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Abstract

Alkali atoms trapped in solid hydrogen matricies have demonstrated ultralong electron
spin coherence times, and are promising as quantum sensors. Their spin coherence
is limited by magnetic noise from naturally-occurring orthohydrogen molecules in the
parahydrogen matrix. In the gas phase, the orthohydrogen component of hydrogen can
be converted to parahydrogen by flowing it over a catalyst held at cryogenic tempera-
tures, with lower temperatures giving a lower orthohydrogen fraction. In this work, we
use a single cryostat to reduce the orthohydrogen fraction of hydrogen gas and grow
a solid matrix from the resulting high-purity parahydrogen. We demonstrate operation
of the catalyst down to a temperature of 8 K, and we spectroscopically verify that or-
thohydrogen impurities in the resulting solid are at a level < 107°. We also find that,
at sufficiently low temperatures, the cryogenic catalyst provides isotopic purification,

reducing the HD fraction.
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Chapter 1

Introduction

The study of atoms and molecules is crucial for the advancement of quantum technol-
ogy. The study of atoms in the gas phase is extremely difficult due to their motion
and collisions. Trapping of atoms eliminates the atomic motion and hence facilitates
their study. “Matrix isolation” is a technique that involves the trapping of atoms and
molecules within a solid host- a weakly-bound inert ‘matrix’. Compared to other vari-
ous trapping techniques like laser trapping, magnetic trapping, etc., the matrix isolation
technique can trap atoms at high density and thus has a higher statistical sensitivity [[1]].
However, a solid host matrix can perturb the implanted atoms and destroy the proper-
ties of our interest. Thus, the host matrix for matrix isolation experiments should be
so chosen that it ideally preserves the favorable properties of the implanted atoms or

molecules.

Argon (Ar) and neon (Ne) solids have been used as matrices for matrix isolation experi-
ments in the past to study the optical pumping and radiative properties of rubidium (Rb)
atoms trapped inside them [2, [3]]. Solid parahydrogen also has been shown to be an

excellent host matrix. Because their interaction with the host matrix is weak, implanted



atoms and molecules retain much of their gas-phase properties. Parahydrogen matrix
isolation experiments have traditionally been used to perform molecular spectroscopy;
very narrow lines have been observed in infrared spectroscopy [[4]]. Recent experiments
have shown that atoms trapped in solid hydrogen also retain their key properties for use
as quantum sensors for magnetic fields: it is possible to control and measure the spin
states of the implanted atoms through optical techniques [[1} /5], and the trapped atoms
exhibit both long ensemble spin dephasing times (T,) [I5, 6] and long spin coherence
times (T,) [[7Z]. The atoms with long spin coherence times (T,) and long ensemble spin
dephasing times (T,) have important applications in magnetometry, quantum sensing,
and fundamental physics experiments [[8, 9, (10, 11]]. This thesis describes an experi-
ment to grow a highly pure solid parahydrogen which has a promising scope as a matrix

in the matrix isolation experiments.

In the first section of this chapter, we discuss the fundamental properties of the hydrogen
molecule and its possible nuclear states. The second section contains the motivation for
the work presented in this thesis. The prior experiments of concern are discussed in the
third section. The last section provides a summary of the contents of the subsequent

chapters.

1.1 Hydrogen molecule

Solid hydrogen is a quantum solid that possesses distinguishable properties from other
molecular solids. Unlike other (molecular) solids, the rotational motions of the atoms
or molecules isolated in solid hydrogen experience minimal perturbations due to inter-
actions with the matrix [[12]]. If atoms or molecules are trapped within solid hydrogen,
they experience translational localization at their respective lattice sites. However, their

rotational motion is undistorted by the solid hydrogen matrix as low as T = 0 K. This



is mainly due to the large intermolecular distances between molecules in the solid. At
zero-pressure solid density of 2.6 x 10?2 cm™3, the intermolecular distance of its nearest

neighbor is 3.79 A [12].

The ground state of the H, molecule exhibits no net electronic angular momentum,
and hence the net magnetic moment due to electrons is absent. But, the molecule
can exist in two possible nuclear spin states: orthohydrogen (I=1) and parahydrogen
(I=0). They are characterized by odd and even rotational quantum numbers respec-
tively. These odd and even rotational numbers for orthohydrogen and parahydrogen
are governed by the requirement that the total wave function should be antisymmetric
under particle exchange. Figure presents the molecular rotational energy levels for

an isolated H, molecule.

The even rotational numbers for parahydrogen imply a spherically symmetric (isotropic
s- orbital) charge distribution for its ground state. Whereas the odd rotational numbers
for orthohydrogen imply an anisotropic charge distribution (p-orbital) for the ground

state as represented in figure
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FIG. 4. The molecular rotational energy levels for an isolated
H, molecule.. The same diagram applies to D, but scaled down
by about a factor of 2 due to the larger moment of inertia.

The angular distribution of the two lowest rotational states are
also indicated (¥y, and Yy +Y;_4 are actually shown). I is the
total nuclear spin. Numbers in parenthesis are the m degen-
eracies.

Figure 1.1: The schematic of rotational energy levels of orthohydrogen and parahydro-
gen molecule. J and I are rotational and nuclear spin quantum numbers respectively,
and the number in parenthesis are the degeneracies of the J levels. The figure is repro-
duced from reference [[12]].

1.2 Motivation

Alkali atoms trapped in solid parahydrogen exhibit long spin coherence times (T,) [7]
and long ensemble dephasing times (T,) [I5,6]]. However, the coherence time T, of the
electron spin states of the implanted atoms was found to be limited by orthohydrogen
impurities in the solid [[7]]. This is shown in figure The electron spin coherence
times (T,) for rubidium increases by an order of magnitude when the orthohydrogen

fraction changes from 1072 to 10™*. A similar dependence of electron spin coherence



time on orthohydrogen fraction was observed for cesium atoms.
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FIG. 2. The inset shows Hahn echo data for 3°Rb, for a
superposition of the my; = —1 and m; = 0 levels, fit to expo-
nential decay. The main graph shows the measured decoherence
rates (1/T,) for different crystals, taken by traditional Hahn echo
sequences with unresolved m transitions, as described in the
text. Rb data taken at a magnetic field of 13 G; Cs data taken at
22 G. The orthohydrogen fraction is typically known to within
+25%.

Figure 1.2: Electron spin coherence times of rubidium and cesium atoms trapped in
solid parahydrogen, plotted as a function of the orthohydrogen concenteration in the
matrix. The figure is reproduced from reference [7]].

In nuclear magnetic resonance (NMR) experiments performed previously with solid
parahydrogen, the nuclear spin dephasing time T, for HD molecules trapped in the
matrix were also found to be limited by orthohydrogen impurities [[13} [14]]. Figure
shows the dependence of the linewidth of HD molecule with the orthohydrogen fraction

in the matrix.
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Fig. 9. Ortho-H, concentration dependence of the HD
linewidth (full width at half maximum, 8/ ) for four crystais
at T<0.05 K, where X decreased with time by ortho—para
conversion. (For crystal II, this decrease took place over a
period of 5 months.) The data refer to an “equilibrium”’ state
where clustering has been completed. The solid and dashed
lines labeled ST, P, and B refer, resspectively, to the statistical
result, the data by Pedroni ef al.,'® and the data by Buzerak
etal.,'® Egs. (Ta)~(7c).

Figure 1.3: The linewidth (FWHM) for HD molecules trapped in solid parahydrogen,
plotted as a function of the orthohydrogen concenteration in the matrix. The figure is
reproduced from reference [[13]].

Conversion of orthohydrogen to parahydrogen

To check whether the electron and nuclear spin coherence times get significantly bet-
ter at low orthohydrogen impurities, it is crucial to prepare highly pure parahydrogen

samples with an extremely low orthohydrogen fraction.

From the splittings of the energy levels of molecular hydrogen [15]], we can theoretically
calculate the equilibrium fraction of ortho molecules f, ;. at a temperature T. In the low-
temperature limit, we can restrict our considerations to the lowest two energy levels.

In that case, the expression for equilibrium ortho fraction f,, in terms of temperature



T is:

9 e~ (170.5K)/T

fortho = 149 e—(170~5K)/T (11)
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Figure 1.4: The theoretical ortho fraction in thermal equilibrium vs the temperature,
as given by equation

Figure[1.4represents the dependence of equilibrium ortho fraction on the temperature.
In the low temperature limit, the equilibrium ortho fraction drops exponentially with

temperature.

In the absence of catalyst, the conversion of a hydrogen molecule between the orthohy-
drogen and parahydrogen states is extremely slow, even in the solid phase [[12, (16, [171];
for the range of ortho concentrations presented in this thesis, there is negligible ortho

to para conversion (OP conversion) on the timescale of days.

However, this conversion can be speed up by passing hydrogen gas over the param-

agnetic catalyst (e.g. iron oxide or alumina). The paramagnetic catalyst provides a



magnetic field gradient for the orthohydrogen molecule to change its nuclear spin from
I=1 to I=0 [18], [19]. If we expose the hydrogen gas to the catalyst for a sufficiently
long time, the orthohydrogen and parahydrogen fractions should attain thermal equi-
librium [[15, 20]]. The ortho fraction of the hydrogen gas after passing through the

catalyst depends on the catalyst’s temperature [21), 22]].

1.3 Survey of prior work

In this section, we discuss the prior experiments performed to grow highly pure parahy-

drogen samples and their achieved results.

In 1993, Oka prepared a high purity parahydrogen crystal in an enclosed cell main-
tained at ~ 7 K. The OP converter tube was filled with APACHI nickel silica gel and
was immersed in liquid H, or helium in a separate dewar. He could grow samples up to
11.5 cm thick in this setup. Varying the OP converter temperature, he prepared different

samples with ortho fractions ranging between 2 x 1072 and 5 x 10~* [23]].

Tam and Fajardo in 1999 performed rapid vapor deposition experiments to grow high
purity parahydrogen samples. They grew millimeters thick optically transparent sam-
ples with a flow rate of 120 sccm, with the OP converter maintained at 15 K. The
conversion of ortho to para is done by passing the pre-cooled hydrogen gas through
the APACHI catalyst in the OP converter. They used two separate cryostats in their
experiment— one to cool the OP converter and the other to cool the substrate. The gas—
after passing through the catalyst— was deposited on the substrate held at 2.5 K. Using
infrared absorption spectra, they spectroscopically verified that the ortho fraction for

their samples were less than 1 x 10™* [[24].

In 2004, Lee et al. performed pulsed deposition of parahydrogen molecules onto the

substrate to grow solid parahydrogen samples. This method could allow growing solid



parahydrogen samples at the substrate temperature as high as 5.5 K. He used Fe(OH),

catalyst maintained at 25 K for the OP conversion [25]].

Andrews and Wang in 2004 attempted simultaneous condensation and OP conversion
to grow parahydrogen samples. Converted samples are sublimed directly from the
12-16 K catalyst to the 4 K matrix substrate. The best they reported was sublimating a
13 K solid sample which resulted in the formation of a sample with an ortho fraction of
1.9 x 1072 [26]]. Note that this is more than the expected ortho fraction corresponding

to the OP converter temperature of 13 K.

In 2009, Tom et al. performed rapid vapor deposition experiments that were conceptu-
ally similar to the experiment performed by Tam and Fajardo [24]. It was a standalone
system that could grow the samples at flow rates of 400 sccm. They were able to grow
a parahydrogen sample with OP converter temperature maintained at 13.9 K, yielding

the ortho fraction less than 1 x 10~ [27]].

Sundararajan et al. in 2016 used the OP converter similar to the converter designed by
Momose (2009) to grow parahydrogen samples with OP converter temperature main-

tained at 13.5 K and measured the ortho fraction of their sample as 7 x 1072 [128]].

In 2020, Tsuge and Lee operated the OP converter at 13 K with a flow rate of 30 sccm
to prepare parahydrogen gas. For the OP conversion, they built a similar system to the
system built by Tam and Fajardo [24]. After the OP conversion, the parahydrogen gas
is mixed with the guest molecules and deposited onto a substrate. There is a possibility
of back conversion of parahydrogen to orthohydrogen during the the preparation of a
gaseous mixture and matrix deposition. So they expect the ortho fractions for the sam-
ple they deposited to be higher than the ortho fraction expected from the temperature

of the catalyst [29]].

The experiments to grow parahydrogen samples were performed in our lab in the past.
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The previous experimental set-up to grow parahydrogen samples in our lab is presented
in Andrew Kanagin’s thesis [[30]]. With that experimental setup, the parahydrogen sam-
ples with an orthohydrogen fraction of 9 x 10~ could be grown with an OP converter
held at a temperature around 20 K. In this work, with a slightly modified apparatus, we
have employed a similar technique to operate our OP converter at significantly lower

temperatures to grow significantly high purity parahydrogen samples.

1.4 Organization of the thesis

In this section, we briefly describe the contents that appear in the following chapters.

In chapter 2, we describe various parts of the apparatus that were used for our ex-
periment. All the non-cryogenic and cryogenic parts of our apparatus are sorted and
explained in detail. We also discuss the catalyst used for converting orthohydrogen to
parahydrogen. At the end of this section, we briefly discuss the data acquisition and

analysis method used for the experiment.

Chapter 3 is the description of the experimental setup and sample growth. Starting from
the description of the experimental setup and sample growth conditions, we present
the data for the partial pressures inside the chamber. At the end of this chapter, we
discuss the observed delay in the deposition of the hydrogen gas onto the substrate

quantitatively.

In chapter 4, we present the spectrum of solid hydrogen and discuss how we can ex-
tract information about the sample thickness, ortho fraction, and HD fraction from the

spectrum.

Chapter 5 presents the results of our experiment. We present the data of achieved

sample growth rates, ortho fractions, and HD fractions for all the samples grown during
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our experiment. It also includes the discussion about how well the data agrees with the

expected numbers and discuss our results in case of low signal-to-noise data.
In chapter 6, we discuss the attempts made to grow the sample at higher flow rates.

Chapter 7 provides the conclusions for our work in terms of growing higher purity

parahydrogen samples and related future works.
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Chapter 2

Apparatus

The schematic of the apparatus is shown in figure The coldfinger, the second-stage
OP converter, and their thermal links to the second stage of the pulse-tube cooler are
surrounded by a radiation shield thermally connected to the first stage of the pulse-tube
cooler. Three layers of aluminized mylar are placed on the outer surface of the radiation
shields, which prevents black-body radiation from entering from the room temperature
vacuum chamber to the cold parts inside the chamber. All this is contained within a
vacuum chamber formed from ISO 400 nipples. The vacuum chamber, radiation shield,
and the copper heatlinks between the pulse-tube cooler and the cold finger were all
inherited from a prior experiment described in Kyle Hardman’s thesis [31]]. We have
made a few modifications in the prior apparatus to allow for the growth of high-purity
parahydrogen solids: we have added the cold finger plate, cold finger, substrate, and H,
plumbing. We provide the detailed description of all the relevant parts in the following

sections.
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< Pulse tube cooler
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Vacuum Chamber top
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Figure 2.1: Schematic of the apparatus. The vacuum chamber is omitted for clarity, and
various elements and vacuum feedthroughs have similarly been simplified or omitted.
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2.1 Non-cryogenic parts

2.1.1 Vacuum Pumps

We used a roughing pump and a turbomolecular pump to evacuate the chamber. The
roughing pump is used to pump out the chamber at high pressures. When the pressure
inside the chamber reaches < 0.5 Torr, the roughing pump is backing the turbomolecular
pump. The turbomolecular pump used for our experiment is TwisTorr 84 FS which has
a nominal pumping speed of 80 L/s [32]]. During deposition, we keep both pumps
running. Although most of our pumping is cryo pumping from the cold surfaces in
our chamber, the turbopump evacuates the small amount of helium gas present in the

hydrogen gas.

2.1.2 Thermometry

There are five temperature sensors to measure the temperature of different parts inside
the cryostat. Four of them are DT-670 silicon diode (Band B1) sensors from Lakeshore
Cryotronics, located on the cryocooler second stage, cold finger plate, cold finger, and
first stage cold plate. They have a tolerance of £+ 0.5 K for the temperature range of
our interest. The fifth sensor is a S950 silicon diode sensor (uncalibrated) from Cryo-
Con. It has a tolerance of + 0.2 K for the temperature range of our interest. We placed
the S950 silicon diode sensor on the copper block of the second-stage OP converter.
A constant current circuit in the electronics box (described in section [2.1.6) supplies
10 uA current to all these sensors. The temperature is determined from the resulting
voltage drop [133, 34]]. We monitored and logged these voltage drops using a LabVIEW
program (described in section [2.4)).
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2.1.3 Pressure measurements

We monitored the chamber pressure using a 910 DualTrans Transducer from MKS in-
struments [35]]. It is mounted on the top of the vacuum chamber. The data from this
pressure sensor is acquired and recorded using the data acquisition technique as ex-
plained in section [2.4] This pressure sensor is used for pressure measurements from

atmospheric pressure to 10~* Torr.

Figure 2.2: The commercial pressure sensor used for our experiment.

To measure the chamber pressure below 10~ Torr, we used a Residual Gas Analyzer
(RGA) [136]]. It also measures the partial pressure of different gas molecules inside the

chamber. The RGA measurements were performed before each sample growth to have
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an estimate of the background vacuum. The ion-gauge readouts of the background
vacuum were on the order of 1078 Torr. The partial equilibrium pressure of H, was
typically on the order of 10~ Torr, and that of He is < 107!° Torr. During the sample
growths (when hydrogen is flowing into the chamber), we continued pumping on the
chamber, and the equilibrium chamber pressures were on the order of 1077 Torr. The
partial equilibrium pressures of H, and He are typically on the order of 10~° Torr and

1077 Torr, respectively.

2.1.4 Mass Flow Controller

Figure 2.3: The commercial mass flow controller used for our experiment.

We regulated the molecular hydrogen gas flow using a Mass Flow Controller (MFC) [[37]].
Its rated full-scale flow range is 20 sccm (standard cubic centimeter per minute). We
can control the flow rate by supplying a particular setpoint voltage (0 - 5 V) using our

electronics as described in section 2.1.6]

We verified the flow rates of the MFC experimentally before installing it in our appara-
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tus. For that, we measured the volumetric flow of hydrogen gas through the MFC for a
given time at different setpoint voltages. The output gas from the MFC was collected in
a measuring cylinder immersed in water. The volume of the gas collected in the cylinder
for a given time gives the flow rate. Figure presents the flow rates measured in the

lab (non-standard temperature and pressure) at various setpoint voltages.

Measured flow rate in our lab (ccm)

Setpoint Voltage (Volts)

Figure 2.4: The experimentally observed flow rate (in cubic centimetres per minute)
plotted against the setpoint voltage (in volts). The data are fitted into a line (y=a+bx)
with a = 0 sccm and b = 5.2 scem/volt.

Conversion of cubic centimetres per minute in our lab to standard cubic centime-

tres per minute (sccm)

Standard cubic centimetres per minute (sccm) is a unit of flow rate defined at standard
temperature and pressure (STP) of 20°C (293 K)and 1 atm (760 Torr) respectively.
However, the atmospheric pressure in our lab as measured by the MKS pressure sensor
is ~645 Torr. To establish the relationship between standard cubic centimetres per

minute (sccm) and the measurements in our lab, we compare the volume of gas at
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standard conditions to 1 cc volume of gas in our lab.

We have,

Pressure in lab (Pp) = 645 Torr,
Temperature in lab (Tyy) =296K,
Volume in lab Via) = Vi,
Pressure at standard conditions (Pgtandara) = 760 Torr,

Temperature at standard conditions (T,,garq) = 293 K,

Volume at standard conditions (Vandard) = ?

Using the ideal gas law:

I3 lab Vlab P standard Vstandard

Tlab Tstandard

645 Torr x Vi, x 293 K
760 Torr x 296 K

= Vstandard =

== Vstandard = 0.84 Vlab

So, 1 cubic centimetres per minute at our lab = 0.84 standard cubic centimetres per

minute (sccm).

We used this conversion factor to convert the flow rate measured in our lab to the
standard unit- sccm. Figure presents the correspondence of standard flow rates to

various setpoint voltages.
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Flow rate (sccm)
@

Setpoint Voltage (Volts)

Figure 2.5: The standard flow rate (in standard cubic centimetres per minute) plotted
against the setpoint voltage (in volts). The data are fitted into a line (y=a+bx) with
a =0 sccem and b = 4.36 sccm/volt.

2.1.5 Spectroscopy

We performed absorption spectroscopy using a commercial Fourier-transform infrared
FTIR spectrometer— Thermo Fisher Nicolet iS50 FT-IR. The spectrometer has IR and
white light sources; we used the white light source because it has higher intensity at

the wavenumbers of interest in our experiment: ~4000 to ~5000 cm ™.

This white light from the spectrometer is guided through the sample using a series of
mirrors. A plano-convex lens [[38] of focal length 500 mm is placed in the FTIR optical
path before the cryostat to focus the beam reaching the sample. The beam size at the
sample is 4 mm by 5 mm (FWHM). The light transmitted through the sample is focused
into an external mercury cadmium telluride (MCT) detector using a parabolic mirror.
The detector is cooled using liquid nitrogen during its operation. To run the scans, we

used the settings of gain: 4, optical velocity: 1.8988, aperture: 1, resolution: 0.125
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Figure 2.6: Schematic for the FTIR beam path (bottom view of the chamber).

cm™!, and range: 200-10000 cm ™.

20
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2.1.6 Electronics box

We built an electronics box for powering the temperature sensors and logging the volt-
age drop across them. We designed a printed circuit board (PCB) that consisted of one
voltage regulating circuit and six current regulating circuits as shown in the figure

The circuit diagram for the PCB is shown in figure

gnd INPUT + 2468333A-Y1244-200227

T Constant Current Circuit
£ L Ashok Bhandari
- 608 February, 2020
L=t 1C1-6: LM234; IC7: LM317

Input = power in
Constant current out circuits 1-6

o= _Jo

R6

9_":) |

7 PIN1

Figure 2.7: The printed circuit board used in the electronics box. In this PCB, there are
six current regulating circuits and one voltage regulating circuit.

For voltage regulation, we used a LM317 transistor [39]]. The voltage regulating circuit
consists of the transistor along with an adjustable potentiometer and a capacitor. The

output voltage from the voltage regulating circuit is given by:

R
V. =125%x(1+=2) 2.1)
Ry

Here, the ratio of R; and R, was adjusted using the potentiometer to obtain the constant
output voltage of 9 V. The capacitor with capacitance 47 uF was used to improve the

transient response.

For the current regulation, we used a 3-terminal adjustable current source (LM234)
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OO0 OO0

\|
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Figure 2.8: Circuit diagram for voltage regulating circuit and current regulating circuits
in the PCB.

from Texas Instruments [[40]. Figure is the typical performance characteristics plot
of set current with respect to the turn-on voltage for LM234 [40]]. According to fig-
ure using a R,,,,; of 6.8 kQ with sufficient turn-on voltage is required to obtain the

output current of 10 uA.

We used a resistor of resistance 6.5 kQ2 and an adjustable potentiometer along with the
current regulator to complete each current regulating circuits. The turn-on voltage is
supplied by the output voltage from the voltage regulating circuit. We adjusted the

resistance from the potentiometer to obtain the required output current.

When we power the temperature sensors, there is a voltage drop across them. We used
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Figure 2.9: The typical performance characteristics plot of set current with respect to
the turn-on voltage for LM234. The figure is reproduced from reference [40].

those voltages as the analog inputs for the LabVIEW board in the computer [41]. To
connect the sensor voltages to the borad we used a connector block [42]] in our elec-
tronics box, as shown in figure We also used the analog voltage output channel of

the LabVIEW board to control the setpoint voltage for the Mass Flow Controller (MFC).

Along with the temperature sensors, we supply 15 V power to the MKS pressure sensor
and the mass flow controller using our electronics box. We monitored and logged the
temperature, pressure, and MFC setpoint voltage data using the LabVIEW program as
discussed in Section The electronics box including all of its components discussed
above is presented in figure One of the BNC connectors in the electronics box is
used for supplying power to the heater placed on the second stage OP converter, while
rest of them are currently not connected to anything— we can make those connections as
per our future requirements. The military connection cable makes electrical connection
between the sensors inside the vacuum chamber and the electronics box. This cable

connects to the electrical feedthrough on the top of the vacuum chamber. The “power
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Figure 2.10: The inside and outside view of the electronics box.

in” connections are connected to the DC power source of ~15 V.
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2.2 Cryogenic parts

2.2.1 Cryocooler

We used a Cryomech PT-415 pulse-tube cooler for cooling our cryostat [43]]. This cry-
ocooler has two stages: the first stage and the second stage. The first stage reaches a
base temperature of 31 K, whereas the second stage reaches a base temperature of 2.8
K with no heat load. The cooling capacity for the first stage is 45 W at 45 K and that
for the second stage is 1.5 W at 4.2 K. Figure shows the capacity curve for our

cryocooler.
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Figure 2.11: The capacity curve for PT-415 Cryorefrigerator reproduced from reference
[43]].

2.2.2 OP converters

There are two “OP converters" (ortho—para converters) used in our experiment. We
made the OP converters using ¥4" copper "refrigerator tubing" made of alloy 122, which
is filled with the catalyst (explained in section [2.3). Before being filled with catalyst,
each copper tube is soldered into a 1/4"-diameter through-hole in a copper block using
Stay-Brite solder for a thermal and mechanical connection, as shown in figure[2.12] The

through-hole in the copper block is 0.5" long in the case of the first-stage OP converter
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and 1" long in the case of the second-stage OP converter. After filling the copper tubing
with the catalyst, the glass wool is inserted in the tubes so as to prevent spilling of
granular catalyst. The Swagelok-style compression fittings used to join the different
parts of our hydrogen gas “plumbing” keep the glass wool in place. The copper mount
of OP converters are connected to different parts of the cryostat. The length of the
second stage and the first stage OP converter tubings are ~ 16 inches and ~ 12 inches

respectively.

Figure 2.12: The first and the second stage OP converters, along with the bottle of
catalyst and glass wool before anchoring them to the cryostat.

We thermally anchored the first stage OP mount to the first stage cold plate as shown in
figure[2.1] During hydrogen flow, its temperature is 42.5 £ 2.5 K. The second stage OP
mount is suspended from the bottom of the cold finger plate using a few 4" threaded

1/4-20 brass rods (as discussed in section [2.2.5]). Since the thermal equilibrium ortho
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fraction depends on the temperature of the catalyst, we want to operate our OP con-
verter at a range of temperatures. The number of rods used can be changed to obtain
the desired thermal conductance between them. We secured the rods with nuts and
washers on both sides of the cold finger plate and the second stage OP mount such that
the distance between the top of the second stage OP mount and the bottom of the cold
finger plate is 5 cm. The distance from the bottom of the first stage OP converter fitting
to the top of the second stage OP converter fitting is 12.5 inches. The temperature of
second stage OP converter can be controlled using the heater [44] that is mounted on
the OP block. The temperature of second stage OP converter is monitored with a help

of silicon diode sensor mounted on the OP block.

We have used two OP converters in our experiment. While most of the OP conversion is
performed by the second stage OP converter, the first stage OP converter pre-cools the
incoming gas from the room temperature before reaching the second stage OP converter,
and thus lowering the thermal load on the second stage OP converter. Now onwards,
the second stage OP converter shall be referred to as the "OP converter" throughout this

thesis.

2.2.3 Cold Finger

The cold finger is a copper block (alloy 101 or 110) of dimension 4.5" x 1.5" x 0.5"
with a hole of diameter 0.5" on it. The detailed machine drawing for the cold finger is
available in appendix [Al The cold finger is attached to the cold finger plate using two
Y4-20 Brass Hex screws such that it hangs down the plate perpendicularly as shown in
figure We apply a thin layer of Apiezon N grease in the junction between the cold

finger and the cold finger plate.
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Figure 2.13: The “heart” of our apparatus. Omitted from the schematic are the sur-
rounding radiation shield and vacuum chamber. All parts shown are copper, with the
exception of the brass hardware and the sapphire window. The structural components
are copper alloys 101 and 110; the copper tubing is alloy 122.

2.2.4 Substrate

We deposited the parahydrogen gas on the transparent sapphire window. It is an anti-
reflection coated sapphire wedged window [45]] of diameter 1" and thickness of 5 mm,
and has a wedge angle of 30 & 10 arcmins. The sapphire window is placed in alignment
with the 0.5" hole in the cold finger and is secured in place with the help of a window
plate. The window plate is a copper ring 0.125" thick with an inner diameter of 0.75"
and an outer diameter of 1.5". The detailed machine drawing for the window plate is
available in appendix[A] The sapphire window is thermally connected to the cold finger
using indium. The window plate secured the sapphire window in place with 4-40 brass
screws. A kapton ring of thickness 0.005" is placed in between the sapphire window

and the window plate to avoid possible cracking from direct window-to-metal contact.
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2.2.5 Heat Links
Heat links for cold-finger

Due to the chamber’s geometry, the lowest end of the cold finger is 21" below the cry-
ocooler’s second stage. We have thermally linked the second-stage cryocooler to the
cold finger via flexible and rigid copper heat links. The flexible heat links are made of
copper wires provided with copper brackets for thermal contact. The details about the
flexible heat links are available in Kyle Hardman’s thesis [[31]]. The rigid copper links

consist of copper plates (4 K plate & cold finger plate) and copper frame as shown in
figure

The copper 4 K plate is thermally connected to the cryocooler second stage using four
flexible heat links. The 4 K plate is attached to the 4 K frame which connects to the
cold finger plate. The four copper blocks, each of dimension 25" X 1" X 1" that runs
vertically downwards from the 4 K plate, make the 4 K frame. A “Cold Finger Plate"
made of copper (alloy 101 or 110) is attached to the 4K frame using four %4-20 Brass
Hex screws such that the distance between the second stage cryocooler and the cold
finger plate is 16.4". The measured thermal resistance between the cryocooler and the
cold finger is 4.3 K/W at 4 K. This is significant compared to the cryocooler’s effective

resistance (1 K/W). However, we can improve this in our future versions.

Heat links for OP converter

The first stage OP mount is bolted on the first stage cold plate using single %/4-20 Brass
Hex screw and lock washer. The second stage OP mount is thermally linked to the cold
finger plate using a few %4-20 threaded brass rods as shown in figure These brass
rods are 0.1 m long. We can change the number of brass rods to vary the conductivity

of the heat link such that the second stage OP converter is maintained at elevated tem-
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peratures without significant thermal load to the cold finger plate. With this setup, we

can operate the second-stage OP converter within the 8 K to 30 K temperature range.

We performed the experiment using three configurations of the heat links. We per-
formed the growths for OP converter temperature < 15 K by thermally connecting the
cold finger plate with the second stage OP mount using three brass rods. We used two
brass rods as thermal link for the intermediate growths (15 K to 21 K) and a single brass

rod for the hotter growths (21 K to 30 K).

2.2.6 Hydrogen Plumbing

The plumbing for the hydrogen gas flowing inside the chamber is shown in figure [2.1

The hydrogen gas flows into the vacuum chamber via mass flow controller (MFC). A
flexible stainless steel tubing [46] connects the output channel from MFC to the room-
temperature-end of the vaccum feedthrough, and the vacuum-end of the feedthrough
to the first stage OP converter. The connections are made using VCRs and Swageloks.
We bent a 29" long smooth-bore seamless stainless steel tubing [47] into coils (like a
spring) for flexibility and connected it to the copper tubings of the first and second stage
OP converter. The connections are made using using 4" to 1/16" stainless steel straight
reducers [[48]. The other end of the second stage OP converter that runs towards the
cold finger is provided with a brass %4" to 1/8" parker compression fitting. The 1/8"
copper tubing is fitted to the other end of this brass parker compression fitting and
is bent in such a way that it deposits the hydrogen gas to the window as shown in
figure The end of this 1/8" copper tubing is approximately 3 cm away from the

sapphire window.
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2.3 Catalyst

We used the Molecular Products Ionex OP catalyst for the effective conversion of ortho
hydrogen to para hydrogen. We used a bottle of Aldrich 371254-50G Iron (III) oxide
hydrated, catalyst grade 30-50 mesh (Lot #MKBQ2447V) as the catalyst. We filled ~ 9
grams and ~ 7 grams of catalyst respectively into the first and second stage OP tubings

(explained in section [2.2.2]).

2.4 Data acquisition and analysis

We acquired the real-time data for cryostat temperatures, and the chamber pressure
through the LabVIEW program [[49]]. We used IGOR Pro software for the data analy-
sis [[50]]. IGOR can be programmed to load the data, display it and perform various

statistical calculations.
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Chapter 3

Experimental Setup and Sample

growth

3.1 Experimental setup and growth conditions

The cooldown curve of the cryostat is presented in figure It takes ~ 15 hours for
the parts inside the vaccum chamber to reach to their base temperatures. The base
temperatures for first stage cold plate, cold finger plate, cold finger and cryocooler
second stage are ~ 42 K, ~ 4 K, ~ 3.6 K and ~ 2.7 K respectively. It should be noted
that the cold finger is thermally linked to second stage of cryocooler via cold finger
plate; the temperature of the cold finger should be higher than that of the cold finger
plate. However, figure shows that the cold finger is colder than the cold finger
plate. This is because the silicon diode temperature sensors used for measuring these

temperatures have a tolerance of + 0.5 K (described in section [2.1.2).

The base temperature of OP converter depends on the number of brass heat links chosen

(as described in section |2.2.5]). For the cooldown data presented in figure the base
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temperature of OP converter is ~ 11 K, which is obtained using a single brass heat link.
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Figure 3.1: The cooldown curve of the cryostat.

We used vapor deposition technique to grow high-purity parahydrogen samples [[24, 27,
28]]. A mass flow controller (MFC), mounted on the top of the chamber at room tem-
perature, regulates the flow rate of 4 sccm. The hydrogen gas passes into the cryostat
following the gas line described in section The gas is cooled in two stages in two
OP converters. The details about OP converters are discussed in section The first
stage OP converter is thermally connected to first stage of pulsed tube cryocooler. This
stage has a large cooling power and works well for the large thermal load due to in-
coming gas beam from room temperature. The second stage OP converter is thermally
anchored to cold finger plate using 1/4-20 brass rods as explained in section[2.2.5] The
thermal equilibrium ortho fraction for the parahydrogen samples grown using this setup

should correspond to the temperature of the catalyst in the second stage OP converter.

We monitor the sample thickness using FTIR spectroscopy. This spectroscopic tech-

nique is used after sample growth to measure the sample’s orthohydrogen fraction, as
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discussed in section [4. Sample thicknesses ranged from 0.4 to 4 mm; deposition rates
are discussed in section Samples were grown for second-stage OP converter tem-

peratures ranging from 8.1 K to 29 K.

The temperature profile of the cryostat during sample growth is shown in figure At
timestamp 10:49 AM, we supplied power to heater on the OP converter, and at 12:20
PM, we initiated the flow from the MFC. The deposition began at 1:50 PM. We stopped

the sample growth at 8:00 PM by turning off the MFC.

OP converter
] —— Cold finger plate
10 —— Cold finger
—— Cryocooler second stage

Temperature (K)

12:00 PM 3:00 PM 6:00 PM 9:00 PM
7/23/20

Date & Time

Figure 3.2: The temperature profile of the cryostat during sample growth. The tem-
perature of the first stage cold plate (which is not presented in the graph above) is
consistent around 42.5 £ 0.2 K.

During sample growth, the cold finger temperature ranged from 3.8 K to 4.6 K, up from
its base temperature due to the heat load from depositing gas and the heater used to
maintain the OP converter at elevated temperatures. We observed a delay in deposition
of hydrogen onto the substrate (explained in section [3.3). During the delay, the heat

load on the OP converter from the gas is greater than the heat load after the deposition
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begins as shown in figure [3.2

3.2 Chamber Pressure

We performed the RGA pressure measurements before each sample growth to measure
the background vacuum. The typical ion-gauge readouts of the background vacuum
were on the order of 1078 Torr. The partial pressure of H, was typically on the order
of 107 Torr, and that of He is < 107° Torr. During the sample growths, we kept the
turbo-pump running, and the chamber pressures were on the order of 107 Torr. During
the sample growth, the partial pressures of H, and He are typically on the order of 107°

Torr and 10~° Torr, respectively.
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Figure 3.3: The partial pressure inside the chamber recorded by the RGA, plotted as a
function of the mass number for our highest OP converter temperature growth (~28
K).
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3.3 Delay in Deposition

In our sample growth experiments, we observed a significant delay between the start
of the hydrogen flow at the room-temperature mass-flow controller and the beginning
of sample growth. We attribute the delay to the adsorption of hydrogen molecules onto
the surface of the catalyst. Once this layer reaches a “saturation” thickness, hydrogen
exits the OP converter. We attribute the extra heat load during deposition to the sum
of the heat load of cooling the incoming gas (which is also present during steady-state

flow) and the heat of deposition (which goes to zero during steady-state flow).

Figure shows the delay time between the start of hydrogen gas flow and the begin-
ning of sample growth, plotted as a function of the average temperature of the second-
stage OP converter during the delay. The delay for flow rates of 4 and 17 sccm both are
included in the plot. The detailed discussion on the sample growths at higher flow rates
can be found in section[6] For the similar OP converter temperatures, we observed that
the delay time at 17 sccm flow rate is roughly 4 times smaller than the delay time at

4 sccem.

In order to estimate the monolayers of adsorbed H, solid on the surface of the OP

catalyst, we perform the following calculation:

Standard cubic centimetres per minute (sccm) is a volumetric unit of flow rate defined

at standard temperature and pressure (STP) of 20°C and 1 atm respectively.

Using the ideal gas law, we get,

m= 2.69 x 10 molecules
- minute

1 scc

We used this conversion factor to calculate ~4 sccm hydrogen gas flow rate into the

chamber. The number of molecules adsorbed is quantified using the time delay (figure
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Figure 3.4: The delay time between the start of hydrogen gas flow and the beginning of
sample growth, plotted as a function of the average temperature of the second-stage OP
converter during the delay. The delay for flow rates of 4 and 17 sccm both are presented
in the plot.

3.4) and the flow rate. The number of molecules adsorbed on the surface of the catalyst
in the second stage OP converter exhibits decreasing trend on increasing the catalyst

temperature and is independent to the flow rates as shown in figure|3.5

We further estimated the thickness of the adsorbed layer using the prior surface area
measurements of the catalyst [51]], and by approximating the density of a thin film of
hydrogen to be the same as the bulk density [[12]]. From this model, and the assumption
that the hydrogen is deposited primarily in the second-stage OP converter, the observed
delay at our coldest OP temperatures corresponds to a deposited hydrogen film ~ 2
monolayers thick, and the delay at OP converter temperature of 30 K would correspond
to a half-monolayer-thick film. Figure shows number of monolayers deposited on
the catalyst surface, plotted as a function of the average temperature of the second-stage

OP converter during the deposition. It shows that the number of monolayers deposited
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Figure 3.5: The number of molecules adsorbed on the catalyst surface, plotted as a
function of the average temperature of the second-stage OP converter during the depo-
sition.

in the surface of the catalyst is consistent with the OP converter temperature and is

independent of the flow rate.
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Figure 3.6: The number of monolayers deposited on the catalyst surface, plotted as
a function of the average temperature of the second-stage OP converter during the
deposition. The data for both 4 and 17 sccm flow rates are presented in the plot.
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Chapter 4

OD spectrum of Solid Parahydrogen

We take the FTIR spectrum with the hydrogen sample (I(v)) and without the sample
(I,(v)) as described in section . Figure presents the comparison of the spec-
tra with and without the sample. The atmospheric absorption lines are dominant in
the regions around 4000 cm™', 5500 cm™! and 7500 cm™' wavenumbers. The spectra

1

with sample (red curve) exhibits additional absorption lines between 4000 cm™ and

5000 cm™! wavenumbers; these are the parahydrogen transitions we are interested in.

We then calculate the transmission of the solid parahydrogen by comparing spectra
I(v)
Iy(v)

taken with and without the sample: T = ( ) We convert this transmission to an

the optical depth (OD) using: T = e °P.

The FTIR beam passes through the multiple windows in our cryostat, hence producing
the interference fringes. This is called etalon effects. In order to remove interference
fringes arising due to etalon effects, we filter our OD spectra. For that, we select a region
in the OD spectrum where there are no absorption transition features, and take its
Fourier transform (magnitude squared) to determine the frequency of the interference

fringes. We use a notch filter at those frequencies to filter the OD spectrum. Figure [4.2
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Figure 4.1: The raw absorption spectrum with and without the sample plotted against
the wavenumber. We process these spectrum to calculate the optical depth (OD) as
described in the text.

shows the comparison between unfiltered and filtered OD spectra around 4740 cm ™.

Clearly, the etalon effecs are supressed by filtering the data.

Sample spectra of two parahydrogen samples are shown in figure where we have
I(v)
Iy(v)

In this work, we are dealing with with ro-vibrational transitions. These are the transi-

plotted optical depth, OD = -log, ( ) as a function of wavenumber (cm™!).

tions where rotational and vibrational quantum numbers change. These transitions are

labeled using the notation:
X,(D)

Where: X1 AJ =/ final — J initial>

a : the excited state vibrational level (denoted by integers), and
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Figure 4.2: The unfiltered and the filtered OD curve for a given sample (grown at OP
converter 20 K) plotted against the wavenumber. The OD curve is filtered as described
in the text.

b : the initial rotational state denoted by Jj;a-

Note that all lines originate in a = O vibrational state. The frequently encountered AJ

values and their corresponding symbol are listed in the table below.

X |P|Q|R|S|U

AJ|-1|10|+1|+2|+4

The table consists of the list of spectral features in solid hydrogen encountered in
this work. The transitions are labeled either in a single X,(b) or in a double X,(b)
+ Y.(d) notation. The single transition notation corresponds to excitation in a single
parahydrogen molecule or orthohydrogen molecule whereas the double transition nota-
tion represents the simultaneous excitation of two neighbouring molecules [20]. These

labels are consistent with the notation used in references [[52} 53], [54]].
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Transition Wavenumber (cm™!) | Notes
Q,(0) + S,(0) 4495 - 4520 Broad feature: excitation in the two
neighbouring parahydrogen molecules
S,(0) + S,(0) 4825 - 4855 Broad feature: excitation in the two
neighbouring parahydrogen molecules
Q,(0) + Qy(1) 4153 Vibrational transition in a parahydro-

gen molecule (Q,(0)) and an orienta-
tional transition in a neighbouring or-
thohydrogen molecule(Q,(1))

Q,(0) +S,(1) 4740 Vibrational transition in a parahydro-
hen molecule (Q,(0)) and a rotational
transition in a neighbouring orthohy-
drogen molecule(S,(1))

Q1(0)y, + So(0)gp 4420 Vibrational transition in a parahydro-
gen molecule (Q,(0)y,)) and rota-
tional transition in a neighbouring HD
molecule (S,(0)yp)

Table 4.1: A list of single and double IR transitions in solid hydrogen. The labels of
these spectral features are consistent with the notation used in references [[52, 53 54]].
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Figure 4.3: Spectra of two samples grown at OP converter temperatures of 16 and
29 K. To simplify visual comparison of the two spectra, the background OD has been
subtracted, the spectra have been normalized by the area of the Q,(0)+S,(0) transition,
and the spectra have been low-pass filtered to reduce the resolution to ~ 0.5 cm™.
These operations are not done on the spectra used for analysis of our samples. The
spectral features used in this paper are labeled according to the notation of references
[52, 53| [54]]. The inset shows the same spectrum as the main figure, “zoomed in” to
show the transition used to measure HD molecules.
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4.1 Measurement of sample thickness

We determine the thickness t of the sample using the Q,(0) + S,(0) and S, (0) + S,(0)

transitions, following the procedure outlined by Fajardo [[52]].

4520 ecm™!
t=4.8%x10"2 mm- J ODdn/cm™ (4.1)
4495 ¢cm~!
4855 cm™!
t=6.2x10"! mm- f ODdn/cm™ (4.2)
4825 cm~!

In both equations[4.1]and [4.2] the background OD is subtracted from the integral under
the assumption that it is equal to a linear interpolation of the OD at the endpoints of
the integral, as per reference [52]]. The estimated thickness error for these formulae
is £3% in the limit of low orthohydrogen fraction [52]]. For our data, we find the two

transitions give similar values of t, with a standard deviation of 1.3%.

For our further calculations, we use the average thickness from these two thickness

measurements.

4.2 Measurement of ortho fraction

For the experimental determination of the equilibrium ortho fraction, we use various
absorption features in the OD curve. As seen in figure the optical depths of the
Q,(0) + Q,(1) and Q,(0) + Sy(1) “ortho-induced” transitions (at 4150 and 4740 cm™*,
respectviely) depend on the orthohydrogen fraction in the sample. The dependence
of the Q,(0) + Q,(1) transition’s optical depth on the orthohydrogen fraction f,, has

previously been reported in the literature. In the low-ortho limit, Fajardo [[55] reports
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that:

ODdn/cm™ (4.3)

~ 1.24x 107" mm f4154 em™
4

f ortho — t
151 cm™!

with the background OD subtracted from the integral under the assumption that the
background is a linear interpolation of the OD at the endpoints of integration. The

accuracy of this formula is reported to be £10% [55]].

We can also use the other ortho-induced Q,(0) absorption lines at 4737-4742 cm™*
to calculate the ortho fractions. The disadvantage of the Q,(0) + S,(1) transition is
that it’s sitting on the broad shoulder of the S;(0)+ phonon transition, and is slightly
lower in amplitude (although bigger in area) as compared to Q,(0) + Q,(1) transition.
However, it is advantageous for our current optical setup because it is at a frequency
where we have more light, and no significant absorption lines in the air as compared
to the Q;(0) + Q,(1) transition at 4151-4154 cm™". In this work, we choose to use the

Q,(0) + S,(1) transition to measure the orthohydrogen fraction.

We were initially unable to find a literature value for the relation between the Q,(0) +
So(1) optical depth and the orthohydrogen fraction, so we calibrated it using the Q,(0)+
Q,(1) absorption feature, as shown in figure We performed the calibration by
comparing the integrated areas of the Q;(0) + S,(1) and Q,(0) + Q,(1) transitions in

the OD spectrum of few of our higher temperature growths.

Using this calibration, we can calculate the ortho fraction from Q,(0)+ S,(1) transition

at 4737-4742 cm™! as:

ODdn/cm™ (4.4)

787x102mm [ 7 e
f ortho — ' f
t 4

737 cm™1!

The background optical depth is subtracted from the integral as described at the end of
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4737 cm” to 4742 cm’”

9
0.01
Integrated OD - background from 4151 cm' to 4154 cm”’

Figure 4.4: Calibration of the Q,(0)+S,(1) line (the vertical axis) from the Q,(0)+Q,(1)
line (the horizontal axis). The data is from samples grown at temperatures from 19 K
to 29 K. The background optical depth is subtracted from each integral, as described in
the text. The data are fitted into a line (y=a+bx) with a=0 and b=1.58.

this section.

We found a small systematic error in formula[4.4} as the Q,(0)+S,(1) transition was ob-
served to broaden with increasing orthohydrogen fractions. This is explained in section
For OP converter temperatures between 16 and 29 K, the measured linewidth

L. This leads to a variation

increases roughly linearly from a FWHM of 0.8 to 1.0 cm™
in the “fraction” of the Q,(0) + S,(1) transition contained within the finite region of
integration of equation We estimate that, for the orthohydrogen fraction range
explored in this work, this leads to errors in f, 4, of < 11%. At larger orthohydrogen

fractions, this error would likely increase.

Also, for the fit, the rms fractional deviation of our data from the fit is 4.45%. Combining

this error with the systematic error due to line broadening and the claimed accuracy of
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reference [[55]], we estimate the accuracy of formula to be £15% over the range of

conditions explored in this work.

During the preparation of the manuscript to publish this work, we became aware of
a prior measurement of the Q,(0) + S,(1) transition by Raston, Kettwich, and Ander-
son [56]]. Their method of spectral analysis — which integrates over a wider wavelength
range than equation — is capable of providing accurate results at high ortho frac-
tions. Our narrower range of integration provides lower noise for the measurement
of low ortho fractions. The coefficient of equation [4.4|is consistent with the transition

strength of reference [[56]] to within the stated errors of the two works.

For the low temperature growths, the ortho fraction is low, and consequently the Q,(0)+
So(1) absorption feature exhibits poor signal to noise. This absorption feature is located
on the phonon sideband of parahydrogen transition. So we used the following to sub-
stract off the background. First, we selected our region of interest (ROI) in the OD curve
(i.e., 4737-4742 cm™'). On both sides of the region of interest (ROI) we integrate the
optical depth of 5 adjacent regions of the same width as the ROI. The resulting 10
“background” points are fit as a function of their center wavelengths to a 4th-order
polynomial. (The ROI is excluded from this fit). The difference between the area of
selected range and the fit gives us the integrated OD. We then use this polynomial to
calculate the background in the ROI. We estimate the statistical error of our measure-
ment from the chi-square value for the fit, the number of fitted points (i.e. 10) and the

number of fit parameters (i.e. 4). The error is determined as:

2
error = - - 4 ,
number of fitted points — number of fit parameters
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4.2.1 Linewidth broadening and Systematic erorrs

For calculating the ortho fraction of the sample, we are using Q,(0) + S,(1) transition
around 4740 cm™! as discussed in section[4.2] However, we observed the line broaden-
ing of Q,(0) + S,(1) transition for samples grown at higher OP converter temperatures.
Figure [4.5|shows the variation of linewidth as a function of OP converter temperature.

For OP temps between 16 and 29 K, the line width increases linearly from 0.80 to 1.02

1
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Figure 4.5: Line width of the normalized Q,(0) + S,(1) transition as a function of OP
converter temperature..

It should be noted that while calculating the area under the transition curve, we select a
finite range of integration: 4737 cm™' to 4742 cm™'. This variation in linewidth results
in the error on determining the area under the given integration range. According to
equation this error in the area introduces error in the calculated ortho fraction. To
account for this, we explored the variation OD area of the normalized Q,(0) + S,(1)

transition as a function of integration range. Typically, we select 5 wavenumbers wide
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integration range from 4737 cm™! to 4742 cm™! for our calculations. But to study the
effect of linewidth issue on the integrated OD area, we calculated the area under the
transition curve for different integration ranges, and plotted them. Figure shows
that the OD area of this feature within 5 wavenumbers wide calibrated range is less
than the total area of this transition under a 20 wavenumber integration range. The
area varied by as much as 11% for the growth at 28.95 K. The purple curve in the plot
represents the normalized OD area for the growth at OP converter temperature of 19.54
K. The ortho transition for this growth has relatively lower signal as compared to the
growths at higher OP converter temperature, and hence suffers from low signal to noise
when normalized. This causes the normalized OD area to decrease as the integration

range is increased.

Normalized OD Area

I I
0 2 4 6 8 10 12 14 16 18 20
Integration Range (cm™')

Figure 4.6: OD area of the normalized Q,(0)+ S,(1) transition as a function of integra-
tion range.
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4.3 Measurement of HD fraction

To measure the HD fraction in the sample, we used the Q;(0)y, + So(0)yp transition
at 4420 cm™'. While we were unable to unable to find a literature value relating the

optical depth to the HD fraction fy, Crane and Gush [53] have published spectra of

parahydrogen samples with known HD fractions presented in figure (4.7

::I Q1(O)HD /V" |
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1.9°K 269 mm path | /
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F1G. 6. The induced absorption spectrum of the solid mixture 10% HD -90% H,. The spectral resolution limit is 0.4 cmL

Figure 4.7: Figure reproduced from reference [53]].

Figure includes the induced absorption spectrum of the solid mixture of 10% HD
and 90% parahydrogen. Though it is a larger HD fraction as compared to the range

explored in our work, we used the HD transition around 4420 cm™ to establish the

relation between HD fraction and the integrated OD of the transition peak. From their

spectra, we find in the low HD limit,

ODdn/cm™

416 cm—1

8.96 x 1072 mm
fup = t

4424 cm™!
f 45)
4.
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with an estimated accuracy of £10%.

The Q;(0)y, + So(0)yp transition used to measure the HD fractions is located on the
phonon sideband of parahydrogen transitions. At low HD fractions, this background
optical depth is much larger than that of the transition of interest. To subtract the

background, we followed the same procedure as explained in section
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Chapter 5

Results

5.1 Sample growth rate

For a hydrogen flow rate of 4 sccm, the measured sample growth rates ranged from 0.10
mm/hr to 0.25 mm/hr for all of our growths. We were able to carry out the successful
growth of parahydrogen samples at OP converter temperature as low as 8.1 K. The

sample growth rate during the end of the growth at 8.1 K was 0.19 mm/hour.

However, attempts to grow at OP converter temperature < 8 K were unsuccessful. An
attempt to grow at an OP temperature of 7.62 K resulted in a low deposition rate of
~ 0.07 mm/hr for roughly 158 minutes, before the flow stopped. This was verified by
the drop in MFC signal and the FTIR spectrum. We interpret this as clogging the OP

converters with hydrogen.

The sample growth rate is the interplay between the sample sublimation rate, the flux
of incoming H, molecules at the sapphire window and their sticking probability. We

present their effects in the following discussion.



55

Estimate of sample sublimation rate

Velocity of a gas molecule is related to its temprerature as given by [[57]:

1 3 3Nk T
KEqyy = 5MVg,e = SNiksT = vy = | =3 (5.1)

where, N, = 6.023 x 10 is Avogadro’s number, M is the molar mass and k; is the

Boltzmann constant.

From ideal gas law PV = NkzT, we estimate the density of gas-phase atoms around
the solid sample:

=— (5.2)

Then, the flux can be calculated as:

. . p 3N,k T 3N,P2
Flux = Density x Velocity = X = 5.3
v YT J M K, TM (5-3)

Here, P is the vapor pressure of H, molecules at a given temperature T.

Consider the case of a thin sample where sublimation only matters on the large face.
The sample is deposited on the sapphire window. So, the sublimation is only possible
from one exposed face i.e. the face where we are depositing parahydrogen gas. In that

case,

Change in number of molecules = Flux x Area

Flux x Area

Pn
Flux x Area _ Flux

PN X Area PN

Here p, is the number density of the solid H, which has a value 2.6 x 10?® m™3 [[12]].

Change in volume of the sample =

Change in thickness of the sample =
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Hence, the change in thickness due to sublimation can be calculated by dividing the
flux by the number density of the solid H,. Equation shows a dependence of flux
with the vapor pressure. The natural logarithm of vapor pressure for molecular H, as

a function of temperature is reported in literature [[58]] as:

6.94152
In(P) =7.570953 — % +2.8606781In(T) (5.4)

Substituting this for P in equation [5.3] we can calculate change in sample thickness due

to sublimation as:

N 86.94152
Change in sample thickness = ——2——exp(7.570953 — QT +2.8606781n(T))

pyvVR-T-M
(5.5)

-
o
w

—
OA

BN
ol

BN
oI

BN
ol
(¢)]

—_—
oI
4

Estimated sublimation rate (mm/hour)
w

'
©

-
o

T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Substrate T (K)

Figure 5.1: The estimated sample sublimation rate for molecular H, plotted as a func-
tion of the substrate temperature.
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Our calculation shows that the sample sublimation rate depends on the substrate tem-
perature; higher substrate temperatures result in higher sublimation rate. Our calcu-
lation shows that for the growths at OP converter temperature 14 K and 20.5 K (the
substrate temperatures are 4.5 K and 4.6 K respectively), the sublimation rate is signif-
icant and is responsible for limiting their growth rates. However, the sublimation for
the growths with substrate temperature < 4.4 K seems to have negligible effect on the

sample growth rate. This can be seen in the data presented in figure

Flux of incoming H, molecules

We maintained consistency in the flow rate of 4 sccm during our growths. However,
that does not necessarily imply that the flux of incoming H, molecules on the sapphire
window is constant. The collimation of the incident beam of H, molecules onto the
substrate dictates the flux of incoming H, molecules. At higher OP converter temper-
atures, the molecules have higher kinetic energy. This could result in spreading of the
gas molecules between the hydrogen output and the substrate and hence could limit

the number of molecules reaching the substrate.

Sticking probability

The sticking probability for H, on different surfaces depends on the temperature of
incoming gas beam. It has been reported in the literature that the sticking probability
of hydrogen molecules (on various surfaces) falls significantly as the temperature of the

incident beam increases [59, 160]].

Figure shows the measured growth rate for different samples, plotted as a function
of the average OP converter temperature during sample growth. The growth rate of the
sample shows a significant dependence on both the temperature of the second-stage OP

converter and, at sufficiently high substrate temperatures, the substrate temperature as
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Figure 5.2: The measured growth rate of different samples, plotted as a function of the
average OP converter temperature during sample growth. The data points are colored
according to the average substrate temperature during growth.

well. The two sample growths at substrate temperatures 2 4.4 K suffer from high sam-
ple sublimation rate (as compared to the deposition rate) based on the calculations
mentioned before. However for all growths at substrate temperature <= 4.4 K, where
sample sublimation is not an issue, appears to have a linear dependence on the OP con-
verter temperature. Although we do not understand the reason completely, we assume
that it is governed by the collimation of the H, gas beam towards the substrate and the
sticking probability of the atoms to the substrate. With the higher OP converter temper-
ature, the incoming gas beam has higher beam temperature and consequently would be
expected to have a lower sticking probability resulting to the slower growth rates. We
speculate that the decrease in the growth rate with increasing OP converter temperature

is primarily due to a change in the sticking probability of hydrogen molecules.
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5.2 Ortho fraction

The results of our measurements of the orthohydrogen fraction of 20 separate samples

for a flow rate of 4 sccm are shown in figure 5.3
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Figure 5.3: Measurements of the orthohydrogen fraction in deposited samples, plotted
as a function of the OP converter temperature during sample growth. The temperature
shown is the average temperature of the OP converter during deposition; the tempera-
ture error bars indicate the range of temperatures during growth. Not included in the
temperature error bar is the £0.2 K accuracy of the thermometer. The orthohydrogen
fraction error bar represents the statistical error of the meaurement; not included is the
+15% uncertainty due to the accuracy of our spectroscopy calibration. For compari-
son, the expected orthohydrogen fraction in thermal equilibrium is shown a function of
temperature [[12]].

The experimental spectroscopic results obtained for the ortho fraction shows the ex-
pected behavior. The measured orthohydrogen fractions are consistent— within our
experimental error— with reaching thermal equilibrium at the given OP converter tem-

perature.

Due to better signal-to-noise of our spectroscopic measurements for the higher temper-
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ature growths, we can measure the orthohydrogen fraction in the high OP converter
temperature regime. However, at our coldest temperatures, the signal-to-noise of our
spectroscopic measurements is less than one, and we can only put an upper limit on the
ortho fraction. A weighted average of the ortho fractions for the growths with OP con-
verter temperature T < 10 K gives an upper limit on the ortho fraction of 1x107° at 95%
confidence. To confirm whether our OP converter is still achieving the expected “equi-
librium” ortho fractions at temperatures < 11 K will require a more sensitive probe of
the ortho fraction than is achievable with our current spectroscopy. If the OP converter
is functioning equally well at our coldest temperatures as it was at higher temperatures,

the ortho fraction should be in the order of 1078,

5.3 HD fraction

Hydrogen atom exists in various isotopic forms. The naturally occuring isotopes of
hydrogen are protium (A=1) and deuterium (A=2). The nucleus of protium consists
of a single proton whereas the deuterium nucleus consists of a proton and a neutron.
Protium and deuterium have natural abundance of 0.99985 and 1.5 x 10~ respectively
[61]. A hydrogen (H,) molecule is made up of two protium atoms and a deuterium
(D,) molecule is made of two deuterium atoms. However, if a protium atom combines
with deuterium atom, it forms hydrogen deuteride (HD) molecule. Assumuing that the
bond strength between the constituent atoms of H,, D, and HD molecules are similar, a
fraction of 3 x 10~* would be expected for HD from the natural abundance of deuterium

(61l.

We measured the HD fraction fy, spectroscopically as described in section We
found that our OP converter, if operated at sufficiently low temperatures, also provides

isotopic purification of the hydrogen gas. This is advantageous for creating a non-
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magnetic matrix. As the ground state of the HD molecule has a nonzero nuclear spin, it
has a magnetic moment associated with its nuclear spin. This magnetic moment could

possibly play a role to limit the T, and T, of implanted spin qubits.
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Figure 5.4: Measurements of the HD fraction in deposited samples, plotted as a function
of the OP converter temperature during sample growth. The temperature shown is
the average temperature of the OP converter during deposition. The orthohydrogen
fraction error bar represents the statistical error of the meaurement; not included is the
+10% uncertainty due to the accuracy of our spectroscopy calibration.

The results of our measurements of the HD fraction of 20 separate samples are shown
in figure For the OP converter temperatures > 19 K, the measured HD fraction
is inconsistent from sample to sample. The weighted average of measurements from
7 separate samples above 19 K give an HD fraction of 2.2 x 107* £ 0.15 x 10> with
the Chi-Squared value of 126.5. The standard deviation of 7 points from the fit is &+

2.8 x 1074,

For the OP converter temperatures < 16 K, the HD fraction is too small to measure,

and the weighted average of measurements from 10 separate samples below 16 K give



62

an HD fraction of —1.1 x 107> + 0.7 x 107> with the Chi-Squared value of 8.5. The

standard deviation of 10 points from the fit is + 2.1 x 107>,

While we did not originally anticipate this isotopic purification of the hydrogen gas,
in retrospect it is not a surprising result. We speculate the effect is due to the slight
differences in the vapor pressure of the different isotopes of hydrogen, as seen in fig-
ure These slight differences are likely “amplified” by flowing the gas through a tube
filled with ortho-para catalyst: flowing hydrogen gas over a granular media at cryogenic
temperatures is a demonstrated method for isotopic purification [62],163]]. We note that
prior parahydrogen research noted that HD and D, condense at higher temperatures

than H,, and that this effect can eventually cause clogging of the OP converter [|64].
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Figure 5.5: The equilibrium vapor pressures of H,, HD, and D,, from reference [58]].
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Chapter 6

Sample Growth at Higher Flow Rates

In this chapter, we tried to investigate the sample growth with higher flow rates. The
maximum flow rate at which our mass flow controller (MFC) can operate is 21 sccm.
After an unsuccessful growth at 21 sccm, we performed a successful sample growth
at the flow rate of 17 sccm with a growth rate of 0.7 mm/hour- the highest sample
growth rate achieved with our apparatus. Other research groups have performed similar
vapor deposition experiments and have grown parahydrogen samples at rates up to
5 mm/hour [[65]. However, they used two cryocoolers in their experiment to cool the
OP converter and the cold finger separately. If the thermal link between the coldfinger
and the second stage cryocooler head is improved, we speculate that our design with a
single cryocooler would be capable of growing samples at higher hydrogen flow rates

than achieved in this work.

6.1 Failed growth at flow rate of 21 sccm

In an attempt to explore sample growth at higher flow rate, we started with the highest

flow rate our MFC could operate i.e. 21 sccm. However, the attempt was unsuccessful,
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and we attribute this to a process of “thermal runaway”. During thermal runaway, the
temperature of coldfinger rises due to the thermal load of incoming gas beam, which in
turn limits the ability of substrate to condense gas beam (as explained in section [5.1)).
Then the pressure inside the cryostat increases which again increases the temperature

of coldfinger. Due to this, we do not observe sample growth.
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Figure 6.1: The temperature curve for various parts of cryostat during the sample
growth attempt at 21 sccm plotted against the date and time of measurements.

Figure shows the temperature of OP converter, coldfinger and cryocooler second
stage during the thermal runaway at 21 sccm flow rate. At 9:35 AM and 12:23 AM, the
MFC was turned on and off respectively. Starting from its base temperature of 11 K, the
temperature of the OP converter begins to rise as we turn on the gas flow. The temper-
ature rises due to large thermal load caused by adsorption of hydrogen on the surface
of the catalyst. Once the gas starts exiting the OP converter, the temperature of OP
converter decreases while the temperature of cold finger and cryocooler second stage

increases. But due to the thermal load, thermal runaway occurs and the temperatures
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of the cold finger and cryocooler second stage rises quickly.

As we keep pumping on the cryostat during the sample growth, the temperature and
pressure inside the cryostat reaches the steady state. During the steady state, the tem-

perature of coldfinger and that of cryocooler second stage were 5.6 K and 3.5 K respec-

tively.
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Figure 6.2: Total chamber pressure measured by RGA plotted against date and time of
measurement.

Figure is a plot of chamber pressure measured by RGA during the experiment per-
formed using 21 sccm flow rate. The flat curve during thermal runaway represents
the steady state where there was no sample growth. The chamber pressure during the
thermal runaway is greater than the pressure during the successful sample growth at

17 sccm by an order of magnitude.
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6.2 Growth at flow rate of 17 sccm

We were able to carry out a successful sample growth at a flow rate of 17 sccm. During
this sample growth, the OP converter was held at a temperature of 14.8 K, while the
cold finger was 3.7 K during the deposition. After 8 minutes of delay in deposition, the
sample growth started. By the end of this growth, the overall sample growth rate was

0.7 mm/hour.
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Figure 6.3: Total chamber pressure measured by RGA plotted against date and time of
measurement.

Figure is a plot of chamber pressure measured by RGA during the sample growth at
17 scem flow rate. The data between timestamps 1:35 PM and 4:23 PM represents the

chamber pressure during a successful sample growth at 17 sccm.

Ortho Fraction

The OP converter temperature during this sample growth is 14.8 K which corresponds

to the equilibrium ortho fraction of 9 x 10™°. However, our spectroscopic measurement
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of ortho fraction for this sample is 1.2 x 107* & 4.16 x 107°. The measured ortho frac-
tion is higher by a factor of 1.3 compared to the expected ortho fraction, and this is
equivalent to the increase in temperature of 0.4 K for the OP converter. We speculate
that at higher flow rates, the interaction time of hydrogen molecules with the catalyst
is reduced so that the thermal equilibrium is not attained. And hence we are left with
higher fraction of orthohydrogen in our sample. We also speculate that the difference
might have occurred due to heating of the catalyst by the gas flow. Since our tempera-
ture sensor is placed on the copper block holding the OP tubing instead on the OP tubing

itself, our thermometry does not measure the temperature of the catalyst directly.

HD fraction

The measurements on the HD fraction for this sample gave 2.02 x 107% &+ 1.94 x 10>

which is slightly less than the natural abundance of HD[|61]].
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Chapter 7

Conclusions

The objective of the experiment presented in this thesis was to grow a highly pure
parahydrogen sample. The previous experiments performed to grow high-purity parahy-
drogen samples are discussed in section Some prior work implied it was imprac-
tical to extract hydrogen if the catalyst temperature is much below the triple point of
hydrogen at 13.8 K [[66, [55]], which would limit the orthohydrogen fraction to levels
> 107°. In the prior literature, catalyst temperatures down to ~ 13 K were reported,

and orthohydrogen fractions < 10~* were verified spectroscopically [24, 67, 27, [29]].

We have carried out the OP conversion and sample growth within a single cryostat. With
our current setup, we have successfully demonstrated the OP conversion at tempera-
tures both above and below the liquid-solid phase transition of hydrogen and extracted
the hydrogen from the catalyst as a gas. We have shown that we can operate at temper-
atures as low as 8 K — a temperature at which the equilibrium orthohydrogen fraction
is over three orders of magnitude lower than the triple point— and spectroscopically

verified orthohydrogen fractions < 107°.

Thus grown high-purity parahydrogen can serve as a host matrix for “matrix isolation"
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experiments. In this new higher-purity regime, we now can investigate the effects of or-
tho fraction on the spin coherence times of the species implanted in the high-purity solid
parahydrogen matrix. Also since the orthohydrogen molecules are the source of mag-
netic noise, a highly pure solid parahydrogen is an ideal host matrix to perform nuclear

magnetic resonance (NMR) measurements in matrix isolated atoms and molecules.



Appendix A

Machine drawings

In this appendix, we present the machine drawings of various parts of our cryostat.

70
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Appendix B

Block diagrams for LabVIEW program

In this appendix, we present the block diagrams for the LabVIEW programs used for the

data acquisition and the analog voltage output.
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Figure B.1: Block diagram for LabVIEW program used for data acquisition.
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Figure B.2: Block diagram for LabVIEW program used for analog voltage output.
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