

 
 

0.5473 0.3092 0.5710 0.834 238.1 
 

 
diphenylglyoxime 77 4.5668 3.1867 5.1690 0.534 1380.1 (160) 

 
 dithiocyanato (N) bis(pyridine) 

zinc(II) 77 
2.2967 2.0353 2.8880 0.181 261.4 

(160)  
 

0.7602 0.6603 0.9470 0.211 99.9 
 

 
0.7149 0.6156 0.8870 0.224 99.3 

 
 

DL-Histidine {+NH3} 77 1.0541 0.8299 1.2560 0.357 224.2 (160) 
 

 
DL-Histidine {N} 77 2.4758 2.1562 3.0880 0.207 319.6 (160) 

 
 

DL-Histidine {NH} 77 1.4237 0.7378 1.4410 0.952 685.9 (160) 
 

 
DL -proline 77 1.4351 0.7504 1.4570 0.940 684.8 (159) 

 
 

DL -proline hydrate 77 1.2597 0.6828 1.2950 0.891 576.9 (159) 
 

 
DL -serine 77 0.9487 0.8768 1.2170 0.118 71.8 (159) 

 
 

ethanedinitrile 4.2 3.2381 3.1886 4.2846 0.023 49.3 (91) 
 



 
~ 100 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

ethanedinitrile 77 3.2250 3.1780 4.2690 0.022 47.0 (91) 
 

 
ethyl ammonium chloride 77 0.6619 0.6251 0.8580 0.086 36.9 (159) 

 
 

ethyl cyanate 77 2.8513 2.8121 3.7756 0.021 39.3 (91) 
 

 
ethyl thiocyanate 77 3.1178 2.2677 3.5903 0.474 850.0 (91) 

 
 

ethylammonium chloride 77 0.6619 0.6251 0.8580 0.086 36.9 (160) 
 

 
ethylenediamine 77 3.3092 2.6846 3.9950 0.313 624.2 (91) 

 
 

ethylenediamine 90 3.3884 2.6844 4.0480 0.348 703.9 (91) 
 

 
ethylenediamine 205 3.3079 2.6597 3.9780 0.331 659.0 (91) 

 
 

ethylenediamine 252.2 3.2928 2.6488 3.9610 0.325 644.1 (91) 
 

 
ethylenediamine 275.7 3.2841 2.6433 3.9520 0.324 640.8 (91) 

 
 

ethylenedithiocyanate 77 2.9328 2.7450 3.7852 0.099 187.4 (91) 
 

 
ethylenedithiocyanate 198 3.0576 2.2284 3.5240 0.471 829.2 (91) 

 
 

ethylenedithiocyanate 299 3.0387 2.2120 3.5005 0.472 826.8 (91) 
 

 

ferrate(2-), pentakis(cyano-
C)nitrosyl-barium trihydrate 77 2.8340 2.7610 3.7300 0.039 73.0 (162) 

 

 

ferrate(2-), pentakis(cyano-
C)nitrosyl-barium trihydrate 122 2.8180 2.7510 3.7127 0.036 67.0 (162) 

 

 

ferrate(2-), pentakis(cyano-
C)nitrosyl-barium trihydrate 195 2.8020 2.7350 3.6913 0.036 67.0 (162) 

 

 

ferrate(2-), pentakis(cyano-
C)nitrosyl-barium trihydrate 293 2.7770 2.7060 3.6553 0.039 71.0 (162) 

 
 

formamide 77 1.9195 1.4900 2.2730 0.378 429.6 (159) 
 

 
glycine (α) 90 1.0920 0.7790 1.2470 0.502 313.0 (161) 

 

 

glycine (α) 77 1.0930 0.7800 1.2490 0.501 313.0 (159, 
161) 

 

 

glycine (β) 77 1.1330 0.8430 1.3170 0.440 290.0 (159, 
161) 

 

 

glycine (γ) 413 0.6723
625* 

0.4451
375* 0.7450 0.610 227.2 (160) 

 

 

glycine (γ) 77 1.0440 0.8220 1.2440 0.357 222.0 (159, 
161) 

 

 

glycine ethyl ester 
hydrochloride 77 0.9700 0.8800 1.2330 0.146 90.0 (161) 

 
 

glyoxime 77 4.4921 3.1749 5.1113 0.515 1317.2 (160) 
 

 
guanine 77 

3.0400 2.3800 3.6100 0.370 660.0 

(99) 
 

 
2.9400 2.2800 3.4800 0.380 660.0 

 
 

2.7900 2.1600 3.3000 0.380 630.0 
 

 
1.3600 1.2350 1.7300 0.150 129.8 

 
 

0.7400 0.7000 0.9600 0.080 38.4 
 

 
heptanedinitrile 77 2.8814 2.8246 3.8040 0.003 0.1 (91) 

 



 
~ 101 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

heroin 295 4.0260 3.9500 5.0310 0.028 70.4 (84) 
 

 
hexamethylenetetramine 77 3.4076 --- 4.5430 0.000 --- (91) 

 
 

hexamethylenetetramine 199 3.3560 --- 4.4750 0.000 --- (91) 
 

 
hexamethylenetetramine 273 3.3199 --- 4.4260 0.000 --- (91) 

 
 

hexamethylenetetramine 299.6 3.3062 --- 4.4080 0.000 --- (91) 
 

 
hexanedinitrile 77 2.8615 2.8190 3.7870 0.002 0.0 (91) 

 
 

hexanenitrile 77 2.8953 2.8038 3.7994 0.005 0.1 (91) 
 

 hexa-nitric acid complex 300 
3.8282 3.5851 4.9422 0.098 243.2 

(84)  
 

3.7101 3.4682 4.7855 0.101 241.9 
 

 
hexogen 77 

5.1180 3.3940 5.6740 0.608 1724.9 

(84) 
 

 
5.2560 3.4130 5.7790 0.638 1843.5 

 
 

5.3190 3.5110 5.8870 0.614 1807.3 
 

 
0.6000 0.4500 0.7000 0.420 147.0 

 
 

hippuric acid 77 2.7200 2.0900 3.2070 0.393 630.0 (86) 
 

 
HMTA-LiBr 77 

3.2703 3.2631 4.3556 0.003 7.2 

(163) 
 

 
3.2456 3.1965 3.2947 0.023 37.7 

 
 

3.1675 3.1369 4.2029 0.015 30.7 
 

 
3.1662 3.1237 4.1933 0.020 42.6 

 
 HMTA-LiCl 77 3.2532 3.2406 4.3292 0.006 12.6 

(163)  
 

3.2501 3.2327 4.3218 0.008 17.5 
 

 
HMTA-LiI 77 

3.3185 3.2805 4.3995 0.017 38.1 

(163) 
 

 
3.2775 3.2504 4.3519 0.013 27.2 

 
 

3.2758 3.2303 4.3374 0.021 45.5 
 

 
3.1673 3.1400 4.2109 0.009 18.3 

 
 hydrazine 77 

4.6667 2.6717 4.8920 0.082 1995.0 
(91)  

 
4.5080 2.6170 4.7500 0.080 1891.0 

 
 hydrazine 100 

4.6606 2.6692 4.8860 0.082 1991.4 
(91)  

 
4.5037 2.6157 4.7460 0.080 1888.0 

 
 hydrazine 120 

4.4969 2.6137 4.7400 0.080 1883.2 
(91)  

 
4.6528 2.6660 4.8790 0.081 1986.8 

 
 hydrazine 140 

4.4880 2.6108 4.7320 0.079 1877.2 
(91)  

 
4.6433 2.6625 4.8700 0.081 1980.8 

 
 hydrazine 160 

4.4780 2.6070 4.7230 0.079 1871.0 
(91)  

 
4.6312 2.6575 4.8590 0.081 1973.7 

 
 hydrazine 180 

4.4648 2.6018 4.7110 0.079 1863.0 
(91)  

 
4.6179 2.6515 4.8450 0.081 1966.4 

 
 hydrazine 200 

4.3616 2.5060 4.5780 0.081 1855.6 
(91)  

 
4.6022 2.6440 4.8310 0.081 1958.2 

 



 
~ 102 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 hydrazine 220 

4.4371 2.5898 4.6850 0.079 1847.3 
(91)  

 
4.5806 2.6306 4.8070 0.081 1950.0 

 
 hydrazine 240 

4.4216 2.5825 4.6690 0.079 1839.1 
(91)  

 
4.5681 2.6270 4.8570 0.080 1941.1 

 
 hydrazine 244 

4.4185 2.5810 4.6660 0.079 1837.5 
(91)  

 
4.5645 2.6250 4.7930 0.081 1939.5 

 
 

hydrocyanic acid 77 3.0223 3.0052 4.0183 0.009 17.1 (91) 
 

 
hydrocyanic acid 195 2.9178 --- 3.8904 0.000 --- (91) 

 
 hypoxanthine 77 

1.6384 0.8216 1.6400 0.996 816.7 
(160)  

 
2.5925 2.1775 3.1800 0.261 415.0 

 
 

1.7569 1.0481 1.8700 0.758 708.7 
 

 
imidazole {N} 77 2.5703 2.3662 3.2910 0.124 204.0 (160) 

 
 

imidazole {NH} 77 1.4133 0.7227 1.4240 0.970 690.6 (160) 
 

 imidazolidinetrione 77 
2.4460 1.9475 2.9293 0.341 499.0 

(162)  
 

2.4220 1.9325 2.9904 0.337 488.8 
 

 
indole 77 2.3048 2.0302 2.8900 0.190 274.6 (160) 

 
 

indole-3-ylacetic acid 77 2.3265 2.0086 2.8900 0.220 317.9 (160) 
 

 inosine 77 1.7231 0.9919 1.8100 0.808 731.2 
(160)   2.5570 2.0780 3.0900 0.310 479.0 

 
 

iodine cyanogen 199 2.5512 --- 3.4016 0.000 --- (101) 
 

 
iodine cyanogen 273 2.5451 --- 3.3935 0.000 --- (101) 

 
 

iodine cyanogen RT 2.5424 --- 3.3899 0.000 --- (101) 
 

 
isobutyronitrile 77 2.8804 2.8296 3.8066 2.700 5138.9 (91) 

 
 

L -alanine 77 0.9824 0.8251 1.2050 0.261 157.3 (159) 
 

 
L -asparagine {NH2} 77 2.1442 1.6508 2.5300 0.390 493.4 (159) 

 
 

L -asparagine {NH3} 77 1.1301 0.8184 1.2990 0.480 311.8 (159) 
 

 
L -asparagine hydrate {NH2} 77 2.2391 1.7869 2.6840 0.337 452.3 (159) 

 
 

L -asparagine hydrate {NH3} 77 0.9618 0.8517 1.2090 0.182 110.0 (159) 
 

 
L -glutamic acid hydrochloride 77 0.9365 0.8530 1.1930 0.140 83.5 (159) 

 
 

L-histidine (monoclinic) {+NH3} 77 1.0254 0.9321 1.3050 0.143 93.3 (160) 
 

 
L-histidine (monoclinic) {N} 77 2.6315 2.4130 3.3630 0.130 218.6 (160) 

 
 

L-histidine (monoclinic) {NH} 77 1.4027 0.7498 1.4350 0.910 652.9 (160) 
 

 

L-histidine (orthorhombic) 
{+NH3} 77 0.9736 0.9029 1.2510 0.113 70.7 (160) 

 
 

L-histidine (orthorhombic) {N} 77 2.6316 2.4114 3.3620 0.131 220.2 (160) 
 

 

L-histidine (orthorhombic) 
{NH} 77 1.4065 0.7490 1.4370 0.915 657.4 (160) 

 
 

L -histidine {N} 77 2.6315 2.4130 3.3630 0.130 218.6 (159) 
 

 
L -histidine {NH} 77 1.4027 0.7498 1.4350 0.910 652.9 (159) 

 



 
~ 103 ~ 

 
Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

L -histidine {NH3} 77 1.0254 0.9321 1.3050 0.143 93.3 (159) 
 

 

L-histidine hydrochloride 
monohydrate {+NH} 77 1.2086 0.9889 1.4650 0.300 219.8 (160) 

 

 

L-histidine hydrochloride 
monohydrate {+NH3} 77 1.0541 0.8299 1.2560 0.357 224.2 (160) 

 

 

L-histidine hydrochloride 
monohydrate {NH} 77 1.2846 0.6549 1.2930 0.974 629.7 (160) 

 
 

L -hydroxyproline 77 1.2769 0.6926 1.3130 0.890 584.3 (159) 
 

 
L-lysine monohydrochloride 77 1.2769 0.6926 1.3130 0.890 584.3 (160) 

 
 

L -proline 77 1.6047 0.8298 1.6230 0.955 775.0 (159) 
 

 
L -proline hydrate 77 1.2883 0.6587 1.2980 0.970 629.5 (159) 

 
 

L-serine 77 0.9671 0.8554 1.2150 0.184 111.8 (159) 
 

 
L-serine hydrate 77 0.9138 0.7707 1.1230 0.255 143.2 (159) 

 
 

L -threonine 77 0.9730 0.7640 1.1580 0.361 209.0 (159) 
 

 
L -tyrosine 77 0.9190 0.6980 1.0780 0.410 221.0 (159) 

 
 

L -tyrosine hydrochloride 77 0.7604 0.7051 0.9770 0.113 55.2 (159) 
 

 
magnesium phthalocyanine 77 1.4706 1.2444 1.8100 0.250 226.3 (160) 

 
 

malononitrile 77 3.0154 2.8670 3.9216 0.076 148.4 (91) 
 

 
methacrylonitrile 77 2.9157 2.8303 3.8307 0.045 86.2 (91) 

 
 

methoxyacetonitrile 77 3.1122 2.7552 3.9116 0.183 357.9 (91) 
 

 
methyl ammonium chloride 77 0.7093 0.6617 0.9140 0.104 47.5 (159) 

 
 

methylamine 77 3.3622 2.6117 3.9862 0.374 745.4 (91) 
 

 
methylcyanoacetate 77 2.9730 2.8075 3.8537 0.086 165.7 (91) 

 
 

methylthiocyanate 77 3.0524 2.2207 3.5154 0.473 831.7 (91) 
 

 
methylthiocyanate 198 3.0117 2.2065 3.4786 0.463 805.1 (91) 

 
 

N-acetyl-DL-alanine 77 2.6700 2.0750 3.1630 0.376 594.6 (86) 
 

 
N-acetyl-DL-isoleucine 77 2.7070 2.1000 3.2050 0.379 607.3 (86) 

 
 

N-acetyl-DL-leucine 77 2.7590 2.1620 3.2810 0.364 597.1 (86) 
 

 
N-acetyl-DL-methionine 77 2.8200 2.2060 3.3510 0.366 613.2 (86) 

 
 

N-acetyl-DL-phenylalanine 77 2.8050 2.2750 3.3870 0.313 530.1 (86) 
 

 
N-acetyl-DL-serine 77 2.8380 2.1860 3.3490 0.389 651.4 (86) 

 
 

N-acetyl-DL-valine 77 2.6300 2.1390 3.1790 0.309 491.2 (86) 
 

 
N-acetylglycine 77 2.7680 2.1250 3.2620 0.394 642.6 (86) 

 
 

N-acetyl-L-cysteine 77 2.7700 2.2600 3.3530 0.304 509.7 (86) 
 

 
N-acetyl-L-leucine 77 2.7640 2.1660 3.2870 0.364 598.2 (86) 

 
 

N-chloroacetyl-DL-valine 77 2.6310 2.1200 3.1670 0.323 511.5 (86) 
 

 
N-chloroacetylglycine 77 2.6640 2.0870 3.1670 0.364 576.4 (86) 

 
 

N-chloroacetyl-L-leucine 77 2.6760 2.0360 3.1410 0.364 571.7 (86) 
 

 
N-glycyl L-α-alanine 77 2.7625 2.1125 3.2500 0.400 650.0 (160) 
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Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

nitrogen 4.2 3.4873 --- 4.6500 0.000 --- (91) 
 

 
N-methyl glycine 77 1.4715 0.7860 1.5050 0.911 685.5 (159) 

 
 

nonanedinitrile 77 2.8962 2.8063 3.8017 0.047 89.3 (91) 
 

 
octanedinitrile 77 3.6935 --- 4.9247 0.000 --- (91) 

 
 

octogen 300 

5.0630 3.6230 5.4570 0.497 1356.1 

(84) 
  5.3000 3.7370 6.0270 0.516 1555.0 
  0.7200 0.5400 0.8400 0.420 176.4 
  0.7200 0.4900 0.8060 0.480 193.4 
 

 
pentanedinitrile 77 2.9231 2.7995 3.8150 0.007 12.4 (91) 

 
 

pentanenitrile 77 2.9118 2.8090 3.8138 0.005 10.3 (91) 
 

 
perbromic acid ammonium salt 200 0.0440 --- 0.0580 0.000 --- 161) 

 
 

perbromic acid ammonium salt 297 0.0400 --- 0.0530 0.000 --- 161) 
 

 
PETN 1100 1.4700 1.1700 1.4260 0.340 242.4 (84) 

 
 

PETN 1100 1.3000 1.0800 1.5860 0.270 214.1 (162) 
 

 
phenylalanine 77 1.2288 0.8022 1.3540 0.630 426.5 (160) 

 
 

phthalamide {1} 77 2.0842 1.5638 2.4320 0.428 520.4 (159) 
 

 
phthalamide {2} 77 2.1775 1.6970 2.5830 0.372 480.4 (159) 

 
 

piperazine 270 3.6036 3.0161 4.4131 0.266 586.9 (91) 
 

 
piperidine 77 3.6668 2.9802 4.4313 0.310 686.9 (91) 

 
 

piperidine 141 3.6385 2.9803 4.4125 0.298 657.5 (91) 
 

 
piperidine 195 3.6085 2.9793 4.3919 0.287 630.2 (91) 

 
 

polyglycine 77 2.9112 1.7343 3.0970 0.760 1176.9 (160) 
 

 potassium cyanocobaltate(III) 77 
2.7945 2.7099 3.6840 0.030 55.3 

(91)  
 

2.7892 2.7363 3.6840 0.030 55.3 
 

 
2.7878 2.6888 3.6840 0.030 55.3 

 
 

potassium selenocyanate 77 2.1690 2.0980 2.8449 0.005 7.1 (91) 
 

 
potassium thiocyanate 77 1.8406 1.8065 2.4314 0.028 34.2 (91) 

 
 p-xylene 77 

3.2129 2.6940 3.9100 0.264 516.1 
(91)  

 
3.2109 2.6900 3.9100 0.264 516.1 

 
 

3.1902 2.6740 3.9100 0.264 516.1 
 

 
pyrazine 77 4.2945 2.9923 4.8578 0.536 1301.9 (91) 

 
 pyrazole {N(1) H} 291 

2.3150 1.3230 2.4250 0.818 1003.0 
(164)  

 
2.2840 1.3700 2.4360 0.750 919.0 

 
 pyrazole {N(2)} 291 

3.5700 2.0640 3.7560 0.802 1056.0 
(164)  

 
3.5870 2.0870 3.7830 0.793 1500.0 

 
 pyridazine 77 

4.0118 3.7843 5.1889 0.009 22.1 
(91)  

 
3.9930 3.7777 5.1889 0.009 22.1 

 
 

pyridine 77 3.9143 3.0016 4.6100 0.042 95.7 (91) 
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Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 
 

pyridinium nitrate 77 0.9998 0.5797 1.0530 0.798 420.1 (160) 
 

 pyrimidine 77 
3.7579 2.9004 4.4362 0.386 856.2 

(91)  
 

3.7524 2.8979 4.4362 0.386 856.2 
 

 
pyrrole 77 1.6851 1.4079 2.0620 0.269 277.1 (91) 

 
 

sodium nitrate 77 4.9290 3.7570 5.7920 0.405 1172.9 (91) 
 

 
sodium urocanate {N} 77 2.5301 2.3044 3.2230 0.140 225.6 (160) 

 
 

sodium urocanate {NH} 77 1.5428 0.9022 1.6300 0.786 640.6 (160) 
 

 thioacetamide RT 1.6511 1.2439 1.9300 0.422 407.2 
(160)  

 
1.6611 1.2219 1.9220 0.457 439.2 

 
 

thioacetamide {1} RT 1.6511 1.2439 1.9300 0.422 407.2 (159) 
 

 
thioacetamide {2} RT 1.6611 1.2219 1.9220 0.457 439.2 (159) 

 
 thiourea 77 

2.6497 2.0327 3.1216 0.395 617.1 
(91)  

 
2.6291 2.2010 3.0996 0.393 609.1 

 
 

thymine 181 2.3000 1.4200 2.4900 0.710 880.0 (99) 
 

 
trichloroacetonitrile 77 3.0444 3.0337 4.0210 0.530 1065.6 (91) 

 
 

trifluoronitate 77 5.3209 5.2813 7.0681 0.011 39.6 (91) 
 

 triglycine 77 
1.0060 0.7641 1.1800 0.410 241.9 

(160)  
 

2.5660 1.9490 3.0100 0.410 617.1 
 

 
2.8952 1.7248 3.0800 0.760 1170.4 

 
 triglycine sulphate 338 0.8360 0.5230 0.9060 0.691 313.0 

(160)  
 

0.7673 0.7178 0.9900 0.100 49.5 
 

 triglycine sulphate 293 
0.9037 0.6083 1.0080 0.586 295.3 

(160)  
 

0.7709 0.7036 0.9830 0.137 67.3 
 

 
0.7982 0.7319 1.0200 0.130 66.3 

 
 

trimethylacetonitrile 77 2.8956 2.8845 3.8534 0.006 11.6 (91) 
 

 
trimethylamine 77 3.8957 --- 5.1939 0.000 --- (91) 

 
 

trotyl 77 

0.8690 0.7920 1.1070 0.140 77.3 

(84) 

 
 

0.8950 0.8010 1.1310 0.164 92.7 
 

 
0.8570 0.7670 1.0830 0.165 89.6 

 
 

0.8750 0.7670 1.0950 0.198 108.3 
 

 
0.8610 0.7290 1.0610 0.249 132.1 

 
 

0.8880 0.7300 1.0780 0.293 157.9 
 

 
uracil 77 2.3199 1.5802 2.6000 0.569 739.7 (160) 

 
 

urea 77 2.9134 2.3478 3.5075 0.322 565.4 (84) 
 

 
urea 208 2.8692 2.3225 3.4611 0.317 547.7 (84) 

 
 

urea 273 2.8373 2.3006 3.4253 0.313 536.6 (84) 
 

 
urea 294 2.8264 2.2921 3.4123 0.313 534.2 (84) 

 
 

uridine 77 2.3432 1.5118 2.5700 0.647 831.4 (160) 
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Name 

Temp. 
(K) 

v+ 
(MHz) 

v- 
(MHz) 

e2Qq, 
MHz eta v0 (kHz) Ref. 

 

 

urocanic acid monohydate 
{+NH} 77 1.2120 0.9600 1.4480 0.348 252.0 (160) 

 

 

urocanic acid monohydate 
{NH} 77 1.4167 0.8513 1.5120 0.748 565.5 (160) 

 
 

xanthine 77 

2.4600 1.5750 2.6900 0.658 885.0 

(160) 
 

 
2.7600 2.0400 3.2000 0.450 720.0 

 
 

2.6977 2.2674 3.3100 0.260 430.3 
 

 
1.7629 1.0421 1.8700 0.771 720.9 

 
 

γ-picoline N-oxide 77 1.1707 0.5858 1.1710 0.999 584.9 (160) 
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Appendix B: Circuits 

Much of the equipment described can be commercially purchased, however, at times due to cost or 
noise it is better to build your own circuit. Within this section are circuits which have been 
particularly useful for building atomic magnetometers and the micro-polarizer.   

B.1 Wein-Bridge Circuit 
Heating of the cell for an atomic magnetometer and xenon polarizer can be a source of noise due to 
current passing near the cell. Often oscillating the current at a frequency of several kHz allows for 
the signal to be easily screened with a low pass filter. A frequency generator could be used for 
applying an oscillating signal, however, for this purpose you only need at most two different 
frequencies available. A wein-bridge circuit was suggested by Paul Ganssle as a method that can be 
used to create a sinusoidal signal with the option of one or two frequencies. This particular circuit 
was used with the heating chips for the xenon micropolarizer.  

 

 

 

 

 

 

 

Figure B.1: Wien-Bridge Circuit 
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B.2 NQR Bias Coil Circuit: 
The bias coil circuits are useful for having fine control over the current applied to the bias or 
background fields of the magnetometer and micro-polarizer. This first circuit was for the NQR 
setup and also allowed for a compensation signal related to the solenoid field applied. 

 

Figure B.2: NQR Bias Coil Circuit 



 
~ 109 ~ 

B.3 Micropolarizer Bias Coil Circuit 
This bias coil circuit was used for the micropolarizer and had an additional high field circuit (at the 
bottom) which allows for the fields in the z-axis to apply currents higher than 2mA. Space was left 
when making the circuit to implement this in all three directions.   

 

 

Figure B.3: Micropolarizer Bias Coil Circuit 



 
~ 110 ~ 

B.4 NQR DAVLL Locking Circuit 
The NQR lasers required the use of a DAVLL to avoid drifting. This setup would require the use of 
two lock-in amplifiers which are fairly expensive. The circuit drawn was used to create a PID circuit 
which could act as a replacement lock-in amplifier.  

  

Figure B.4: NQR DAVLL Lock Circuit 
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Appendix C: DFB Diode Construction 

More recently DFB Diode lasers have become more popular as a Rb D1 laser source. Although easy 
to use, these diodes do require some assembly. Below is a set of instructions for constructing these 
diodes.  

C.1 Inventory 
• DFB Diode (Eagleyard EYP-DFB-0795-00080-1500-TOC03-0000; Toptica; Nanoplus) 
• ThorLabs controller (Thor Labs ITC 502) 
• 0.4NA, 600-1050nm, Collimating Lens (ThorLabs C110TME-B) 
• Collimation Package (ThorLabs LDH3-P1-T03) 
• T03 socket (Digikey 598-184-ND) 
• 9 pin male connector (Newark 52K3762)  
• 9 pin female connectors (Newark 78K6626) 
• 5 or 6 regular diodes (IN4448) 
• 1 Schottky diode (IN581A5) 
• Wire (22 AWG)  
• Shrink wrap ( 1/8” and ¼”) 
• Any size optical post, post holder, and screws to attach to laser table 

 

C.2 Procedure 
1) Setup wire connections to 9-pin connectors 

a) The ThorLabs controller has a female 15-pin connector to the thermal control (TEC), and a 
female 9-pin connector to the laser diode (Figure C.1).  The cable connections to these 
outputs result in a 9-pin female connection to the TEC output and a 9-pin male connection 
to the laser diode (LD) connection.  Below is a table which lists the connections of the 15-
pin to 9-pin cable and the 8-pin connection of the DFB diode.  
 

DFB Diode Pins LD Connection TEC Connection 

Figure C.1: DFB Diode Pin Connections 
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 Table C.1: TEC 
Connections 

 Table C.2: Laser Diode Connections  

     

 
TEC 15-pin 
connection 

(female) 

TEC 9-pin 
connection 

(female) 
 

Laser Diode 
Pins 

Controller 
Connection 

Connection  

 1 1  1 TEC9 4 TEC (+)  
 4 2  2 TEC9 3 Thermistor  
 3 3  3 TEC9 2 Thermistor  
 2,5,6 4  4 LD 3 LD Cathode  
 13,14,9 5  5 LD 8 LD Anode  
  6  6 LD 4 PD Anode  
 10 7  7 LD 2 PD Cathode  
 8 8  8 TEC9 5 TEC (-)  
 11 9      
        

b) Cut the wire to a length of 6 to 9 inches.  
c) Solder wires as indicated in the above table. 
d) Solder the 1 and 5 pin of the LD 9-pin connector with a 1 inch length of wire.  

NOTE:  This connection can be used to set up an interlock system, where the laser 
turns off if this connection is open. 

e) Cover the connections to 9-pin connectors with 1/8” shrink wrap. 
 

2) Solder appropriate wires to the 8-pin T03 socket, except for the  LD Cathode and Anode 
connections 
a) Make sure to put ¼” shrink wrap around wire before soldering joints  

3) Solder protection circuit (Figure C.2) in parallel with the LD cathode and anode. 

Figure C.2: DFB Diode Protection Circuit 
This circuit protects the diode from voltage spikes 
and other electrical dangers. 
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NOTE:  The protection circuit will compensate for any voltage spikes, which may otherwise 
destroy the DFB diode. 
a) Diodes:  in the diagram, the line is the anode; physically, the end with a stripe is the anode. 
b) Connect regular diodes in series and over with 1/8” shrink wrap 
c) Connect regular diodes, Schottky diode, and LD cathode, and anode wires to the appropriate 

T03 socket pin (refer to above tables). 
d) Use ¼” shrink wrap or electrical tape to cover soldering joints 

4) Insert collimating lens into T03 mounting cage. 
a) Collimating lens can be screwed into the center hole of one of the plates in the T03 

mounting cage. 
b) Be careful not to touch the lens with your finger.  (Clean lens if you do).    

5) Remove collimating lens plate from the T03 mounting cage.   
a) Loosen side screws on the collimating plate, and slide off of mounting posts. 

6) Connect DFB diode to T03 Socket.   
NOTE:  if using Toptica diodes in ColdPack housing, the T03 mount needs its central area 
milled out , and the ColdPack housing and be inserted in reverse.   

WARNING! DFB diode is sensitive to electrostatic shock, and should be handled while 
grounded. 

a) The DFB diode should be attached through the T03 cage plate into the T03 socket. 
b) They can then be screwed together using a 6-32 1” screw.   
 

7) Connect 9-pin connectors to corresponding controller cables.   
WARNING!  DFB diode should be grounded when not being assembled. 

 
8) Slide the collimating plate back onto the T03 mounting cage.   

 
9) Attach cage to optical post. 

NOTE: This can be attached to the tapped hole at the bottom of the T03 plate of the cage.   
 

10) Attach cage and optical post to laser table. 
a) Insert optical post into post holder. 
b) Screw post holder onto laser table. 
 

11) Double check 
a) Use a Voltmeter to ensure that the anode and cathode of the laser are not connected. 
b) Double check other wire connections.   

NOTE:  the thermistor connections do not have a polarity. 
c) Double check that the laser is set to a CG polarity. 

i) The wiring shown above is set for a cathode ground polarity. 
ii) This is changed using the dip switch on the back of the laser. 
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d) Set the Max current to the LD and TEC as specified by the laser diode. 
i) For the DFB from Eagleyard this should be LD 120mA; TEC 1.022A.  

 
12) Turn laser on. 

DANGER!  Appropriate eye protection should be used when laser is on. 
a) Turn Key in front to ON position. 
 

13) Increase Laser Current to above laser threshold. 
a) Under Display, press the button under ILD, ILD, ULD, until the light next to ILD is on. 
b) Under Adjust, turn the dial counter-clockwise until the current is zero. 

WARNING!  Failure to do this could result in diode damage. 
c) Under Adjust, press the On button. 
d) Turn the dial clockwise until the set current is higher than threshold value (~40mA). 
 

14) Check if the laser is lasing with a test card of appropriate wavelength.   
a) If the laser is not lasing, turn off the laser, double check the connections, and check if diode 

is working. 
   

15) Collimate the laser. 
a) Adjust the position of the collimating lens until the laser beam size remains the same over an 

“infinite” length.  (5 feet should be sufficient).  
b) The laser diode can be adjusted slightly in its mount. 
 

16) Adjust laser frequency to appropriate value. 
a)  Adjust the laser temperature for broad changes in frequency. 
b) Adjust the laser current for smaller changes in frequency. 
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Appendix D: MITI Gas Connections 

This appendix is the most recent diagram of the MITI gas connections.   
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Appendix E: Micropolarizer Shields 

This appendix is the schematics of the Micropolarizer shields submitted to Advanced Magnetics. 
(see Section 5.3.1)  
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~ 118 ~ 

Appendix F: Micropolarizer Bias Coils 

This appendix is the schematics of the Micropolarizer bias coils submitted to the chemistry shop 
(see Section 5.3.1).  
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Appendix G: A Secondary Explanation to Optical Pumping 

This drawing is the result of a lunch conversation with Scott Seltzer. We mused on the thought of 
what a comic about various concepts of atomic magnetometry would look like. Below is a simplified 
look at the concept of optical pumping.  
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