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ABSTRACT
Experiments and modeling have been conducted to investigate the heat transfer from
a thermal background similar with that from an IFE chamber filled with a protective
gas to a deuterium ice layer mimicking an IFE target. Simulations predict that the
heat transferred to the deuterium ice layer depends on sticking and accommodation
coefficients but their values are not available in the literature. Depending upon these
values the target could melt completely, so accurate values of these parameters
determine the viability of different operational conditions for an IFE plant. An
experiment was designed to estimate the sticking coefficient and the heat transferred
through Xe atoms condensation. The experiment developed the high-temperature,
high-velocity conditions that a target will experience in the fusion reactor expanding
Xe gas (T> 2000 K) through a nozzle (atom velocity 400m/s) and the gas-surface
interactions by directing this beam onto a planar cryogenic target. Reflection High
Energy Electron Diffraction was used to measure the rate of Xe condensation on the
cryogenic substrate. It was measured that less than a monolayer (ML) occurred on a
Si substrate at 200, 100, 85 and 70 K at a separation distance of 6.5 cm from nozzle.
The heat of condensation was negligible and the implications of this result for the IFE
target heating during injection in the fusion chamber were analyzed. Ablation of at
least 1 monolayer of Si was also observed when Si (70 K) was exposed to an Ar beam
(at 6.5 cm from substrate). A second method (3-ω method) was developed and
investigated to measure the total heat flux transferred to the IFE target which is

vii

provided mainly through collisions (for a negligible sticking coefficient) of Xe atoms
with the target. This method successfully measured the rate heat was extracted
from a liquid deuterium volume when it was frozen (1.2 J/s). Heat sources are
to overcome the cooling capacity of the cryogenic system in order to measure the rate
heat flows into the deuterium ice.
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1. INTRODUCTION
1.1 Nuclear Fusion
Nuclear fusion is an attractive possibility for obtaining clean energy, required
by our civilization at present, with almost an infinite fuel supply and using a reaction
that usually occurs in stars. If light nuclei are forced together, they will fuse with a
yield of energy because the mass of the combination will be less than the sum of the
masses of the individual nuclei, according to the basic nuclear physics principles.
However obtaining the fusion reaction on Earth is much more difficult due to the high
temperatures and pressures required to initiate the reaction.
Several nuclear fusion reactions of interest are as follows, [1]:
D + T  He4 + n + (17.58 MeV)

(1.1)

D + D  T + p+ (4.05 MeV)

(1.2)

D + D  He3 + n + (3.27 MeV)

(1.3)

D + He3  He4 + p+ (18.34 MeV)

(1.4)

p + Li6  He4 +He3 + (4 MeV)

(1.5)

Among them, the reaction from equation 1.1 is the easiest to initiate according to the
Lawson criterion [2], with the highest peak reaction cross-section. The disadvantages
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are that the D-T cycle produces a large number of neutrons and requires tritium
breeding since there is no natural tritium on earth. Tritium (with a half life of 12.4
years) can be obtained through other two possible fusion reactions:
6

+ n  He4 + T + (4.8 MeV)

(1.6)

7

+ n  He4 + T + n - (2.5 MeV)

(1.7)

3Li
3Li

While significant energy is produced through nuclear fusion of light atoms, to initiate
the nuclear reaction, extreme high temperatures (100 millions degrees Celsius) are
necessary to ensure that atoms are completely ionized and form the plasma state.
Experimental studies regarding controlled thermonuclear fusion started in the
late 1940’s in the USA and USSR, [3]. In the US, a toroid bent into a figure-eight
shape, named Stellarator, was developed to contain plasma using a magnetic field or
what is called magnetic confinement, [4]. By the end of 1960’s the magnetic
confinement of plasma using tokamak type of experimental machines was achieved
by scientists at Kurchatov Institute in Moscow, [5]. A further development of the
tokamak concept produced a generation of large machines like JET, JT-60, and
TFTR, [6] and enhanced the hope that the plasma will be produced in conditions
close to those from a thermonuclear power plant. The largest tokamak in this sense, to
be built in France by 2016, ITER, (see Fig. 1.1) is an international effort and the
machine has to demonstrate long burn times (400 seconds) for a plasma, high power
output (500 MW) and online fueling,[7].
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Fig. 1.1 Drawing of the entire ITER device, [8]

Another type of plasma confinement uses an electrical current in the plasma to
generate a magnetic field that compresses it, called Pinch effect or Z-pinch and was
developed initially in the Los Alamos National Laboratory and in the United
Kingdom in early 1950’s. Recent studies using a Z-pinch machine started at Sandia
National Laboratory in the US, based on a wires array concept, [9]. A promising
confinement technique, in which the implosion of small fuel pellets is obtained with
laser beams (laser inertial confinement), was first suggested in 1962 by scientists at
LLNL [10]. In the inertial confinement fusion (ICF) configuration, using a new
technique called fast ignition, a deuterium-tritium target is first compressed to high
density by lasers, and then a short-pulse laser beam delivers energy to ignite the
compressed core. New powerful lasers (NIF and OMEGA in the USA) were designed
and built for advanced studies in the high energy density physics.
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A multi-lab project under the name of High Average Power Laser Program
(HAPL) was initiated in 1999 with its ultimate goal of producing inertial fusion
energy (IFE), [11]. This program is advocating the Engineering Test Facility, which
would be the first Laser IFE facility to repetitively produce significant thermonuclear
burn. The current study is a part of HAPL research program and will contribute to a
better understanding of what happens with the fuel pellet in the fusion chamber
before it is imploded. Information from this study can affect the design of the target to
improve performance and guide operating parameters.

1.2 The fusion power plant

The design of a fusion power plant depends on the type of fuel confinement.
ITER, for example, will be designed to produce approximately 500 MW of fusion
power sustained for up to 400 seconds, by the fusion of about 0.5 g of
deuterium/tritium mixture in its approximately 840 m3 reactor chamber, [12].
Tokamak types of fusion power plants require large magnets. The confinement vessel
needs to shield the magnets from high temperatures and energetic photons and
particles, and to maintain vacuum conditions for the plasma. As a result, specific
requirements for the material used, have to ensure that the vessel will resist the
environment for a time long enough that the power plant is economically feasible.
The inner wall of the containment vessel is called sometimes the blanket and is
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designed to slow and absorb neutrons efficiently, in order to limit damage to the
adjacent layers. A second role is to produce tritium, from lithium and the incoming
neutrons, which will be then fed back into the reactor. The energy absorbed from the
fast neutrons is extracted using a heat exchanger and used to power an electricity
power plant.
The inertial confinement approach of a fusion power plant claims more
simplicity, due to its separable architecture, and modular structure of the laser array,
[13]. The power plant includes a target factory producing spherical targets (IFE
targets) filled with deuterium and tritium, an injection system for the targets, a
containment vessel (reactor chamber) and a modular laser array (a significant number
of parallel beam lines) used to implode the IFE targets. In the IFE chamber, the
inertial confinement of an IFE target has four phases, [14]:
(a) Rapid heating of the fuel capsule surface by intense laser or ion beam illumination
(b) Implosion (inward compression) of the hot surface material
(c) Ignition - the core of the target reaches 20 times the density of lead and ignites at a
temperature of 107 centigrades
(d) The thermonuclear burn spreads rapidly through the compressed fuel, producing a
burst of useful energy. A schematic in Fig. 1.2 presents the main components of a
power plant producing energy, based on inertial confinement fusion. There are two
modalities, in the inertial confinement fusion, to drive the implosion: 1) direct drive,
when the beams are focused directly on the pellet, which requires high uniformity.
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Fig. 1.2 A schematic of a power plant producing energy, based on ICF [11]

2) indirect drive, in which the beams heat a shell, and the shell radiates x-rays, which
then implode the pellet, [15]. In order to achieve a symmetrical inward shock wave
which will produce the high-density plasma, the target must be highly uniform and
terawatt scale lasers have to be used. Ultra-short pulse multi-petawatt lasers are
expected to heat the plasma of a pellet at exactly the moment of greatest density, after
the conventional implosion takes place. Research in this direction will be carried out
using OMEGA EP peta-watt and OMEGA lasers at the University of
Rochester/Laboratory for Laser Energetics and at the GEKKO XII laser at the
Institute for Laser Technology in Osaka Japan, [16]. The OMEGA facility (Fig. 1.3),
with 60 laser beams, has the capability to focus up to 40,000 joules of energy onto a
target that measures less than 1 millimeter in diameter in approximately one billionth
of a second.
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Fig. 1.3 OMEGA laser system, [17].

Fig. 1.4 OMEGA EP laser system, [17].

7

1. Introduction

8

The OMEGA system stands 10 meters tall and is approximately 100 meters in length.
Omega EP (see Fig. 1.4) will provide pulses having multikilojoule energies,
picosecond pulse widths, petawatt powers, and ultrahigh intensities exceeding 1020
W/cm2, [17].
There are many scientific, technical and engineering challenges in the effort of
making the whole process of ICF and a fusion power plant, operational and
economically attractive. Among them several issues can be mentioned: cost-effective
target fabrication, accurate target injection and tracking, preserving the quality of the
target, survival of the final optics and fusion chamber wall. All components of the
power plant need to meet the fusion energy requirements for efficiency, durability
and cost.
The present study is intended to better understand how the thermal
background of the fusion reactor will affect the target during injection until it is
imploded by the laser beams.

1.3 IFE target characteristics and design
In the HAPL program, the implosion of the IFE target is based on direct-laser
drive concept. The target is a highly symmetric shell with a complex design, Fig. 1.5.
The wall is composed of three concentric material layers to hold the deuterium–
tritium (DT) fuel that is cooled to 17.3 K and forms an ice layer within the capsule.
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The inner layer is a divinylbenzene (DVB) foam, 10% dense foam plastic which,
when filled with DT, serves as an ablator in the thermonuclear fuel. Next is a
polyvinyl phenol (PVP) layer, followed by a thin layer of glow discharge polymer
(GDP), forming together a plastic CH seal coat that contains the DT fuel. Last layer, a
gold/palladium (Au/Pd) overcoat, is used mainly for infrared (IR) reflection. This is a
high-gain IFE target with a calculated 350 MJ yield, [18]. In order to be economically
efficient, an IFE power plant will require about 500,000 targets each day. Besides the
fabrication, each target must be injected to within ± 25 μm of the center of the fusion
reactor and must maintain a gas temperature at the center of the sphere of 17.7 K and
ice surface smoothness of ~ 1μm rms.

Fig. 1.5 A sector of a DT target showing the cryogenic design for ICF, [18].
(Reproduced with permission from Elsevier)
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In the inertial fusion energy operation, the power plant chamber wall must
accommodate an intense photon and ion energy deposition while a reasonable
lifetime must be achieved, [19]. Previous studies, such as SOMBRERO, concluded
that a protective gas at a significant pressure, for example Xenon at 0.1 to 0.5 Torr
could be used to prevent unacceptable wall erosion for a carbon chamber wall, [20].
However the presence of a gas in the chamber would also have to accommodate the
target and its survivability requirements. A minimal target temperature increase
(order of 1 K) can be tolerated during injection to achieve the desired energy yield.
To keep the heat loan from the chamber environment to the target to a minimum the
target time in the chamber needs to be kept to a minimum. In one of the designs taken
into account for the chamber and target injection parameters the target’s velocity can
be up to 400m/s in a chamber of 6.5 m radius.
However, a high speed target injected (hundreds of meters per second)
through a background gas could result in higher target temperature increase due to
heat transferred from the gas. The injected targets are exposed to hot gases, radiation
heat loads and charged particles. While the high temperature of the background can
reach 3000 K, the evaluation of how the target will interact with hot gases and
radiation heat loads is currently uncertain. The hot-gas atoms can condense on the
surface or can undergo collisions with the target after which they recoil. As a result,
the heat of condensation and that from collision is transferred to the target and a
change in the temperature of DT ice layer occurs, possibly melting it. It can be
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concluded, that determining what happens to the target when it is injected into the
chamber, it is an important questions to be addressed experimentally.

1.4 Deuterium at cryogenic temperatures. Phase transformations
Deuterium and tritium are the main isotopes to be used as fuel in an IFE
power plant and the layers of a target, are shown in Fig 1.5. Deuterium is a stable
isotope with one proton and one neutron in the nucleus. Its natural abundance in the
ocean is approximately one atom in 6500 of hydrogen, accounting for 0.015% of all
naturally occurring hydrogen in the ocean; there is little deuterium left in the interior
of the Sun, due to thermonuclear reactions. The physical properties of deuterium
compounds may be different from the hydrogen analogs; for example, D2O has higher
viscosity than H2O, [21]. Deuterium behaves chemically similarly to ordinary
hydrogen. Bonds involving deuterium are stronger than the corresponding bonds in
light hydrogen, and these differences are enough to make significant changes in
biological reactions. Deuterium is used in nuclear fusion reactions, especially in
combination with tritium and as a non-radioactive isotopic tracer in chemistry and
biochemistry. A number of laboratory techniques require deuterated samples: neutron
scattering, hydrogen nuclear magnetic resonance spectroscopy (proton NMR),
femtosecond infrared spectroscopy.
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The solid phase of deuterium at 12-18.7 K is a hexagonally closed packed
crystal, while the fluid is a randomly ordered molecular phase with the internal
energy a function of temperature. Deuterium can undergo phase transformation from
and into any of the three phases: solid, liquid or gas. Figure 1.6 shows the 2-D phase
diagram with the two important points: the critical point (38.35 K and 1.66 x 106 Pa)
and the triple point (18.7 K and 17.15.x103 Pa ), [21]. Triple and critical point values
of deuterium are included in Table A.1 (See Appendix) along with those for protium
and tritium.

38.3 K & 1.66 x 106 Pa (1.24x104 Torr)
Kkk

solid

Kkk

liquid

18.7 K & 17.15 x 103 Pa
gas

Fig. 1.6 A 2-D phase diagram showing the critical and triple points for deuterium
at constant volume.

A more general phase diagram, represented in 3-D, shows in Fig 1.7 the regions
where deuterium can physically exist in different phases in the pressure-temperature-
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volume space, [22]. The triple point is of practical importance since each time a
deuterium sample needs to be liquefied or frozen it has to pass through it. At the
critical point, the fluid and vapor phase form a single fluid phase, while its internal
translational energy is zero, [21].

Fig. 1.7 A 3-D phase diagram showing allowed phase regions for Hydrogen, in the
pressure-temperature-volume space.
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The temperature and the vapor pressure, measured above the solid or the liquid phase
are useful parameters in experiments involving phase change in deuterium. For a
heated sample of solid deuterium, the vapor pressure increases exponentially up to the
triple point (128 Torr) where at constant temperature the heat of fusion is removed
and liquid is formed. If the liquid is further heated the vapor pressure starts increasing
again. Equation (1.8) estimates the pressure of the sample, based on its temperature
and can be used for comparison with measured values [23]:

ln P = 10.427 −

138.31
+ 2.2891 ln T
T

(1.8)

The heat of sublimation linearly increases with temperature if the solid is heated from
0 K to the triple point. At triple point the heat of sublimation increases by the heat of
fusion and becomes the heat of vaporization. If the temperature is further increased
above the triple point, the heat of vaporization reaches a maximum then decreases
with increasing temperature up to the critical point. At critical point the heat of
vaporization becomes zero and the liquid and gas become a single phase, [21].
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2. EXPERIMENT CONCEPT AND MODELING
In this chapter the motivations which led to this project are reviewed in detail.
It also introduces how the experiment was designed and what Monte Carlo
simulations predicted for the heat load to an IFE target in the fusion reactor.

2.1 Motivations
The heat transfer experimental study for an IFE target injected in a fusion
reactor emerged as a necessary project in the HAPL program. The chamber wall has
to accommodate and withstand a harsh environment with high fluxes of ions,
gamma’s and X-rays occurring each time a target is imploded and 500,000 cryogenic
D-T targets will be imploded daily. A buffer gas at a low pressure can protect the
chamber wall but at the expense of heating the target. Table 2.1 shows the energy
distribution on the fusion reaction products (particle and radiation), [1]. Photon and
fast ion spectra are shown in Fig. 2.1 and 2.2.

Table 2. 1 Energy distribution in the thermonuclear burn of an IFE target, [1].

Neutrons
X-rays
Gammas
Fast ions
Debris ions (KE)
Residual energy

NRL direct drive target
(MJ)
109 (71%)
2.10 (1.4 %)
0.0089 (0.006%)
19.5 (13%)
22.1 (14%)
1.29

Heavy Ion indirect drive target
(MJ)
316 (69%)
115 (25%)
0.36 (0.1%)
8.43 (2%)
18.1 (4%)
0.57
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Fig. 2.1 Photon spectra from NRL 154-MJ direct-drive target and 458-MJ heavy-ionbeam indirect –drive target, [1].

Fig. 2.2 Fast ion spectra from NRL 154-MJ direct-drive target, [1].
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Analyzing the energy partition, it can be seen that for a direct-drive target the major
threats for the chamber wall are photons and fast ions. Neutrons although in large
number, penetrate deeper into the wall structure, so the damage per unit volume is
more manageable. The use of a direct-drive target has an advantage over the indirectdrive type due to the considerably smaller amount of energy carried by the photons.
Two materials were considered for the chamber wall: tungsten and carbon
because of their high temperature performance. Calculations were performed to
obtain the temperature of the chamber wall, [2] after target implosion (shown in Fig.
2.3 and 2.4).

Fig. 2.3 Temperature at different depths in a 3 mm Tungsten slab for a 6.5 m radius
fusion chamber.( 1-D simulation, no buffer gas, 500° C coolant, direct-drive target).
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Fig. 2.4 Temperature at different depths in a 3 mm Carbon slab for a 6.5 m radius
fusion chamber.(1-D simulation, no buffer gas, 500° C coolant, direct-drive target).

The temperature of the chamber wall spikes in the first few microseconds after the
thermonuclear burn, and remains above 1000 ° C after 10 microseconds. The highest
allowable temperature would be 3000 ° C, if the chamber wall is made of Tungsten.
The chamber wall can be better protected and kept at a lower temperature if
the chamber is filled with a buffer gas. Gases as Xe or Ar were proposed because
their large molecules can absorb energy, protecting the wall. In Fig. 2.5 the operating
parameters for a fusion chamber, 6.5 m radius, are shown (from BUCKY
calculations, [2]) if the chamber is filled with Xe and such that the sublimated wall
material is limited to 1 monolayer (or 2 Å) per shot.
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Fig. 2.5 Chamber wall thermal behavior- showing the combination of initial wall
temperature and required Xe pressure in a 6.5 m radius fusion chamber, to limit the
sublimated wall material to 1 monolayer-2 Å per shot.

BUCKY calculations showed that a pressure bellow 100 mTorr can be used for the
Xe gas for a direct-drive target, [2]. In the case of an indirect-drive target the gas
pressure needs to be higher to absorb the soft X-rays. However a lower gas pressure
in the chamber is desirable to limit the heat transfer to the target from the wall
protective gas, during injection. A temperature increase of 1 K in the target affects the
ice surface uniformity and further heating will melt it. In this context, a heating study
is necessary for the target, while it is injected into a gas-filled chamber. It is this issue
regarding the thermal interaction between the Xe gas and the target that is the subject
of this dissertation.
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In order to minimize the time of flight and the heat received from the buffer
gas, the target was proposed to be injected at a high speed: 100- 400 m/s, [3].
Injecting the target at lower velocities can lead to longer time of flight and higher
heating during injection.

Fig. 2.6 Total heat flux on a direct-drive target during injection in a Xe filled
chamber- wall temperature 1485°C, gas temperature 1760 K, [3] (reproduced with
permission from Elsevier).
Results from previous simulations, performed with a computational fluid dynamics
program (ANSYS FLOTRAN) [3], showed that the total heat flux at the target
surface increases with the increase in the buffer gas pressure and with the injection
velocity, (Fig. 2.6). In Fig. 2.6 it is shown that a heat flux of 12 W/cm2 is absorbed by
the target for an injection velocity of 400 m/s at a 0.5 Torr Xe pressure. The study
assumed an uniform heating of the target and includes the heat from radiation and
convection. However a heat flux of only 1 W/cm2 produces a temperature exceeding
the triple point in the outer layer, when the target is injected at 400 m/s and it is
produced by thermal radiation alone, [3]. In addition to the heat from radiation, the
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interaction of the target with the gas will heat further the target. In order to reduce the
heat flux from conduction to a negligible level and prevent the outer layer of the
target from melting, the gas pressure in the chamber must be significantly reduced.
In this context the heating process of the target needs to be better understood.
The temperature difference between the outer and inner surfaces of the ice layer is 5
mK and the heat can be transferred through the foam and the internal ice layer to the
DT gas at the center of target. This can be a complex process since how fast the heat
is transferred depends on the values of the heat capacity, thermal diffusivity and the
change in the temperature gradient across the target’s layers, (see schematic in Fig
2.7). One can question how much heat is used for melting the outer layer and how
much heat is raising the temperature of the liquid obtained. If more ice is melted in
the outer layer, then the corresponding heat cannot be used to create a large
temperature gradient (a small vector in Fig. 2.8) across the layers, from surface to the
DT gas. A small temperature gradient will not favor the heat transfer towards the
inner layers. On the other hand, if the heat absorbed is used to increase the
temperature of the liquid this will produce a higher temperature gradient (large vector
in Fig. 2.9) and will increase the amount of heat transferred to the inner layers.
Ideally, the percentage of heat used for the melting of the outer layer and the
percentage of heat raising the liquid temperature should be estimated. This is why it is
important to measure the rate at which the ice/liquid ratio is changing at the target
surface. In support to this a 2-D axisymmetric calculation (FLUENT) described in [4]
showed that assuming a moderate heat load (12 kW/m2) to the target, a significant
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Fig. 2.7 Heat can be transferred to the inner layers of the IFE target.

Large volume
of liquid

Heat

Gold
CH D-T
DT ice

Small
ΔT

DT gas

Fig. 2.8 Heat can melt a large percentage of the outer layer of an IFE target.
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CH D-T
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2.9 Heat can create a large temperature gradient in the DT gas inside the IFE target

Melting fraction of IFE target
outer layer

Temperature (K) distribution

DT gas

DT gas

DT ice + foam

DT ice

a)

b)

Fig. 2. 10 A 2-D axisymmetric calculation, [4]. a) a significant fraction of the outer
ice layer has melted, b) the inner surface remained unchanged.
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T(K)

(sec)
Fig. 2.11 Average temperature T(K) of the foam/ice region as a function of time, [4].

fraction of the outer ice layer has melted after 0.05 s but the temperature of the inner
surface remained unchanged. Fig. 2.10 illustrates these results for a 1 mm diameter
target with 100 μm of ice and target velocity 300 m/s. A graph showed in Fig 2.11
presents the average temperature of the foam/ice region. The model includes
sublimation and melting; but no porosity in the foam/ice. Further studies regarding
the thermal loading of a direct drive target in a rarefied gas were performed to assess
the influence of the gas and gas-surface interaction parameters on the heat flux to the
target. The thermal loading of the target was modeled using a DSMC program
(DS2V), [5], where the amount of heat transferred during the condensation of Xe on
the target surface and the heat received through collisions was calculated using
different values of two coefficients:
1) The sticking coefficient (σ), or the mass accommodation coefficient, which
is a mass transport coefficient, defined as the ratio of the number of gas molecules
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entering the condensed phase in unit time to the number of molecules striking the
interface in unit time. The sticking coefficient is a function of gas temperature,
substrate temperature, flux of the incident particles and the angle of incidence.
Previous experimental results showed that the sticking coefficient for N2, CO2, and Ar
on a copper substrate, at different gas temperatures decreases with an increase in the
substrate temperature [6]. However, the data of interest is limited in both, the range of
temperatures and types of gas-solid systems. The extrapolation of the experimental
data for gas temperature below 1400 K and substrate temperatures below 20 K,
indicates that the sticking coefficient may be considered 1 since this value is reached
already at 65 K for CO2, at 22 K for N2, and 24 K for Ar (substrate temperature).
This corresponds to a maximum heat load from gas condensation on the substrate
surface. More recent investigations [7], showed that the sticking coefficient may be
significant lower at low substrate temperatures (below 20 K) for H2, CO, CO2, CH4.
2) The accommodation coefficient (α), of an incident gas stream on a solid
surface, is defined as the fraction of energy transferred to the solid, as a result of the
gas molecules collisions with the substrate, and can be written as:
α = ( Er - Ei ) / ( Es - Ei ),

(2.1)

where Er and Ei are the energy fluxes corresponding to the reflected gas stream, and
the incident gas stream. The Es represents the reflected energy flux, if the gas
molecules are in thermal equilibrium with the solid substrate. The accommodation
coefficient decreases in general with the increase in the surface temperature, and with
the roughness of the surface, [8].
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The effect of different values for these two parameters on the heat load to the
target were calculated using a Visual DSMC Program for Two-Dimensional and
Axially Symmetric Flows,[9]. This is a Monte Carlo method used to model a real gas
by thousands or millions of simulated molecules, which are a small fraction (1 in
1012) of the gas atoms that are physically present. The computation is feasible for
gases at low densities. In a simulated physical space that includes the target, boundary
interactions and representative collisions provide the change in the position and
velocity values with time for individual gas molecules. The macroscopic properties
are established through averages over the molecular properties. Two key
computational assumptions were associated with the implementation of the DSMC
method:
- the uncoupling of the molecular motion over small time steps and
- division of the flow field into small cells, which are further divided into fixed
sub-cells by a transient rectangular background grid. The time step must be chosen
much less than the mean collision time and the sub-cell size much less than the local
mean free path, [10]. There is one simulated molecule in each grid element.
These DSMC calculations (see Fig. 2.12) were performed for a 6 mm
diameter target injected at 100-to 400 m/s, in a 6 m radius chamber, and for different
values of sticking and accommodation coefficients varying between 0 and 1. The
fusion chamber temperature was chosen 4000 K and several gas densities were
considered such that the pressure values in the chamber are: 0.7, 0.05 and 0.01 Torr at
300 K. The mesh size was 5 μm x 10 μm, a time step of 1-ns and an averaging
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interval of 5-ms were used in the calculation. The total number of simulated
molecules was between 500,000 and 1,000,000. The DSMC calculations showed that
the heat load is a strong function of accommodation and sticking coefficients [5]. As
expected, the worst case, in which the highest heat load was transferred to a target
injected at 400 m/s, occurred when almost all energy was lost in collisions, and then
all atoms stick to the surface. All points in figure 2.12 are results of individual MC
simulations.
Since the sticking and accommodation coefficients are not exactly known for
an IFE target, only the experiments will provide the answer to the question: which of
the predicted curves for the heat transferred to the target, is the one providing the
closest approximation to the real case.
Heat (J)
0.05

Heat transferred to target
during transit (4000 K; 400 m/s)

High density (0.7 Torr):
all energy transferred in
collision; no condensation
Low velocity (100m/s):
all energy lost in collision,
no condensation 0.05 Torr

0.04

Worst case: all energy lost
in collision + all atoms stick
0.05Torr
All energy lost in collision,
no condensation 0.05 Torr

0.03
0.02

Half impact energy
transferred,
no condensation
0.05 Torr

0.01
0.00
0

1

2

3

Distance traveled (m)

4

5

Low density (10 mtorr):
all energy lost in collision,
no condensation
REFERENCE:
OMEGA TARGET

Fig. 2.12 Heat flux on a direct-drive target from background gas strong function of
sticking and accommodation coefficient, [5]. The y-axis represents the heat load to
the target while the x-axis is the distance traveled by the target inside the reactor.
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Other DSMC calculations, [11] showed an important aspect of gas-target interaction:
the number flux increases with a decrease in the sticking coefficient (from 1 to 0)
while the heat flux to the target decreases. The number flux is increased by the
reflected (uncondensed) molecules, recoiling off adjacent atoms and striking the
target repeatedly. A decrease in the heat flux occurs due to a “shielding effect” of the
target from the incoming gas by the cooler reflected molecules, which lost a fraction
of their energy and can decrease the temperature of the incoming gas, [11]. The
occurrence of a “shielding effect” while the target is injected in the chamber also
advocates the necessity of an experimental study for quantifying the heat load to an
IFE target.

2.2 Experiment design
The experiment uses a stationary cryogenic target (18 K) and a hot Xenon
beam (T > 2000° C), [12]. The Xe beam is heated and expanded through a 0.5 mm
nozzle to achieve supersonic flow (400 m/s). To quantify the heat from condensation
that is transferred to the target it is necessary to know the sticking coefficient of the
Xe atoms to the surface which can be done by measuring the rate of monolayer
formation. The RHEED (Reflection High Energy Electron Diffraction) method was
employed for this purpose. This method can monitor in real time the rate of
monolayer formation on a surface. Knowing the heat of fusion for Xenon (11.48
KJ/Kg) and the number of atoms in a monolayer, what remains to be determined in
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order to find the heat transferred to the target through condensation, is the rate of Xe
monolayer formation on the cryogenic surface.
A different method was considered for estimating the total heat transferred to
the target. Exposing a cryogenic target to a high temperature background will lead to
an increase in the temperature, changes in the roughness of the target and melting of a
superficial layer. The thermal conductivity of a solid/liquid volume depends on the
volumetric phase ratio, or the extent of melting. Measuring the change in time of the
thermal conductivity at cryogenic temperatures of a liquid/solid volume of D2 can be
performed using the “3ω method”.
This method uses one or two Pt wires (15 µm diameter) embedded in the D2
ice, at different depths. An ac current (the input) with frequency ω is applied to the
wires, producing temperature oscillations in the medium because of the loss of heat
from the wires. The wire resistance, strongly dependent on temperature, also has a
component that oscillates at 2ω. The product of the resistance and the original current
(ω) produces a small 3ω overtone in the voltage drop (the output) across the Pt wire.
Using the amplitude of the 3ω voltage measured in the Pt wire, the amplitude of
temperature oscillations of the surrounding fluid can be computed as well as the
thermal conductivity. The rate at which the thermal conductivity of the target changes
while exposed to a hot Xenon beam corresponds to the rate at which the ice melts and
can provide the total heat flux.
As stated previously the main question addressed by the study is how the
heated remnants of the previous implosions in the target chamber affect the D2 ice
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layer of a target during travel time in a fusion reactor. This translates for an
experimental approach, into a more specific question: how rapidly does the
temperature rise in the ice layer and, is there any phase change (melting) with time
and heat flux? The experiment was designed to simulate the injection of an 18-K D2
target at high velocity (400 m/s) into a fusion chamber at partial vacuum, containing
remnants from a previous implosion. A stationary planar D2 ice layer, attached to a
cryostat, simulates the target, and a hot Xe beam directed at its surface mimics the
thermal environment inside the reactor chamber, as shown in Fig. 2.13.

Heat (from a hot Xe beam)

Solid planar Deuterium target

Fig. 2.13 The heat transferred to a Deuterium target in a fusion chamber is studied
experimentally using a surrogate experimental scheme.

The high-velocity Xe beam is provided by a 0.5-mm nozzle of a thermal gas cracker,
and is heated to 3000 K in its tungsten capillary, by electron bombardment. Changing
the pressure upstream from the nozzle affects the atom and heat flux to the ice. The
thermal gas cracker is shown in Fig. 2.14
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Fig. 2.14 The thermal gas cracker (Oxford Instruments).

All components were placed inside a vacuum chamber vessel. A compound molecular
pump (Osaka Vacuum) can reach a base pressure of 10–8 Torr inside the chamber, and
a liquid nitrogen tank maintains a temperature of 80 K in the system, for more than 15
h. A schematic of the experiment design including the most important components of
the setup are shown in Fig. 2.15.

Fig. 2.15 Experiment design including setup components.

The 40-W cryo-cooler (Advanced Research System), a low-vibration device, can
reach a temperature of 11 K after 90 min. A surrogate planar target simulates the
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complex design of a real target, with a layer of 1 mm of D2 ice covered with a thin
polyimide (Kapton) layer. All setup components and their functions will be described
in detail in Chapter 4, “Experimental setup”.
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3. EXPERIMENTAL METHODS

This chapter will discuss the two primary methods for measuring the heat load
in more details. Estimating the heat from Xe condensation can be accomplished by
measuring the Xe growth rate on a cryogenic surface. While the heat from Xe atoms
collisions with a cryogenic surface cannot be measured directly, the total heat can be
found by quantifying the rate of deuterium ice melting. The volumetric ratio
liquid/ice changes while heat is absorbed and so does the thermal conductivity of the
mixture. An ac method was found to be suitable for monitoring the change in the
thermal conductivity and was experimentally investigated. A relevant literature
review concerning the proposed method is included after the general principles are
presented. How this method was adapted for the specifics of this work is also
highlighted.

3.1 An experimental method for measuring the heat from gas
condensation on a cryogenic surface

Reflection High Energy Electron Diffraction (RHEED) can determine the Xe
gas deposition rate on the surface of an IFE target. By knowing the flux of Xe striking
the surface we can estimate the fraction of atoms which condensed and extrapolate
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this value to IFE chamber pressure and injection conditions to calculate associated
heat loads. Measurements of Xe deposition rate on a Si wafer at different substrate
temperatures will be used to estimate the heat transferred by gas molecules to the IFE
target. Si was chosen as a substrate because has a strong RHEED signal. The heat of
condensation transferred in unit time to the target is proportional to the rate of
condensation and can be calculated multiplying the Xe heat of fusion with the number
of monolayers per unit time.
RHEED is a technique, widely used for surface characterization of crystalline
materials. A high-energy electron beam is emitted by a RHEED gun and directed at
the sample’s surface at a small incident angle. An electron diffraction pattern, which
changes with the structure of the surface, is displayed on a phosphorus screen,
opposite to the RHEED gun and recorded using a camera, as seen Fig.3.1. In the
RHEED technique, only atoms at the sample surface will contribute to the RHEED
signal. The diffraction pattern, obtained for an atomically flat surface is very sharp,
while if the pattern is diffuse, it corresponds to a roughened surface, [1].

Fig. 3.1 The schematic of a typical RHEED geometry.
RHEED as an established method in surface crystallography, is closely related to
other more recent electron diffraction techniques such as Low Energy Electron
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Diffraction (LEED). However the grazing angle geometry of RHEED has a
significant advantage over LEED, allowing the growth of a thin film on a substrate to
be monitored in real time [2]. A typical RHEED pattern showing Bragg reflection
spots and Kikuchi lines is presented in Fig. 3.2.

Bragg
reflection
spots

Fig. 3.2 Typical RHEED pattern showing Kikuchi lines.

If atoms or molecules deposit on a clean, plane solid surface, the intensity of
the RHEED signal depends on the surface coverage (Sc). This is a parameter defined
as the number of adsorbed molecules, divided by the total number of molecules in a
filled monolayer. If a RHEED signal is recorded during deposition of several
monolayers of atoms, the intensity of the RHEED signal oscillates. The mechanism of
RHEED oscillations is schematically presented in Fig 3.3. When the substrate surface
is free of any adsorbed atoms, the number of electrons diffracted at a specific incident
angle is maximum, and gives the intensity of the RHEED signal. As more atoms

3. Experimental methods

41

deposit on the substrate more electrons will be diffracted at different angles due to the
island formation, (Fig.3.3). The intensity in the RHEED signal decreases if most of
the electrons are “diffused” in different directions. The minimum RHEED intensity is
reached at a surface coverage of 50% on the substrate. If the adsorption process is
continued, the size and number of the islands will increase, creating a new surface on
top of the initial (substrate) surface. Again, the intensity of the signal reaches a
maximum at the moment when a new monolayer of adsorbate was formed. This
oscillation of the diffracted beam allows the atomic layer growth to be monitored in
real time [3] and the rate of deposition be measured.

Monolayer growth

RHEED signal

Electron beam

Sc=0

Sc=0.25

Sc=0.5

Sc=1

Fig.3.3 The mechanism of RHEED oscillations, [4].
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Fig. 3.4 presents the RHEED geometry, specific to the current study. The
results of beam characterization and RHEED measurements using xenon are
presented in Chapter 5.
Cold head

Copper sheet
Incident
Electron beam
Θ < 5°

Silicon
Diffracted
Electron beam

Xenon beam
Fig. 3.4 RHEED specific geometry for measuring the Xe condensation rate on an IFE
target.

3.2 The 3-ω thermal conductivity method
The 3-ω thermal conductivity method is used to estimate the rate at which the
solid deuterium is melting while a beam of high-temperature, high-velocity atoms
strikes the surface. This rate is calculated from the change in the thermal conductivity
value as the solid melts. The thermal conductivity is phase dependent and for a phase
mixed D2 volume, depends on the volumetric phase ratio, and can be written as :
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K m M = K liq M liq + K ice M ice

where Km, Kliq, and Kice are the thermal conductivities of the whole volume of D2,
liquid D2, and D2 ice, while Mliq and Mice are the masses of the liquid and the ice
regions in contact with the measurement wire. Knowing the rate at which ratio Mliq/
Mice changes, or in other words knowing the rate at which the ice melts, the total heat
flux absorbed by the target can be found. It is necessary to measure the thermal
conductivity of the phase-mixed volume of deuterium.
Thermal conductivity measurements in solids were reported in the literature
by 3-ω method, [11], [12] and the method was further used by various authors [13],
[14]. There are two advantages for using this method: it is suitable for thin films and
small volumes and provides spatial resolution. The technique used initially a metal
line, or a thin film evaporated on the sample, to provide heat and to collect the
thermal response from the medium of interest. Thus the metal line is a heater and a
thermometer at the same time. In Fig. 3.5 the sample geometry for the 3-ω method is
shown, as originally used.

Fig. 3.5 Side view of the heater and sample geometry for 3-ω method, [12],
(reproduced with permission from the American Institute of Physics).
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An ac current i with frequency ω, will develop in the metal line a power P :
i (t ) = I 0 sin ωt + I 0 cos ωt =

and

1 i ωt
( Ie + I ' e −iωt )
2

(3.1)

P(t ) = Ri 2 (t ) = R( I 0 sin ωt + I 0 cos ωt ) 2

where R the wire resistance and t the time . Temperature oscillations (with frequency
2ω) develop in the metal line, as a result of heat transfer from the metal line to the
sample. Integrating the equation dQ = Pdt, where dQ is the heat deposited in the wire
in a time interval dt an expression for the temperature is obtained:
1
T (t ) = Tr + (Tc e 2iωt + Tc' e − 2iωt )
2

(3.2)

The resistance of the metal line is proportional with the temperature
R = R0 + α (T (t ) − T0 ) , where α =

dR
dT

(3.3)

and the temperature oscillations developed will result in resistance oscillations (2ω).
A voltage can be measured across the metal line and it is the product between the
current (ω) and the resistance (2ω):
V (t ) = R(t ) I (t ) =

1
(Ve iωt + V ' e −iωt + V3ω e 3iωt + V ' 3ω e −3iωt )
2

(3.4)

1
where V = R0 I and V 3ω= αIT . Dividing these two equations the amplitude of
2
temperature has the following form:
T =2

R0 V
α V3ω

and can be calculated if V and V3ω are measured.

(3.5)
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The 3-ω voltage has two parts: the in-phase signal and the out-of phase signal,
corresponding to the real and imaginary parts of the exact solution for the temperature
oscillations at a distance r from an infinitely narrow line source of heat on the surface
of an infinite half-volume, [12]:
∆T =

P 1 D
π
1
 ln 2 + ln 2 − 0.5772 − ln(2ω ) − i  ,
πlk  2 r
2
4

(3.6)

where P is the power, l the length of the source of heat, k the thermal conductivity
and D the thermal diffusivity. Fig. 3.6 shows an example of temperature oscillations
measured at 300 K, [12].

Fig. 3.6 Temperature oscillations measured as a function of frequency of applied
current in the 3-ω method, at T=300 K for SiO2, [12], (reproduced with permission
from the American Institute of Physics).
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The 3ω- voltage can provide the thermal conductivity of a sample. Measuring the 3-ω
voltage at two frequencies f1 and f2, the thermal conductivity can be computed, using
the following equation, [12]:
k=

V 3 ln f 2 / f1 dR
4πlR 2 (V3,1 − V3, 2 ) dT

(3.7)

Both the in-phase and out-of-phase signals provide the thermal conductivity.
However, it was reported in the literature that more accurate experimental results
were obtained using the in-phase signal, [12].
The 3-ω method was used in various geometries and different materials for the
heater/thermometer. It was used to study organic liquids near the glass transition,
measuring the frequency-dependent specific heat over a large range of frequencies
0.01-3000 Hz, [13]. The specific geometry of the heater involved a nickel film
evaporated onto a substrate of window glass, and it is presented in Fig. 3.7. The
heater-thermometer was immersed in a bath of liquid sample. The technique
measuring the relevant small signal in the heater, at a desired frequency (here 3ω/2)

Fig. 3.7 Schematic diagram showing the nickel heater/thermometer immersed in the
sample liquid, [13], (reproduced with permission from the American Institute of
Physics).

3. Experimental methods

47

required a Wheatstone bridge in which the heater was placed in one of its arms. In
order to eliminate the larger signals at frequency ω/2 the differential voltage was
measured between the two arms, after the bridge was balanced. It also helped
removing from measurements any third harmonic signal present in the source since
the bridge is purely resistive at low frequencies and the balance condition does not
depend on frequency. These observations were used in the current work and a
modified Wheatstone bridge was included as a component of the data collection
system.
For the first time a Pt wire was used in the 3-ω method, in a study which
measured the specific heat and the thermal conductivity simultaneously for an
electrically conductive specimen in the shape of a rod playing the role of the heater
and the sensor, [14]. Thermal conductivity and specific heat values were obtained for
a Pt wire, 20 µm in diameter and 8 mm long, and for multiwall carbon nanotube
bundles (MWNT) with a negative dR/dT. The experimental setup involved a fourprobe configuration also used in the present study) on a sapphire substrate, illustrated
in Fig. 3.8
Voltage probe

Current probe

Fig. 3.8 Four-probe configuration for a rod sample using the 3-ω method. The sample
is heat sunk to the sapphire substrate, [14], (reproduced with permission from the
American Institute of Physics).
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The authors,[14] provide an explicit solution for the voltage in the third harmonic,
solving the one–dimensional heat-conduction equation trough the specimen, when an
ac electrical current I0sinωt is applied:
V3 ≈

4I 3 R R ' L

(3.8)

π 4κS 1 + (2ωγ ) 2

or

V3 ≈

4 I 3 ρ e ρ e'

 L
 
4
2
π κ 1 + (2ωγ )  S 

3

(3.9)

where R, R’ are the electrical resistance and its derivative, ρe is the electrical
resistivity of the specimen, ρ‘e is its first derivative with respect to temperature, while
L is the length of a specimen with the cross section S. The factor γ = L2 /π2α
represents the characteristic time constant and it is a function of the thermal
diffusivity α = k/ρCp. The above solution shows, how the 3ω voltage depends on the
dimensions of the specimen. In the limit of low frequencies (when ωγ → 0), equation
3.8 reduces to equation 3.10, and the information regarding the specific heat is lost.
One can then measure the thermal conductivity:
V3 ≈

4I 3 R R ' L

π 4κ S

(3.10)

On the other hand, at high frequencies (when ωγ → ∞), only the specific heat of the
specimen can be measured. Equation 3.8 becomes:
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V3 ≈

I 3R R'
4ωρ C p LS

(3.11)

It was necessary to adapt this method to the specifics of the present study. The
specific geometry for the 3ω method required a Pt wire 15 µm diameter, embedded in
the solid D2, as shown in Fig. 3.9,[15].

Fig. 3.9 A Pt wire, 15 µm diameter, embedded in the D2 volume can detect the
ice/liquid fraction of the medium surrounding it.

The change in the temperature ΔT of the surrounding deuterium can be computed,
using Eq. 3.5 and measuring the amplitude of the 3ω voltage V3ω in the Pt wire and
the applied voltage V. The resistance of Pt wire between the voltage leads can be
found measuring the applied current and the voltage V1ω. The voltage in the third
harmonic across the Pt wire can be measured as a function of time as represented in
the diagram from Fig. 3.10. Since it is a direct measure of the thermal conductivity,

3. Experimental methods

50

this will provide the information about the rate at which the solid deuterium will melt
when a known heat flux is applied on its surface.

3ω voltage

Liquid

6 nV
3 nV

Ice
Time

Fig. 3.10 A schematic showing how the voltage in the third harmonic measured
across the Pt wire changes as a function of time during a phase transition.
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4. EXPERIMENTAL SETUP AND EQUIPMENT
This chapter is presenting the specifics of the setup configuration, technical
characteristics of the equipment and how the required experimental conditions
necessary to run the experiments were achieved. Among the most challenging
requirements was to condense a thin layer of deuterium on a Kapton foil to create a
planar experimental substitute of an IFE target. Four condensation cells were
designed and tested for this purpose. Their design and optimization is presented in
this chapter.

4.1Experimental setup design
The experimental design was based on the concept of studying the behavior of
a D2 ice target, injected at a supersonic velocity into a chamber containing heated
remnants of an implosion, using a surrogate experimental scheme. A stationary planar
D2 ice layer kept at a constant temperature by a cryostat simulates the target, and a
hot Xe (or D2) beam directed at its surface mimics the thermal environment inside the
reactor chamber. The main components of the experimental setup were a vacuum
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chamber, a cooling and vacuum system, a condensation cell containing the target, a
heated nozzle, a RHEED system and a 3-ω method measuring diagnostic.
All components were integrated within the vacuum chamber. A liquid
nitrogen tank was used to maintain a low temperature on a copper cylinder inside the
vacuum vessel and blocks the room temperature radiation. The copper shroud was
able to maintain a temperature of 80 K (near the nitrogen tank) in the system for more
than 15 hours for each refill of the nitrogen tank. Both, the cryostat and the nozzle
required high vacuum conditions inside the chamber. The vacuum was obtained using
a compound molecular pump (Osaka Vacuum) which reached a base pressure of 10–8
Torr inside the vacuum vessel. The vacuum chamber was mainly designed to
accommodate a cryogenic target and a high-energy beam of atoms.
The 4-K, 35-W cryostat was included in the experimental set-up to produce a
temperature low enough to solidify deuterium (Tsolid-D2 = 18.7 K). The cryostat used
He in a closed cycle. During the cooling tests it reached a temperature of 11 K after
90 minutes and lower temperatures (6 K) after 2 hours.
The planar IFE target was obtained in a condensation cell designed and tested
experimentally, which was attached to the second stage of the cryostat. In order to
expose the target to the a high-energy, high-velocity beam of Xe atoms simulating the
thermal background a 0.5-mm diameter nozzle, part of a thermal gas cracker (Oxford
Scientific), was also attached to the vacuum chamber. The gas was heated to 3000 K
in a tungsten capillary of the thermal gas cracker by electron bombardment. A
picture of the thermal gas cracker is shown in Fig. 4.1.
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After the Xe beam was characterized, a RHEED system was added to the
experimental setup to measure the rate of condensation on the target, from which the
heat of condensation transferred by the Xe atoms could be calculated. The 3-ω
method- measuring the extent of melting, required a probe of 13 μm thick Pt wire be
imbedded in the solid deuterium layer as well as analytical instrumentation necessary
to collect and analyze a small (μV) ac signal in the 3rd harmonic.
A general view of the experimental setup can be seen in Fig. 4.2. A schematic
shown in Fig. 4.3 identifies the main components.
shutter
0.5 mm nozzle

Cu jacket

Fig. 4.1 The thermal gas cracker provides a heated beam of Xe, 15° divergent.

Fig. 4.2 General view of the experimental setup.
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Xe / Deuterium gas
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Fig. 4.3 Schematic of the experimental setup.

4.2 The cryogenic system

A Displex DE-210 closed-cycle cryostat (Advanced Research System) using
high pressure helium gas can cool a substance to 4.2 K. The system has two stages,
with a cooling power of 35 W at 41 K (60 Hz) in the first stage and 0.8 W at 4.2 K
(60 Hz) second stage. A picture of the cryostat is shown in Fig. 4.4 and a diagram in
Fig. 4.5.
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Instrumentation ports

First stage heat station

Second stage heat station

Fig. 4.4 A 4-K Displex closed cycle cryostat (Advanced Research Systems).

The refrigerant gas is compressed and condenses into a liquid releasing the
heat of vaporization to a heat sink. The liquid is then vaporized through expansion
and absorbs energy from the surroundings via the heat of vaporization. A helium
compressor provides high pressure gas to the cryostat through a gas line. The
expansion of the gas at different stages produces the refrigeration. The low pressure
gas is then returned through another gas line where it is recycled through the
compressor. This closed loop cycle can be continuously repeated and maintained as
needed to produce the desired refrigeration.
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Fig. 4.5 Diagram of a Displex closed-cycle cryostat (Advanced Research Systems).

Since this setup is used for imaging the target surface with RHEED, the level
of vibrations from cryostat had to be minimized. This cryostat has a vibration
amplitude smaller then 1 μm. To achieve this, the first stage is decoupled from the
second stage through a bellows and is thermally coupled through helium gas at about
1 bar. A typical laboratory setup is presented in Fig. 4.6.
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Fig. 4.6 Typical laboratory setup for a closed cycle cryostat with a DMX/GMX-20
interface used to minimize the level of vibrations, (Advanced Research System).

High vacuum conditions were obtained using a compound molecular pump,
Osaka Vacuum TG2400F, an oil-free mechanical vacuum pump, with multiple
rotating turbine blades. Gas molecules that strike the turbine rotating at 31200 rpm
are exhausted to a oil-free mechanical pump. Its ultimate pressure reached in the
vacuum chamber is 7.5 x10-9 Torr and can be operated at a maximum backing
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pressure of 1.5 Torr. A picture of the Osaka turbomolecular pump is shown in Fig.
4.7. It is operated by a power supply TC2403 which controls the motor current to a
fixed value.

Fig. 4.7 Compound molecular pump TG2400F (Osaka vacuum).

During deuterium condensation it is important to control the pressure and the
temperature. In the experimental setup a Lake Shore Model 340 temperature control
systems and a MKS vacuum gauge measurement and control system were included
for this purpose. They allowed monitoring and accurate control of the temperature of
the cryostat and the sample at various points. The cryogenic temperature controller
(Lake Shore Model 340), see Fig 4. 8, is an advanced controller with a resolution of
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0.001 K for temperatures measured above 10 K and it is used to control temperatures
as low as 100 mK. It was operated with silicone diode sensors (Lake Shore) and one
or both control loops were used in connection with heaters, to apply heat and
maintain the desired temperature.

Fig. 4.8 Lake Shore temperature controller, model 340, (Lake Shore Cryotronics).

The controller uses an algorithm called Proportional Integral Derivative (PID) for
closed-loop operation. The heater output is computed using the equation below:

de 

Heater  output = P e + I ∫ (e)dt + D  ,
dt 


(4.1)

where P, I, D are variable terms, called proportional (P), integral (I) and
derivative(D), which are experimentally adjustable, while e is the error. A MKS type,
146C Vacuum Gauge Measurement and Control system, was used to monitor the
pressures inside the deuterium deposition cell and a Granville-Phillips convectron
gauge to measure the pressure in the vacuum vessel.
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4.3 Xenon gas heating and delivery system
To account for the thermal environment in the experiments, a thermal gas
cracker (Oxford Scientific) was used. The high-temperature gas flux (> 2000° C at
the target) simulates the heat flux the target will experience inside the fusion chamber
(10 to 20 ×103W/m2). The Xe gas was fed into the gas cracker at a flow rate of 7.8 ×
10–4 g/min. The properties of the beam (temperature distribution, beam divergence,
energy flux at target) were experimentally characterized and the results are presented
in Chapter 5. The high-velocity beam is provided by expanding gas from a source at
100 Torr through a 0.5 mm nozzle of the thermal gas cracker. The temperature is
achieved by heating the capillary by electron bombardment( I = 7 A , V = 1.1 KV ).
The thermal gas cracker is shown in Fig.4.1 and its diagram in Fig. 4.9.

Fig. 4.9 Diagram of the thermal gas cracker, (Oxford Scientific).
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To control the beam flux a very sensitive valve, normally used as a leak valve, was
employed and calibrated, providing a volumetric gas flow rate between 10-5 and 1
sccm determined using dm/dt=(1/k)dp/dt, where k= RT/Vμ and dp/dt was measured.
No differential pumping is normally required for operation of the gas cracker in high
vacuum and due to the electrically grounded capillary there is no ion emission.

4.4 RHEED system

The RHEED system employed in the experiment (Staib Instruments) is an
electron beam system for diffraction studies, with the electron energy in the range of
10 to 60 keV. Through combined electrostatic and magnetic fields, the RHEED gun
produces a low divergence beam (divergence < 0.2 mrad), with a small focus spot
(< 100 µm). The RHEED gun was mounted completely outside the chamber on a
metallic stand. The optics were prealigned and needed no adjustment. The system
usually operates at pressures lower than 10-5 Torr but can work at higher pressures
with differential pumping.
Electrons from the source that are scattered off the surface are observed on an
adjacent fluorescent screen, designed to reach high spatial resolution and good contrast.
A protective aluminum coating ensures good electric contact, blocks unwanted light
from inside the vacuum chamber, and improves the contrast. The beam intensity, focus,
and position are controlled remotely by changing the beam energy and filament current.
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Initially, a silicon wafer Si(100) was used as a substrate because it gives a strong
RHEED signal. It was attached to the second stage of the cryostat, Fig. 4.10. Before
insertion in the vacuum chamber, the sample was cleaned by immersion in a bath of
hydrofluoric acid to remove the oxide and then in distilled water. Data was collected and
analyzed using the kSA RHEED Solution software (k-Space Associates). The results are
presented in Chapter 5, in the RHEED measurements section. A typical RHEED
geometry and sample orientation is shown in Fig. 4.11.

Cryo-cooler

Si wafer
Phosphorent
screen
RHEED gun

e

e

Xe

Gas cracker
Xenon gas

Fig. 4.10 RHEED sample attached to the cold head.
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4.5 Design of deuterium deposition cell
Deposition of deuterium was reported previously in the literature. In one study
[1] a solid stick of deuterium 20 mm long was obtained in a copper square shaped
nozzle (cross section 2mm x 2 mm), cooled with liquid helium. Deuterium gas at a
maximum pressure of 1300 Torr and at room temperature was fed in a copper nozzle,
which was vertically positioned. During cooling a deuterium liquid phase was
initially formed and then the solid deuterium, when further cooled and a pressure of
128 Torr was reached at 18.7 K.
Depositing deuterium in a larger volume cell, on a 1.8 cm diameter and 13 μm
thick plastic window was more difficult due to constraints in the maximum allowable
gas pressure (500 Torr) and fragility of the 3-ω measuring circuit (15 μm diam wire).

4.5.1

The Teflon chamber

A picture of the Teflon chamber is shown in Fig. 4.12. Teflon was chosen, as
a poor thermally conductive material (0.27 W/m-K at room temperature and 0.1
W/m-K at 10 K, [2] to create a temperature gradient between the Kapton window and
the aluminum plate, opposite to the window. The cell had a large mass (871 g) and a
large volume (a cylinder with diameter of 10 cm and 10 cm length, 1.3 cm wall
thickness). The region where deuterium was to deposit was a much smaller cylinder
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Fig. 4.12 Teflon chamber with cooling brass plate.

(1 cm diameter, 1 cm long with a wall of 0.1 cm thickness). This region was attached
to a brass disc, (10 cm in diameter and 1 mm thick), to localize the cooling to the
Kapton. Brass was chosen to create a temperature gradient in the cell to better control
the position of the D2 ice. The back flange was made of aluminum and attached using
a Indium O-ring and stainless steel screws to the Teflon chamber. A copper block
connected the cold head and the brass disc. Indium foil or wire was used to ensure a
good thermal contact between materials. Vacuum sealing of the chamber was done
using a cryogenic adhesive (Stycast) at the Kapton window. As seen in Fig. 4.12,
copper links connected the cold head with the brass plate, the aluminum plate and the
Teflon body. The whole chamber was enclosed in an additional copper shroud to
intercept the room temperature radiation and was attached to the 1st stage of the cryocooler. Silicon diode temperature sensors (Lake Shore Cryotronics) were used to
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measure the temperature on the brass plate, the Teflon body, the copper link and the
copper shroud.
Cooling experiments using this condensation cell had only limited success
since a temperature lower than 110 K was not reached on the Teflon body after 18
hours. The reason for that is that plastics are extremely stable in time thermally due to
their poor thermal conductivity and very long cooling times are required. Another
reason is that the cell was not completely shielded from radiation, due to several large
ports necessary to view the cell and to accommodate the nozzle providing the gas
beam. Figure 4.13 shows a diagram of the temperature distribution on the Teflon
chamber. While on the brass plate a much lower temperature (14 K) was obtained, at
the lowest temperature the cryo-cooler could reach (6 K), the temperature difference
between the brass plate and the Teflon body was too large to allow sufficient
deuterium condensation.

Cryo-cooler
6.2 K

Copper link
10.7 K
Brass plate
14.3 K

Copper shroud
120.3 K
Aluminum plate
Teflon cylinder
110.9 K

Fig. 4.13 Temperature distribution on the Teflon chamber.
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No direct measurement of the temperature on the Kapton window was possible and
no coating was applied to reflect the infrared radiation The Stefan-Boltzmann law
allows calculations of the radiant flux J on the Teflon body due to the copper shroud:
J = σεT 4

(4.2)

where σ is the Stefan- Boltzmann constant, ε is the emissivity and T the temperature.
The radiant flux was 1.92 W/m2 at a temperature of 110 K for Teflon and 120 K for
the copper shroud, ε = 0.5 for copper and ε = 0.9 for Teflon, Teflon surface area was
314 cm2.

4.5.2 The stainless steel chamber
A second chamber was designed very similar to the initial chamber, but
stainless steel was used instead of Teflon: a cylinder 10 cm diameter, 14 cm long and
2 mm thick, to adapt inside a confocal microscope. The thermal conductivity for
stainless steel is 2 W/m-K at 20 K, [3]. The Kapton window was cooled directly with
a copper block which had a circular aperture of 1 cm diameter, to allow the hot xenon
beam to access the Kapton surface. Copper links to cold head were also used to cool
the cylinder and the back flange (opposite to the window). A picture of the stainless
steel chamber is shown in Fig. 4.14. The Kapton window was glued on a smaller
copper cylinder (1 cm diameter) which was sealed using Indium, on the front surface
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of the stainless steel cylinder. When the Kapton foil was replaced by a glass window
it was possible to condense argon on it with a higher triple point (83.3 K).

7.34 K at cold head
10.06 K
copper
link

24.97 K
back
flange

14.15 K
copper
block

Fig. 4.14 Temperature distribution on stainless steel condensation unit.
The lowest temperatures obtained with the stainless steel deposition cell were
measured at a temperature of 7.3 K at the cold head: 14 K on the copper block (near
the Kapton window) and 24.9 K on the back flange. Limited deuterium deposition
was observed on the Kapton window, highly non-uniform and unstable in time. The
shape of deposited material showed that the temperature on the Kapton window and
around the window was not uniform, presenting a colder spot, where deposition was
initiated. The radiation flux was 1.2 W/m2 on the back flange (25 K) from a copper
shroud at 80 K and 5.8 W/m2 on the front copper block (14 K) from a copper shroud
at 120 K. The cooling power at 14 K was 4 W.
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Assuming the formation of a uniform deuterium layer on the Kapton window
which is heated by a hot gas beam, then monitoring the roughness of the back side of
the solid layer in real time it is possible using a confocal microscope. The confocal
microscope (Fig. 4.15) uses a focused beam to scan the surface of the sample and the
intensity of the reflected beam through a pinhole is measured. A schematic presenting
the principle of operation is included in the Appendix (Fig.A1). The Attocube
cryogenic microscope was assembled and tested at room temperature. Cooling
experiments with the microscope placed on the back flange (as shown in Fig. 4.15) of
the condensation cell were performed and are detailed in Chapter 5.

Fig. 4.15 Confocal microscope (Attocube) and schematic of the setup inside the cell.

4.5.3 The second stainless steel chamber
Deuterium deposition was extremely limited and inconsistent with the initial
large stainless steel cell and a new design was necessary, to minimize the gas volume
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and the heating of the Kapton window. A third cylindrical chamber was designed,
with a smaller volume 2 cm diameter, 4 cm length), made of stainless steel since this
is a relatively good heat conductor (removes the heat much more efficiently than the
Teflon). A schematic is shown in Fig. 4.16, presents the design of the new deposition
cell and the temperatures measured. Fig. 4.17 shows a picture of the deposition cell.
The temperature sensors were placed on the back surface (25 K) of the stainless steel
cylinder, on the copper block ( 8 K ) cooling the window, on the stainless steel front
flange (17.5 K ). Two heaters were placed, one on the filling line and the other on the
back flange, to control the temperature locally and to remove possible unwanted
deuterium deposition at mentioned locations.

Cu blok from
front surface to
cold head

Cu link from
stainless steel body to
cold head

Cu link from back
surface to cold head

T2=17.5 K

10 mm

20 mm
T3=25K
40 mm

T1= 8K

Cell made of
stainless steel

Fig. 4.16 Diagram of second stainless steel chamber and measured temperature.
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One difference from the initial design of the condensation cell is that the stainless
steel back flange was replaced with a glass window and it was illuminated with a
LED which allowed observation inside the chamber during the condensation process
through the Kapton foil. Room temperature radiation on the cell was minimized using

Stainless steel
body
Copper link to
cold head
Kapton window
Copper block

Fig. 4.17 Picture of the small stainless steel cell with copper links and temperature
sensors.
multiple layers of super-insulation consisting of highly reflective aluminized Mylar
foils, [4]. The Kapton foil can not be blocked completely as a hot atom flux needs to
have access the to surface. For this reason the Kapton window was still receiving a
certain amount of room temperature radiation. It was estimated with Eq. 4.2 a
radiation flux of 5.8 W/m2 from a copper shroud at 120 K on the copper block (at 8
K) contacting the Kapton window which has 2 cm diameter.
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Another improvement was to the gas delivery system. Initially the gas was
delivered directly from a regular gas cylinder and the flow controlled with a valve.
A cylinder pre-filled with the desired amount of deuterium needed was included in
the gas manifold. This allowed better control over the amount of deuterium to be
deposited. Since 1 mm layer of deuterium distributed on the window or on the inside
of the cell may be difficult to observe, the cylinder was filled with the amount (376
Torr, 2250 cm3) corresponding to a layer of 3 mm, if evenly distributed on the
window. Forming a solid layer of deuterium on the Kapton foil was not observed
until the positioning of the cell was changed from horizontal to vertical, with the
Kapton window facing down. Embedding a Pt wire 15 μm thick in the deuterium
layer allowed thermal conductivity measurements. Measurements in deuterium gas,
liquid and solid were performed. Thermal conductivity measurements showed that the
solid layer develops immediately (within 1 min) after formation a hollow around the
Pt wire. Thermal conductivity was measured also during a phase transition (liquid to
solid) and detailed results are presented in Chapter 5, in the 3-ω measurements
section.

4.6 The 3-ω measuring cell
Measuring the temperature and the extent of melting of a deuterium target by
3-ω thermal conductivity method, described in detail in section 3.2, allows estimation
of the energy transferred from the xenon gas impact. A schematic of the 3-ω circuit is
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shown in Fig. 4.18 and a side view of the same circuit shows that the platinum wire is
located at 0.5 mm from the Kapton surface, Fig.4.19. In the final design the voltage is
collected using two stainless steel wires, to minimize the heat loss in the wire.

 current (1ω)
15μm thick
Pt wire
Stainless
steel wire
Voltage (1ω or 3ω)

Fig. 4.18 Schematic of the 4-point circuit for collecting the 3-ω signal. The ac current
is applied to a 15 μm thick platinum wire.

Pt wire -15 μm thick

Solid Deuterium

Kapton 13 μm thick

0.5 mm

Fig. 4.19 Side view of the 3-ω circuit. The platinum wire is positioned at 0.5 mm
from the Kapton window.

4. Experimental frame and setup

76

Several versions of a cell containing the 3ω circuit were designed, built and
tested until thermal conductivity was accurately measured for deuterium in the gas,
liquid or solid phase. Among the design or assembly problems that needed to be
improved upon and made more robust were: contraction at low temperatures which
caused damage to the 15 μm thick Pt wire, heat conduction from room temperature
through connecting wires, high electrical resistance, Pt wire too short.
Fig. 4.20 shows for example a cell in which the wires collecting the voltage
were made of copper, and a Teflon ring (1 cm diameter) ensured electrical insulation
and positioning. Vacuum sealing at the insertion points of the wire in the Teflon ring
was obtained using the cryogenic epoxy Stycast. However the Pt wire was not long
enough in this cell to obtain reasonable thermal conductivity values due to end effects
(heat flow along the wire to the heat baths).

Fig. 4.20 Picture of the first 3-ω circuit was built using copper wires for collecting the
voltage and a Teflon positioning ring (1 cm diameter). Two sets of wires are
necessary to measure the temperature and the melting at different depths in the ice.
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Fig. 4.21 A measuring cell with a longer Pt wire (8 mm between the voltage wires)
provided more accurate values for thermal conductivity.

A second 3ω circuit cell was build from a copper ring (2 cm diameter), which
allowed a longer Pt wire and a more uniform temperature distribution along its length
between the voltage leads, see Fig. 4.21. This improved the quality of the electrical
circuit but the Pt wire was frequently damaged. A straight Pt wire which is only 15
μm thick is often damaged interrupting the electrical circuit, when repeatedly used in
a cooling cycle due to mechanical stress from melting deuterium ice.
In a different version for the cell, a slightly curved Pt wire was used, allowing
more flexibility and avoiding the mechanical stress. In the latest design of the
deuterium deposition cell, the 3-ω electrical circuit was placed directly under the
Kapton window using a Teflon positioning ring 2 cm in diameter. The voltage
stainless steel wires and current copper wires were imbedded in the Stycast layer
sealing the chamber.
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Fig. 4.22 shows the electrical circuit used to measure the 3ω component of the
voltage across the Pt wire. A sine wave is produced by the source and applied to the
Pt wire. In order to separate the induced 3ω voltage (which is 1000 times smaller
[5]}from the ω voltage), the Pt wire is placed into one arm of a bridge and the
differential voltage is measured with a lock-in amplifier, after the bridge is balanced
by adjusting a variable resistor. The bridge also ensures that any harmonic signal
present in the source will not appear at the input of the lock-in amplifier. The 3-ω
voltage is very small (μV ) and needs to be amplified (with a preamplifier) before it
is measured with the lock-in amplifier. The lock-in amplifier is a device used to
detect very small ac signals even in the presence of a significant level of noise
(thousand of times larger), [6].

R1
R3
V

~

R2

Lock-in
amplifier 2

I
Pt

V+
V-

Preamplifier

Fig. 4.22 Diagram of the electrical circuit measuring the 3ω voltage.

A
B

Lock-in
amplifier 1
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The technique used by a lock-in amplifier is a phase-sensitive detection of a
component of the signal, at a specific frequency and phase. Measurements performed
with a lock-in amplifier require a reference. This is accomplished by phase-locking an
internal oscillator to an externally provided reference signal, usually from the signal
source. The response signal from the Pt wire (the input signal for the lock-in) is
amplified and then multiplied by the lock-in reference. All signals at other
frequencies are not included in the measurement, such that the noise is removed.
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5. EXPERIMENTS AND RESULTS

In this Chapter the results are presented and discussed. Both experimental
methods were presented in detail in Chapter 3 and the equipment was described in
Chapter 4.
In summary the RHEED experiments were performed to measure the
deposition flux of gas molecules onto a cryogenic surface to estimate how much heat
could be transferred via heat of fusion to an IFE target. And the “3-ω” experiments
were to measure the heat conduction rate through a thin layer of deuterium deposited
on a plastic film which mimicks the IFE target. The rate at which the deuterium
thermal conductivity changes, gives an indication on how fast the IFE target melts
when impacted by a known flux of hot atoms. This can be compared to the heat flux
to the surface to estimate how energy is portioned between melting the ice and raising
the temperature of the liquid.
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5.1 Experimental initial conditions and setup requirements
A number of experimental conditions and setup requirements were tested first
to ensure that the range of values for the parameters of interest can be achieved.
These conditions are summarized as follows:
- a range of cryogenic temperatures ( from 20 K to 120 K) on a substrate for xenon
deposition.
- cryogenic temperatures (below 18.7 K) on a 13 μm thick Kapton foil to obtain
deuterium condensation in a thin layer (the planar IFE target).
- a beam of Xe atoms with a temperature higher then 2000 C and velocity range
between 100 - 400 m/s, to simulate the heated background in the fusion reactor.
- a room temperature radiation shielding system for the planar IFE target.
- a measuring circuit consisting of a 15 μm thick Pt wire imbedded in the deuterium
solid layer.
- all experiments required high vacuum conditions.
In this section the results of beam characterization and those of the experiments
involving a confocal microscope employed to measure the deuterium roughness when
heat is applied, are discussed.

5.1.1 Xenon gas relevant parameters and beam characterization
The beam of Xe gas was produced in a thermal gas cracker, described in detail
in Chapter 4, by feeding xenon gas into a tungsten capillary which was heated by
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electron bombardment. Three parameters of the Xe beam are relevant for the
proposed experiment: beam divergence, gas temperature (energy) and velocity of the
gas molecules at the target. The inner diameter of the tungsten capillary was 0.5 mm
and the xenon gas expanded through the nozzle forming a focused beam, 15°
divergence (a 30° solid angle cone) confirmed by Monte Carlo simulations. In
summary the incident atom flux on the target was 3 × 1019 atoms/s at a distance of 6.5
cm from nozzle; the mass flow rate was 0.8 sccm (25 μg/s) at a chamber pressure
lower then 10–6 Torr, which was calculated from rate of pressure rise measurements
in the vacuum chamber. The flow rate was adjusted using a leak valve upstream of
the tungsten capillary. The inlet pressure to the capillary was 2 psig (103 Torr).
These beam parameters were determined through a combination of
experiments and modeling. In the experiments argon was used because it has similar
properties to xenon and because it is significantly less expensive. Monte Carlo
simulations were performed for a hot Xe beam directed at a cryogenic target to
determine the divergence and the range of velocities achieved by expansion of the gas
through the nozzle, Fig. 5.1. A DSMC (Direct Simulation Monte Carlo) program was
used for the calculation and the geometry involved a 0.5 mm diameter aperture
located 8 mm from a solid cryogenic surface, 2 mm x 2 mm, at a temperature of 18 K.
The inlet pressure of the gas was 10 Torr and the gas temperature 300 K. The surface
temperature of the nozzle was set at 3000° C. The diameter/length ratio of the nozzle
was 1.6 x 10-2 (3 cm long nozzle) to ensure that the gas was thermalized and this ratio
and the pressure drop provides a supersonic flow of the gas, [1]. Other parameters in
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the simulations are summarized in Table 5.1. The flow field is divided into sampling
cells used for sampling of the macroscopic properties. Transient sub-cells are used for
the selection of possible collision partners. The “variable hard sphere” (VHS) model
was used for molecules and implies that a molecule has a variable diameter that varies
with the collision energy. The sticking coefficient was set initially to 0 and the
accommodation coefficient was 1. Calculations showed that the gas velocity at the
target, varied from 600 to 200 m/s, when the target was placed at a separation
distance greater than 4 mm from nozzle, as seen in Fig. 5.1. This is the range of
velocities relevant for IFE target injection in the fusion chamber. If the distance
between the target and nozzle is 4 mm the gas molecules have a much higher velocity
(up to1600-1800 m/s).

Table 5.1 DSMC parameters
- Average number of molecules per collision cell: 8
- Average number of molecules per sampling cell in the flowfield: 27
- Nr of divisions in x direction: 201
- Nr of divisions in y direction: 201
- Diameter of VHS molecule model: 0.574 x 10-9 m
- Viscosity- temperature power law: 0.81
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Fig. 5.1 Xe beam velocity distribution after the heated gas is expanded through a 0.5
mm nozzle (Monte Carlo simulation). The molecules move into -x direction.

Cu jacket
Gas

Tip of K-type
thermocouple

-e

Tungsten
capillary

Nozzle
Thermocouple

Fig 5.2 A thermocouple placed into the Ar beam measured the temperature
distribution: a) picture; b) schematic.

A spatial temperature distribution was measured using a thermocouple (Fig.
5.2) placed into the argon beam path, at various points in a perpendicular plane to the
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beam and for a distance between nozzle and target varying from 3 to 12 mm. The
thermocouple was moved (x, y, z) to sample the temperature distribution in front of
the nozzle. A maximum temperature of 480o C was measured at an Ar flow rate of 1.5
mg/min, (see Fig. 5.3).

Fig. 5.3 Measured temperature distribution for an Ar beam, at various separation
distances from nozzle, in a perpendicular plane on z-axis.

The atom flux provided by the gas using the nozzle was calculated along the z-axis
and the following values were found: 2x1021 atoms/m2 at 12 mm from nozzle, 6x1021
atoms/m2 at 7 mm, and 3x1022 atoms/m2 at 3mm. A pressure increase in the vacuum
chamber was measured as a function of time while gas was fed through the nozzle.
The following equation was used to calculate the atom flux F:
F=

N V
dN
 dp 
= 2 A 2  
Adt πd RT sin 15  dt 

(5. 1)

where NA represents Avogadro’s number, V- volume of the chamber, d-distance
between nozzle and area A, R- ideal gas constant, T- gas temperature, p- gas pressure
in the chamber, N- number of atoms entering the chamber, see schematic in Fig. 5.4.
Gas temperature was larger than 2000 C when radiation and thermal
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conduction losses were included in calculations using a computational fluid dynamics
software (FLUENT), [2]. The software can model phase changes and heat transfer
processes through conduction, convection and radiation. A relevant heat flux for IFE
targets of 14,000 W/m2 was obtained.

Nozzle
dm/dt

30°

R

d

Atom
flux F

A

Fig. 5.4 The atom flux provided by a nozzle in a 30° solid angle at distance d from
nozzle, through an area A if a mass dm enters the nozzle in a time interval dt.

5.1.2 Confocal microscope experiments

The first and second deuterium condensation cells, were large in size (10 cm
diameter and 14 cm long) in order to insert a confocal microscope into the cell. This
microscope can measure how the roughness of the back surface of the deuterium
layer changes with time if heat is applied on its front surface. Cooling tests were
performed with the cryogenic confocal microscope placed on the back flange of the
condensation cell, opposite to the Kapton window, Fig.5.5. According to the
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manufacturer instructions, a temperature not lower than 87 K, should be maintained
on the microscope for proper functioning. The cryogenic tests showed that a
temperature of 91 K can be maintained and was measured on the confocal
microscope, at a pressure of 160 Torr deuterium inside the condensation cell.

Fig. 5.5 Schematic showing a cryogenic confocal microscope inside the deposition
chamber.

The confocal microscope has a horizontal resolution of 0.4 μm and a vertical
resolution of 1.4 μm. Appropriate scanning parameters were identified at room
temperature by imaging standard samples (see Table 5.2). The microscope can image
a 40 x 40 μm2 area every 40 seconds and the step height is 400 nm. For imaging the
back surface of a planar target of solid deuterium while heat is applied on the front
surface, the heat flow will need to accommodate the image size and resolution. An
image of a standard sample obtained at room temperature using the confocal
microscope is shown in Fig. 5.6.
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10μm

Fig. 5.6 A 40x40 μm2, 2D room temperature image of a standard sample obtained
using the confocal microscope.

Table 5.2 Appropriate scanning parameters were identified at room temperature by
imaging standard samples.
Scanning Parameters
- Filter:16 Hz
- Pixels (X-axis):100 (determines resolution)
- Scanning rate: 5000 measurements / sec
- Measurements / Pixel: 10
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5.2 RHEED experiments

A Si wafer was used as a substrate and exposed to an Ar and a Xe beam in
order to measure the rate gas condensed on the surface. This was done at different
substrate temperatures. An image of Si surface taken before the experiment began is
shown in Fig. 5.7. Si (100) was used instead of Pd or Au, as a substitute for the outer
layer of the IFE target, because of its strong signal.

Si diffraction
pattern

Fig. 5.7 Diffraction pattern of a clean Si surface obtained using RHEED.

The electron diffraction pattern was also observed while a room temperature
Ar beam was directed on the Si surface, and the surface temperature was varied at
200 K, 100 K, 85 K; and 70 K. No condensation was observed after 4 min for a flux
of 3.7 x 1020atoms/m2s. An Ar beam with a temperature greater than 2000 K was
observed to damage the surface at 70 K and 6.5 cm from nozzle after a 6 min
exposure, since the Si diffraction pattern disappeared and did not recover. It is
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presumed that the energetic Ar beam etched the surface and affected the coherence of
the diffracted signal. An atom flux 1.2 x 1021 atoms/m2s fractured the Si wafer at a
separation of 3.5 cm and 70 K substrate temperature. Fig 5.8 shows a trace of the hot
Xe beam on the shutter, located at 0.5 cm from the nozzle.

Fig. 5.8 Hot Xe beam trace on the shutter of gas cracker.

Multiple RHEED images were recorded at a Si substrate temperature of 120
K, 50 K and 20 K, using the kSA software, working in connection with a regular
video camera, at a time interval (1 and 2 min). All images (a selection for each
substrate temperature is shown in Figs 5.9 to 5.21 proved that no or very little Xe
condensation took place on the Si surface. The atom flux was 2.1 x 1019 atoms/m2s at
a separation of 6.5 cm between the substrate and the nozzle. A sticking coefficient of
less than 10-4 was estimated if less than a monolayer of Xe was deposited on the Si
substrate.
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RHEED
pattern

Fig. 5.9 RHEED pattern on a Si surface (120 K), in the absence of the Xe beam.

Fig. 5.10 RHEED pattern on a Si surface (120 K), after 1 min exposure to a Xe beam.
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Fig. 5.11 RHEED pattern on a Si surface (120 K), after 2 min exposure to a Xe beam.

Fig. 5.12 RHEED pattern on a Si surface (120 K), after 3 min exposure to a Xe beam.
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Fig. 5.13 RHEED pattern on a Si surface (120 K), after 4 min exposure to a Xe beam.

Fig. 5.14 RHEED pattern on a Si surface (50 K), no Xe beam. The diffraction pattern
in this picture was observed in a different area on the surface from previous images.
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Fig. 5.15 RHEED pattern on a Si surface (50 K), after 2 min exposure to a Xe beam.

Fig. 5.16 RHEED pattern on a Si surface (50 K), after 4 min exposure to a Xe beam.
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Fig. 5.17 RHEED pattern on a Si surface (50 K), after 6 min exposure to a Xe beam.

Fig. 5.18 RHEED pattern on a Si surface (20 K), no Xe beam. A different area on the
surfaced was chosen for each substrate temperature.
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Fig. 5.19 RHEED pattern on a Si surface (20 K), after 2 min exposure to a Xe beam

Fig. 5.20 RHEED pattern on a Si surface (20 K), after 4 min exposure to a Xe beam.
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Fig. 5.21 RHEED pattern on a Si surface (20 K), after 6 min exposure to a Xe beam.
Table 5.3 summarizes the RHEED measurements and results including the specific
conditions (substrate temperature, gas, gas temperature, separation between nozzle
and Si substrate). The thermal implications for the IFE target will be discussed in
Chapter 6.
Table 5.3 Experimental conditions and results in RHEED measurements.
Substrate
Si
Si
Si
Si
Si
Si
Si
Si
Si

Substrate
temp(K)
200
100
85
70
70
70
120
50
20

Gas
Ar
Ar
Ar
Ar
Ar
Ar
Xe
Xe
Xe

Gas
temp(K)
300
300
300
300
>2000
>2000
>2000
>2000
>2000

Separation
(cm)
6.5
6.5
6.5
6.5
6.5
3.5
6.5
6.5
6.5

Result
no condensation
no condensation
no condensation
no condensation
damaged surface
fractured surface
no condensation
no condensation
no condensation
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5.3 3-ω experiments
Measurements of thermal conductivity in deuterium by the 3-ω method,
discussed in Chapter 3, were performed initially using the second stainless steel
chamber, described in section 4.5.3. A schematic in Fig. 5.22 shows the vertical
positioning of the cell and the location of the Pt wire. Measurements in deuterium
gas, liquid and solid were performed. Using voltage measurements at the first
harmonic, the temperature of the surrounding medium (ice, liquid, or gas) was
calculated solving the following equation:

R (T ) = 0.07555883 − (4.9077335 × 10 −3 ) × T + 2.6136365 × 10 −4 × T 2

(5.1)

where R is the Pt wire resistance and T is the temperature. The Pt wire resistance R
was computed using current and voltage (V1) measurements. In equation (5.1) the
coefficients were determined experimentally.
Figure 5.23 shows the variation of the Pt wire resistance as a function of its
temperature for a range of cryogenic temperatures. The method can resolve a 0.1 mK
change in the temperature every 0.1s since the precision in measuring the voltage V1
is 10-4 K and the time constant was 100 ms.
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Fig. 5.22 Schematic of deuterium condensation cell (vertical positioning).
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Fig. 5.23 Pt wire resistance as a function of its temperature.
Typical values for the voltage in the third harmonic (V3) was measured in
vacuum, deuterium gas, liquid and solid and are presented in Table 5.4. The
measurements were performed at a frequency of 25 Hz and the lock-in amplifier
readings used a 3 second time constant. The time constant is the time needed for the
lock-in-amplifier to achieve an adequate signal-to-noise value. However a time
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interval 10 times longer than the time constant was required to read the voltage. There
was a significant decrease in the voltage values (one order of magnitude) between
vacuum and gas measurements from -0.4586 μV to -0.0460 μV and between gas and
liquid, from -0.0460 μV to -.0.0050 μV for the in-phase signal. A lesser decrease in
the voltage, but still significant, was found between liquid and solid phases values of
the voltage, from - 0.0050 μV to - 0.0015 μV. The out-of –phase signal had a similar
behavior.

Table 5.4 Typical values for the voltage in the third harmonic. The first number in the
paranthesis is the in-phase value while the second is the out-of - phase value.
Typical values for 3ω voltage
(in-phase, out-of phase)
Applied power:3 μW
Vacuum: ( -0.4586, 0.4852) μV
Gas:

( -0.0460, 0.0270) μV

Liquid:

(-0.0050, 0.0020) μV

Solid:

(-0.0015, 0.0006) μV

In Table 5.4 the voltage was measured for the same value of the applied power to the
Pt wire. The applied power can be changed by modifying the value for the current.
Tables 5.5 and 5.6 include measured values for the Pt wire resistance (based on
voltage in the wire), the applied current I, the voltage in the third harmonic V3,
computed values for the temperature of the wire Tw and the thermal conductivities in
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deuterium gas and liquid. As can be seen from these tables, thermal conductivity
values, which are in good agreement with those from the literature (Table 5.7, [3])
were obtained for a range of applied powers between less than a 1 μW and 8 μW.
While a power less than 1μW provided reasonable values for the thermal
conductivity measured in gas, a power greater than 3 μW was necessary for
measurements in the liquid and solid, when the 3-ω voltage is lower because of the
heat loss in a better thermally conductive medium.
Measurements in liquid showed that for a power of less than 1 μW, the 3-ω
voltage can not be differentiated from noise. Higher heating powers can be obtained
by increasing the current. It was found that currents higher than 10 mA in deuterium
gas overheated the Pt wire. Overheating of the wire gives an incorrect reading for the
thermal conductivity as the heat capacity of the metal becomes the controlling
parameter. This was reported by other authors as well, [4].

Table 5.5 Measured values for the voltage in the third harmonic (V3) and computed
thermal conductivity (k) for deuterium gas. (here P is the measured pressure at
cryogenic temperatures)
gas
P(Torr)
8.4
28.0
43.5
67.0
31.9

f=25Hz
V1(mV)
0.294
0.273
0.298
0.305
0.324

In phase/ out
of phase

I(mA)
5
5
5
5
5

R(Ohm)
0.0588
0.0546
0.0596
0.0610
0.0648

P(μW)
0.432
0.373
0.444
0.465
0.525

Tw(K)
22.22
21.16
22.41
22.74
23.59

V3(μV)IN
-0.046
-0.040
-0.034
-0.036
-0.038

V3(μV)OUT
0.027
0.019
0.023
0.023
0.025

k(W/m*K)
NA/0.022
0.013/0.026
0.015/0.027
0.016/0.028
0.018/0.030
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Table 5.6 Measured values for the voltage in the third harmonic (V3) and computed
thermal conductivity (k) for deuterium liquid. (here P is the pressure above the liquid)
liquid
P(Torr)
183.1
161.3
170.4
178.6
209.1

f=25Hz
V1(mV)
0.377
0.368
0.6025
0.463
0.475

In phase/ out of
phase

I(mA)
8
8
13
10
10

R(Ohm)
0.04713
0.046
0.04635
0.0463
0.0475

P(μW)
3.02
2.94
7.83
4.63
4.75

V3(μV)IN
-0.006
-0.0055
-0.0222
-0.0103
-0.0108

Tw(K)
18.9
18.6
18.72
18.71
19.1

V3(μV)OUT
0.0021
0.0029
0.0143
0.0062
0.0068

k(W/m*K)
0.117/0.20
0.12/0.13
0.13/0.11
0.13/0.12
0.13/011

Table 5.7 Comparison between measured and published deuterium thermal
conductivity values, [3].
Applied
Power
μW
1.36
3.00
2.87

Temp wire
(K)
gas@ 21.16 & 67 Torr
liquid@18.90
Solid @17.90

k(measured)
(W/m*K)
0.013
0.11
0.30

k(literature)
(W/m*K)
gas 0.009
liquid 0.12
solid 0.38

In the tables 5.5 and 3.6 the thermal conductivity values were computed using the
approximate solution of the 2D diffusion equation, [5]:

PV a 2

T2 (a ) =
2k 2

f
(1 + i )
f2

f
(1 + i )
K1 (
f2
K0 (

f
(1 + i )
f2

(5.2)

+ i 4πa 2 ρ1C1 f

where Pv represents the power per unit volume, a is the wire diameter, f the frequency
of the current, and k2 the thermal conductivity outside the wire. In the above equation
f2= (1/2πa2)(k2/ρ2C2) while ρ1 is the density and C1 the heat capacity of the Pt wire.
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K0 and K1 are the zeroth and first order modified Bessel functions. The above solution
is valid for l >> a, where l is the wire length and a, its diameter, [5]. Also it was
assumed that the heating power is uniformly distributed throughout the Pt wire and
the temperature variation across the Pt wire is negligible.
Thermal conductivity measurements in solid deuterium showed that the solid
layer develops voids around the Pt wire, shortly after formation. The initial values for
V3 were in the range reported for solid D2 followed by a sudden increase to a value in
the gas range which was then continuously increasing. The heat load was higher than
4.7 x 10-4 J during a time interval of 30 seconds, which is the minimum time to take a
manual measurement and it corresponds to a 14 mm Pt wire with a resistance of
0.065 Ω, at a temperature below 18.6 K and a current of 15.5 mA. It was assumed
that extra heat was loading the Pt wire through the connecting wires to room
temperature devices.
Thermal conductivity was measured also during a phase transition from liquid
to solid proving that such measurements are possible using the 3-ω method. The
measured voltage V3 as a function of time is presented in Fig. 5.24. The 3-ω voltage
was measured around the triple point (18.7K) between 18.9 K and 17.9 K.
Temperature and thermal conductivity were computed at the beginning and at the end
of the phase transformation, for the liquid and solid phase. It was found a temperature
of 18.9 K and a thermal conductivity k= 0.14 W/m-K corresponding to liquid phase at
the beginning of the phase transformation, and a temperature of 17.9 K and a thermal
conductivity k= 0.30 W/m-K corresponding to the solid phase at the end of the phase
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transformation. The Pt wire resistance was calculated (based on measured V1) 0.076
Ω at a temperature of 18.9 K and 0.076 Ω at 17.9 K. The cooling power was
calculated using the latent heat of fusion for deuterium (49.25 x 103 J/kg) [3] for a
mass of 0.149 x 10-3 kg of solid deuterium which solidified over a time interval of 6 s
and was 1.2 W.

Time dependence of V3

0.006

Liquid K=0.14 W/m*K, T=18.9 K

-V3 (microVolt)

0.005
0.004

Solid K=0.30 W/m*K, T=17.9 K

0.003
0.002
0.001
0
0

2

4
time (s)

6

8

Fig. 5.24 The 3-ω voltage was measured in real time during a phase transition from
liquid to solid.

It was necessary to minimize the heat load to the Pt wire and optimize the
heat path in the condensation cell in order to remove the voids observed around the
wire. Measurements of thermal conductivity of solid deuterium while exposed to a
hot beam of atoms are possible only if deuterium ice is stable prior to the experiment
and in contact with the measuring Pt wire. A fourth generation condensation cell was
designed and built and is shown in Fig. 5.25. While the size of the Kapton window

5. Experiments ad results

106

and the inner diameter of the cell were the same as in the previous stainless steel cell,
18 mm, the volume was significantly reduced with the intention to fill completely the
cell with deuterium. The cell was a stainless steel cylinder 0.7 cm long with a Kapton
window at one end and a glass window at the other end. It was cooled between two
identical copper blocks. The cell with the copper blocks was highly symmetrical to
achieve better thermal uniformity that the previous cell. As a result it was cooled
more uniformly and a small temperature gradient (4 K) was created applying heat on
the upper copper block, close to the deuterium feeding pipe. This temperature
gradient prevented the formation of an ice deuterium plug and provided a more
uniform solidification of the liquid. Liquid deuterium was condensed and by slow
freezing (decreasing gradually the thermal gradient across the cell) a single crystal of
deuterium was formed. The temperature distribution on the cell is shown in Fig. 5.25.
19.7 K (copper block)
gas inlet
16.3 K (stainless steel)
cell
Kapton window
15. 4 K (copper block)
attachment to cryocooler

Fig 5.25 Temperature distribution on the fourth cell after cooling.
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The cell was completely filled with solid deuterium and measurements of the third
harmonic voltage as a function of the frequency of applied current were collected in
vacuum, and deuterium gas, liquid and solid, using a Labview program. Experimental
data were used to compute the amplitude of temperature oscillations using Eq. 3.7.
A selection of data is presented in Figs. 5.26- 5.33 and more graphs were included in
the Appendix (Figs A2 to A6). In these graphs the dotted curves correspond to the
experimental data while the continuous curves were calculated. Matching the
experimental data with the predicted curves by an available MATLAB program, [6]
provided the thermal conductivity values for deuterium gas, liquid and solid. In the
MATLAB program, a 2D model of the Pt wire imbedded in deuterium, a section
through a cylindrical geometry was considered. The z axis is the axis parallel to the Pt
wire while a perpendicular axis (R) on the Pt wire was necessary to account for heat
conduction in the radial direction. Heat conduction is assumed along the wire as well,
but the wire is long enough for this to not be a significant perturbation.
The thermal conductivity values were included in the Table 5.8 and were
found in good agreement with published data, [3]. Experimental data between 100
and 1000 Hz best matched the predicted curves. At frequencies below 100 Hz
(especially around 10 Hz) and above 1000 Hz, differences between the experimental
data and the predicted values were found. However the 2D model allows the
obtaining of improved values for the thermal conductivities compared with those
provided by the 1D analytic solution (Eq. 5.2) since it accounts for the heat flow
along the wire in addition to the heat flow in the radial direction.
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12/12/08 15:33, 20.8K P= 14.7uW
vacuum, k= 0 W/mK
2.00E-01

TEMPERATURE AMPLITUDE (K)

In phase
1.50E-01

R/dR/dt=14.51 K
time const=1s
average 10s
gain 100

1.00E-01

Out-of - phase
5.00E-02

0.00E+00

1

10

100

1000

10000

-5.00E-02
FREQUENCY of DRIVE (Hz)

Fig. 5.26 Temperature amplitude as a function of frequency of the applied current, in
vacuum.

5.00E-02

12/12/08 16:48 T= 20K P= 14.3uW
p= 223 Torr, Gas, k=0.020 W/mK

R/dR/dt=14.77K
time constant 1s
average 20s
gain 100

TEMPERATURE AMPLITUDE (K)

4.00E-02

In phase
3.00E-02

2.00E-02

Out-of - phase

1.00E-02

0.00E+00
10.00

100.00

1000.00

10000.00

-1.00E-02
FREQUENCY of DRIVE (Hz)

Fig. 5.27 Temperature amplitude as a function of frequency of the applied current in
deuterium gas.
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12/15/08 16:05 T=20.95K P= 20.2uW
p= 311 Torr, liquid, k=0. 12 W/mK

TEMPERATURE AMPLITUDE (K)

6.00E-03
5.00E-03
4.00E-03

In phase

R/dR/dt=14.47K
time const=1s
average 20s
gain 1000

3.00E-03
2.00E-03
1.00E-03
0.00E+00
10.00

Out-of - phase
100.00

1000.00

10000.00

FREQUENCY of DRIVE (Hz)

Fig. 5.28 Temperature amplitude as a function of frequency of the applied current in
liquid deuterium, (P = 20.2 μW).
12/015/08 16:19 T= 20.95K P= 15.7uW
p= 311 Torr, liquid, k=0.12 W/mK

TEMPERATURE AMPLITUDE (K)

4.00E-03
3.50E-03
3.00E-03
2.50E-03

R/dR/dt=14.47K
time const=1s
average 20s
gain1000

In phase

2.00E-03
1.50E-03
1.00E-03
5.00E-04
0.00E+00
10.00

Out-of - phase

100.00

1000.00

10000.00

FREQUENCY of DRIVE (Hz)

Fig. 5.29 Temperature amplitude as a function of frequency of the applied current in
liquid deuterium, (P = 15.7 μW).
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12/15/08 16:37 T= 20.95K P= 9.91uW
p= 311 Torr, liquid, k=0.12 W/mK
R/dR/dt=14.47K
time const=1s
average 20s
gain 1000

2.00E-03

In phase
1.50E-03
1.00E-03
5.00E-04
0.00E+00
10.00

Out-of - phase
100.00

1000.00

10000.00

FREQUENCY of DRIVE (Hz)

Fig. 5.30 Temperature amplitude as a function of frequency of the applied current in
liquid deuterium, (P = 9.91 μW).
12/17/08 16:09 T=15.92 K, P= 20uW
solid , k=0.38 W/mK
3.00E-03

TEMPERATURE AMPLITUDE (K)

2.50E-03

R/dR/dt=18.64K
time const=3s
average 30s
gain 1000

In phase

2.00E-03
1.50E-03
1.00E-03
5.00E-04

Out-of - phase

0.00E+00
10

100

1000

10000

-5.00E-04
-1.00E-03
FREQUENCY of DRIVE (Hz)

Fig. 5.31 Temperature amplitude as a function of frequency of the applied current in
solid deueterium, (1).
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12/17/08 16:44 T= 15.92 K P= 20uW
solid , k=0.35 W/mK

TEMPERATURE AMPLITUDE (K)

3.00E-03
2.50E-03

R/dR/dt=18.64K
time const=1s
average 20s
gain 1000

In phase

2.00E-03
1.50E-03
1.00E-03
5.00E-04

Out-of - phase

0.00E+00
-5.00E-04

10

100

1000

10000

-1.00E-03
FREQUENCY of DRIVE (Hz)

Fig. 5.32 Temperature amplitude as a function of frequency of the applied current in
solid deuterium (2).
12/18/08 12:04 T= 14.98K P= 20uW
solid , 1000 gain, k=0.32 W/mK
3.50E-03

TEMPERATURE AMPLITUDE (K)

3.00E-03
2.50E-03

R/dR/dt=20.76K
time const=3s
average 30s
gain 1000

In phase

2.00E-03
1.50E-03
1.00E-03
5.00E-04

Out-of - phase

0.00E+00
-5.00E-04
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1000

10000

-1.00E-03
FREQUENCY of DRIVE (Hz)

Fig. 5.33 Temperature amplitude as a function of frequency of the applied current in
solid deuterium with no heat applied.
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Table 5.8 Comparison of thermal conductivity values, experimental data and
literature.
Applied
Power
μW
14.3
10-20
20

Temp wire
(K)
20 @ 223 Torr
20.95
14.98-18.56

k(measured)
(W/m*K)
0.020
0.12
0.20-0.38

k(literature)
(W/m*K)
gas 0.009
liquid 0.12
solid 0.38

In vacuum, the heat flow in the radial direction is negligible, and the
temperature amplitude values are higher than when deuterium is added. As seen in
Fig. 5.26 the in-phase component of the temperature amplitudes dominates the out-ofphase component which falls to zero at low frequencies. At higher frequencies the
out-of-phase component dominates, but at frequencies higher than 1000 Hz both
components fall to zero because the temperature oscillations are too fast to be
transmitted in the Pt wire. When deuterium gas surrounds the Pt wire, the heat can
flow also in the radial direction and the temperature amplitude decreases from (1.9x
10-1, 9x 10-2) K to (4x10-2, 2.4x 10-2) K since some heat is transferred from Pt wire to
deuterium, (Fig. 5.27). In liquid deuterium, in the range of frequencies from100 to
1000 Hz there was a good fit between the experimental data and the calculated
curves. A thermal conductivity value of 0.12 W/m-K was found in good agreement
with published data. It is seen in Figs. 5. 28 to 5.30 that a decrease in the applied
power produces a decrease in the temperature amplitude as expected. Not all
experimental data at frequencies below 100 Hz agree with the calculated curves but
overall the agreement is reasonable and the average uncertainty was ± 0.5 x 10-4 K.
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For solid deuterium at temperatures below 16 K thermal conductivity varied between
0.32 and 0.38 W/m-K (Figs. 5.31 to 5.33), at an applied power of 20 μW.
A series of experiments were performed at 18.56 K while applying heat on the
Kapton window using a Hg lamp. The thermal conductivity of solid deuterium was
found to be 0.20 W/m-K and did not change during the experiment because the
cooling power was too large to allow a measurable temperature rise (Figs. 5.34 and
5.35 and A3 and A4 in the Appendix). It was not possible to quantify the heat
provided by the lamp. In this experiment the goal was only the observation of a
response from the Pt wire, and a change in time for the thermal conductivity of the
target. Another heating source was considered for a second experiment: a 20 mW HeNe laser, (λ=690 nm). The temperature amplitude as a function of frequency
measured at various time intervals with the He-Ne laser on is shown in Figs. 5.36 to
5.38 and in the Appendix Figs A5 and A6. The applied heat flux was 0.5 x 10-2
W/cm2 calculated for an absorption of 36% for the Kapton window, [7]. This
represents only 1/300 of the relevant IFE heat flux of 14000 W/m2. The total heat
applied was 14.7 J/cm2 over a time interval of 2940 s and an area of 254 mm2. The
noise level increased from 1 x 10-4 K to 0.12 x 10-3 K but the thermal conductivity of
deuterium was unchanged (20 W/m-K).
While these experiments proved that the 3-ω method is suitable for measuring
accurately the thermal conductivity for both liquid and solid deuterium, a
measurement in time rather than as a function of frequency of the voltage V3 is
desirable and it is shown in Fig. 5.39. The frequency was kept almost constant.
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12/18/08 14:38 T= 18.56K P= 18.46uW
solid, no heat, k=0.20 W/mK

TEMPERATURE AMPLITUDE (K)

4.00E-03
3.50E-03
3.00E-03

R/dR/dt=15.54K
time const=1s
average 20s
gain 1000

In phase

2.50E-03
2.00E-03
1.50E-03
1.00E-03

Out-of - phase

5.00E-04
0.00E+00
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1000

10000

FREQUENCY of DRIVE (Hz)

Fig. 5.34 Temperature amplitude as a function of frequency of the applied current in
solid deuterium while no heat was applied.
12/18/08 14:46 T= 18.56K, P=19.1 uW
solid, Hg lamp on, k=0.20 W/mK

TEMPERATURE AMPLITUDE (K)

4.00E-03
3.50E-03
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3.00E-03

R/dR/dt=15.54K
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average 20s
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Fig. 5.35 Temperature amplitude as a function of frequency of the applied current in
solid deuterium after heat from a Hg lamp was applied.
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12/18/08 15:17 T=18.56K, P=18.46uW
solid , He-Ne laser on, k=0.20 W/mK

TEMPERATURE AMPLITUDE (K)
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3.50E-03
3.00E-03

R/dR/dt=15.54K
time const=1s
average 20s
gain 1000

In phase
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10000
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Fig. 5.36 Temperature amplitude as a function of frequency of the applied current in
solid deuterium after more heat from a Hg lamp was applied.
12/18/08 15:32 , T=18.56K , P= 18.46uW
solid ,He-Ne laser on, k= 0.20 W/mK

TEMPERATURE AMPLITUDE (K)
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R/dR/dt=15.54K
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Fig. 5.37 Temperature amplitude as a function of frequency of the applied current in
solid deuterium after more heat from a He-Ne laser was applied.

5. Experiments ad results

116

12/18/08 16:06 , T= 18.56K , P= 18.46uW
solid, He-Ne laser on, k=0.20 W/mK

TEMPERATURE AMPLITUDE (K)
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3.50E-03
3.00E-03

R/dR/dt=15.54K
time const=1s
average 20s
gain 1000
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Fig. 5.38 Temperature amplitude as a function of frequency of the applied current in
solid deuterium after more heat from a He-Ne laser was applied.
12/12/08 17:16 T= 20K P=24.5uW
p= 220 Torr, gas
8.00E-02

TEMPERATURE AMPLITUDE (K)
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Fig. 5.39 Temperature amplitude as a function of time at almost constant frequency.
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6. CONCLUSIONS
This chapter combines the results of the Xe deposition experiments and the
thermal conductivity measurements in deuterium to better predict what happens to the
target when it is injected in the fusion chamber. In the light of these experimental
results, the current understanding of the IFE target response to the thermal
background of the fusion chamber is discussed. Further research directions are
suggested.

6.1 Summary of results
A planar IFE target of deuterium was condensed on a Kapton foil (13 μm
thick) inside a deposition cell. A high-temperature beam (T > 2000 K) of Xe atoms
was characterized and used to simulate the thermal background in the fusion reactor.
The response of the target to the thermal background was studied, through
investigation of gas-surface interactions and the associated heat transfer. The Xe
condensation rate on a Si substrate at cryogenic temperatures was measured by
Reflection High Energy Electron Diffraction. It was found that the Xe atoms did not
stick to the substrate or less than a monolayer of atoms was deposited. The maximum
number of monolayers of Xe that could form during a 4 min exposure of the Si
substrate was calculated 9.4 x 108, for an area of 9.5 cm2 and 5 x 109atoms per
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monolayer. This was concluded since there were no significant changes in the
electron diffraction pattern during the same time interval, as seen in Figs. 5.9 to 5.21.
The substrate temperatures were 120 K, 70 K and 20 K.
The Ar beam condensation rate was measured for comparison with the
published results. When room temperature Ar was used, the temperature of the Si
substrate was 200, 100, 85, and 70 K. For the 2000 K Ar beam the substrate was held
at 70 K. Ar did not condense on the Si substrate. This result is in agreement with a
previous study [1] which measured the capture (sticking) coefficient during the
condensation of a 2500 K Ar beam on a copper substrate at a temperature between 15
and 100 K. It was also calculated that an Ar atom from a 2500 K beam striking the
surface can transfer enough energy to evaporate another 6 Ar atoms, previously
deposited, [1].
When 2000 K Ar hit the Si substrate the surface was damaged at a separation
distance of 6.5 cm from nozzle for an atom flux of 3.7 x 1016atoms/cm2-s. At 3.5 cm
the surface was fractured due to thermal shock by an Ar beam with an atom flux of
1.2 x 1017atoms/cm2-s. Thermal shock occurs when a thermal gradient produces a
non-uniform expansion between two different areas.
Besides comparison with Ar deposition at low temperatures, the mechanism
of Xe deposition can be further analyzed and it can be concluded that the formation of
well ordered monolayers of Xe on a Si substrate is not expected at the beginning of
the deposition. This is because Xe has a FCC (face-centered cubic) structure with a
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6.1 Å lattice constant while the Si has a diamond structure (two interpenetrated FCC
structures) with a lattice constant of 5.4 Å.
Another study [2] measured the probability to stick to the surface of a
substrate at a temperature from 5 to 300 K, for various molecular gases (H2, CH4, CO,
CO2). The maximum value of this probability was reported in a range from 0.01 to
0.1 depending on the gas nature, at a substrate temperature lower than 20 K. This is a
significant low value for the sticking coefficient for all gases studied, meaning that
less than 10% of all atoms striking the surface were adsorbed. The mechanism of
sticking is different when atomic gases are compared with molecular gases. The
sticking probability is higher for molecular gases and thus supports the argument that
Xe sticking was unlikely.
Thermal conductivity values in gas, liquid and solid deuterium measured by 3ω method were found in good agreement with the published data. The thermal
conductivity for gas varied between 0.013 and 0.018 W/m-K. The in-phase voltage
proved more accurate, [3].
The thermal conductivity values measured in liquid deuterium were in
excellent agreement with previously reported values in the literature, [4], see also
Table 5.7. A value ranging from 0.11 to 0.13 W/m-K was measured.
A range of values from 0.20 to 0.38 W/m-K was obtained for the thermal
conductivity in solid deuterium, depending on the ice temperature. An applied power
of about 20 μW or higher is necessary when measurements are performed in solid
deuterium. Higher currents in gas or liquid (>10 mA for deuterium gas in this study)
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are not recommended because they can overheat the Pt wire. This was also reported
in a previous study, [5].
The 3-ω voltage was measured during a deuterium phase transition from
liquid at 18.9 K to solid at 17.9 K, see Fig. 5.24. Thermal conductivities were
calculated and found k = 0.14 W/m-K (liquid) and k = 0.30 W/m-K at the beginning
and at the end of the transformation. The experiments in which heat (50 W/m2 which
accounts for ~ 1/300 of the heat flux in the fusion chamber) was applied from an
external source did not measure a change in the thermal conductivity of solid
deuterium or a change in the temperature.

6.2 Conclusions and future directions
There are three mechanisms that contribute to the IFE target heating during
injection into the fusion chamber. The first concern is the thermal radiation from
chamber walls. This was estimated previously using Stefan-Boltzmann law and for a
very reflective target surface (coated with a 275-375 Å Au layer) was found to range
from 2300 W/m2 (wall temperature 1000 K) to 11000 W/m2 (at 1500 K), [6].
A second mechanism which deposits heat into the target is Xe atoms
condensation on its surface. The experimental results of this study for the rate of Xe
deposition on a cryogenic surface are relevant. It can be concluded that no or very
little deposition of Xe atoms on the Si surface implies that the heat transferred
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through this mechanism is negligible. At a distance of 6.5 cm from the nozzle the
measured atom flux was n = 2.1 x1019 atoms/m2 s. In a fusion chamber (6 m radius)
filled with Xe at a pressure of 0.05 Torr, the number of atoms per unit volume is 2.4 x
1020atoms/m3. Other proposed chamber pressures and the corresponding Xe atoms
densities (calculated using the ideal gas equation pV= (NRT/NA) are shown in Table
6.1. The total number of atoms striking the target (N) within a cylinder 6 m long and
with a radius of 2 mm was calculated and included in the same table.
A sticking coefficient was estimated for the Xe deposition on the Si surface.
The number of atoms which will condense on the IFE target and the heat of
condensation were calculated, (Table 6.2)
In the experiment, the perpendicular area defined by a cone (with a 30° solid
angle) at a distance of 6.5 cm from nozzle is A = 9.39 cm 2. The number of atoms per
unit time, incident on this area is n’ = nA = 1.97 x1016 atoms/s. The total number of
atoms that can interact with the Si surface in dt = 4 min is N = n’ dt = 4.7 x 10

18

atoms. Taking into account that there are 2 atoms per unit cell in the xenon crystal
lattice and the lattice constant is 6.1
Ǻ, the number of atoms

deposited in a half

monolayer is n1/2 = 2.5 x 109. The ratio (n1/2) /N= 0.5 x 10-9 is the sticking coefficient.
The total number of atoms interacting with the target depends on the gas
velocity. It was found that the gas molecules have a velocity higher than 400 m/s for
all gas temperatures considered in this analysis. This implies that only on the leading
half of the surface area in the moving direction will the atoms stick. Knowing the
number density (atoms/m3) for different pressures and temperatures in the fusion
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chamber and the measured sticking coefficient for Xe, the number of atoms which
condensed on the target (N) and the corresponding heat of condensation (using the
equation Q = λXe mXe N) were calculated, (Table 6.2).
Table 6.1 Xe pressure and the number density values in a 6 m radius fusion chamber.
Xe
p(Torr)
0.05
0.05
0.05
0.08
0.08
0.08
0.2
0.2
0.2
0.5
0.5
0.5

Xe T(K)
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000

N/V(atoms/m3)
20
4.80x10
20
2.41 x10
1.61E+20
7.70E+20
3.86E+20
2.57E+20
1.93E+21
9.66E+20
6.44E+20
4.80E+21
2.40E+21
1.60E+21

N (atoms)
3.62E+16
1.82E+16
1.21E+16
5.80E+16
2.91E+16
1.94E+16
1.45E+17
7.28E+16
4.85E+16
3.62E+17
1.81E+17
1.21E+17

Table 6.2 Heat of condensation transferred to a 2 mm radius target in a 6 m radius
fusion chamber filled with Xe gas.
Xe T(K)
1000
2000
3000
1000
2000
3000
1000
2000
3000
1000
2000
3000

N atoms
deposited
9.63E+08
6.43E+08
2.34E+09
1.03E+09
3.86E+09
2.57E+09
9.59E+09
6.39E+09
1.92E+09
3.08E+09
7.71E+08
1.92E+10

Qdep (J)
-12
3.69x10
2.46E-12
8.97E-12
3.93E-12
1.48E-11
9.86E-12
3.67E-11
2.45E-11
7.35E-12
1.18E-11
2.95E-12
7.35E-11

Impact energy
(J)
7.49E-04
7.52E-04
7.53E-04
1.20E-03
1.20E-03
1.20E-03
3.01E-03
3.01E-03
3.01E-03
7.49E-03
7.49E-03
7.49E-03
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As expected for a sticking coefficient in this range (10-10) the heat of condensation is
negligible (10-11-10-12 J). It results that the bulk of the heat load to the target will be
from collisions.
Collision of Xe atoms with the target is the third mechanism in which heat is
transferred to the target. The xenon atoms strike the surface and recoil loosing a
certain amount of energy which depends on the accommodation coefficient. The
value of this coefficient is still unknown in this case but advanced development of the
3-ω method proposed for measuring the total heat transferred to the target was
completed. The total energy from impact, if all atoms that strike the target would
transfer their energy is in the range of mJ and it was estimated (see Table 6.2) using
the equation E = N

mv 2
, where v is the velocity, m the Xe atom mass and N the
2

number of atoms impacting the target. However the “snow-plough” effect will
decrease the amount of heat transferred through collisions by cooling the incoming
atoms, an effect caused by recoiled atoms which have lower energies after impact.
Both, the sticking and accommodation coefficients can be used in the initial Monte
Carlo simulation (Fig. 2.12) to improve the calculation and extract more information
regarding the behavior of the IFE target during injection.
A second conclusion is that a high gas flux or velocity will ablate the plastic
surface of the target since the Ar deposition experiments showed damage to the Si
surface. The beam energy was 4.7 x 10-2 J. The average roughness of the Si surface,
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measured by atomic force microscopy was 40 nm. At least one monolayer of Si was
ablated.
At 3.5 cm from nozzle the energy of the Ar beam (4.1 x 10-1 J) fractured the Si
surface. By heating one side of the Si wafer while it was maintained at cryogenic
temperatures produced a significant thermal gradient between the front and the back
sides and it was fractured by thermal shock. The energy is partitioned such that a
portion is used for breaking the Si bonds and the rest for heat conduction from hot
region to the cold region. If all energy would be used for breaking the Si bonds then a
number of 1.13x1018 Si molecules could be dissociated. The bond dissociation energy
for Si is 52 Kcal/mol and the energy to break a single Si-Si bond is 3.6 x 10-19 J.
Another conclusion is that the heat flux provided by a 690 nm-20mW laser
which was estimated 50 W/m2 (total heat applied 37.3 J) did not modify the
temperature of the target and a measurable change in the thermal conductivity of solid
deuterium was not observed. While the heat of solidification for deuterium is 48.78
KJ/Kg, to melt a layer of 1 mm thickness with a mass of 0.05 x 10-3 Kg a total heat of
2.44 J at triple point (18.7 K) is necessary. However the 3 mm thickness deuterium
layer obtained in the experiment had a measured temperature of 18.56 K. Using the
equation Q = mc(TTP- 18.56) where m = 0.149 x 10-3 Kg is the mass and c = 2.9
KJ/Kg-K the specific heat for solid deuterium, the heat necessary to increase the
temperature to triple point (TTP = 18.7 K) is 60 J. At the same time the thermal
conductivity for solid deuterium was measured 20 W/m-K at 18.56 K and using
equation ΔQ/dt = kAΔT/x, a cooling power of only ~ 0.1 W is necessary to remove
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the heat through an area A = 5.4 cm2 and a heat path x = 1.8 cm. In the above
equation Q is the heat, k thermal conductivity, ΔT the thermal gradient. The cooling
power of the cryostat is 0.8 W at 4.2 K and has higher values at higher temperatures.
From the heat load map for the cryostat, see the Appendix (Fig. A7), the cooling
power at 18 K was 6 W.
The IFE target was modeled in this experimental work as a planar surface.
Obtaining a deuterium ice spherical target (2 mm diameter) and imbedding a 15 μm
diameter Pt wire to measure the thermal conductivity inside a thin layer located at the
target’s surface translates into significant technical challenges. A second issue is that
the Pt wire becomes a reliable measuring instrument if its length is at least 7-8 mm
such that the end effects are minimized. It is important to analyze the implications of
using in the experiments a planar surface instead of a spherical target.
The first question is what are the significant differences occurring when
measuring experimentally the heating by a gas of a planar target rather than of a
spherical one. The heat from condensation depends on the number of gas molecules
deposited on the surface. This number per unit area should not be significantly
different if both surfaces are exposed to a similar environment and have similar
surface conditions (gas temperature, substrate temperature, flux of the incident
particles). In the experiments the planar surface was exposed to a focused hot beam
and the angle of incidence at which the gas molecules impact the surface may be a
factor that can modify the amount of the condensed material. It was found [1]
experimentally in a previous study that the sticking coefficient was > 0.9 for angles of
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incidence between 0 and 70º for an incident beam (T < 1400K) of Ar, CO2, or N2,
condensing on a copper surface (T >15 K). To ensure that this is the case in the
current study, the orientation of the Si wafer used as a substrate for Xe deposition
experiments can be modified such that the incident angle can vary between 0 and 90º.
The fraction of energy lost through collisions with the target by the gas
molecules depends on the surface temperature and the roughness of the surface. If the
same number of molecules hit the unit area of the target in unit time no difference is
expected between the heat transferred to a spherical surface and the heat transferred
to an equivalent planar target through collisions.
Another issue concerns the heat flow inside the target and it is expected that a
spherical target (radius R) will be more affected than a planar target at the same depth
R from its surface, since at a specified depth smaller than R the volume enclosed by
the spherical surface will be smaller.
It is important however that the experimental data obtained for a planar target
are used in the calculations involving the IFE target taking into account the spherical
geometry.
Two experiments are proposed to further enhance the understanding of the
IFE target response to the thermal background present in a fusion reactor. The first
experiment continues the investigation through the 3-ω thermal conductivity method.
The experiments should be conducted in the same way described in Chapter 5. A few
improvements are however necessary:
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a target 1 mm thick should be obtained, ideally with 2 layers : the plastic outer
layer and the solid deuterium.

-

a higher heat flux will be applied using the heated nozzle and should
overcome the heat removed through the cryostat.

-

2 Pt wires at 2 different depths should be positioned in the solid deuterium.

The change of V3 as a function of time will be recorded while heat is applied to
deuterium ice.
One question is how the 3-ω method will be used or modified such that a thermal
response from the target will be collected after only 0.015 s from the beginning of
heat exposure.
In a second experiment would be interesting to quantify the roughness of the
inner surface of deuterium in an IFE target. A confocal microscope can be used to
study the change of the roughness as a function of time and heat applied. The
microscope was already tested at low temperatures and room temperature work
parameters identified. An experimental setup using the confocal microscope was
presented in Chapter 4, Fig. 4.15 and the scanning parameters in Chapter 5, Table 5.2.
The change with time in the roughness of the inner surface of the target needs
to be investigated because a very low roughness is critical for a successful target
implosion. Roughness in the DT ice can lead to hydrodynamic instabilities during the
implosion, [7]. It is expected that due to heating by interaction with the buffer gas the
DT ice volume will increase due to thermal expansion. If the volume increases than
an increase in the surface will occur. While the outer DT ice surface can increase
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without constraints and without changes in the degree of smoothness, in the inner
surface heat-induced buckling will occur. This will increase the roughness of the
surface. It is important to quantify the increase in the roughness of the inner surface
as different heat fluxes strike the outer surface of the target.
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Table A1 Triple and critical point values of deuterium, protium and tritium, [22]
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Fig A1 Schematic presenting the principle of operation of a confocal microscope.

12/18/08 14:16 T= 19.00 K P= 19 uW
no heat , k=0.16 W/mK
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Fig A2 Temperature amplitude as a function of frequency of the applied current in
liquid deuterium, (P = 19 μW) at 19 K.

Appendix

133

12/18/08 14:53 T= 18.56K , P=19.1 uW
solid, Hg lamp on, k=0.20 W/mK
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Fig A3 Temperature amplitude as a function of frequency of the applied current in
solid deuterium, (P = 19.1 μW) while heat from a Hg lamp is applied (after 7 min).
12/18/08 15:02, T= 18.56K, P= 19.1 uW
solid ,Hg lamp on, k=0.19 W/mK

TEMPERATURE AMPLITUDE (K)

4.50E-03
4.00E-03
R/dR/dt=15.54K
time const=1s
average 20s
gain 1000

3.50E-03
3.00E-03
2.50E-03
2.00E-03
1.50E-03
1.00E-03
5.00E-04
0.00E+00
10

100

1000

10000

FREQUENCY of DRIVE (Hz)

Fig A4 Temperature amplitude as a function of frequency of the applied current in
solid deuterium, while heat from a Hg lamp is applied (after 16 min)
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12/18/08 15:32 , T=18.56K , P= 18.46uW
solid ,He-Ne laser on, k= 0.20 W/mK
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Fig.A5 Temperature amplitude as a function of frequency of the applied current in
solid deuterium after heat from a He-Ne laser was applied (after 15 min).
12/18/08 16:13 , T=18.56K, P=18.46uW
solid , no heat, k=0.18 W/mK
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Fig.A6 Temperature amplitude as a function of frequency of the applied current in
solid deuterium, no heat.
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Fig.A7 Heat load map for 4K cryostat (ARS).
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