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Abstract

One of the main methods to obtain energy from controlled thermonuclear fusion
is inertial confinement fusion (ICF), a process where nuclear fusion reactions are
initiated by heating and compressing a fuel target, typically in the form of a pellet that contains deuterium and tritium, relying on the inertia of the fuel mass to
provide confinement. In inertial confinement fusion experiments, it is important to
distinguish failure mechanisms of the imploding capsule and unambiguously diagnose compression and hot spot formation in the fuel. Neutron imaging provides
such a technique and bubble chambers are capable of generating higher resolution
images than other types of neutron detectors.
This thesis explores the use of a liquid bubble chamber to record high yield 14.1 MeV
neutrons resulting from deuterium-tritium fusion reactions on ICF experiments. A
design tool to deconvolve and reconstruct penumbral and pinhole neutron images
was created, using an original ray tracing concept to simulate the neutron images.
The design tool proved that misalignment and aperture fabrication errors can significantly decrease the resolution of the reconstructed neutron image. A theoretical
model to describe the mechanism of bubble formation was developed. A bubble
chamber for neutron imaging with Freon 115 as active medium was designed and
implemented for the OMEGA laser system. High neutron yields resulting from
deuterium-tritium capsule implosions were recorded. The bubble density was too
low for neutron imaging on OMEGA but agreed with the model of bubble formation.
The research done in here shows that bubble detectors are a promising technology
for the higher neutron yields expected at National Ignition Facility (NIF).
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Chapter 1
INTRODUCTION
1.1

Nuclear fusion

Nuclear fusion is a process by which two or more atomic nuclei are joined together to
form a heavier nucleus with other light particles as secondary products. The masses
of the newly formed particles are less than the sum of the constituent masses, the
difference representing the energy released during the fusion reaction, according to
the mass-energy equivalence relationship, [1]
E = mc2 .

(1.1)

A stable product nucleus has a higher nuclear binding energy than the constituents,
allowing the energy release. Iron (Z=26, A=55.84) and nickel (Z=28, A=58.69)
nuclei have the largest binding energies per nucleon and therefore are the most
stable. The fusion of two nuclei lighter than iron or nickel releases energy. The
opposite process (nuclear fission) releases energy from heavier nuclei [2].
A substantial energy barrier must be overcome before fusion can occur. At
large distances, two bare nuclei repel one another because of the electrostatic force
between their positively charged ions. If the distance between them is decreased
sufficiently, the electrostatic repulsion is canceled by the attractive nuclear force
that becomes dominant at distances of 10−15 m or less [3].
1
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To overcome the Coulomb repulsion force between ions, energies of the order
of 10 keV to 100 keV are required, corresponding to temperatures of 108 K to
109 K. When these temperatures are reached, a dense collection of light atoms are
completely stripped of their orbital electrons and the material used as fuel for the
fusion reaction becomes a thermonuclear plasma [4].
Several MeV of energy are released in each fusion reaction. For a fusion process
to be self-sustained on the macroscopic scale, it has to reach ignition, i. e. heating
of the plasma by the products of the fusion reactions must be sufficient to maintain
the temperature of the plasma fuel against all losses without any external power
input.
Nuclear fusion occurs naturally inside the stars, a process called nucleosynthesis
[5]. The high mass densities inside the stellar cores allow a sustained burn at relatively low temperatures compared to the man-made fusion experiments on Earth.
In a typical nucleosynthesis case, the hydrogen nuclei fuse into a helium nucleus
releasing the mass difference as energy [6]. Through successive stellar nuclear fusion
processes responsible in hydrogen burning stars release energy via the proton-proton
(p-p) chain or the carbon-nitrogen-oxygen cycle(CNO) [5] illustrated in Fig. 1.1,
both starting with four protons and ending with 4 He as the final product.
At later stages in stellar life, heavier elements such as carbon, calcium, and others
up to iron (Z=26) are built through the burning of helium, carbon, neon, oxygen
and silicon. Elements with masses heavier than iron are thought to be created from
thermonuclear reactions in supernova explosions [5]. Eddington [7] in the early 1920s
and later Bethe and others in 1930s [6] were the first to explain the fusion processes
inside the stars.
To produce energy at a macroscopic scale, a very large number of nuclear fusion
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Figure 1.1: Diagrams of the proton-proton and carbon-nitrogen-oxygen cycle, the most typical fusion reactions encountered inside the Sun and stars similar to it (inspired
from Ref. [7]).

reactions need to take place. The Coulomb repulsion force that hinders nuclei from
fusing can be overcame by giving these nuclei a high initial kinetic energy. This
can be achieved by heating the fusion fuel to very high temperatures that change
it into plasma. Unfortunately, when not held together by a powerful gravitational
force, as in the case of the stars, the plasma tends to fly apart quickly unless confined
through electromagnetic fields, pressure fronts, or other similar means. The difficulty
to confine a plasma increases very fast with temperature and density.
Assuming the case of the D-T reaction, where plasma consists of deuterons and
tritons of density n/2 each, the rate of fusion processes W is [8]

W =

n2
< σv >,
4

(1.2)

where v is the relative velocity of the two nuclei and σ the fusion cross section.
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The particles in the plasma have Maxwell-Boltzmann distributed velocities with an
average kinetic energy of Ek = 3kB T /2 with kB the Boltzmann constant and T the
absolute temperature of the plasma. The fusion cross section σ depends strongly on
the relative velocity of the fusing nuclei and the reaction rate < σv > is obtained
by averaging over all possible relative velocities. Figure 1.2 shows the reaction rate
for various fusion reactions as a function of temperature. One can see that for all
temperature values, the deuterium-tritium (DT) reaction has the highest rate and
is therefore the easiest to obtain [8].

Figure 1.2: Reaction rate as a function of temperature for various fusion reactions assuming a Maxwellian velocity distribution (from Ref.[8])

.
The energy produced in a time τ depends on the kinetic energy Q of the reaction
products and the rate of fusion processes W and is described by [8]
E = WτQ =

n2
< σv > τ Q,
4

(1.3)
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where Q is given in MeV. The ultimate aim in inertial confinement fusion (ICF)
research is an energy producing reactor. The energy obtained from the fusion processes has to be greater than the energy used to heat the plasma. As a consequence,
energy will be gained from an ignited DT plasma only if this energy is very much
larger than the total kinetic energy of all plasma particles. In consequence, a power
plant based on controlled fusion will have to overcome many inefficiencies. Because
the kinetic energy, Ekin , of the nuclei and electrons is Ekin = 3nkB T , only if
3nkB T ¿

n2
< σv > τ Q,
4

(1.4)

i.e. the fusion reactions releases more energy than is required to produce, maintain
and confine the plasma [8]. As the time τ is the energy confinement time τE during
which the nuclear reactions take place, Eq. 1.4 can be rewritten as [8]
ne τE ≥ L ≡

12 KB T
.
Q < σv >

(1.5)

Equation 1.5 is the most often used form to describe the Lawson criterion ([8]) and
is one of controlled fusion’s fundamental relations. A simplified form of it was first
derived by John D. Lawson in 1955 and published in 1957 [9]. Equation 1.5 defines
the conditions needed for a laboratory environment to reach ignition. As originally
formulated, the Lawson criterion requires a minimum value for the product of the
plasma (electron) density ne and the energy confinement time τE [9]. Later analysis
suggested that a more useful equation is the triple product of electron density nE ,
confinement time τE , and plasma temperature T [2] and Eq. 1.5 becomes
12 KB T 2
.
ne τE T ≥ L ≡
Q < σv >

(1.6)

For the D-T reaction (the most common for controlled fusion experiments), the
physical value of equation 1.6 is [10]
ne T τE ≥ 1021 keV s/m3 .

(1.7)
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The Lawson criterion applies to both inertial and magnetic confinement fusion (the
two main methods used in laboratories to achieve nuclear fusion). While the energy
confinement time in a magnetic confinement system is very difficult to predict or
establish empirically (several hours are estimated for a fusion reactor [8]), in an
inertial confinement system its value is of the order of the time it takes sound waves
to travel across the plasma fuel pellet, [10]
R
τE ≈ q

kB T
mi

,

(1.8)

where R is the radius of the plasma pellet, kB is Boltzmann’s constant and mi is
the mass of the plasma ions. By replacing the values in Eq. 1.8 for a typical ICF
experiment, the obtained value of τE is in the 10’s picosecond range [8].
Recent research done at LLE by Chandong Zhou and Ricardo Betti [11] showed
that the ignition condition (Lawson criterion) for an ICF pellet can be written in a
form that depends on the only two parameters of the compressed fuel assembly that
can be measured with existing techniques: the hot spot ion temperature inside the
central region of the plasma fuel (Tih ) and the total areal density, ρRtot , including
the cold shell contribution. In this plane, hydrodynamic equivalent curves show how
a given implosion would perform with respect to the ignition condition when scaled
in laser-driver energy. For 3 keV < hTih i < 6 keV, an approximate form of the
ignition condition for a typical laser-driven ICF is [11]
hTih in2.6 hρRtot in > 50 keV 2.6 · g/cm2 ,

(1.9)

where hρRtot in and hTih in are the burn-averaged total areal density and hot spot ion
temperature, respectively.
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1.2

Short history of nuclear fusion experiments

The first attempts to exploit nuclear fusion processes for practical purposes date
from the nuclear programs of USA and USSR in the early 1950s where the first hydrogen bomb experiments demonstrated huge explosive releases of energy through
exothermic reactions [12]. During the same period, at Los Alamos National Laboratory (LANL) and Princeton University, scientists started the first experiments
that tried to confine hot plasmas inside magnetic fields by using a Fig. eight-shaped
geometry called stellarator (Project Matterhorn) [13].
In 1951, the tokamak geometry (T oroidalnaya Kamera i M agnetnaya Katushka
- Toroidal Chamber and Magnetic Confinement) was designed by the Soviet physicists Andrei Sakharov and Igor Tamm [14]. At the same time, toroidal pinch experiments were in use at LANL (Perhapsatron, 1952 [15]) and at Harwell, in the
United Kingdom, (ZETA device, 1954 [16]).
Initially most controlled fusion experiments were kept secret from the general
public but after 1958 fusion research was declassified and an increased quantity of
information was exchanged among scientists.
The invention of the laser in 1960 offered a new opportunity for nuclear fusion
experiments. The first laser-driven inertial confinement fusion (ICF) experiments
started with high intensity laser-hydrogen plasma interactions that were carried
out using ruby lasers [17]. It was realized that the power available from existing
lasers was far too low to be useful in achieving significant fusion reactions, but
useful in establishing preliminary theories describing high intensity light and plasma
interactions [17].
In 1968, Tamm and Sakharov, using a tokamak succeeded in heating a plasma
to 10 million K with excellent confinement results [18]. Their success led to the
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construction of many tokamak experiments, making these devices the dominant
technique for fusion research today.
In 1970, the Laboratory for Laser Energetics (LLE) was founded in Rochester,
NY, and its operations have been funded jointly by industry, the United States
Department of Energy, the University of Rochester and the New York State government. The LLE was founded to serve as a center for investigations of high-energy
density physics, specifically those involving the interaction of extremely-intense laser
radiation with matter. The OMEGA laser used for ICF experiments had initially 24
beams (completed in 1985) and was upgraded in 1995 to a 60-beam/ 30 kJ system
[19].
In 1977 a 20-beam laser named SHIVA was built at Lawrence Livermore National
Laboratory (LLNL) [20] for ICF experiments. It achieved neutron yields of 1010 to
1011 neutrons per shot.
In 1978 the JET (Joint European Torus) tokamak project was launched in Europe near Culham, Oxfordshire, in the UK, coming into operation in 1983 [21].
LLNL built a new laser system for ICF in 1984, a ten-beam indirect fusion
(holhraum) system named NOVA [22] that could deliver 100 kJ of infrared light at
1054 nm, or 40-45 kJ of frequency tripled light at 351 nm in a pulse duration of 2
to 4 nanoseconds and thus was capable of producing a UV pulse in the range of 16
trillion watts [23]. Research on Nova was focussed on the ”indirect drive” approach,
where the laser irradiated the inside surface of a thin metal cylinder, typically made
of gold, lead, or another high-z metal. Nova failed to meet expectations in terms of
fusion output. In this case the problem was tracked to instabilities that mixed the
fuel during collapse and upset the formation and transmission of the shock waves.
The maximum fusion yield on NOVA was about 1013 neutrons per shot. Starting
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in 1992, LLNL staff modified one of Nova’s existing arms to build an experimental
chirped pulsed amplification laser that produced up to 1.5 PW of power [24]. Known
as the Petawatt, it operated until 1999 when Nova was dismantled to make way for
the National Ignition Facility laser (NIF) [25].
The Japanese tokamak JT-60 became operational in 1985 in Ibaraki Prefecture
[26]. Plasma experiments with deuterium-deuterium (D-D) done in 1998 achieved
high-gain for the fuel used[27]. If the D-D fuel were replaced with a 50-50 mix of
Deuterium and Tritium (D-T fuel), it would have have exceeded break-even - the
point where the power produced by the fusion reactions equals the power supplied
to operate the machine. On May 9, 2006 the Japan Atomic Energy Agency (JAEA)
announced that the JT-60 had achieved a 28.6 second plasma duration time. Even
though the fuel density and temperature were much lower than the values obtained
on Nova or OMEGA, the long duration achieved implied that JT-60 currently holds
the record for the highest value of the fusion triple product achieved [27].
In 1991, JET produced a significant amount of power (1.7 MW) from controlled
nuclear fusion reactions for the first time [28]. Independently, in 1993 the Tokamak
Fusion Test Reactor (TFTR) device in Princeton produced 10 MW of power [29]. In
1997 JET produced 16.1 MW of power [30]. In all the above-mentioned experiments,
a deuterium-tritium mixture was used as the plasma fuel. During the same period,
OMEGA delivered 40 kJ at 60 TW onto a target less than 1 millimeter in diameter
in approximately one billionth of a second [31].
The OMEGA laser at LLE is currently the most energetic laser in the world.
The system stands 10 meters tall and has a length of approximately 100 meters (Fig.
1.3). Its 60 laser beams originate from a single, 1,053-nm infrared (IR) pulse that
is replicated in successive stages of beam splitting and amplification [31]. Six stages
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Figure 1.3: Omega the most powerful ultraviolet laser in the world has the size of a
football field and an output power of about 30 kJ. The target chamber can be
seen on the left (from LLE web page).

of amplification provide typical individual IR pulse energies of 800 J [31]. OMEGA
is capable of delivering up to 40 kJ of energy at a power of up to 60 TW onto a
target less than 1 millimeter in diameter in approximately one billionth of a second
[31]. Before reaching the target, all 60 pulses are frequency-converted from 1,053 to
351 nm in plates of potassium dihydrogen phosphate (KDP) [31]. The conversion
enhances laser-light absorption in the target. The laser fires for target experiments
approximately once an hour [19], [31].
OMEGA held the record for highest energy ultraviolet (UV) laser (40 kJ per
pulse) from 1999 (after the Nova laser’s dismantling) to 2005 when the first 8 beams
of the National Ignition Facility exceeded OMEGA’s UV output by about 30 kJ [32].
The maximum fusion yield recorded on OMEGA is about 1014 neutrons per shot
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Figure 1.4: Performance summary of initial high-yield neutron experiments on Omega.
The solid curve indicates the neutron yield corresponding to a fusion energy
release of 1% of the ultra violet energy on target (from Ref. [25])

[33] (first achieved in 1995), the highest neutron yield of any inertial confinement
fusion device to date (Fig. 1.4) [32].
A new $ 98.8 million 4-beam OMEGA extended performance (EP) laser system
has recently been completed at LLE [34]. It became operational in April 2008
[35] and will provide pulses having energies of several kJ, picosecond pulse widths,
petawatt powers, and ultrahigh intensities exceeding 1020 W/cm2 .
The OMEGA EP system consists of a new target chamber and a vacuum pulsed
compression chamber containing large-aperture pulse compression gratings, allowing

12
the system to perform short high energy pulse laser shots. The system is capable
of coupling short-pulse beams to the OMEGA target chamber or can work as a
stand-alone laser system (Fig. 1.5). [34].

Figure 1.5: Diagram of the OMEGA system (left) and OMEGA EP system (right) (source
- LLE website).

All four beamlines will have a long-pulse ultraviolet capability with pulses ranging from 1 to 10 ns. The long-pulse (nanosecond) capability will be used to produce
preformed plasmas for interaction experiments with the short-pulse beams and for
nanosecond, high-energy planar-target experiments in the OMEGA EP target chamber. The OMEGA EP nanosecond pulses are generated and delivered in essentially
the same manner as those on OMEGA, including frequency conversion to 351 nm.
The long-pulse, on-target UV energies are limited by the UV-optical-coating damage threshold and can reach 2.5 kJ per beam for 1-ns pulses and 6.5 kJ per beam
for 10-ns pulses [34].
The most important controlled nuclear fusion experiments planned for the near
future are the International Thermonuclear Experimental Reactor (ITER) for mag-
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netic confinement [36] and the National Ignition Facility (NIF) for ICF [32].
ITER is an international tokamak (magnetic confinement fusion) experimental
project that intends to make the transition from today’s studies of plasma physics
to future electricity-producing fusion power plants. It will be based in Cadarache,
France, and is a collaboration project among European Union (EU), USA, Japan,
Russia, South Korea, People’s Republic of China and India [36]. The program is
anticipated to last for 30 years: 10 for construction, and 20 for operation. It’s cost is
estimated to be approximately $9.3 billion. The tokamak chamber will stand about
30 m tall and will have a diameter of about 25 m (Fig. 1.6). The first plasma
operation is expected in 2018 with ignition experiments after 2020 [36].

Figure 1.6: Diagram of the ITER tokamak. For comparison, the Fig. of a man can be
seen at the bottom of the figure (source - ITER website on www.iter.org).

ITER is designed to produce approximately 1000 MW of fusion power sustained
for up to 1000 seconds (compared to JET’s peak of 16 MW for less than a second)
by the fusion of about 0.5 g of deuterium/tritium mixture in its approximately 840
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m3 reactor chamber [37]. Although ITER is expected to produce 5-10 times more
energy than the amount consumed to heat the plasma to fusion temperatures, the
generated heat will not be used to produce electricity [38].
The National Ignition Facility (NIF) laser system has been under construction
at LLNL since 1997. The NIF laser will consist of 192 beams and will deliver 1.5
MJ at up to 500 TW onto a target 2-3 mm in diameter. The system (including the
laser and the target bay) will be 214 m long, 122 m wide and will stand 30 m tall
(Fig. 1.7).

Figure 1.7: Schematic view of the NIF with the main components visible (source - NIF
website on https://lasers.llnl.gov). (a) marks the area where the laser pulse is
generated while (b) marks the target chamber.

The laser pulse is generated in the middle-left area (marked with “a”) and is
sent into the beamlines (blue) moving into the amplifiers at the top (purple). After
several passes through the amplifiers the light is cleaned up in the spatial filters
(blue) and sent into the “switchyard” (red) where it is aimed into the target chamber
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(marked with “b”). In the upper left side of the figure the assembly plant for the
optical glass can be seen.
The operational wavelength will be 351 nm with an estimated shot frequency of
about once for every 5 hours [39]. The energy generated in the implosion of an ICF
target is expected to be sufficient to reach ignition conditions inside the plasma fuel.
With a total cost estimated at over $4.2 billion ($3.5 billion in the NIF project’s
costs and about $700 million more in related costs [40]), the system plans to be fully
operational in 2010 [32].

1.3

Principles of inertial confinement fusion

Currently, the two main methods that attempt to produce energy through nuclear
fusion reactions are inertial confinement fusion [41] and magnetic confinement fusion
[42].
Magnetic confinement fusion uses magnetic fields to confine the charged particles
in the plasma. The basic concept can be imagined in a simplified way as a balance
between magnetic pressure and plasma pressure, or in terms of individual particles
spiraling along magnetic field lines. The achievable plasma pressure is usually on
the order of one bar with a confinement time up to a few seconds, with the magnetic
pressure more than an order of magnitude higher [43]. Most magnetic confinement
methods have the advantage of being more or less steady state, as opposed to the
pulsed operation of inertial confinement fusion, but their main disadvantage results
from the fact that turbulence leads to energy loss and energetic particles escaping
the confinement area [43]. For this reason, the magnetic confinement systems require
very complex engineering.
In inertial confinement fusion (ICF), nuclear fusion reactions are initiated by
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heating and compressing a fuel target, typically in the form of a pellet that contains
a spherical shell of deuterium and tritium (DT) [43], [44]. The central region is
filled with DT gas. For a direct drive experiment, the target is composed of an
outer region (ablator), that has outside a thin glass, CH or polyamide shell (a few
microns thick) containing the fusion fuel and an inner shell of frozen deuteriumtritium that forms the main fuel [44], [43]. For an indirect drive, the fuel pellet
forming the inner region is similar to the direct drive one, surrounded by a small (a
few cm long) cylindrical vessel known as holhraum and made of a high-Z material
[43]. To compress and heat the fuel, energy is delivered to the inner layer of the
holhraum using beams of laser light, X-rays, electrons or ions. These implosions can
be classified as direct or indirect drive (Fig. 1.8) [41], [44]:

Figure 1.8: Schematic representation of direct drive implosions (a) and indirect
drive implosions (b) (source - the LLE web site at lle.rochester.edu/
05 omegalaserfacility/05 01omega/gallery/omegatarget.php).

a) direct drive implosions occur when the beams are aimed directly at a target;
b) indirect drive implosions occur when an energy beam (laser, particle mostly
ions, or X-rays from Z-pinches) is absorbed in a high Z enclosure (hohlraum). This
energy is converted to X-ray radiation that, as high temperature thermal radiation
(2-3 million K), is absorbed by the target with high efficiency.
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During the implosion the energy from a driver is delivered rapidly to the ablator,
which heats up and expands outward, producing a reaction force against the remainder of the target, accelerating it inwards, conserving momentum, and sending shock
waves into the center [44]. This capsule behavior is similar to a spherical, ablatively
driven rocket, with an implosion efficiency in the range of 5 to 15% [44]. The shell
implosion velocity is described by the rocket equation, [45]
¶
µ
Pa
m0
,
Vshell =
≡ Vexhaust ln
ṁ
mf

(1.10)

where Pa is the ablation pressure, ṁ is the mass ablation rate per unit area, m0 the initial shell mass and mf is the fuel mass.
A powerful set of shock waves compresses and heats the fuel at the center so
that fusion reactions occur. Given the correct conditions, the fusion rate in the
region highly compressed by the shock waves can release significant amounts of
highly energetic alpha particles. Due to the high density of the surrounding fuel,
these particles move only a short distance before losing their energy heating the
fuel (alpha heating). The energy released by the fusion reactions in the compressed
region heats the surrounding fuel, which begins to undergo fusion leading to ignition
and the growth of a thermonuclear burn wave [44].
The aim of ICF is to produce ignition, causing a chain reaction that burns a
significant portion of the fuel. Typical fuel pellets are about 2-3 mm in diameter
(1 mm diameter for Omega) and contain around 10 milligrams of fuel. If all this
fuel were consumed by fusion reactions, it could release the energy equivalent to
burning a barrel of oil [43]. With a sufficiently high temperature and density, the
pellet subsequently disperses in micro-explosion due to its excessive energy content.
The dispersion takes part in a time interval of 10−8 seconds. [43].
In its final ignition configuration, the fuel is nearly isobaric at pressures up to
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200 Gbar, consisting of two distinct regions [44]:
a) A central hot spot, containing 2-5% of the fuel mass and about 50% of the
compressed energy. In this area fusion initiates and a thermonuclear burn front
propagates radially outward, producing a high gain.
b) A dense main fuel region surrounding the hot spot (cold shell), containing
95-98% of the fuel mass, that produces most of the fusion energy output.
Efficient energy production requires that the target fusion output be about 100
times higher than the amount used to drive the implosion [44]. Important parameters for a successful implosion are its symmetry, stability and ignition temperature
and density [44]. The in-flight aspect ratio is defined as the ratio of the shell radius R
as it implodes to its thickness ∆R. Hydrodynamic instabilities, such as the RayleighTaylor (RT) fluid instability, impose an upper limit on this ratio that results in a
minimum pressure or absorbed driver irradiance [46]. Control of RT-induced perturbations that mix hot and cold fuel is essential to the successful formation of the
central hot spot [44].
The convergence ratio C, as defined in Fig. 1.9, is the ratio of the initial outer
radius of the ablator to the final compressed radius of the hot spot [44].
Typical convergence ratios for the hot spot of an ignition or high-gain target
design are in the range of 30-40 [44]. If a target with an initial radius RA and average
acceleration g along the radius has a location on its surface with an acceleration
perturbation δg, then the deviation from sphericity as it implodes is given by [44]
δg
1
· r(Cr − 1).
δR = δg · t2 =
2
g

(1.11)

An asymmetric implosion will convert less kinetic energy into the compression
and heating of the fuel. The degree of asymmetry that can be tolerated depends on
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Figure 1.9: The target physics specifications on ICF ignition targets include constraints
on drive intensity, symmetry, stability and ignition (from Ref. [37]).

the excess of available kinetic energy above the ignition threshold. If one requires
that this deviation δR be less than r/4, where r is the final compressed radius, then
[44]
δg
δv
1
=
<
,
g
v
4(Cr − 1)

(1.12)

where v is the implosion velocity. Since 30 ≤ Cr ≤ 40 is typical for a high-gain
target, the required accelerations and velocities need to be uniform to about 1%
[44].
For a plasma consisting of deuterons and tritons of density n/2 each, the fuel
conditions required for an efficient burn and a high yield relative to the driver energy
can be obtained from an analysis of the burn of an inertially confined fuel mass. The
number of thermonuclear reactions per second is given by [44]
dn
= ND NT hσvi,
dt

(1.13)

where hσvi is the reaction cross section averaged over a Maxwellian distribution of
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particles, and for an equimolar DT mixture [44],
µ
¶
1
ND = NT =
N0 − n .
2

(1.14)

Here N0 is the total number density inside the fuel. Defining the burn fraction by
ψ − 2n/N0 , then [44]
dψ
N0
=
(1 − ψ 2 )hσvi.
dt
2

(1.15)

Assuming that the Maxwell averaged cross section is nearly constant over the burn
duration, then Eq. 1.15 can be integrated and one obtains [44]
ψ
N0 τ
=
hσvi,
1−ψ
2

(1.16)

with τ the confinement time.
In inertial confinement, burn of an ignited fuel mass typically is quenched by
hydrodynamic expansion. From the outside of the fuel, a rarefaction wave moves
inward at the speed of sound, Cs , that can be approximated for an ideal gas as
r
γkB T
Cs =
,
(1.17)
m
with γ the adiabatic index of the gas, kB - the Boltzmann constant, T - the absolute
temperature (measured in K) and m - the molecular mass of the gas. By the time
this rarefaction has moved a fraction of the radius r, the fuel density in most of
the fuel mass has dropped significantly, and the fuel no longer burns efficiently [44].
By choosing a value for the confinement time τ that allows the rarefaction wave to
propagate across the dense main fuel layer drawn in Fig. 1.9 as below[44]
τ=

r
,
3Cs

(1.18)

the burn efficiency can be rewritten as [44]
r
ψ
= N0 hσvi
.
1−ψ
6Cs

(1.19)
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The DT energy for a typical ICF capsul burn is between 20 and 40 keV [44].
The energy per gram required to heat a DT plasma to this temperature T is [44]
EDT heat = 0.1152 × 109 T (J/g) = 2.3 × 109 (J/g),

(1.20)

for equal electron and ion temperatures.
The main energy that heats the He fuel during the fusion burn is comes from
the charged-particle reaction products, as most of the neutrons escape the plasma
without interacting. For DT reactions, the alpha particle energy (Eα = 3.5 M eV )
from the reaction is about 20% of the total energy produced [44]. Assuming that all
the alpha particles are deposited within the target, the energy deposited in a gram
of fuel at 20 keV is [44]
Etα =

6.68 × 1010 nτ
(J/g).
nτ + 5 × 1015

(1.21)

Setting EDT heat = Etα , ignition occurs in this model for nτ > 1.7 × 1014 s, or
ρr = 0.21 g/cm2 . Replacing nτ in Eq. 1.16, a burn efficiency of about 3.4% is
obtained [44]. It is necessary that ρr ≈ 3 g/cm2 for a 50% burn.
Understanding the ICF implosions requires a large number of laser and target
diagnostics [47]. These diagnostics detect neutrons, X-rays and other fusion reaction
products emitted from the compressed core.
The work done by the imploding fuel is the product of the pressure generated
by the ablation process and the change in the volume enclosed within the shell. For
a given applied pressure, a larger, thinner shell that encloses more volume can be
accelerated to a higher velocity than a thicker shell with a smaller radius of the
same mass. The maximum achievable implosion velocity determines the minimum
energy (and mass) required for ignition of the fusion fuel in the shell [44], [48]. The
target performance is primarily determined by the illumination uniformity, both
individual-beam uniformity and on-target beam-to-beam power history differences
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[49]. Illumination nonuniformities lead to distortions in the compressed core due
to secular growth of low order perturbations (l ≤ 10) and shell breakup and mix
due to Rayleigh-Taylor (RT) growth of perturbations created by higher order (l >
10) nonuniformities [50]. Various techniques have been developed to maximize the
beam uniformity, for both the direct and indirect drive fusion approaches.
An ICF target is RT unstable during the acceleration and the deceleration phases
of the implosion. The perturbations seeds are laser nonuniformities, outer-targetsurface roughness, and feedout of inner-target-surface roughness that grow at the
ablation front. These factors distort the core and quench the burn prior to ignition
(Fig. 1.10) [50], [8].

Figure 1.10: Perturbations induced by the laser and the fuel nonuniformities can distort
the core and quench the burn prior to ignition. Ti =10 keV and ρRHS =
300mg/cm2 (Ref. [51]).

The primary problems with increasing ICF performance since the experiments in
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the 1970s have been the energy delivery to the target, controlling symmetry of the
imploding fuel, preventing premature heating of the fuel before maximum density is
achieved, preventing premature mixing of hot and cool fuel by hydrodynamic instabilities, and the formation of a compact shock wave convergence at the compressed
fuel center [44].
To achieve ignition, it is necessary for the target irradiation to be as symmetric as
possible, minimizing hydrodynamic instabilities that reduce the implosion efficiency.
To validate simulations of the implosions, one must measure or infer the density and
temperature distribution of the fuel at peak compression [44].
Hydrodynamic instabilities are the primary concern in achieving ignition in a
spherically symmetric implosion. The RayleighTaylor (RT) instability [51] is the
dominant type of perturbation encountered. Richtmeyer-Meshkov [52] and KelvinHelmholtz [53] instabilities can also occur, but they are less important in ICF experiments.
The RT instabilities prematurely mix and reduce target heating at the time of
maximum compression [44], [54]. They occur at the interface between two fluids
of different densities, when the lighter fluid is pushing the heavier fluid [51]. The
instability can be seeded by laser imprint and surface roughness of the manufactured
target [55], beam-to-beam power imbalance and anisotropy of the beam spatial
profiles that induce a nonuniform irradiation of the target [54].
During an ICF implosion, the shock wave that appears during the compression
needs to form at the compressed fuel center. The target must be made with extremely high precision and sphericity with aberrations of no more than 1 µm over
its inner and outer surface [56]. The aiming of the laser beams must be extremely
precise, in the range of 10-20 µm rms by active repointing [57] and they must
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arrive at the same time at all points on the target. The on-target-beam-energy balance is determined by a set of beam pickoffs that are cross-calibrated to full beam
calorimeters and by independent measurements for each beam of the losses incurred
in transporting the beams to the target chamber. Variations of the illumination
due to beam-to-beam, on-target energy differences and beam-to-beam shape differences can introduce variations of the illumination and hence drive symmetry that
will affect implosions [58]. Beam timing is relatively simple to control (but hard to
measure) and is solved by using delay lines in the beams’ optical path to achieve
picosecond levels of timing accuracy [59], [31].
The ICF target sphericity has been improved recently by developing targets with
facet-free crystalline ice layers. This has been done by slowing the solidification rate
of the enclosed DT liquid [60]. Cryogenic targets filled with a DT mixture are selfsmoothing due to the small amount of heat created by the decay of the radioactive
tritium isotope. This is referred to as beta-layering [60], [61].
The laser beam related issues have been substantially reduced in the past two
decades by using various beam smoothing techniques [62] and beam energy diagnostics to balance beam-to-beam energy difference [63], although the RT instabilities
still remain a major problem in achieving ignition [64].
Concepts for practical power plants using ICF have been studied since the late
1970s. An ICF power plant, sometimes called inertial fusion energy (IFE) plant,
would be composed of the target factory (where the ICF targets are built), a driver
(where the electrical energy is converted into laser energy), a target chamber, and
steam turbine to generate energy [8]. These devices would deliver a successive
stream of targets to the reaction chamber, typically several a second, and capture
the resulting heat and neutron radiation from their implosion and fusion to drive a
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conventional steam turbine [8].

1.4

Diagnostics for inertial confinement fusion

X ray and nuclear diagnostics are the main methods used for measuring the plasma
core properties [47], [65], [66]. An X-ray image of an inertial confinement fusion
(ICF) core provides information about the spatial structure of several complex processes within the target that are indirectly related to the fusion reactions [67]. Spectroscopic techniques used for this type of diagnostics include Bragg crystal diffraction
[68] and grating diffraction [69]. The simplest method of recording images is timeintegrated exposure of film, such as calibrated Kodak direct exposure films (DEF)
[70]. Presently, streak cameras which operate by transforming the temporal profile
of a light pulse into a spatial profile by causing a time-varying deflection of the light
across the width of the detector are preferred [71]. The X-ray image characteristics
depend on the spatial and temporal profiles of plasma density, plasma ionization
state, and electron temperature convolved with the background noise [66], [67].
Nuclear diagnostics provide a direct measurement from the DD or DT fusion
burn within a compressed target [66]. Primary and secondary products of the fusion
reactions are measured. These diagnostics are used to infer the fuel areal density,
neutron yield, fuel-ion temperature and bang time [66].
Among various nuclear diagnostics (described in more detail in Chapter 2), neutron imaging is used to determine failure modes of ICF ignition capsules [72]. From
these calculations, the required spatial resolution for an imaging system can be
determined [66]. A resolution of about 10 µm appears to provide sufficient information to validate implosion models, but a resolution of 5 µm may be necessary to see
details in the implosion structure [66].
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The principle of neutron imaging is based on the attenuation from both absorption and scattering, of a directional neutron beam by the matter through which it
passes. A neutron image provides a direct measurement of the spatial extent of the
fusion reactions, drawn from the physical characteristics of the neutrons that exit
the plasma core as primary or secondary products of the fusion reactions [72]. A
neutron image is obtained by placing an appropriate aperture in front of a spatially
sensitive neutron detector. These apertures (pinholes or penumbral apertures) are
typically coded [72].
The neutrons are detected by a plastic scintillator array or by a bubble chamber
[73], [74]. In targets that achieve high compression, most of the charged nuclear
reaction products and X-rays are absorbed within the target (or have their frequencies/energies altered if they pass through the target fuel) [67]. The majority of the
14.1 MeV neutrons emitted from DT fusion reactions maintain their initial kinetic
properties as they escape outside, due to their low scattering cross section. For this
reason, neutron imaging is useful for measuring both the compression and hot spot
formation in the burning fuel [66], [72].
To validate models of ICF implosions the density, temperature and fuel shell
mix within the compressed capsule must be determined. A precise measurement of
the properties of the emitted neutrons allows insight into the characteristics of the
compressed plasma core. Neutron imaging can identify ignition-failure mechanisms
such as poor implosion symmetry or improper laser pulse shaping
For a better understanding of the physical processes in an ICF implosion, precise
diagnostics methods are required. The following chapters focus on the development
of bubble chambers for neutron detection as an alternative to the widely used plastic
scintillators [75]. Bubble chambers have the potential to obtain higher resolution

27
images of ICF targets and are a promising diagnostics for future ICF experiments
at the National Ignition Facility.

1.5

Summary

Nuclear fusion is a process by which two atomic nuclei are joined together to form
a heavier nucleus. A substantial energy barrier must be overcome before fusion can
occur. Inertial confinement fusion is a process where nuclear fusion reactions are
initiated by heating and compressing a fuel target, typically in the form of DT a
pellet. A neutron image of the compressed target provides a direct measurement of
the spatial extent of the fusion reactions and is obtained by placing an appropriate
aperture in front of a spatially sensitive neutron detector. Bubble chambers can
be used to obtain higher resolution information about the plasma core and a more
accurate understanding of the implosion mechanisms.
Chapter 2 describes neutron imaging systems, the types of detectors used in neutron imaging (plastic scintillators and bubble chambers). The aperture tolerances
and their influences on the detected images quality are described in Chapter 3.
Chapter 4 presents the mechanism of bubble formation inside the active medium of
a bubble detector and makes estimates for the number of bubbles generated by the
neutrons emitted by an ICF capsule on the OMEGA. Chapter 5 describes the the
bubble chamber built at the Laboratory for Laser Energetics, its operation and the
experimental data recorded on OMEGA and the requirements for a fully functional
similar diagnostics tool for the National Ignition Facility. Chapter 6 explains the
discrepancy between the data recorded and the bubble formation model based on
the excitation of the electronic levels of the active medium. Chapter 7 summarizes
the thesis.

Chapter 2
NEUTRON IMAGING FOR ICF
EXPERIMENTS
To achieve inertial confinement fusion (ICF) ignition, it is necessary for the target
irradiation to be as symmetric as possible, minimizing hydrodynamic instabilities
and other perturbations that reduce the implosion efficiency [44]. The irradiation
symmetry can be inferred from a neutron image of the hot spot fusion region (where
the fusion processes occur). Neutron images of ICF capsules provide a direct measurement of the DD or DT fusion burn region within a compressed target. Neutron
imaging (NI) can diagnose both compression and hot spot formation in the burning
fuel region [66].
The vast majority of the controlled fusion experiments worldwide involve deuteriumtritium (DT) or deuterium-deuterium (DD) mixtures as shown in Fig. 1.2 from
Chapter 1 (where DT requires the lowest energy to achieve ignition while DD is the
easiest to obtain because it uses the cheapest fuel mixture that can be produced from
the sea water [8]). Neutrons are produced as one of the primary reaction products
and can be detected/recorded for neutron imaging purposes. The primary fusion
reactions are shown below, for DT (1-2) and DD (3-5), along with their probability
rates [76]:
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(1) D + T →He4 (3.52 MeV) + n (14.06 MeV)
(2) D + T → He5 + γ(11-16.7M eV )

∼ 100%,
10−5 ,

(3) D + D → He3 (0.82M eV ) + n(2.45M eV )

∼ 50%,

(4) D + D → T (1.01 MeV) + p (3.02 MeV)

∼ 50%,

(5) D + D → He4 + γ(23.8M eV )

10−7 .

Besides the primary neutrons resulting directly from the reactions described
above and used for neutron imaging, secondary neutrons (resulting from a secondary
process - the interaction of reaction products with the fusion fuel) can add to the
neutron flux, and, for high fuel densities, even tertiary neutrons (resulting from
tertiary processes - the interactions of secondary processes products with the fuel)
can have a measurable impact [77]. The triton, T, produced in (4) has a finite
probability of reacting with a fuel deuteron to produce a secondary neutron [78].
If the ρR of the fuel is sufficiently low, the triton does not slow significantly as it
exits the fuel, and the probability of reacting is proportional to ρR, so that the ratio
of secondary to primary neutrons becomes a ρR diagnostic [79]. If the capsule has
high ρR, then the triton can slow to thermal energies. In this case, fewer secondary
neutrons are produced as the thermal slowing rate increases. Since the thermal
slowing is a strong function of electron temperature, the secondary yield depends
on the electron temperature. For high ρR processes (i.e. with ρR ≥100 mg/cm3 ),
tertiary processes become important [66]. The gamma rays from the reactions (2)
and (5) interact with the target surrounding walls and produce secondary neutrons
that produce background noise in the neutron detectors [80].
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2.1

Instruments used for neutron detection

Many physical processes produce neutrons, and, for this reason, neutron detectors
provide valuable diagnostics for several fields of science [75], [81]:
• Nuclear fusion - The neutron emission rate and distribution provide information
about the nuclear reaction rate inside the plasma and its spatial distribution. The
spectral shape for the 14 MeV neutrons (typically emitted from a DT reaction)
provides information about the ion temperature and the degree to which the reaction
products have been incorporated in the plasma. In inertial confinement fusion (ICF)
experiments, the emitted neutrons provide information about the hot spot formation
and fuel compression inside the capsule [66], [75].
• Nuclear fission - neutron detectors are used to map the spatial distribution of
the neutron flux inside the reactor core [75].
• Special nuclear materials are employed for arms control, transuranic waste
characterization, material safeguards, and facility decontamination and decommissioning. Neutron detectors can identify or characterize uranium and plutonium
isotopes [75].
• Fundamental science uses neutrons for the study of nuclear reaction crosssections, dark matter, exotic nuclei, neutron beams and space physics [82], [83].
• Dosimetry is another branch, with the main application for personnel protection and planning and execution of radiotherapy treatment. This includes neutron
spectroscopy over a particular energy range [84].
• Materials characterization - acquisition of a high-resolution image for neutrons
of a certain energy and flux and can be done through neutron scattering, diffractometry, radiography and tomography to detect in a nondestructive way small concentrations of impurities [85].

31
For inertial confinement fusion (ICF) experiments, neutron detection and spectroscopy provide several diagnostic tools. The neutron emission rate and distribution
provide detailed information about the plasma’s reaction rate distribution. The detailed spectral shape near 14 MeV for DT targets provides information about the
ion temperature and the degree to which reaction products interact with the plasma
[74], [76].
An efficient neutron imaging detector requires a good spatial resolution in measuring the neutron source distribution, high quantum efficiency in neutron detection,
ease of data interpretation, and high signal-to-noise ratio.
Neutron detectors include (but are not limited to) track detectors, image plates,
activation detectors, bubble detectors, proton recoil instruments, time-of-flight instruments, moderating detectors, proportional counters, semiconductor detectors
and scintillator detectors [75]. For inertial confinement fusion (ICF) experiments,
the two main types of detectors primarily used for neutron imaging are plastic scintillator arrays and bubble chambers [72], [74]. Scintillator detectors are divided into
solid organic (plastic), liquid organic, or inorganic materials. Scintillator detectors
are valued for their fast timing, high efficiency and effective rejection of gamma-ray
interactions [75]. Plastic scintillator detectors have been used extensively, but 14
MeV neutron detection experiments on OMEGA in 2001 [74] suggested that bubble
chambers may achieve a higher resolution with a lower manufacturing cost.

2.2

Classification of neutron imaging systems

Neutron imaging (NI) systems use extended pinholes or penumbral apertures (with
annular apertures as a particular case) to capture images on a neutron-sensitive
detector [72]. A full imaging system consists of a neutron source, an aperture, an

32
alignment system and a detector sensitive to neutrons [86] (Fig. 2.1).

Figure 2.1: Schematic diagrams of penumbral and pinhole imaging devices. The functional
information for source-image reconstruction comes from the penumbral area of
the image in the detector plane except for the case when the pinhole is much
smaller than the source. The magnification of the system M is the ratio of
source-detector distance L divided by the source-aperture distance l (from Ref.
[86]).

When the neutrons pass from the source through the aperture, their spatial
intensity at the detector plane is modulated by the shape of the aperture. The
alignment and type of aperture define the image size, shape, and resolution in the
detector plane [67]. The three-dimensional shape of the aperture can be described
by a two-variable point-spread function (PSF) that represents the intensity of the
transmitted signal from a point source in the detector plane. The PSF depends on
the field-of-view of the aperture, on the source-aperture distance and on the aperture
profile. The magnification of the system, M, is the ratio of source-detector distance
L divided by the source-aperture distance, l,
M=

L
.
l

(2.1)
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NI systems can be divided into two broad categories - pinholes and penumbral
apertures.
a) Pinhole imaging
Neutron-based pinhole imaging works on the same principle as an optical pinhole
camera, with the source image directly displayed on the detector [87]. Compared
with an optical camera, it is more difficult to obtain a clear image, as neutrons
easily pass through materials and may create a fuzzy signal near the aperture’s edge.
Because of the small solid angle defined by the aperture, the image is generated by
a small number of neutrons compared to the source neutron yield. This limits the
resolution and signal-to-noise (S/N) ratio for low neutron yields [88]. The small
pinhole diameter, typically of the order of 10 µm, is sensitive to fabrication errors
of the order of 1.5 µm that can induce false features in the recorded/reconstructed
image (described in more detail in Chapter 3).

Figure 2.2: Schematic diagram of a pinhole used for neutron imaging. The intensity profile
of the image on the detector plane is represented on the right.

Due to the finite neutron range inside materials, the pinhole is extended axially
and not limited to a single plane along the observation axis. The infinitely thin plane
found in an optical aperture is replaced with a finite thickness plane to provide the
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necessary opacity. The field of view (FOV) is finite, determined by the aperture
geometry [89]. Because the pinhole diameter is usually not negligible compared to
the source dimensions, the image on the detector plane consists of a small central
maximum surrounded by a large penumbra and needs to be deconvolved [90]. Fig.
2.2 shows a representation of the principle of pinhole imaging. The resolution (effective pinhole diameter), image magnification, and FOV are inter-related, requiring
the pinhole design to be a compromise between resolution and FOV that fits within
the available geometry and imaging capabilities.
b) Penumbral imaging
Penumbral imaging with an aperture larger than the source size is a codedaperture-imaging technique (the image seen on the detectors plane is not an exact
representation of the source )[67]. This image is defined by the PSF of the aperture
[67], [91].The image consists of a uniform bright region surrounded by a partially
illuminated penumbra (Fig. 2.2).

Figure 2.3: Schematic diagram of a biconical penumbral aperture used for neutron imaging.
The useful information comes from the penumbral area of the detector. The
intensity profile of the image on the detector plane is represented on the right.

The source image is encoded in the penumbra of the detected image. The bright
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central region receives signals from the entire source area and provides no spatial
information. The diameter of a penumbral aperture is typically larger than the
source and, therefore, for a comparable resolution, should be easier to fabricate,
characterize, and align than a pinhole aperture. Due to the larger solid angle, the
image from a penumbral aperture is formed from many more neutrons than for a
pinhole; for a given yield, the S/N ratio is intrinsically higher [88].
The most typical penumbral apertures used in neutron imaging have a biconic
profile (made from a pair of intersecting cones) to minimize the edges on the neutron
path that create blurring on the signal received on the detector plane. The front
half of this type of aperture is adapted to the source size while the back half is
optimized for the size of the penumbral image on the detector [76].
The coded image must be deconvolved to produce an image of the neutron source.
This process requires precise knowledge of the aperture point-spread function (PSF)
and the flat field response of the imaging detector [67]. A penumbral aperture is
designed to be as isoplanatic as possible (the aperture PSF is spatially independent
of the point where it is measured on the source - the shape and size of the image in
the detector plane of a point source should not change with a coordinate change for
the source). This is is the reason for the study of alignment sensitivity, described
in Chapter 3. For both types of apertures, uncertainties in the exact shape (due to
finite fabrication tolerances) lead to uncertainties in the calculated PSF and errors
in the reconstructed image. For brighter neutron sources, the S/N ratio improves
faster for pinholes than for penumbral apertures, making pinholes the preferred
apertures type for very high neutron yields [88].
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2.3

Detector resolution, efficiency and noise

The ultimate resolution of any neutron detector is determined by several factors,
some resulting from theoretical limitations of the initial image deconvolution, others
coming from technological fabrication limitations. The theoretical limiting factors
can be divided into several categories.
• The spatial resolution of the detector is determined directly by:
- the aperture point spread function in the field of view
- counting statistics and unfolding effects
- geometry of the system.
To understand the compression physics of an ICF target, a system needs to
resolve features related to implosion performance. The expected core size on the NIF
experiments is ∼ 30 − 50µm. The resolution for a useful neutron image is required
to be ∼ 5µm. The neutron penetration at the aperture edge degrades the fidelity,
creating a fuzzy image of the source. Filtering (image smoothing and canceling of
the zero values in inverse Fourier transforms in order to avoid divisions by zero of
the reconstructed image intensity) is required for image unfolding (especially for
penumbral aperture devices) [88]. The Fourier transform of the PSF has a narrow
central maximum (much narrower than the source) and circular rings around it (with
intensity decreasing as the radius increases), separated by zero values that extend
to higher frequencies. Spatial frequency components close to these zero values have
a very low signal-to-noise ratio and must be minimized during the reconstruction
process [92]. The removal of these features is accomplished by using a Wiener filter
[93]. The spatial resolution of plastic scintillator neutron detectors currently used in
ICF is generally limited to 1-2 mm at the detector plane, due to the large scattering
distance of the recoil protons [74]. Bubble chambers can reduce this spatial scale by
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a factor of 20 [74].
• The sampling theorem (Nyquist theorem) states that to accurately reconstruct
a signal from periodic sampling, the sampling frequency must be at least twice the
maximum frequency of the signal [94]. This limits the maximum spatial resolution
to 2d(pixel)/M, where M is the magnification of the system and d(pixel) is the pixel
size [94], [91]. To reduce the effect of aliasing, anti-aliasing techniques can be applied
[95].
• Noise generated by independent, random events, is well described by Poisson
statistics and affects the quality of the image [96]. Its influence on the detected
neutron image depends on the sensitivity of the detector on gamma rays, X-rays,
scattered neutrons, alpha particles and protons. The noise intensity is directly influenced by the type of implosion, fuel composition, neutron yield and the geometry
of the detector. Its reduction requires low band pass filtration [76] (i.e. a frequency
higher than a cutoff value described in more detail later).
• The alignment of the aperture and the finite neutron penetration are sources
of errors. Neutron pinhole and penumbral techniques require an imaging element
(aperture) that is idealized to be opaque to neutrons except for a small opening.
Neutrons have an exponential attenuation inside materials and may create fuzzy
images around the aperture edges. Since neutron attenuation in dense, high Z
material, like gold or tungsten is about 0.3 / cm, the imaging element must be
thick, typically 10-20 cm, along the line of sight.
• The target to aperture distance influences the system magnification and the
errors due to its alignment.
The description of the detector efficiency includes parameters that must be considered in the detector design. These include [95]:
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- the absolute efficiency, defined as
no. of particles recorded
,
no. of particles emitted by source

(2.2)

no. of particles recorded
.
no. of particles incident on detector

(2.3)

Eabs =
and the intrinsic efficiency
Eint =

Equations (2.2) and (2.3) are interconnected through the solid angle of the detector,
Ω
Eint = Eabs
with Ω given by:

Z
Ω=
A

Ω
,
4π

cos α
dA,
r2

(2.4)

(2.5)

where α is the angle between the normal of the detector plane and the sourcedetector distance, A is the area of the detector, and r the source to detector distance.
In neutron detection imaging measurements, random errors arise from various
sources (such as misalignment, detector noise, etc.). In most of the cases, a Gaussian
distribution (or other similar type) can be used to characterize the random errors.
The standard deviation of the distribution is used as a measure of the uncertainty.
For a neutron image, the relevant sources of error are the detector noise (typically
associated with inverse Fourier transforms resulting from image deconvolution), the
aperture alignment, the pixel resolution of the detector, and the recoil distances of
the nuclei in the detector. The overall measurement uncertainty is given by [76]
q
σs =

2
2
2
2 ,
+ σalign
+ σpixel
+ σrec
σnoise

(2.6)

where the subscripts noise, align, pixel and rec represent the noise, alignment, pixel
and recoil nucleus distance.
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Most penumbral unfolding processes assume that the aperture can be represented
by a thin hole of radius Rd surrounded by a medium with a transmission coefficient
to neutrons of value t[76]. In practice, the image unfolded from the signal recorded
on the detector contains both the signal from the spatial distribution of the neutron
source and noise [97]. The primary source of noise is the Poisson statistics of events
in the detector. The image power spectrum is the sum of the object power spectrum (dominant at low frequencies) plus a constant value due to Poisson noise [97].
Reducing this noise requires using low band pass filtration that limits the overall
system performance by hiding real features in the reconstructed image [97]. This is
done empirically by setting the frequency so that the signal power spectrum has the
same value as the noise power spectrum, allowing the noise to be subtracted from
the signal.
Based on the low pass band filtration method, the error given by Poisson statistics is inversely proportional to the cut off frequency (kc - at which the noise starts
to dominate) [76]. Combining the effects of statistics, the shape of the aperture,
the pixel size, and the neutron-induces recoil range, one derives an estimate of the
overall spatial resolution for the imaging system is [76]
s
1
2δpixel 2 δrec 2
2
+
δ
+
+
,
δs =
align
kc2
M
M

(2.7)

where M is the magnification of the system and δ is the resolution component given
by alignment, pixel size and recoil nucleus distance. A plastic scintillator array
detector can achieve a good resolution by using high magnification, but a higher
value for M increases the alignment error [74], [86]. A large target-aperture distance
gives a better resolution as M increases in equation (2.7).
Fig. 2.4 shows the simulated spatial resolution limit of the point-spread function
(PSF) for a biconical penumbral aperture as a function of the aperture distance to
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Figure 2.4: The spatial resolution limit of the point-spread-function for a biconical aperture
0.6 mm in diameter versus the distance center to the source. The magnification
is 200 (from Ref. [76]).

the source for the OMEGA laser system for a fixed aperture size. If the distance
and the entrance hole diameter are maintained constant, the biconical aperture PSF
depends only on the field of view [76].
A higher neutron yield increases the value of kc in equation (2.7) which, in turn,
linearly decreases (improves) the resolution limit of the instrument. For higher
neutron yields, even though the resolution of the system improves linearly with the
neutron yield, at high values of the neutron yield it is limited by the cut-off frequency
value as shown in Fig. 2.5, because the low band pass filter is smoothing the image
features comparable to the signal given by the Poisson noise and hides anything
smaller than this size. The simulation was used for the same type of configuration
as in Fig. 2.4 [76].
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Figure 2.5: The instrumental contribution to the spatial resolution versus the neutron yield
for a biconical aperture The solid line represents the overall resolution, the
dotted line is the limit due to the cut off frequency and the horizontal dashed
line is the spatial resolution limit. (from Ref. [62])

2.4

Reconstruction methods for the detector plane
image

The coded penumbral image (and, in most cases, the pinhole image) at the detector plane can be deconvolved using inverse Fourier transforms [67]. By considering
the magnified image of the source without any penumbral blurring as a function
of coordinates f (x, y) and the image created by a point source as g(x, y), an image described by the function h(x, y) is obtained in the detector plane and is the
convolution of the previous two functions, [98]
Z Z
h(x, y) = f (x, y) ◦ g(x, y) =

f (x0 , y 0 )g(x − x0 , y − y 0 )dx0 dy 0 ,

(2.8)

The deconvolution (i.e. the reconstruction) of the image h(x, y) can be obtained
by using the convolution theorem of the Fourier transform. Since Ht (k, l) = Ft (k, l)Gt (k, l),
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with Ht , Ft , Gt the Fourier transforms of h, f, g, one can write:
Ft (k, l) =

Ht (k, l)
,
Gt (k, l)

(2.9)

and the source image becomes:
·
f (x, y) =

Ft−1

¸
µ
¶
Ht (k, l)
Ft [h(x, y)]
−1
= Ft
,
Gt (k, l)
Gt [h(x, y)]

(2.10)

where Ft and Ft−1 are the Fourier and inverse Fourier transform. As shown in
equation (2.10), the object distribution f(x,y) may be recovered by deconvolution in
Fourier transform space. The process is independent of aperture shape. The Fourier
transform of the point source, Gt (k, l), will cross the zero values in several point in
the two dimensional Fourier space, generating noise [98]. This noise, present in the
reconstructed signal, can be reduced by using a Wiener Filter [67]. This is done by
replacing:
Gt (k, l) = Ft [g(x, y)] =

|Ht (k, l)|
,
|Ht (k, l)|2 + γ

(2.11)

where γ is a correction factor, always positive, related to the noise in the neutron
imaging (NI) system and to the cut-off frequency term kc from Eq. 2.7. A high value
for γ filters out the noise but also hides real features of the source image, while a
low value does the opposite. The best compromise for γ is found through trial and
error for reconstructed images of known source patterns and has to be set at a value
comparable to the average value of the noise induced by the reconstruction process.
Through the use of equation (2.11), the zero-crossing of the Fourier transform of
the point-spread function are eliminated (γ being always positive) and the noise
generated through the deconvolution process is reduced. The main advantage of
this method consists in the fact that once the aperture and the PSF are clearly
defined, any image can be reconstructed for any shape and profile of the aperture,
not necessarily symmetric or circular.
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An alternative to using the inverse Fourier transforms to reconstruct the source
shape for a penumbral neutron imaging system was provided by Alain Royuer [99].
He designed a filtered autocorrelation method for decoding penumbral images that
eliminates the zero-crossing problems of the inverse Fourier transforms and can automatically remove the flat background that is often superimposed on the penumbra
image, without requiring an evaluation of its mean level. In the Fourier domain, one
can write the aperture Fourier transform as a function of the normalized first-order
Bessel function of the first kind, J1 (X)[99],

Gt (k, l) =
with Kf =

√

J1 (2πRKf )
· F (k, l),
πRKf

(2.12)

k 2 + l2 and R the aperture radius. By using the term of decoding

function d(x, y) = 2π 4 R3 bF T −1 {Kf3 }◦g(x, y)c, one can write the correlation product
d(x, y)Fh(x, y) ≈ h(x, y) − F T −1 {sin(πRKf )} ◦ g(x, y),

(2.13)

where FT represents the inverse Fourier transform. The contribution of the sine term
is significant only in a small area around a circle of radius 2R. Thus, by correlating
the penumbral image with a decoding function one can restore the original object
f(x,y) surrounded by an artifact of radius 2R. Because the penumbral aperture
radius larger than this object, this artifact cannot interfere with the image of the
reconstructed object [99].
Another deconvolution method, using a heuristic blind reconstruction process for
noisy penumbral images that estimates the PSF function directly from the penumbral image has been designed by Shinya Nozaki and Yen-Wei Chen et. al., [100]. The
reconstruction of the penumbral image is viewed here as an optimization problem.
The cost function to obtain the optimum solution is defined by [100]
E = kh − ĥk2 + λkL(fˆ)k2 ,

(2.14)
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where ĥ is an estimated penumbral image and fˆ is an estimated source image. The
second term acts as a constraint operator, L is the Laplacian operator used to obtain
a smooth estimate and λ is a parameter to balance the first and the second term,
always positive. The λ parameter can be optimized empirically in order to obtain
the best resolution and lowest noise for the reconstructed image.

2.5

Plastic scintillators

A scintillator is a material which exhibits the property of luminescence when excited
by ionizing radiation. A scintillation detector or scintillation counter is obtained
when a scintillator is coupled to an electronic light sensor such as a photomultiplier
tube (PMT) or a photodiode. PMTs absorb the light emitted by the scintillator and
re-emit it in the form of electrons via the photoelectric effect. The multiplication
of the electrons results in an electrical pulse that can then be analyzed and provide
information about the particle that originally struck the scintillator [101].
Plastic scintillators are solutions of organic scintillators in a solvent that is polymerized to form a solid, the most frequently used solvents being polysterene and
polyvinyltoluene [101]. The plastic scintillator material is usually fabricated from a
styrene, acrylic, or vinyltoluene monomer, in which a scintillating fluor has been dissolved. The materials used are organic based compounds (C-H-O-N)[101]. They are
mainly used for neutron detection experiments where accurate measurements over
short time intervals (nanoseconds) must be obtained at high counting rates. Their
response time is of the order of 10 ns and they can discriminate among particles by
their arrival time. The neutron detection efficiency is high (up to 30%), but the large
range of the recoil ions from neutron scattering in the detector material (around 1
mm) implies that they need a large system magnification (around 200) [102]. A
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typical system consists of a neutron conversion screen, optical focusing system, and
a CCD camera [75]. The majority of these detectors use sensitive materials that are
cast as optical fibers [75].

Figure 2.6: Schematic drawing of a proton recoil plastic scintillator (left) (from Ref. [103])
and a double-scatter image taken for a 65 MeV incident neutron on the right
(from Ref. [104])

The technique of proton recoil detection infers the neutron energy from the
measured energy and direction of individual recoil protons produced in a thin layer of
hydrogenous material. The detector measures the energy and direction of neutrons
by detecting double neutron-proton scattering events and recording images of the
ionization tracks of the recoil protons in a densely packed bundle of scintillating
plastic fibers stacked in orthogonal layers (Fig. 2.6) [103].
The scattering kinematics are determined by tracking the recoil protons/ions.
Neutrons interact inside the plastic scintillator either by elastically scattering from
hydrogen (n-p) or by interacting with carbon (n-C) [104]. The ion recoil range is
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between 0.5-1 mm, implying that the spatial resolution of plastic scintillators is
limited to 1-2 mm at the detector plane. For the nonrelativistic case, the neutron
scattering can be described by [104]
sin2 Φn0 = cos2 Φp0 =

Ep0
Ep0
=
,
En0 + Ep0
En

(2.15)

where En is the incident neutron energy; En0 and Ep0 are the scattered neutron and
photon energies, respectively; Φn0 and Φp0 are the neutron and proton scattering
angles, respectively. The kinematics of non-relativistic scattering further dictate
that the scattered neutron and proton momenta are perpendicular to one another (
Φn0 + Φp0 = 90◦ ).
If the incident direction of a neutron is known, then the measurement of the
energy and direction of a recoil proton in a single scatter is sufficient to determine
the incident neutron energy,
En =

Ep0
.
cos2 Φp0

(2.16)

A more general approach is provided by double-scatter events. Fig.. 2.6 shows
the raw CCD image of a double-scatter event displaying two recoil proton tracks from
a single incident neutron at 65 MeV. If both recoil protons in a double-scatter event
are measured, then the energy and incident direction of the neutron are uniquely
determined. The angular and energy resolution depend upon the ability to precisely
measure the energy and direction of the recoil protons. Double scatter events can
be used to map the neutron emission from an extended source [104].
For the 14 MeV neutrons resulting from the DT reaction, the detection efficiency
is approximately 25% [105]. Most of the imaging detectors use an array of plastic
scintillator rods where the light is trapped by total internal reflection inside the rod.
The neutrons are detected via elastic scattering on hydrogen nuclei, and the range of
the recoil particle defines the volume over which the light is produced. More recent
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neutron detectors use arrays of thin walled glass capillaries filled with a deuterated
liquid scintillator [91], [102].
Plastic scintillators are used as arrays, for example there were 35,000 pixels
for the NOVA neutron imager in Fig. 2.7), with a pixel length of at least 10 cm
(necessary for good efficiency [92].

Figure 2.7: The structure of a plastic scintillator array used for 14 MeV neutrons imaging
(from Ref. [102]).

The detector shown in Fig. 2.7 allows imaging of the neutron flux from inertial
confinement fusion (ICF) targets. The instrument uses fiber optic tapers, fiber
optic image guides, and microchannel plates to deliver sufficient light to a CCD
camera [102]. It has a fiber bundle that responds preferentially to 14 MeV neutrons
incident parallel to the fiber axis, while rejecting gamma rays and neutrons from
other directions. Directionality is achieved due to the fact that recoil protons not
traveling parallel to the fiber axis cannot deposit their full energy in the fiber core.
Thus, only the neutrons moving along the scintillator array fibers can generate a
full energy signal [75], [102].
One of the drawbacks of the plastic scintillators used for neutron detection is their
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sensitivity to gamma-rays resulted from the nuclear interactions that occur in the
ICF experiments (described at the beginning of this chapter). Lawrence Livermore
National Laboratory (LLNL) has experimented with the use of boron-loaded plastic
scintillators to achieve a reduction in the detection time for applications such as
neutron coincidence counting [106]. Gamma-rays interact with the detectors before
the neutron arrival and the instrument insensitivity to this type of radiation is
restored by demanding coincidence between the plastic scintillator and an array of
bismuth germanate detectors [107].

2.6

Bubble chambers

A bubble chamber is a pressurized vessel that uses a transparent superheated liquid
as active medium that boils into tiny bubbles of vapor around the ions produced
along the tracks of subatomic particles passing through it. Donald A Glaser designed
and developed the first bubble chamber in 1952 (Fig 2.8), to detect elementary
particles from cosmic rays and high energy physics experiments [108].
Just before the incident particles enter the chamber, a piston moves outwards,
suddenly decreasing its pressure, and the liquid enters a superheated, metastable
phase. The nucleation process takes place each time a particle passes through the
active medium due to its scattering with the nuclei of the liquid. The chamber is
subsequently repressurized and brought to a superheated state for the next available
event [108]. Charged particles create an ionization track, around which the liquid
vaporizes, forming microscopic bubbles that grow in size until they are large enough
to be seen or photographed. The bubble density around a track is proportional to
the particle’s energy loss. Due to the very low value of the ion recoil distance after
the scattering (3-5 µm), the nucleation accurately shows where the interaction took
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Figure 2.8: Original diagram and photograph of the first bubble chamber built by Donald
Glaser in 1952, showing the track of a subatomic particle. The chamber was
using liquid hydrogen.

place. Some bubble chambers have coils producing a magnetic field to detect charged
particles and several cameras mounted around them, allowing three-dimensional
imaging of the nuclear interaction event (Fig. 2.9) [109].
Bubbles grow in size as the chamber volume expands, until they are large enough
to be seen or photographed. Bubble chambers with resolutions of a few µm have
been demonstrated [110]. Uncharged particles such as neutrons, have been detected
with bubble chambers using gel detectors [74]. The neutrons scatter elastically
in the active medium with an interaction cross section that is much lower than
for charged particles. Most of them pass undetected while the fraction that does
interact produces no more than a single bubble per neutron inside a detector [74].
A gel bubble detector concept uses tiny liquid drops suspended inside a dust free
visco-elastic gel [74]. Each drop behaves like a miniature bubble chamber and records
the tracks of the incoming particles. Upon nucleation by energetic radiation, the
drops form bubbles and nucleate. By using gels, the particle tracks remain recorded
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Figure 2.9: Drawing of a bubble chamber showing its working principle. The incident
particle interacts with the active medium and produces a string of bubble along
its trajectory. Many bubble chambers have coils producing a magnetic field in
order to detect charged particles.

inside the medium much longer than in a liquid bubble chamber but the sensitivity
decreases by about a factor of 103 [111], [74].
The recorded particle tracks/signatures look similar for both liquid and gel detectors. By taking photographs of the bubble tracks/signatures through the glass
windows of the chamber, it is possible to make precise measurements of the processes caused by the incident particles, an accurate determination of their spatial
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location (for the neutron case), to deduce their properties and their interaction with
the liquid (Fig. 2.10) [105], [112]. The 14 MeV neutrons from laser-driven compressed DT target plasmas in OMEGA could be detected with a spatial resolution
as small as 5 µm in the detector plane (compared to 1 mm for a plastic scintillator)
[74]. The low number of recorded bubbles in the penumbral area and the opacity
of the gel did not alow reaching a high resolution of the reconstructed image [74].
Bubbles can only be produced in the less than 1% of the detector volume occupied
by the droplets of superheated detector liquid while the other more than 99% of
the detector volume is inactive support gel. The neutron detection efficiency was
measured to be 10−5 bubbles/incident neutron [74].

Figure 2.10: A picture of the bubbles created by neutron exposure in a gel detector (a) with
the arrows marking the size of the central maximum area. A magnified image
of the bubbles inside the gel is shown in (b) and the resulting image of the
high yield capsule reconstructed from the positions of several hundred bubbles
created on a high-yield OMEGA shot is shown in (c) (May 2001) (from Ref.
[74]).

The use of multiple cameras or holography gives accurate images of the processes
that occur inside the bubble chamber. For the case of inertial confinement fusion
(ICF) processes, bubble chambers can discriminate among gamma rays, low energy
neutrons and 14 MeV neutrons. They have high spatial resolution but a lower
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sensitivity than other types of detectors. The recovery time after a measurement
is longer than for other types of detectors (they need around several seconds to be
brought back in the superheated state after taking a measurement, although some
bubble chambers operated at a frequency of 1 cycle/s [110]). The neutron threshold
energies are between 0.1 and 20 MeV - determined by the mixture of supercritical
liquids chosen as the active medium [113].

2.7

Advantages of bubble chambers used for neutron imaging

Bubble detectors can identify neutrons with a high spatial resolution. One incident
neutron produces either one bubble or no bubble, as only neutrons having energies
greater than a threshold value can produce nucleation. After a single bubble is
produced, the neutron energy becomes lower than the threshold value and no more
bubbles are created. Due to the use of a highly transparent medium that allows a
clear three-dimensional view of the whole detector area, the bubble chambers can
take deep field of view images of the incident particles, and are capable of resolving
the individual particle trajectories better than other types of detectors [91]. Bubble
chambers allow the design of a coded aperture imaging system to be simplified in
several ways:
a) The very short ion recoil distance in the area where a neutron interacts with
the active medium allows the required magnification to be reduced from 200 to 20.
That allows the detector to be placed at a distance of 5-20 meters from the neutron
source (for the OMEGA laser at University of Rochester or the National Ignition
Facility (NIF) at Livermore).
b) Due to the shorter distance between source and detector, the aperture diam-
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eter can be increased from 500 microns to 1 mm, making it easier to fabricate and
characterize and allowing more accurate aperture alignment techniques [113].
c) The sensitivity of the detector to neutrons can be adjusted by controlling the
operating temperature and pressure of the superheated liquid.
The locations of the bubbles may be recorded when they are 10 to 50 microns
in diameter, using a pulsed light source. Neutron fogging can be avoided by making
the depth of the field larger than the bubble chamber by using a parallel, monochromatic light source. For the situations where the charged particles trajectories are
measured, 3D images can be acquired through the use of holography (Fig. 4.11)
[90], [114], [115].

Figure 2.11: The method used in bubble chambers for measuring the neutron properties
(from Ref. [114]).

2.8

Summary

Neutron imaging systems use pinholes or penumbral apertures (including annular
apertures) to capture images on a neutron-sensitive detector. An imaging system
consists of a neutron source, an aperture, an alignment system and a detector sen-
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sitive to neutrons.
When neutrons pass from the source through the aperture, their spatial intensity
at the detector plane is modulated by the shape of the aperture. The alignment
and type of aperture define the image size, shape, and resolution on the detector
plane. The three-dimensional shape of the aperture is described by a two-variable
point-spread function (PSF). The magnification of the system M is the ratio of
source-detector distance L divided by the source-aperture distance, l.
The ultimate resolution of any neutron detector is affected by several factors,
some resulting from theoretical limitations of the initial image deconvolution process,
others coming from technological fabrication limitations. The coded penumbral image (and, in most cases, the pinhole image) on the detector plane can be deconvolved
using inverse Fourier transforms.
The two main types of detectors used for neutron imaging are plastic scintillator arrays and bubble chambers. The first category has been used extensively in
the past, but recent experiments on OMEGA suggest that bubble chambers may
have higher resolution with a lower manufacturing cost for OMEGA and National
Ignition Facility (NIF). Both types have specific advantages, with plastic scintillator
having a higher sensitivity to neutrons and bubble chambers having a better spatial
resolution.
Bubble chambers are pressurized vessels which use a transparent superheated
liquid that boils into tiny bubbles of vapor around the ions produced along the
tracks of subatomic particles passing through them. The energy necessary to create the bubbles is supplied by the incident particles. Gel bubble detectors use tiny
liquid drops suspended inside a dust free visco-elastic gel. Each drop behaves like a
miniature bubble chamber and records the tracks of the incoming particles. Bubble
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detectors identify neutrons with a higher spatial resolution than the scintillator detectors, being digital 3D detectors. They reduce the required magnification, enlarge
the aperture diameter and allow ring aperture and other coded aperture imaging
techniques.
Neutron imaging systems are important diagnostics for inertial confinement fusion experiments as the understanding of the processes taking place inside the fusion
burn region of a compressed target is crucial for achieving controlled nuclear fusion.
Bubble detectors are one of the diagnostics with high potential in achieving good
resolution in neutron detection.

Chapter 3
APERTURE TOLERANCES
FOR NEUTRON IMAGING IN
ICF SYSTEMS
In all neutron imaging systems, the coded image must be deconvolved to produce an
image of the neutron source. This process requires precise knowledge of the aperture
point-spread function and the flatfield response of the imaging detector [67]. A
penumbral aperture is designed to be as isoplanatic as possible. This means that the
aperture point-spread function (PSF) should be independent of the source point in
the field of view. In practice, this requirement is difficult to meet and is the primary
reason for the study of alignment sensitivity. For both pinhole and penumbral
apertures, uncertainties in the exact shape (due to finite fabrication tolerances) lead
to errors in the reconstructed image due to uncertainties in the calculated PSF. For
brighter neutron sources (higher number of neutrons per source element), the signalto-noise (S/N) ratio improves faster for pinholes than for penumbral apertures for
identical geometry (i.e. the same source-detector distance, same field-of-view, same
detector sensitivity). For this reason, pinholes are the preferred aperture type for
very high neutron yields (for example, greater than 1016 ) ICF imaging [25].
A computational study at LLE [86] showed that the misalignments of more
56
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than 1 mrad would introduce measurable features in a reconstructed image for both
pinholes and penumbral aperture systems. These simulations further showed that
penumbral apertures are several times less sensitive to fabrication errors than pinhole
apertures. These results are summarized in this chapter [86].

3.1

A 3-dimensional neutron imaging design tool

To investigate the influence of various neutron imaging (NI) system parameters on
the quality of the reconstructed image, a design tool was developed. The code
was written in PV Wave [http://www.vni.com] and Eq. (2.10) and (2.11) have been
used to reconstruct the encoded image. The source and detector plane are described
by arrays that define the maximum theoretical system resolution. Various source
distributions and intensity profiles can be generated. Noise can be added to simulate
neutron background, but for the work presented here no neutron-related noise was
added. The noise/signal generated by neutron scattering on aperture edges was
ignored.
Unlike the photons in optical systems, where a very thin aperture can block
all the incoming electromagnetic radiation, the neutrons have a finite penetration
range inside all materials. Neutron penumbral apertures and pinholes, due to the
penetrating nature of neutrons, must be very thick. Since the apertures are narrow,
this gives a narrow field of view and tight alignment tolerances. Any aperture
fabrication error or misalignment of this field of view strongly affects the thickness of
the material encountered by the neutrons in their path to the detector [66]. For this
reason, any realistic neutron aperture simulation must include a three-dimensional
aperture where not only its shape is described accurately, as in the case of optical
systems, but also its cross-section and thickness (which has to be large enough to
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stop the neutrons).
The aperture is described as a succession of thin layers with fixed openings along
the particle-flux direction, and the resulting image on the detector plane is created
by summing the neutron attenuation of the individual layers. This is the first time
a three-dimensional aperture has been used in a simulation of a NI system. A
point-spread function for the aperture is generated by ray tracing between the array
elements of the source and detector. The rays are treated as optical, to precisely
define the edges of each thin aperture layer. In this way, a variety of apertures
can be simulated (pinholes and penumbral, cylindrical, biconic, or annular). The
only limitation of the simulations is the available computational power. Fabrication
and alignment tolerances are determined by direct simulation using realistic source
distributions and detector responses.
The simulations consist of defining a source distribution (shape and brightness),
using an array of small source elements (the pixel size in the source is smaller
than the system resolution) and calculating the point-spread-function (PSF) using
ray tracing between the source elements and the detector elements (pixels). The
pixelation of the detector is typical for existing neutron-imaging systems.
After the simulation is finished, the next step consists of reconstructing the initial
image from the coded penumbral image obtained in the detector plane. This is done
by using inverse Fourier transforms and Wiener filtering of the penumbral image,
as described in Section 2.4. The accuracy of the method is tested by comparing
the shapes of the reconstructed images to the known original source. Thus, one
determines if features associated with the aperture shape and alignment would be
measurable in an actual imaging system.
For any NI system, several factors determine the characteristics of the image on
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the detector plane and those of the reconstructed image:
• The magnification determines the size of the image on the detector plane. If
a large magnification is achieved by increasing the source-to-detector distance, a
larger detector for a given source size or field of view is required.
• The aperture regulates the neutron flux on the detector. Its size determines the
magnification or the dimension of the image on the detector plane for penumbral
imaging systems. The aperture thickness and material determine its leakage to
neutrons, and its shape controls the characteristics of the coded image and the
accuracy of the deconvolution process. The aperture is also sensitive to misalignment
(as shown later in this chapter).
• The intensity of the recorded image depends on the sensitivity to neutrons of
the detector’s recording medium.
• The detector resolution is limited by the recoil length of the elastically scattered
nuclei in the detector material (e.g., protons in a CH-based scintillator), apart from
any intrinsic pixel resolution imposed by the detector dimensions.
• Neutron-scattering sources near the imaging line of sight (like the aperture
edges) can modify the neutron flux reaching the detector by blurring the focus of
the signal in the affected areas.
• The aperture field of view limits the resolution of the system via the point
spread function (PSF)(shown in Fig. 2.4 [76]).

3.2

Specific examples

This design tool has been tested against simple cases having analytical solutions
(point source and flat circular source) [86]. The images have been reconstructed
using the method described in Section 2.4 (Eq. 2.11).
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Consider a neutron imaging system consisting of a neutron source, aperture
and neutron-sensitive detector. The following parameters are used: d - the sourceaperture distance, d1 - the source-detector distance, ad - the aperture diameter and
y - the neutron yield.
a) For a point source, the signal in the detector plane has a constant intensity
over a uniform illuminated area of radius
d1 · ad
,
2d

(3.1)

y · a2d
.
4π · d2 · r2

(3.2)

r=
with an areal neutron density
Ip =

The function describing the signal in the detector plane can be written as a function
of the detector plane coordinates (x,y):
p
½
I for x2 + y 2 < r
f (x, y) =
0 otherwise.

(3.3)

The initial yield can be reconstructed analytically as
y = 4πd2 r2 ·

I
.
a2d

(3.4)

b) For a flat circular source of diameter ds , using the same notation as for the
point source, the detector plane is uniformly illuminated over an area of radius r1
described by
r1 =

ds (ad − ds ) · d1
+
.
2
2d

(3.5)

This area is surrounded by a penumbra of radius r2 ,
r2 = r1 + ds ·

d1 − d
.
d

(3.6)

The intensity of the signal inside the central area of radius r1 is
I=

y
.
πr12

(3.7)
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By making the notation r = d/2 (the source radius) the signal in the detector plane
can be written as a function of the detector plane coordinates (x,y),
½
p(x, y) =

p
I for x2 + y 2 < r1
I(x, y) otherwise.

(3.8)

A(x, y)
,
πr2

(3.9)

Here, I(x, y) is defined as:
I(x, y) = I

with A(x, y) being the area of the source visible from the coordinate (x, y) in the
detector plane. Inside the central maximum, the whole area of the source is visible
while in the penumbral area only a part of this area is visible. At the edge of the
penumbra (radius r2 ), only the edge of the source is still visible. A(x, y) is described
by
A(x, y) =

R2 (2θ1 (x, y) − sin(2θ1 (x, y)) r2 (2θ2 (x, y) − sin(2θ2 (x, y))
+
,
2
2

with R = ad /2 and
h
h 2
ii

1 r −dist(x,y)2 −R2

θ1 (x, y) = Re π − acos 2 R·dist(x,y)






h
h 2
ii

1 r +dist(x,y)2 −R2
θ2 (x, y) = Re acos 2 r·dist(x,y)




³√
´


a

d
x2 +y 2 − 2d

dist(x, y) =
.
d1 −d

(3.10)

(3.11)

This numerical method defines both source and detector plane image as pixelated
arrays and can simulate the image in the detector plane through ray-tracing (as
described in the previous section).
Good agreement between the analytic calculations and numerical simulations
suggests that the technique can be applied to complex aperture assemblies. For
the point source, a perfect fit was obtained between the reconstructed and the
analytically calculated image as shown in Fig. 3.1.

62

Figure 3.1: Comparison between numerical simulations (a) and analytical solution (b) for
a point source. (c) shows the relative difference between analytic and numerical
images.

For the flat circular source (constant brightness), the relative difference between
the reconstructed and the analytically calculated image was approximately 1% (due
to the fact that the circular source was approximated by an array of square pixels
and the pixel centers were either outside or inside the source radius, changing the
calculated values of the inverse Fourier transform), as shown in Fig. 3.2. The
similarity of the reconstructed images suggests that the source distribution was
reconstructed correctly.
Data images from implosions generated by real DT shots were reconstructed for
a biconic aperture used on OMEGA [72]. The aperture had a 200-µm field of view
(FOV), a thickness of 100 mm, and a central diameter of 2 mm. The measured
diameter of the neutron source size was 50 µm, the source-aperture distance was
26 cm, and the source-detector distance was 800 cm, yielding a magnification of
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Figure 3.2: Comparison between numerical simulations (a) and analytical solution (b) for
a circular flat source. The right-side graph (c) shows the relative difference
between analytic and numerical images.

30.8. The deuterium-tritium (DT) neutron yield was 8.5 × 1012 . Using the threedimensional neutron imaging design tool, the source image was reconstructed (Fig.
3.3(a)) and compared with the results obtained using the filtered autocorrelation
[99] and shown in Fig.3.3(b). Both images display similar size, shape and intensity
for the neutron source, though the absolute accuracy is unknown.

3.3

Aperture simulations

The design tool was shown to be accurate for the cases described in the previous
section. It will be used further to understand the tolerances to aperture misalignment and fabrication errors. A flat (constant intensity), circular source 50-micron
in diameter was used (Fig. 3.4) [86]. This source shape was preferred for the ease of
measuring any change in the reconstructed image. Any other type of source would
have been affected in a similar way, but the changes would have been more difficult
to quantify.
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Figure 3.3: Image data (shot 35988, DT[10] CH[20], Y n = 8.5 × 1012 ) deconvolved (a)
with the code described in the text and (b) using filtered autocorrelation. (c)
indicates the difference of intensities in % between (b) and (a). The 20% difference spike comes from the feature indicated by the arrow present in (b). One
can see that the overall difference between the two methods oscillates between
+10% and −5%. As there is no way to determine the exact source distribution, it’s impossible to say which method is more accurate. The color scale is
valid only for (a) and (b) and is normalized relative to the maximum.

A biconic penumbral aperture with a central diameter of 2 mm and a pinhole
with a central diameter of 10 µm were used for the simulations with a flat source 50
µm in diameter. In both cases, the FOV was 200 µm, the source-aperture distance
was 26 cm, and the source-detector distance was 800 cm, yielding a magnification
of 30.8. The aperture thickness was 10 cm. The two systems are similar to those
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Figure 3.4: Examples of simulated raw images for a penumbral aperture (1) and a pinhole
(2) as seen on the detector plane. (3) represents the spatial intensity profile
of the source and (4)the aperture cross section and the distortion direction for
simulated distortion of the aperture (pinhole or penumbral). Here a and b are
the aperture semiaxes, while e is the eccentricity of the aperture profile. The
color scale is normalized relative to the maximum.

shown in Fig. 2.4. The maximum theoretical resolution of the simulated system for
the deconvolved images was 4 µm (obtained from Eq. (2.7) with the assumption of a
perfect alignment, and where kc and δrec had a cumulative contribution of less than
0.1 µm). The 50-micron diameter of the reconstructed source was measured taking as
a reference the lower intensity circle (defined by the purple color). Moving the source
away from the center had no effect on the reconstructed image provided that the PSF
was adjusted accordingly. Based on the equations from Section 2.4, the tolerances for
aperture fabrication and alignment can be determined by the need to identify certain
scale features in the reconstructed image. For this study, based on 50-µm cores on
OMEGA, features of 10 µm were considered important. By incrementally moving
the source relative to the system axis, an aperture misalignment was simulated. In
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a second phase, the aperture shape was elliptically distorted (where the eccentricity
q
2
is defined as e =
1 − ab 2 with a and b the aperture semiaxes). As the size,
shape and intensity of the source were precisely defined (constant intensity circular
source 50-µm in diameter), the absolute error introduced in the deconvolved image
was measured as the difference between the known radius of the source and the
new maximum radius of the distorted reconstructed source defined by the false
features generated during the deconvolution process with the unmodified PSF. This
measurement was done for the lowest intensity profile. For a general, undefined,
source shape, the error can be measured as the maximum difference between the
real source size and the reconstructed source size. Specific cases for penumbral
apertures and pinholes are treated further.
a) Penumbral apertures
The sensitivity of penumbral apertures imaging systems to aperture misalignment has been examined for a 50-micron flat, circular source. The aperture was
misaligned up to 2.36 mrad corresponding to an offset of 250 µm relative to the
primary axis. As the aperture is displaced, the reconstructed image appears more
and more distorted (Fig. 3.5), i.e., the ratio between the horizontal and vertical
dimensions increases. Image distortions within the range of the 10 µm feature limit
were measured by comparing the diameter of the distorted image with the diameter
of the original, unaffected image and were detectable for a misalignment angle as
small as 0.4 mrad.
Aperture-fabrication defects were analyzed for the same type of flat, circular,
source, for a penumbral aperture imaging system. Deviations from the circular
conical shape were induced and the coded image transformed into an ellipse. As the
ellipse eccentricity (e) increased, the images became more and more distorted, as
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Figure 3.5: Reconstructed images of a flat, circular source imaged through a penumbral
aperture for various angles of misalignment (mrad) simulated by a source displacement. The color scale is normalized relative to the maximum.

shown in Fig. 3.6. The subsequent modifications suggested that the aperture defects
are as important as alignment for a penumbral imaging system and were detectable
within the feature limit at an eccentricity of 0.15 or a 1.2% difference between the a
and b axis parameters (this corresponds to a 24 µm out-of-round error for a 2-mm
diameter aperture).

Figure 3.6: Reconstructed images of a flat, circular source through an eliltically distorted
penumbral aperture for various degrees of deformation. The color scale is
normalized relative to the maximum.

Another way to estimate the sensitivity of the penumbral aperture to alignment
and deformation is to measure the difference between the radius of the undistorted
circular shape and the new radius of the false feature induced with the feature
size determined by the lowest intensity contour. The quantitative analysis of the
measured size of the false features induced by the penumbral aperture misalignment
and deformation is compiled in the Table 3.1.
b) Pinhole apertures
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Angular misalignment
(mrad)
0
0.2
0.4
1.6
2.36

Distortion size
(µm)
0
1.7
14
18
29

Deformation
(eccentricity)
0
0.1
0.15
0.2
0.3

Distortion size
(µm)
0
2
11
27
57

Table 3.1: Size of the distortions induced by angular misalignment (columns 1 and 2)
and aperture eccentricity for a penumbral aperture neutron imaging system
(columns 3 and 4).

For the same 50-micron flat, circular source, the sensitivity of pinhole apertures
imaging systems to aperture misalignment has been determined based on a set of
simulations with progressively misaligned sources, in a geometry identical to the case
described in subsection (a). The same method has been used, first to verify the
alignment tolerances (Fig. 3.7) and then to examine the influences of the fabrication
defects (Fig. 3.8).

Figure 3.7: Reconstructed images of a flat, circular source through a pinhole for various
angles of misalignment (mrad) simulated by a source displacement. The color
scale is normalized relative to the maximum.

Elliptical deformations of the aperture profile were induced. As the ellipse eccentricity increased, the images become more and more distorted, as shown in Fig.
3.8. Detectable distortions within the 10-micron range were observed at 0.8 mrad.
Detectable distortions were observed for an eccentricity of 0.5 corresponding to a
b/a ratio of 0.87 or an out-of-round tolerance of 1.4 µm for a 10 µm pinhole.
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Figure 3.8: Reconstructed images of a flat, circular source through an elliptically distorted
pinhole for various degrees of deformation (b/a) and eccentricity e. The color
scale is normalized relative to the maximum.

The quantitative analysis of the measured size of the false features induced by
the pinhole misalignment and deformation is shown in Table 3.2. The last set of
values for the misalignment of 2.36 mrad is misleading as the image size is smaller
- due to the lower neutron flux that passes through the pinhole, even though the
deformation of the image is larger (based on the vertical/horizontal axes ratio).
Angular misalignment
(mrad)
0
0.4
0.8
1.6
2.36

Distortion size
(µm)
0
1.6
3.3
10
8

Deformation
(eccentricity)
0
0.2
0.3
0.4
0.5

Distortion size
(µm)
0
1
1.6
3.4
10

Table 3.2: Size of the distortions induced by angular misalignment (columns 1 and 2) and
aperture eccentricity for a pinhole neutron imaging system system (columns 3
and 4).

For both penumbral and pinhole apertures, the misalignment and fabrication
errors can induce measurable false features in the deconvolution process. To minimize these features, alignment and fabrication tolerances can be determined from
simulations such as those described above. A similar simulation was done for both
types of apertures for the geometry of the National Ignition Facility (NIF). For the
imaging system previously described (and typical for a facility such as OMEGA),
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the alignment and aperture fabrication requirements for a NI system designed to observe 10 µm features are summarized in Table 3.3. For the simulations for OMEGA
the source-aperture distance is 26 cm, and the source-detector distance is 800 cm,
yielding a magnification of 30.8. For the simulation for NIF, the source-aperture
distance was 52 cm, and the source-detector distance was 1600 cm, yielding a magnification of 30.8. From the figures and tables in this section, one can see that
penumbral apertures are more sensitive to misalignment than pinhole apertures.
while pinholes are more sensitive to fabrication errors. For the relative fabrication
errors (normalized to the aperture size), pinhole apertures are less sensitive than
penumbral apertures. If the absolute errors are taken into account, the pinhole
apertures, due to their small diameter are more sensitive to the fabrication errors
than the penumbral apertures.
Penumbral apertures

Pinhole apertures
OMEGA

Misalignment of 0.4 mrad or source
position off center by 100 µm
Fabrication eccentricity of 0.15 (i.e.,
1.2% difference between the ellipse
axes) or an absolute fabrication error
of 24 µm

Misalignment of 0.8 mrad or source
position off center by 200 µm
Fabrication eccentricity of 0.15 (i.e.,
14% difference between the ellipse
axes) or an absolute fabrication error
of 1.4 µm
NIF

Misalignment of 0.4 mrad or source
position off center by 200 µm
Fabrication eccentricity of 0.15 (i.e.,
1.1% difference between the ellipse
axes) or an absolute fabrication error
of 22 µm

Misalignment of 0.4 mrad or source
position off center by 200 µm
Fabrication eccentricity of 0.4 (i.e.,
8.3% difference between the ellipse
axes) or an absolute fabrication error
of 0.83 µm

Table 3.3: Tolerances for a NI system with a 10 µm resolution for the geometric configuration of OMEGA (top) and the NIF (bottom). Tolerance is defined as the
misalignment or aperture deformation that induces a false feature of 10 µm or
larger in the reconstructed image.
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Instead of determining the size of the false features from the minimum circle
enclosing the image (from Tables 3.1 and 3.2), and taking opportunity of the circular
shape of the source used in the study the distortions induced by the aperturefabrication error or misalignment for a flat circular neutron source can be estimated
by measuring the ratio between the spatial extension (largest dimensions) along the
vertical and horizontal axis of the reconstructed image. The length was determined
by the lowest intensity contour. A value of ”1” means a circular shape while higher
values mean a higher distortion. The values for angular misalignments and aperture
deformations are detailed in Table 3.4. The errors in the reconstructed image (i.e.
the axial deformation from Table 3.4) tend to increase linearly with the alignment or
deformation of the aperture (penumbral or pinhole). The terms ar and br represent
the vertical and horizontal axis of the reconstructed image while a and b are the
vertical and horizontal axis of the aperture (as drawn in Fig. 3.4).
Angular misalignment
(mrad)
0
0.2
0.4
1.6
2.36
Deformation (a/b)
for a
penumbral aperture
1
1.006
1.012
1.021
1.049

br /ar
(penumbral aperture)
1
1.007
1.195
1.375
1.785
ar /br
(penumbral)

Angular misalignment
(mrad)
0
0.2
0.4
1.6
2.36
Deformation (a/b)
for a pinhole

br /ar
(pinhole)
1
1.045
1.13
1.53
1.79
br /ar
(pinhole)

1
1.025
1.2025
1.8875
5.428*

1
1.021
1.049
1.092
1.154

1
1.055
1.056
1.098
1.16

Table 3.4: Angular misalignment versus axial deformation (top) and aperture deformation
versus reconstructed image deformation (bottom) for penumbral apertures and
pinholes. The star-marked number has an exagerated value due to the 8-shape
of the reconstructed image.
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3.4

Requirements for a National Ignition Facility
(NIF) system

The NIF facility will use 192 laser beams for ICF with a total energy of 1.8 MJ
[41]. A directly driven deuterium-tritium shell will have a diameter of 3 mm with
a final compressed hot spot diameter of about 80 µm (about 2 mm in diameter for
indirect drive targets) [116]. The geometric and energy constraints will not allow
the NI imaging aperture to be placed closer than 50 cm from the source, implying,
for a magnification similar to OMEGA, a much longer source-detector distance will
be required.
Simulations for penumbral and pinhole apertures similar to those used on OMEGA
have been performed for the NIF. The source-aperture distance was set to 52 cm
and the source-detector distance was set to 16 m with a magnification of M=30.8,
similar to the OMEGA simulation previously described. The aperture field-of-view
(FOV) was maintained at the same value of 200 µm (with the apertures rescaled
for the new geometry). The theoretical resolution of the system was 4 µm (based
on Eq. (2.7), calculated in the same way as for the OMEGA simulation from the
previous section). The NIF requirements for a NI system were already summarized
in Table 3.3 from the previous section.
Based on Table 3.3 and the large source-aperture distance at the NIF, the limits
obtained with the design tool suggest that, compared to OMEGA, the penumbral
apertures have a similar sensitivity to fabrication errors (22 µm compared to 24 µm
at OMEGA) with the angular sensitivity about the same, while pinholes become
twice as sensitive to alignment (from 0.8 to 0.4 mrad), with the double sensitivity to
the relative fabrication error (0.8 µm compared to 1.4 µm at OMEGA). All the limits
described above will induce false features 10 microns in size for the reconstructed
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image.

3.5

Summary

For both penumbral and pinhole apertures, uncertainties in alignment and shape
errors (due to finite fabrication tolerances), lead to errors in the reconstructed image
due to uncertainties in the calculated PSF.
A neutron-imaging (NI) design tool has been designed to quantify the effects
of aperture fabrication and alignment on reconstructed images [86]. The aperture
is described as a succession of thin layers with fixed openings along the particleflux direction, and the resulting image on the detector plane is created by summing
the neutron attenuations of the individual layers. This is the first time a threedimensional aperture has been used to simulate a NI system. This design tool has
been tested against simple cases having analytical solutions (point source and flat
circular source), with the results obtained through both methods in good agreement
[86].
The simulations indicate that alignment tolerances of less than 1 mrad (current
alignment precision on OMEGA [72]) introduce measurable features in a reconstructed neutron image. Penumbral apertures are more sensitive to misalignment
than penumbral apertures while pinholes are more sensitive to fabrication errors.
For the relative fabrication errors (normalized to the aperture size), pinhole apertures are less sensitive than penumbral apertures. If the absolute errors are taken
into account, the pinhole apertures, due to their small diameter are more sensitive
to fabrication errors than the penumbral apertures [86].

Chapter 4
INTERACTIONS OF
NEUTRONS WITH FREON - A
SIMPLIFIED MODEL
Chloropentafluoroethane, known as Freon 115 (C2 F5 Cl), has been used as the active medium in a bubble chamber for high energy physics experiments at European
Organization for Nuclear Research (CERN), since the early 1980’s [110]. It is nonflammable, cheap, safe to operate (not harmful for humans unless inhaled in high
concentrations), and easy to store in compressed gas tanks. The main advantage of
a Freon 115 bubble chamber consists in the fact it does not need cryogenic cooling
and can be operated in conditions relatively close to the room temperature (50◦ C).
This chapter describes the mechanism of bubble formation induced by neutrons
interacting with the superheated liquid inside bubble chambers, with particular
emphasis for the detector used for neutron imaging on OMEGA. While the theory for
bubble formation described in the following sections is valid for any active medium
used, the numerical estimates were applied to Freon 115.
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4.1

Thermodynamic conditions for bubble formation

The mechanism of the bubble formation inside the superheated active medium of a
bubble chamber can be described as follows [117].
Several milliseconds before the incident particles enter the chamber, the pressure
is quickly decreased and the liquid enters a superheated, metastable phase. In this
state, the temperature is higher than its standard boiling point, without actually
boiling. Deposition of small quantities of energy by incident particles or by any
heterogeneous nucleation sites such as gas pockets or impurities disturb the energy
balance in the liquid and locally vaporizes the liquid. The vapor pressure of the just
formed microscopic bubble is higher than the pressure of the surrounding liquid.
For this reason, the bubble tends to expand, but the expansion force is counterbalanced by the surface tension force at the gas-liquid boundary. Other forces
that can influence the bubble growth are the viscosity force that breaks the bubble
expansion and force transmitted to the bubble growth from the wall interaction.
If the radius of the generated bubble is greater than a certain critical value Rc ,
the force balance is dominated by the vapor pressure and the bubble continues to
grow (otherwise the bubble is reabsorbed into the liquid). As a larger volume of
the chamber vaporizes through the nucleation process, the liquid pressure inside the
active medium increases until a balance is reached for a bubble radius of macroscopic
size. After a short interval of time (usually a few tens of milliseconds), the bubbles fill
the chamber and boiling spread to the whole liquid volume. The chamber has to be
repressurized to clean the gas pockets resulting from boiling and then decompressed
again to take a new set of data. For the particular case of a gel detector, every
superheated drop behaves as a miniature bubble chamber in a superheated state.
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The mechanism of bubble formation works in the same way as for a liquid bubble
chamber [74].
The overall growing force acting on a bubble larger than the critical radius Rc
can be described by a simple vectorial relation
−−−−→ −−→ −
→ −−→ −−→
Fgrowth = Fvap + Fσ + Fvisc + Fwall ,

(4.1)

−−−−→
−−→
where Fgrowth is the overall growth force, Fvap is the force generated by the vapor
−
→
pressure inside the bubble, Fσ is the surface tension force compressing the bubble,
−−→
−−→
Fvisc is the viscous force that slows down the bubble expansion and Fwall is the force
transmitted to a bubble that is in contact to a wall. For water and some organic
−−→
−−→
liquids (including Freon) Fvisc and Fwall can be neglected [118], [119] and Eq. 4.1
can be then rewritten in a scalar form. Eventually, the vapor pressure inside the
bubble is equalized by the liquid pressure and an equilibrium value for the bubble
−−−−→
radius is reached with Fgrowth = 0. The forces that act on a growing bubble are
shown in Fig. 4.1.

Figure 4.1: Schematic representation of the forces acting on a growing bubble that just
reached the critical radius (described in more detail in the text).

77
The minimum amount of energy necessary for the formation of a bubble of critical
radius Rc is described by [120], [121],
Eb = Wb + H + Ewall + Evisc ,

(4.2)

where Wb is the minimum reversible work required for bubble formation, H is the
vaporization energy, Ewall is the kinetic energy transmitted to the liquid during the
growth process and Evisc is the energy lost during the bubble growth by viscous
forces [122]. Ewall and Evisc can be neglected [118], [119]. During the nucleation
process the bubble forms rapidly, so that the energy of vaporization cannot be
furnished by the ambient energy from the host liquid [121]. Once the bubble starts
taking shape, the energy required to maintain it is given by the minimal reversible
work, Wb . The reversible work can be expressed as
4
Wb = 4πr2 γ(T ) − πr3 (pv − p0 ),
3

(4.3)

where γ(T ) is the liquid-vapor interfacial tension (temperature-dependent), pv is the
vapor pressure of the superheated liquid, and p0 is the ambient liquid pressure. The
difference pv − p0 is called the degree of superheat of a given liquid. Wb is minimized
for a critical radius,
Rc =

2γ(T )
.
pv − p0

(4.4)

When a bubble reaches its critical radius its vapor pressure is greater than its surface
tension force. The bubble becomes thermodynamically unstable and grows very
quickly. Once the liquid has locally vaporized, the minimum amount of energy Wb
needed to form a vapor bubble of critical size Rc , as given by Gibbs (1875)[120] from
reversible thermodynamics is
Wb =

16πγ 3 (T )
.
3(pv − p0 )2

(4.5)
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The vaporization energy can be expressed as, [121], [123]
4
H = πrc3 ρv Hv ,
3

(4.6)

with ρ the vapor density and Hv the latent heat of vaporization. Replacing Eq. 4.5
and 4.6 in Eq. 4.2 and neglecting the kinetic and viscous energies, the minimum
energy necessary to produce a bubble can be expressed as
Eb =

16πγ 3 (T )
4
+ πrc3 ρv Hv .
2
3(pv − p0 )
3

(4.7)

Equation 4.7 can also be written as
µ
Eb = Wb

ρv Hv
1+
pv − p0

¶
.

(4.8)

Equation 4.8 accounts for the conversion efficiency (η) of heat to work, described
by the relation
η=

Wb
.
Eb

(4.9)

For typical superheated liquids (Freon 12, Freon 115, Freon 134a), the value of η
ranges from 2% to 6% [124]. The energy necessary to create a bubble, Eb , is supplied
through the energy deposition per unit length dE/dx by the electrons ejected by the
recoil nuclei [123]. The bubble nucleation requirements for a superheated medium
are satisfied if the incident particle deposits enough energy to create a bubble within
a specified length L, given by
L = kb · Rc .

(4.10)

where kb is a constant which may vary between 2 and 13, in most cases being
approximated to 2 [118], [124]. The nucleation requirement is satisfied if (cf. Eq.
4.9 and 4.10):
Eb
Wb
dE
≥
=
.
dx
kb · Rc
η · kb · Rc

(4.11)

79
The condition necessary to create a bubble can also be expressed as a minimum
energy density, ρE , deposited over a sphere of radius Rc ,
ρE ≥

3Eb
.
4πRc3

(4.12)

Going back to Eq. 4.7 and replacing the values for the Freon 115 bubble chamber
(from the Appendix 1) at 50◦ C (the operating temperature of the OMEGA bubble
detector), the critical radius has the value Rc = 7.5 × 10−9 m and the minimum
energy necessary to generate a bubble is Eb = 107 eV.
Bubble chambers operate at quasi-constant temperature and thus behave as
isothermal systems. Any heat released over a small volume that produces a bubble
locally increases the pressure of the liquid to a value that produces boiling (foaming)
inside the liquid volume. Wb can be obtained from the difference between the liquid
pressure in the superheated state and the pressure of the foam limit (Fig. 4.2) [113],
[125].
As was described in Chapter 2, a bubble chamber is sensitive to particle detection
only in its superheated state. The conditions necessary to reach this state depend
on the thermodynamic phase diagram of the liquid used as the active medium. Fig.
4.2 shows the phase diagram for Freon 115 (C2 F5 Cl) [125]. The medium is in liquid state above the vapor pressure line, gaseous below the foam limit line and in a
metastable coexistence state in the middle. During the bubble chamber operation
the temperature is held constant while the pressure decreases very fast from a point
on the upper curve (start/stable) to a value close to the lower curve (working unstable) where it is ready to record any interactions with the incident particles. The
detector sensitivity and the bubble growth speed depend on temperature. Measurements made at CERN in 1980’s found that the bubble density for Freon 115 reaches
maximum at 48◦ C [125]. For the bubble detector used on OMEGA, the position
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of the piston during the decompression and the quantity of the Freon inside the
chamber suggested an operating temperature of 50◦ C was optimal.

Figure 4.2: Bubble production as a function of pressure and temperature in a Freon 115
bubble chamber. The working region is the area between the vapor pressure
line and foam limit line. The dashed lines represent lines of constant bubble
density (adapted from Ref. [123]).

The lines of constant bubble density come closer to the foam limit at higher
temperatures. For a different active medium, the nominal values described in Fig.
4.2 may vary widely, but all the liquid bubble chambers operate with the same principle. The foam limit is reached at the pressure p*(T) that is estimated, according
to Bugg [126] to be

s
p∗ (T ) = pv − K

kL T
,
γ3

(4.13)

where pv and γ are the the vapor pressure and surface tension respectively at the
temperature T, kL is the thermal conductivity of the liquid and K is a numerical
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proportionality constant determined experimentally (in most cases close to 1).
The bubble growth rate can be estimated from the formula deduced by Plesset
and Zwick [127]
√
r = A t,
with

r
A=2

(4.14)

3p
kL ρcl (T∞ − Tb )/Hv ρ0 .
π

(4.15)

kL is the thermal conductivity of the liquid, ρ its density, cl is the specific heat, Hv
is the heat of vaporization, and ρ is the density of the gas. T∞ is the temperature of
the liquid and Tb is the temperature of the bubble (both taken at the same pressure).
The difference T∞ − Tb decreases as the temperature increases. Eq. 4.15 indicates
that the bubble growth rate decreases with increasing temperature. The effect of
bubble movement due to buoyancy forces and the effect of the spatial variation of
the pressure during the bubble chamber cycle have been neglected during the bubble
growth process [125]. Table 4.1, adapted from Ref [125], shows the change of A as
a function of temperature.
Liquid
C2 F l5 Cl

H2

Temperature
48 ◦ C
55 ◦ C
60 ◦ C
65 ◦ C
29 K

√
A (cm/ s)
0.35
0.10
0.046
0.023
0.095

Heat content(cal)
1.2×10−5
5.0×10−7
5.9×10−8
8.6×10−9
9.3×10−8

Table 4.1: Heat content and bubble growth rate for Freon 115 and hydrogen (from Ref.
[123].)

The temperature dependence of the parameter A for Freon 115 is shown in Fig.
4.3. The development of average bubble radius depends on both the temperature
and time after initiation as shown in Fig. 4.4.
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Figure 4.3: The temperature dependence of the A parameter for Freon 115 in a bubble
chamber.

From the temperature fluctuations inside the chamber active medium (Freon
115) variation range for the parameter A was estimated. A temperature difference
of 0.2 ◦ C between two Freon regions inside the chamber can induce a 2% difference
in the bubble growth speed.
Measurement of temperature variations on the outside of the bubble chamber
with a digital thermometer showed that the temperature variations were kept within
1 ◦ C. This suggested that the variations of temperature inside the chamber liquid
are within 1 ◦ C or less, with about the same growth speed for all the bubbles
created. All the incident neutrons come in a time window of 150 nanoseconds. On
the neutron detection time scale of 1 ms, all the bubbles are created at practically
the same instant, grow at about the same speed and reach the same diameter at the
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Figure 4.4: The average bubble radius as a function of temperature and time for Freon
115.

moment when they are recorded.

4.2

The thermodynamic mechanism of bubble formation in Freon 115

The mechanism of bubble generation inside a bubble chamber depends upon the production of highly localized regions where the heat is released (”temperature spikes”)
within the active medium. These areas literally explode into bubbles larger than
the critical radius Rc (described by Eq. 4.2) and grow through the evaporation of
the superheated liquid [123].
A neutron will interact with the sensitive medium inside a bubble chamber (the
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Freon 115 in the case described here). The interaction takes place as follows [123]
1. A percentage of the neutrons incident on the active medium interact with the
liquid by elastically scattering off the nuclei of the constituent molecules. During
this interaction, the neutrons eject charged nuclei from these molecules (C, F, Cl
for Freon 115).
2. The ejected nuclei interact with the electrons of the molecules of the active
medium. These electrons are ejected out of the atoms for lower energies of the
incident nuclei or moved to excited states for high energies of the incident nuclei.
3. The ejected electrons lose their energy inside the medium over distances
proportional to their initial velocity. Some of these electrons have enough energy to
generate a bubble and dissipate their energy on a distance of the order of Rc (critical
radius necessary to form a bubble) through elastic collisions with the electrons and
ions of the medium. The excited electrons lose energy through photon emission.
In both cases, a ”temperature spike” appears in a quasi-spherical zone of volume
∼ Rc 3 and a bubble is generated.
The number of bubbles produced inside a neutron detector depends on the neutron path inside the active medium (directly related to the bubble chamber size),
the neutron yield, the geometry of the experiment (the distance from the neutron
source to the detector influences the solid angle) and the efficiency of the bubble
creation mechanism by the incident neutrons. Based on previous experimental measurements, the total neutron scattering cross sections are Sc =1.30 barn for carbon,
SCl =2.0 barn for chlorine and Sf =0.053 barn for fluorine [128]. This gives a total cross section of St =4.865 barn for a Freon molecule (8 atoms). The Freon 115
molecule has a mass, M, of 154.5 atomic units. The total cross section of the medium
can be estimated based on the detector volume. By taking the ratio between the to-
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tal cross section and the detector cross section, the fraction of the incident neutrons
interacting with the medium is obtained.
To create a bubble, the energy released by the neutron has to reach the value
Eb described in Eq. 4.6. The elastic collisions are described by the set of equations
describing the conservation of momentum and energy:
mn vn + mi vi = mn vn0 + mi vi0
2
02
m v2
m v 02
mn vn
+ 2i i = mn2vn + i2 i ,
2

(4.16)

where the m and v represent the mass and velocity, with the indices ”n” and ”i”
standing for the neutron, respectively recoil ion and the

0

annotation indicating

the particles after interaction. Considering that the Freon molecules are at rest
compared with the high velocity of the incident neutrons, vi = 0, and the maximum
velocity of the recoil ion is (for a 180◦ scattering angle)
vi0 =

2mn vn
.
mn + mi

(4.17)

A fraction of the incident neutrons will interact with the Freon and eject nuclei
from its molecules. Based on the 14.1 MeV initial energy of the neutrons and the
dynamics of the elastic scattering, the final kinetic energy of the ejected nuclei can
range from 0 to ∼4 MeV for the carbon ions (the lightest components from the
Freon molecule). It takes between 2-5 keV to completely ionize an atom of C, Cl
or F (only 11-17 eV to ionize it once, depending on the atom type), so, for a first
approximation, the ionization energies can be neglected.
The stopping power for heavy charged particles in the classical regime (with
E << m0 c2 ) is described by the Bethe-Bloch equation, [129], [130]
¶
µ
Zz 2 e4 NA mi
4me Ekin
,
Si =
· ρ · ln
¯ i
8π²20 me Ekin MA
2Im

(4.18)

with the stopping power is expressed in M eV /cm, Z - the atomic number of target
atom, z - the atomic number of the charged particle, NA - Avogadro’s constant
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(mol−1 ), me - the rest mass of the electron (kg), ε0 - the electric permittivity of free
space (C · V −1 · m−1 ), Ekin - the kinetic energy of the particle (J), MA the molar
mass of the target (g/mol), I¯ - the mean ionization energy (J), ρ - the medium
density (kg/m3 ), e - the electron charge.
Using the SRIM software designed by James Ziegler (http : //www.srim.org/)
and based on the Bethe-Bloch equation and experimental data from many sources,
the scattered ion range was found to be between 0 µm and 9 µm, depending on the
atom type and recoil ion energy. Each bubble produced inside the active medium
is associated with the transfer of the threshold energy Eb to either an electron or a
nucleus from the incident particle as a result of Rutherford scattering.
The recoil ion can eject other nuclei or electrons from the Freon molecules. The
cross section σp for ejecting a nucleus varies with 1/Ec in the Rutherford range,
where Ec the kinetic energy of the incident particle [123]. For a given energy E ≥
Eb , a simple calculation of the ratio of the cross sections necessary to eject a nucleus
and an electron is given by [123]
σp
nn me
=
,
σe
Ze Mn

(4.19)

with nm - the number of nuclei per molecule, me - the electron mass, Ze - the number
of electrons per molecule (the sum of the component atomic numbers) and Mn - the
mass of the nucleus. The average mass for the nucleus of Freon 115 molecule is
Mn = 19.3 and Ze =74. Replacing all the values in equation 4.7, the obtained
interaction cross section ratio is σp /σe ∼
= 3 · 10−6 . For bubble production by either
ejected electrons or ejected nuclei, the fraction of the ejected nuclei that produce
bubbles is only 3 × 10−6 from the fraction of the electrons creating bubbles, so it
can be neglected.
Inside the active medium, the heat necessary to create a bubble is provided by
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the kinetic energy transmitted to molecules. A recoil nucleus interacting with a
molecule from Freon 115 at 50◦ C, with an energy of 107 eV or higher (the energy
necessary to produce a bubble inside Freon 115) will transfer its energy by ejecting
an electron from this molecule rather than transferring it as kinetic energy to the
molecular nucleus (the latter being electrically shielded by the surrounding electrons) [123]. As a consequence, this interaction will not immediately change the
medium’s temperature. The ejected electron loses its kinetic energy and transfers it
to the electronic systems of other molecules. The subsequent recombination of ions
and electrons ”heats” the liquid at a macroscopic scale [123]. To create a bubble,
the electron has to dissipate an energy of the order of the threshold energy Eb over
a spherical volume of critical radius Rc . If this volume is much larger, the concentration of the heat released inside the volume is insufficient to move the medium out
of its metastable energetic state and the heat is dissipated without the creation of
a bubble. If the volume is too small, the bubble collapses due to insufficient energy
to overcome the surface tension. The stopping power for a particle moving inside a
medium is defined as the differential energy loss dE along the path element dx [130]
S=−

dE
.
dx

(4.20)

Using data obtained from simulations with the SRIM software, the stopping power
dependence on the ion energy has been drawn in Fig. 4.5.
To have the minimum nucleation conditions satisfied, Eq. 4.10 has to be true for
the ion energy loss inside the superheated medium. If minimum energy loss/distance
to create a bubble is written as Lb and the energy loss/distance for the recoil ion as
Li , the nucleation condition is satisfied for Li ≤ Lb . When this is satisfied, it does
not mean that a bubble is created, as it depends on the electrons resulting from
the recoil ion collision with the medium molecule electronic layers to have both
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Figure 4.5: Total stopping power derived from SRIM simulations for ions of carbon, fluorine and chlorine inside Freon 115.

the minimum nucleation energy and the minimum range. In most cases, however,
Li ≤ Lb and the nucleation occurs with a probability depending on the energy loss
per volume as Eq. 4.11 also needs to be satisfied. For the case of ions with low
energies (valid for the case of 14 MeV neutron detection inside Freon 115), the
number of bubbles generated by a recoil ion moving over a distance equal to the
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critical diameter can be expressed as
µ
Ni = α ·

Li
Lb

¶3
,

(4.21)

where the 3rd power is due to the volumes ratio, α is a proportionality coefficient
representing the energy conversion efficiency from the free electrons to the medium.
Based on previous literature [117], [121], this conversion efficiency is close to 1 and
the density of bubbles depends on the energy loss of the ejected ions inside the
superheated medium.

4.3

Numerical estimate for the number of nucleations generated by 14.1 MeV incident neutrons inside Freon 115

Using the differential cross section for 14.1 MeV neutron elastic scattering on carbon
shown in Fig. 4.6 [131], the fraction of carbon nuclei that can generate bubbles
is 99% (as only neutrons scattering at very low angles, less than 1◦ , will deposit
an energy less than the 107 eV, as calculated in the previous section). Assuming
that the scattering section has a similar profile for chlorine and fluorine (a plausible
assumption accurate enough for our calculations) and based on the fact that virtually
all the ions scattered at angles larger than 1◦ will lose enough energy along their
path to generate a bubble, 99% of the nuclei on which the 14.1 MeV neutrons
scatter will have enough kinetic energy to generate bubbles.
Based on the Freon 115 density (1.15 g/cm3 ) and molecular mass (M=154.5
atomic units), the concentration of Freon molecules per cm3 is Nf = 4.99 × 1021 .
The active medium considered for calculation has a volume and shape equivalent to
that in the prototype detector used to take the data described in Chapter 5. The
detector is a cylinder 3.5 cm in diameter and 10 cm in length. As specified in the
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Figure 4.6: The differential cross section for 14 MeV neutron elastic scattering on carbon.
About 98% of the recoil ions have energies greater than the threshold energy
Eb necessary to generate a bubble (from Ref. [134])

previous section, the total cross section for the 14 MeV neutrons scattering on Freon
is St = 4.8 barn (the Freon molecular mass is MF r = 154.5 atomic mass units). By
knowing the active medium density, one can calculate the total cross section of the
liquid. The Freon has a density of 1.15 g/cm3 at 50◦ , so, the corresponding mass
for the volume is mf = 110 grams. The total number of the Freon molecules in the
volume is
Nm =

m f · NA
,
MF r

(4.22)
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where NA is Avogadro’s number. By using equation 4.11, the the number of Freon
molecules inside the detector is Nm = 4.3 × 1023 . The total cross section of the
Freon volume for the elastic scattering of the 14 MeV neutrons is
Stc = Nm · St ,

(4.23)

with the numerical value Stc ' 2.1 cm2 . As the area of the Freon detector is Sta =9.6
cm2 , the fraction of the neutrons interacting with the Freon inside the detector is
Fn =

Stc
≈ 0.22.
Sta

(4.24)

The stopping power calculated for the recoil ions generated by incident 14.1 MeV
neutrons inside Freon using the SRIM software is in the range of 400 MeV/mm while
the energy necessary to create a bubble along the particle trajectory is significantly
lower, at 50-90 MeV/mm. On the molecular scale, most of the recoil ions (nuclei) will
generate many electrons that can fill a critical bubble volume with enough energy
to induce nucleation along its path. As the ions have recoil ranges up to 9 microns
(with an average value of 2 microns), they will create a continuous track of bubbles
that will grow rapidly and fuse into larger bubbles that grow to a macroscopic size
and can be recorded. Based on the stopping power, practically every recoil ion will
generate a visible bubble that can be recorded.
A typical high-energy deuterium-tritium (DT) shot on the OMEGA system produces 1013 neutrons. The detector-target distance is R = 8 m. The total number of
neutrons reaching the detector is
Ni =

Y · r2
,
4 · R2

(4.25)

where y is neutron yield, r is the radius of the detector, R is the distance between the
neutron source and detector. With the numerical values from above, the number of

92
the neutrons entering the Freon medium is Ni ∼ 107 and the number that interact
with it is 2.9×106 . The solid angle of the detector is dΩ=1.2×10−6 . Considering the
stopping power of the recoil ions described in the previous paragraph and assuming
that this energy is transformed into heat that generate bubbles with a very high
efficiency, about 99% of the interacting neutrons are supposed to generate bubbles,
i.e, the number of bubbles per source neutron is
Nbubbles
= Fn · dΩ.
nsource

(4.26)

Nbubbles
= 0.22 · dΩ.
nsource

(4.27)

or numerically

For the number of bubbles observed inside the detector the expected value is
Ndet ≈ 2.9×106 . This result is based on previous papers that assume that practically
all the energy lost by the recoil ions is transmitted to electrons and released in a
quasi spherical area comparable with a bubble critical radius [121], [125].

4.4

Summary

Freon 115 has been used previously as active medium in a bubble chamber for high
energy physics experiments [125]. A Freon 115 bubble chamber does not need cryogenic cooling and can be operated in conditions relatively close to room temperature
(50◦ C).
The superheated liquid medium inside a bubble chamber is in a meta-stable
state before decompression. Deposition of small quantities of energy by incident
particles or by any heterogeneous nucleation sites such as gas pockets or impurities
induces nucleation inside the liquid and forms vapor bubbles. The process of bubble
formation can be described using simple thermodynamics equations [117].
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The thermodynamic mechanism of bubble generation inside a bubble chamber
depends upon the production of highly localized regions or ”temperature spikes”
within the liquid that explode into bubbles larger than the critical radius that grow
through the evaporation of the superheated liquid [123].
A neutron will interact with the sensitive medium inside a bubble chamber (the
Freon 115 in the case described here). The interaction takes place as follows [123]
1. A percentage of the neutrons incident on the active medium interact with the
liquid by elastically scattering off the nuclei of the constituent molecules. During
this interaction, the neutrons eject charged nuclei from these molecules (C, F, Cl
for Freon 115).
2. The ejected nuclei interact with the electrons of the molecules of the active
medium. These electrons are ejected out of the atoms for lower energies of the
incident nuclei or moved to excited states for high energies of the incident nuclei.
3. The ejected electrons lose their energy inside the medium over distances
proportional to their initial velocity. Some of these electrons have enough energy to
generate a bubble and dissipate their energy on a distance of the order of Rc (critical
radius necessary to form a bubble) through elastic collisions with the electrons and
ions of the medium. The excited electrons lose energy through photon emission.
In both cases, a ”temperature spike” appears in a quasi-spherical zone of volume
∼ Rc 3 and a bubble is generated.
For the number of bubbles observed inside the detector the expected value is
Ndet ≈ 2.9 × 106 with the result based on a model assuming that practically all
the energy lost by the recoil ions is transmitted to electrons and released in a quasi
spherical area comparable with a bubble critical radius. The minimum number of
bubbles inside the penumbral area that can reconstruct the source image with a 5
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µm resolution is estimated at Nmin ≈ 104 . Based on the model described in this
chapter, Ndet >> Nmin and the bubble density should be more than sufficient for a
high-resolution neutron imaging system.

Chapter 5
NEUTRON DETECTION WITH
A FREON BUBBLE CHAMBER
ON OMEGA
5.1

Motivation and experimental framework

Neutron imaging of inertial fusion plasmas provides a direct measurement of the
spatial location and extent of the fusion reactions and allows a rapid evaluation
of target performance. Neutron imaging will become easier as neutron yields increase, while the x-ray imaging techniques relied on extensively in todays inertial
confinement fusion (ICF) experiments will become more difficult due to neutron and
gamma-ray induced background noise in the x-ray detectors [132]. The first neutron
images of ICF targets were obtained on NOVA using penumbral aperture imaging
[67].
A scintillator array has a high neutron detection efficiency (up to 30%) [102]
and can produce higher quality neutron images than a bubble chamber used on
OMEGA [31], but the 1-2 mm ion recoil distance at the detector plane requires a
large system magnification of 100-200 (as described in Chapter 2) [74]. Materials
ablated from components that are close to the target risk coating and damaging the
high power laser optics of the the National Ignition Facility (NIF). For this reason,
95
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the laser system is expected to have an exclusion zone around the target with a
radius in the range of 1 - 5 m. If the neutron aperture cannot be located closer
than 1 m from the target, in order to obtain a 5 micron resolution for the neutron
source image, one needs to maintain the high magnification for a plastic scintillator
and place this type of detector at a distance larger than 100 m from the neutron
source [74]. To maximize the resolution possible in a scintillator-based system,
the Laser MegaJoule (LMJ) Facility has a 100 m line-of-sight reserved for neutron
imaging [74]. Neutron detectors with improved spatial resolution would allow highresolution neutron imaging of NIF and LMJ target plasmas from multiple directions
closer to the target chamber [74]. A bubble detector system appears capable of
achieving the 5 micron source resolution with relatively low magnification, due to
the low ion recoil distance inside the active medium (less than 8 microns) and high
accuracy (50-100 microns) in measuring the bubble coordinates. For this reason, it
can be an attractive alternative for a neutron imaging system at NIF. Disk-shaped
gel bubble detectors, 8.5 cm in diameter and 1 cm thick were used in 2001 for a
proof-of-principle test on OMEGA [74]. The bubble density was not high enough
for neutron penumbral imaging and the opacity of the gel required the use of 150
composite images for an estimate of the bubble density while the more traditional
detectors could be used to record a single shot image [74]. A classical liquid bubble
chamber that could record optical images of bubbles with parallel light may be more
effective.
To verify models of bubble formation from the interaction of the 14 MeV neutrons
with the Freon and to demonstrate proof-of-principle of a neutron detector for NIF,
a liquid bubble chamber was built at the Laboratory for Laser Energetics (LLE) and
tested on OMEGA (Fig. 5.1). It uses Freon 115 (C2 F5 Cl) in a superheated state at
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Figure 5.1: The Freon bubble chamber (BUBDET), with the author, in the Target Bay,
seen from above. The 10-cm Freon chamber can be seen on the right, marked
by an arrow.

12 bar and has an operating temperature range of 48-52◦ C. Its design is based on a
previous bubble chamber Lawrence Livermore National Laboratory (LLNL) project
[112].
The system consists of a small bubble chamber (10 cm in size, enclosing a volume
of 293 cm3 ) filled with Freon 115. A linear motor is connected through a bellows
to the chamber and controls its volume (and pressure). Just before the neutrons
arrive, the motor decompresses the chamber and brings it in a superheated state,
where the energy deposited by the incident particles induces nucleation that creates
bubbles. The neutron generated bubbles are observed with parallel, monochromatic,
light generated by a low power pulsed laser system. A Schlieren disc that blocks the
parallel light and records the light scattered by the bubbles was used in some lab
measurements but was not present while recording neutron images on OMEGA. The
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images are recorded by a black-and-white 1000x1000 pixel charged coupled device
(CCD) camera. A bath circulator system maintains the liquid at a constant 50◦ C
temperature. The system has a total mass of about 500 kg and has been used inside
the Target Bay of the OMEGA Laser, in front of the ten inch manipulator number
6 (TIM 6) diagnostic area (Fig. 5.2).

Figure 5.2: The Freon bubble chamber (BUBDET) with the author in the Target Bay, in
front of the TIM 6 area (the blue block behind).

To increase the mobility of the apparatus, the system is built on wheels. Once the
alignment procedure is completed, threaded wheel blocks lock the detector in place.
A plastic box with an aluminum frame covers the detector, preventing interference
from external light. An interlock attached to the lid prevents the linear motor that
controls the expansion mechanism from running with the box open. The detector
can be operated either locally or remotely and is synchronized with the OMEGA
Hardware Timing System for the Target Bay operation (HTS) [133].
Measurements taken in a separate laboratory and in OMEGA tested bubble
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spontaneous nucleation. Neutrons emitted from an imploding deuterium-tritium
capsule were detected by the bubble chamber. About 10−20 neutron-induced bubbles were observed per shot compared to 106 bubbles predicted in Chapter 4. This
is due to the fact that charged incident particles are much more effective to generate
bubbles than neutrons.

5.2

Previous experimental designs used for Freon
bubble chambers

a) The Berne Infinitesimal Bubble Chamber (BIBC)
The indirect inspiration for the bubble chamber used on OMEGA was the Berne
Infinitesimal Bubble Chamber (BIBC) designed and built at CERN in 1981 [134].
The active medium was Freon 115 (C2 F5 Cl). Bubble tracks were generated by
charged high energy incident particles inside an externally induced magnetic field.
Images of the bubbles were observed through an afocal laser-based system and in-line
holography was used to record the data on film [110].
The chamber had a visible volume of 5 × 6 × 11 cm3 . The heat exchanger, the
valves and the pressure gauge were on the top of the detector [125]. The piston was
joined to the chamber body through a stainless steel bellows. The active medium was
separated from the piston and bellows assembly by a 1.5 mm thick Vulkolan rubber
membrane. The membrane reduced the number of joints in the active medium,
where spontaneous nucleation could occur. The space between the membrane and
the piston was filled with water. A drawing of the BIBC can is shown in Fig. 5.3
[125].
Thermal control of the detector was achieved by two water loops in the chamber
body and one loop inside the compression/decompression piston. The water came
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Figure 5.3: Cross section view of the BIBC bubble detector (adapted from Ref. [125]).

from a single water tank, with a temperature stability of 10−2◦ C. The chamber was
surrounded by an aluminium tank that was heated with electric heating strips to
the same temperature as the chamber body. The operating temperature was around
48◦ C at a pressure of 12 bar [125]. The chamber operated in fast cycles (up to 10
Hz) to record energetic particles (mainly protons with energies in the range of 360
GeV/c) [125].
b) The Freon-filled bubble chamber as a high-energy photon burst spectrometer
In the early 1990’s, scientists from Lawrence Livermore National Laboratory
(LLNL), designed a small Freon bubble chamber (∼ 10 cm in size) to measure
the energy spectrum of high-energy photons (energy above 100 keV) emitted in a
short burst (less than about 1-µs duration) [135]. The design of this chamber and
active medium were influenced by the BIBC device used at CERN (Fig. 5.4). The
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active medium was Freon 115, previously used by the BIBC chamber. The operating
temperature and pressure ranges were similar to the BIBC detector. Thermal control
of the chamber was achieved by a water loop in the chamber body. All of the edges on
the inside were rounded to avoid unwanted boiling from occurring at sharp edges. A
silver coating was applied on the interior surface of the chamber to make the surface
finish smoother [135].

Figure 5.4: Cross section view of the LLNL bubble detector (adapted from Ref. [136]).

The photon burst (mainly γ rays) hits the 4 mm titanium window shown on the
bottom side of Fig. 5.4 and generates scattered electrons (i.e. charged particles)
inside the active medium with energies proportional to that of the incident photons.
A magnetic field created by the coils surrounding the chamber and perpendicular to
the trajectory of the incident particles bends their trajectories on curves proportional
to their energies, enabling a spectral analysis of the incident beam. Similar to the

102
BIBC detector, the images of the bubbles were observed using a laser-based afocal
system and recorded on film or digital media by using in-line holographic recording.
A simple stainless steel bellows was used as a piston to compress/decompress
the Freon inside the chamber. The piston was connected to a fast servo-actuated
servo-valve (flow rate of 5 gallons/min during an interval of time of 3 ms). The
servo-valve was controlled by a feedback signal from the Freon pressure transducer.
The pressure to operate the servo-valve was supplied by a hydraulic power unit.
Only the chamber body, the titanium window and the water circulator system were
built and tested. The project was later abandoned.

5.3

General description of the OMEGA bubble
detector (BUBDET)

The Bubble Detector (BUBDET) used for neutron detection on OMEGA was designed and built using the chamber designed for the Freon-filled bubble chamber
for high-energy photon burst at Lawrence Livermore National Laboratory (LLNL)
(described in the preceeding section [135]). A linear motor was used instead of a
hydraulic unit for the compression/decompression process. The linear motor pressurizes/depressurizes the Freon by moving a stainless steel bellows inside the chamber. A schematic diagram of the bubble chamber, including its controls, is shown
in the Fig. 5.5.
A central processing unit (CPU) controls the linear motor, receives data from
the pressure and temperature sensors through a digital National Instruments usbbased interface, and controls and receives data from the frame grabber. Both linear
motor and frame grabber are triggered by the OMEGA hardware timing system
(HTS) through a transistor − transistor logic (TTL) interface. The frame grabber
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Figure 5.5: Schematic view of the LLE bubble detector, showing the interaction of the basic
subsystems.

controls the pulsed laser and the charged coupled device (CCD) camera. The bath
circulator works independently, controlling through a water flow the temperature of
the bubble chamber. The optical system, consisting in a beam expander, a pinhole
and a system of lenses and mirrors acts as a passive element for light focusing and
redirection.
The bubbles generated inside the active medium are observed in monochromatic, parallel light, generated by a low power pulsed laser diode acquired from
Power Technologies [www.powertechnology.com]. The laser is controlled by a frame
grabber [www.pleora.com] and its light is redirected/focused by a system of lenses
and mirrors. Towards the end of the optical path the light is again focused by a
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plano-convex lens. A 200-micron Schlieren disc used to block the parallel light [136],
allowing only the passing of radiation scattered by the neutron-generated bubbles
inside the bubble chamber was used in some of the lab tests but not on OMEGA. A
final plano-convex lens transforms the beam again in parallel light that is recorded
by a charged coupled device (CCD) camera [www.pleora.com]. The bubble chamber, the linear motor, the optical system and the diagnostics are mounted on a
steel table seated on top of the system frame and tilted 25.5

◦

from the horizontal

plane. Compressed air at 90 PSI (6.2 bar) cools the linear motor. A bath circulator [http://www.thermo.com] controls the Freon temperature and is placed under
the steel plate (Fig. 5.6). The bath circulator is connected to the bubble chamber
through two 1/4” plastic pipes. The high voltage electric circuits that control the
motion of the linear motor are enclosed in a box placed under the steel plate. A
touch-screen operating panel placed higher, on the side of the steel table, operates
the linear motor locally (Fig. 5.6).
A fraction of the incident neutrons coming from the imploding capsule interact
with the active medium in the detector and generate enough energy to create bubbles. If a high enough bubble density is reached, a penumbral aperture or a pinhole
can be placed in front of the neutron path to obtain an encoded image. The LLE
bubble chamber was designed to measure the column density of bubbles rather than
to count individual bubbles as in a previous bubble detectors used by Ray Fisher in
2001 [113], [74], provided a high enough bubble density could be obtained.
The bubble detector consists of several subsystems that are synchronized. These
subsystems are:
1. The active medium (Freon 115)
Freon 115 (C2 F5 Cl), used as the active medium inside the bubble chamber, is
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Figure 5.6: Generic view of the LLE bubble detector with some basic dimensions in inches.

a colorless inert gas. In liquid form, it looks very similar to distilled water. It is
not flammable and self-decomposes at temperatures higher than 700◦ C. It is noncarcinogen and the health effects are limited to asphyxiation by direct inhalation of
high concentrations and frostbite for low-temperature samples. The boiling point is
-38.7◦ C and the vapor pressure is 17.01 bar at 50 ◦ C [137]. Its density is 1.15 g/cm3
at 50 ◦ C and it has a transparency coefficient of 0.8-0.9 for 1 m of liquid thickness
in the visible light spectrum (400-700 nm) [137]. Freon 115 was chosen as active
medium for its low bubble nucleation energy, ease of operation, and low cost.
2. The bubble chamber vessel
The bubble chamber for neutron detection has a volume of about 293 cm3 filled
with Freon 115 (C2 F5 Cl). It was built at LLNL in the 1990’s to detect energetic
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gamma photons [112]. It was certified/pressure-tested to 54.4 bar, although its
operating pressure was limited to lower than 30.6 bar due to a safety relief valve
mounted on top of it. The chamber is made of aluminum, over which a silver
coating was applied to make the surface finish smoother. All the sharp edges were
rounded to avoid unwanted nucleation. The chamber has two high-quality optical
BK-7 optical windows (smoothed at LLE with a surface finish accuracy of λ/4 for
λ = 573nm) and a titanium side window (initially designed for the gamma rays
detection, but unused in this work). The useful diameter of the Freon along the
viewing direction was 5.1 cm, based on the size of the two BK-7 optical windows.
All the windows have viton rubber ”O” rings attached to the interior for tightness
and are mounted on the chamber with threaded stainless steel rings. The schematics
of the chamber is the same as for the LLNL bubble chamber previously described,
without the magnetic coil, as shown in Fig. 5.7.

Figure 5.7: Cross section view of the bubble chamber.

The active medium requires that the apparatus has an operating temperature
between 45-60 ◦ C. The temperature is controlled by a water/batch circulator, stable
to within 0.01 ◦ C, connected to four parallel water circuits drilled inside the chamber
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walls. Due to the heat loss through the plastic tubes connecting the bath to the
bubble chamber, the temperature inside the latter is lower than the temperature
inside the bath by about 0.5 ◦ C.
The following items are installed on top of the bubble chamber, all of them
through threaded holes:
- a Freon filling valve,
- a 450 PSI/30.5 atmosphere safety relief valve,
- a temperature sensor platinum thermistor, accurate within 0.02 ◦ C, acquired
from Logan Enterprises [http://www.loganent.com],
- a pressure sensor accurate within 0.1 PSI, acquired from PCB Piezotronics
[http://www.pcb.com/].
The temperature sensor was calibrated by comparing its voltage values with
the temperature measured with a digital thermometer, while the calibration of the
pressure value was extrapolated from the sensor’s data sheet. The bubble chamber
was leak tested with helium and by measuring the pressure loss over long intervals
of time. No measurable leak has been found after more than a year of operation.
3. The optical system
The optical system consists of a pulsed laser, a beam expander, a pinhole, a set
of lenses and mirrors, a Schlieren disk and a CCD camera. All of the components,
except the Schlieren disk and the CCD camera are installed on magnetic mounts
while the last two are attached with screws to the aluminum frame of the covering
box. A basic (not to scale) block diagram of the optical setup is shown in the Fig.
5.8:
A 573 nm red pulsed laser beam with the pulse frequency of 48 Hz and a pulse
width of 100 µs [www.powertechnology.com] creates a uniform illumination inside
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Figure 5.8: Optical setup of the bubble detector view from above. The distances are not to
scale and the Schlieren disk was only used in the lab tests and not on OMEGA.

the chamber with a system of lenses and mirrors. When using a Schlieren disk [136],
all the parallel light is blocked before reaching a CCD camera, allowing only the light
scattered by the neutron induced bubbles to be detected. As already mentioned,
the Schlieren disc was not used on OMEGA but only tested in the lab to be used
for a possible improved neutron imaging system. The light scattered by the bubbles
is recorded and saved locally on a computer hard drive. To study the influence on
bubble formation, a second laser was used in an external laboratory to focus a beam
inside the chamber.
The laser pulse is controlled by a Pleora frame grabber [www.pleora.com]. Its
maximum continuous power is 28 mW and its beam has a diameter of 4 mm. The
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pulse duration can be adjusted from 100 µs to 20 ms and its frequency can be set
from 0.1 Hz to 100 Hz. The beam expander increases the lasers’ beam diameter 2.6
times to 1.05 cm and collimates it. A 6 cm focal length focuses the beam onto a
50-micron pinhole. A pair of 20 cm focal length lenses generate parallel light on both
sides of the bubble chamber. A final 4.8 cm lens controls the demagnification of the
parallel beam onto a CCD camera. A 200 µm Schlieren disk imprinted on a piece
of an antireflection coated glass and a set of lenses and mirrors transmits the image
of the bubble chamber interior onto the 7.4 mm array of a CCD camera as shown
in Fig. 5.8 [136]. To image the entire bubble chamber interior and to optimize the
intensity of the light onto the CCD array, the camera was not positioned at the
equivalent point of the “zero optical distance” of an image relayed system. This
positioning problem generated diffraction rings around the observed bubbles. Based
on the fact that the first sets of data were a proof-of-principle of the neutron imaging
system, this issue was not considered important.
The mirrors used increased the optical path inside the detector and allowed using
shielding from direct neutron hits for the CCD for higher neutron yields. During
OMEGA tests the neutron yields encountered did not affect any of the recording
equipment and no shielding was necessary.
4. The bath circulator system
The temperature of the Freon in the bubble chamber is controlled by a constant temperature bath/circulator, connected to the water circuit in the bubble
chamber walls and operated locally. The unit is a Neslab RTE 111M refrigerated bath/circulator, purchased from Neslabs Inc [http://www.thermo.com]. It uses
deionized water for cooling/heating.
5. Heater tape for temperature uniformization
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Due to the massive heat-conducting steel plate on which the bubble chamber is
mounted and the stainless steel bellows that connects the Freon enclosure with the
linear motor, a thermal temperature gradient appears, creating convection currents
inside the active medium. In parallel light, these are easily visible and affect the
image quality.

Figure 5.9: The heater tape prevents convection currents to form inside Freon.

For this reason, two heater tape electrical systems were used. One raises the
temperature of the bellows and the other heats the top of the chamber, limiting
the heat loss in these areas (Fig. 5.9). The operating temperature is adjusted
through a variable-resistor knob. To optimize the functioning of the heater tapes,
a temperature map of the bubble chamber was made by measuring the outside of
the bubble chamber with a digital thermometer. The heater tapes improved the
temperature uniformity and the quality of image inside the bubble chamber.
6. The PC interface
The PC interface uses four independent systems, each designed to measure and
control a different set of parameters related to the bubble detector (Fig. 5.10).
a) Coyote - an application specifically designed for the Pleora Frame grabber
connected to the CCD camera and the pulsed laser. The frame grabber is connected
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Figure 5.10: A view of the PC screen with the installed software

to the computer through a fast (1 Gb/s) ethernet port. It controls the operation of
the laser and the CCD camera.
b) A digital National Instruments usb-based interface for the sensors, measuring
the voltage generated by the temperature and pressure inside the Freon (controlled
from a Labview application). The data saving process can be remotely controlled
and all the useful information is saved locally on the hard drive.
c) An open internet platfotm (OIP) client - a Visual Basic application used to remotely control/operate the linear motor. Its main purpose is to react to the “charge”
signal (sent when the OMEGA laser capacitors are charging) coming through the
OMEGA network and compress the linear motor 2-3 minutes before the shot.
d) An Ultraware software application interface, used to modify the operation
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code for the linear motor and to control its operation (cycle parameters, timing,
delays, etc). It is controlled by the OMEGA hardware timing system (HTS) and
starts decompressing the bubble chamber 35 ms before the OMEGA laser shot.
All the above software applications can be operated from any PC from inside
the OMEGA network using a remote desktop connection application.
7. The Linear Motor
The linear motor is a Ultra 5000 standard unit designed by Rockwell Automation
[www.rockwellautomation.com] and is shown in Fig. 5.11. It uses 460 V alternating
current (AC) and 60 Amperes (up to 100 Amperes for the peak operation value).
The design of the motor consists of a large magnetic plate mounted on a rail base
with electric coils. It can be controlled from a side panel or activated/deactivated remotely using Ultraware software designed by Rockwell Automation [www.ab.com].
The compression/decompression cycles can be programmed either locally and remotely. It has its own air cooling system and needs a flux of compressed air (0.8
cubic feet/min) to function properly.
Three electromagnetic sensors on the plate control the displacement of the plate
to 10 µm accuracy. The acceleration, speed, and cycle type can be programmed and
controlled An acceleration/deceleration of 30 m/s2 was used for the data taken, with
a maximum speed of 40 m/s. Even though higher values were possible, the inertia
of the motor did not improve the decompression time of the chamber while inducing
vibrations onto the optical system and blurring the recorded images. For the values
used, the vibrations induced during the decompression to the optical system did not
affect the quality of the data recorded. Based on the requirements specified for the
bubble detector, this system was built by Calvary Automation [www.calvauto.com].
8. The Charged Coupled Device Camera
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Figure 5.11: View from above of the LLE bubble chamber system, with the linear motor
occupying most of the space.

The camera used is a black-and-white IPX CCD camera [http://www.imperx.com]
combined with a Pleora frame grabber [http://www.pleora.com] (Fig. 5.12). The
IPX cameras are advanced, high-resolution, progressive scan, fully programmable
and field upgradeable CCD cameras. The cameras are built around KODAKs interline transfer CCD imagers. The IPX cameras features programmable image resolution, gain, offset, asynchronous external triggering, exposure duration, electronic
shutter, long time integration, strobe output, and gamma correction.
The cameras image processing engine is based on a 1 million field-programmable
gate array (FPGA). A square imager format, 7.4 mm in size, with uniform 7.4 µm
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Figure 5.12: Photograph of the CCD camera.

square pixels provides for an image of up to 1 million pixels. For λ=573 nm, the
camera detection efficiency was ∼25%. The interline transfer CCD permits full
vertical and horizontal resolution of high-speed shutter images (from 1/50,000 s to
1/30 s). The combination of electronic shutter and long integration time enables the
camera’s capturing speed to be set from 5×10−6 seconds to more than 10 seconds. It
has an optically isolated I/O interface (trigger input and strobe output). A built-in
Gamma correction optimizes the CCD’s dynamic range. The standard Camera Link
interface that includes 8/10/12 bits data transmission with one or two output taps
as well as camera control and asynchronous RS 232 serial communication interface
is connected to the Pleora frame grabber.
For neutron detection, 8-bit and 12-bit configurations were used. The camera
was used at the maximum available frame rate (48 frames/s or 21 ms between
two recorded images). The exposure time was 1 ms, with signal recorded during
a window of 100 µs, when the laser pulse was active. Due to the 2 ms window
between two frames, the timing accuracy was 1-2 ms. For the Freon decompression
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time of 30 ms and an active window of chamber sensitivity of 40 ms, this accuracy
was considered sufficient.
9. The Pleora Frame Grabber
The Pleora iPORT IP Engine converts video data into IP packets for for transmitting Ethernet frames at a rate of a gigabit per second or gigabit ethernet (GigE)
to a personal computer and provides serial or parallel control channels for input to
the CCD camera and the laser system (Fig. 5.13).

Figure 5.13: Image of the Pleora frame grabber.

The frame grabber is connected to a transistortransistor logic (TTL) trigger signal from Omega. It is connected to the PC through an 1 Gb fast ethernet port.
The iPORT Analog Video IP Engines allows frame rates and resolutions to be tailored at the source to suit the application requirements. The engines accept almost
any analog data format, including NTSC/PAL and RS-170/CCIR, and deliver more
than 100 MB/s of video data to PCs over GigE LANs or point-to-point links.
The PC-based iPORT Software Development Kit (SDK) provides a communications interface that maps the camera command channel through a local area network
(LAN). All commands sent to and received from the camera are transparently routed
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from/to the host PC via the LAN.
The iPORT High-Performance IP Device Driver is compatible with most network
adapters. The driver streams IP image data directly into PC memory, allowing
applications to grab image packets at rates of up to 1 Gb/s (100 MB/s) with almost
no CPU utilization.

5.4

Operational procedures specific to the bubble
chamber installed at OMEGA

Operating the bubble detector requires several steps and procedures. The operation
of the detector was done by direct control in a test laboratory. When operated in
OMEGA, some of the steps were done by remote control, synchronized with the
OMEGA Hardware Timing System (HTS).
The bubble detector was positioned in the Target Bay, in the TIM 6 area, at a
distance of ≈ 8 m from the target (Fig. 5.14). To be operational at OMEGA, it
had several modifications from the system used in the test laboratory. The steps
followed to take data are described in Appendix 2.
To achieve the correct vertical alignment with the neutron flux coming from the
Target Chamber at an angle of 26.57◦ with the respect to the floor, the horizontal
plate for the linear motor and chamber was replaced by a stainless steel wedge
mounting. The linear motor operation code and wiring were modified to synchronize
it with the OMEGA hardware timing system (HTS). The OMEGA HTS provides
signals to activate/control operational systems and diagnostics. The “charge” signal
charges the OMEGA capacitors. Depending on the experiment type, it is set from
30 s to 3 minutes ahead of the shot. The “T0 − 10” signal is set 10 seconds ahead of
the shot (measured with the OMEGA CPU clock) and “T0 ” represents the OMEGA
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Figure 5.14: Diagram showing the position of the bubble detector inside the Target Bay.

laser shot. Based on these three signals, the operation of the bubble detector can
be summarized below (shown in Fig. 5.15):
1. At T0 -165 (2 min 45 s or the corresponding value for the capacitor charge
before the shot), a signal from Omega IP network causes the linear motor to slowly
compress.
2. About 10 sec before the shot (T0 -10), the Labview application starts recording
the pressure and temperature inside the bubble chamber as a a function of time.
3. At T0 -61 ms, a TTL signal from Omega (delayed from T0 -10) starts the
CCD camera snapshots that are saved on the hard drive as bmp files until past the
decompression cycle.
4. The same TTL signal from Omega, at T0 -35 ms (delayed from T0 -10), causes
the linear motor to expand the chamber, decompressing the Freon. Immediately
after T0 (during the next ms), bubbles induced by the incident neutrons form inside
the detector and are automatically recorded by the CCD camera.
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Figure 5.15: Operation cycle of the bubble chamber at OMEGA.

5. A few seconds after the shot, the recording of the pressure and temperature
inside the bubble chamber stops.
6. The system is then ready for the next shot while the saved data can be
accessed from the Data folder on the desktop.

5.5

Experimental verification of the Freon 115 phase
diagram

The vapor pressure dependence of temperature for Freon 115 was measured and
found to be consistent with the values presented by Benichou et al [125]. This was
done by gradually increasing the temperature and adjusting the bellows position
so that the liquid filled almost the entire chamber volume, with only a negligible
quantity of gas left. The temperature and pressure values were recorded. The vapor
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pressure/temperature dependence is displayed in Table 5.1. The measurement error
was ±0.05◦ C for the temperature and ±0.1 bar for the pressure.
Temp.
(◦ C)
3.3
5.4
6.9
8.5
11.5
15.5

Pressure
(bar)
4.63
5.16
5.23
5.77
6.06
6.86

Temp.
(◦ C)
18.50
20.10
23.40
25.25
30.00
32.10

Pressure
(bar)
7.61
7.83
8.38
8.86
10.10
11.04

Temp.
(◦ C)
35.00
37.60
40.00
42.60
45.40
47.70

Pressure
(bar)
11.60
12.66
13.06
14.46
15.12
16.31

Temp.
(◦ C)
50.00
55.55
57.50
60.00

Pressure
(bar)
17.01
19.66
20.31
21.45

Table 5.1: The measured dependence of the vapor pressure for Freon 115 as a function of
temperature

For the chosen units, an empirical function can be used to approximate the vapor
pressure dependence of the temperature, Pv (T ),

Pv (T ) = 3.8 + 0.18 · T + 0.000032 · T 3 ,

(5.1)

where T is the temperature in ◦ C. The fit of Pv (T ) with the experimental data is
shown in Fig. 5.16.
Another set of measurements determined the foam limit. The measurements
were done by compressing the chamber until only a residual quantity of gas remained
inside and decompressing it with maximum speed to reach the foaming region. For
this case, although the decompressing cycle lasted on average 21 ms, the measured
values for the pressure were slightly lower than those presented by Benichou et all
[125].
A possible explanation was the fact that we kept the chamber in the overpressurized state for a long time (1-2 min), giving the microscopic Freon bubbles
enough time to be absorbed, unlike the case for the Freon bubble chamber used at

120

Figure 5.16: The fitting with the experimental data for the vapor pressure/temperature
dependence for Freon 115
Temp.
(◦ C)
13.52
18.56
22.12
30.29
40.37
42.76

Pressure
(bar)
4.27
4.87
5.30
6.01
7.85
8.93

Temp.
(◦ C)
44.96
47.60
48.96
52.58
53.99
54.21

Pressure
(bar)
9.25
10.13
10.47
11.18
12.44
12.67

Temp.
(◦ C)
56.65
58.67
60.40

Pressure
(bar)
13.63
14.62
16.32

Table 5.2: The dependence of the foam limit pressure as a function of temperature for
Freon 115

CERN which was operated in cycles shorter than 1 second. The obtained data are
summarized in Table 5.2.
For the chosen units, another empirical function can be used to approximate the
foam limit pressure dependence of temperature Pf (T) measured in ◦ C
Pf (T ) = 4.3 + 9.1 · T + 0.000049 · T 3 .

(5.2)

The fit of the curve described by P f (T ) with the experimental data is shown in Fig.
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Figure 5.17: The fitting with the experimental data for the foam limit pressure and temperature dependence for Freon 115

5.17. By combining the last two graphs one obtains the phase diagram for Freon,
illustrated in Fig.5.18 (which can be compared with the phase diagram from Fig.
4.1).

5.6

Measured bubble diameter and bubble growth
rate

Based on the bubble growth theory described earlier in this chapter, the bubble
diameter increases with time as shown in Fig. 5.19.
Measuring the diameter of the first diffraction ring around the bubbles observed
and using the equation
sin(θ) =

1.22λ
,
d

(5.3)

with λ - the light wavelength and d - the distance from the center of the bubble to
the first diffraction ring. The expected bubble diameter, at a temperature of 50 ◦ C
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Figure 5.18: Freon 115 phase diagram obtained from lab testing with the bubble chamber
designed for neutron detection.

is 100 µm after 1 ms, 200 µm after 3 ms and 620 µm after 21 ms after nucleation.
It was difficult to observe bubbles smaller than 300 µm inside the liquid, as the
diameter of the diffraction ring becomes larger than 1.3 mm and its contrast too
low to be recorded. Based on the geometry of the system (described in more detail
in chapter 5) and the distance from the center of the chamber to the CCD camera
(50 cm), the size of the bubbles at various moments of time was measured during
ICF shots at OMEGA. The optical system was calibrated by comparing the size of
the bubble diffraction rings with the diffraction rings generated by a fishing line of
known diameter (750-micron) placed in front and on the back of the bubble chamber.
A comparison between the image of the fishing line and the image of the bubbles is
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shown in Fig. 5.20.

Figure 5.19: Calculated evolution in time of the bubble diameter inside Freon 115 at various temperatures.

Figure 5.20: Images of a 750-micron fishing line (left) and neutron-induced bubbles with
thermal trails (right) 650 microns in diameter after 25 ms of growth.

Table 5.3 displays the results of bubble diameter estimate from the size of the
diffraction rings compared with the theoretical calculations.
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Time since neutron
arrival (ms)
fishing line
3
3
21
25
25

Diffraction ring
diameter (µm)
440
1300
1000
640
590
610

Measured bubble
diameter (µm)
742 ±40
300 ±30
400 ±40
640 ±64
670 ±67
650 ±65

Calculated bubble
diameter (µm)
750
200
200
590
620
620

Table 5.3: Measured and calculated bubble size as a function of time inside Freon 115,
compared with the diameter of a fishing line. The ”calculated diameter” of the
fishing line is actually its diameter measured with a micrometer.

Due to the 21 ms distance between two camera snapshots, only the nucleation
speed at the beginning and at the end of the bubble growth cycle was recorded. The
discrepancy between the measured and calculated diameter of the bubbles may be
due to temperature fluctuations inside the chamber that could strongly influence the
bubble growth speed in the beginning of bubble formation. After 21 ms the bubble
diameter stabilizes around 650 µm. A relative error of up to 10% in the measurement
process comes from a 10% inaccuracy in the distance measurement (±5cm), as the
bubbles are seen in parallel light and can nucleate anywhere between the two BK 7
windows of the chamber.

5.7

Data obtained in the lab

A series of measurements were made in room 182 to check the Freon 115 behavior.
The detector was not connected to the OMEGA. The optical system, the chamber
leakage and the linear motor operation were tested. After all the subsystems were
fully functional, the neutron detector optical system was tested by recording images
of bubbles formed through spontaneous nucleation.
Initially the setup for operating the detector was for one cycle controlled manu-
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Figure 5.21: 100-micron pollen grains from the bubble chamber windows, as seen with the
optical system in parallel, monochromatic light (λ = 573 nm).

ally, with a 6-second pause between compression and decompression. It was found
that this interval was insufficient to allow all the microscopic bubbles generated
during the nucleation process to be reabsorbed into the liquid during the compression process, and, as a consequence, the operating superheated state was not always
reached. A modified operation sequence allowed the compressed state to be held
indefinitely.
The first test images in parallel light (no Schlieren disc used and no Freon inside
the chamber) used 100-micron pollen grains (collected from the flowers outside the
LLE building) spread over the back and front chamber windows with an image
shown in the Fig. 5.21. The size of the imaged particles was the same on both sides,
verifying that the image was observed in parallel light.
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Bubbles have been observed at various temperatures, in simple parallel light (no
Schlieren disk) and also using Schlieren techniques. Initially a field-of-view of 5x5
mm from the inside of the active medium was recorded by the CCD camera to better
observe single bubble nucleation. The bubbles could also be observed directly, with
the naked eye by partly moving one of the side panels. They all formed at the bottom
of the chamber and migrated upwards with an average speed of 10 cm/s. Fig. 5.22
shows a typical 5×5 mm image recorded in the Freon 115 from spontaneous bubble
cavitation at a temperature of 51◦ C.

Figure 5.22: Standard image of the bubbles seen in parallel light on a 5 × 5 mm field of
view (left) and on the right the enhanced image on a false-color scheme. The
exposure time was 100 µs and the image was taken 200 ms after decompression.

Schlieren images of spontaneous nucleation were observed inside the chamber as
shown in the Fig. 5.23. Some difficulties were encountered while using the Schlieren
disc, as the convection currents generated by temperature non-uniformities scattered
the incident light and prevented the creation of a uniform, dark background. During
the heating process, vertical turbulence currents were formed inside the Freon. These
currents scattered the light in the vertical plane around the Schlieren disk. In
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consequence, the upper and lower 25% of the the CCD camera array could not be
used to take data. After about an hour of operation the thermal gradient relaxed.

Figure 5.23: Raw Schlieren image of foaming bubbles (left) and pressure cycle profile
(right) on 5 × 5 mm field of view, taken at 49.5◦ C. The exposure time was
100 µs and the image was taken 200 ms after decompression. The thick line
marks the moment for the bubble recording.

A few good Schlieren bubble image have been obtained. Fig. 5.24 shows the
processed Schlieren image of Fig. 5.23. The same 6-second cycle operation is used
here, with a compression time of 1 second. In the first phase, the high compression
speed generates some microscopic bubble foaming that increases the pressure inside
Freon (ascending slope of region a). After about 3 seconds, the reverse process starts,
with the microscopic bubbles reabsorbed and the pressure decreasing (descending
slope of region b).
Figure 5.25 shows the evolution of the spontaneous cavitation inside the bubble
detector in an interval of 0.231 seconds, with the time interval between successive
images of approximately 21 ms. Thermal trails left by the bubbles moving upwards
can be observed in parallel light, and, after about 1.5 seconds, turbulent currents
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Figure 5.24: Contrast-enhanced Schlieren image of a few bubbles seen in parallel light on
a 5 × 5 mm field of view (right) and on the left the diagram of the pressure
change during a chamber cycle, with the microscopic bubble foaming in region
a and reabsorption of these bubbles in region b. The exposure time was 100
µs and the image was taken 200 ms after decompression.

are created by the bubble growth inside the Freon volume.
To study the influence of released thermal energy on the nucleation process,
a 26 mW secondary laser was used in both continuous and pulsed regime. The
beam of this secondary laser was focused onto the bottom chamber wall, in the area
where the spontaneous nucleation bubbles were formed. Typically, for spontaneous
nucleation, the first bubble formed ∼ 300 ms after the decompression. Due to
the energy released by the laser beam, for the continuous regime the first bubbles
were observed 21 ms earlier compared to the experiments without the secondary
laser. The areas heated by the laser behaved as “thermal impurities” that induced
spontaneous cavitation inside the liquid. No difference from the regime without laser
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Figure 5.25: Evolution of the bubbles inside the detector. The successive images were
taken over an interval of time of 0.231 seconds with 21 ms difference between
successive frames. The exposure time was 100 µs and and the image was
taken 180 ms after decompression.

was seen for the pulsed regime of the laser (with pulses up to 20 ms long) suggesting
there was not enough energy per pulse to trigger the bubble nucleation. For the
focused laser beam, a plano-convex lens with the focal length of 20 cm was used.
The first bubbles during the nucleation process were observed on average 31 ms
early compared to the experiments without the secondary laser for the continuous
regime (the areas heated by the laser behaved again as “thermal impurities”) while
no difference from the regime without laser was recorded for the pulsed regime.
The local temperature increase of the bubble chamber bottom generated by the
secondary laser beam in the Freon increased the ”hot spot” density and decreased
the chamber nucleation time. The data are summarized in Table 5.4.
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Device used
No secondary laser
26 mW laser unfocused continuous
26 mW laser focused continuous
26 mW laser unfocused pulsed
26 mW laser focused pulsed

Nucleation time (ms)
294
273
263
294
294

Table 5.4: Measured influence of a secondary laser in continuous and pulsed regime on the
delay of bubble nucleation inside Freon 115.

On average, for the use of the continuous secondary laser beam, an increase of
about 20% in the bubble density was observed in both unfocused and focused beam
case. The “thermal impurities” on the bubble chamber bottom induced by the
secondary laser in the continuous regime reduced the spontaneous nucleation time
inside the chamber, proving that the bubble detector behavior can be influenced by
external energy sources, and, as a consequence, by the energy released by incident
particles as neutrons.

5.8

Data measured on OMEGA

The bubble detector has been used to take data from high-yield (yields of 1013 )
14.06 MeV neutrons resulted from DT OMEGA implosions. Although some test
measurements were done for lower yield, (yields of 1011 ) 2.45 MeV DD shots, no
neutron-induced bubbles were observed, as expected. All the neutron-induced bubbles generated by the incident neutrons formed inside the Freon in areas far from the
detector walls and before the spontaneous nucleation bubbles formed on the lower
bottom of the chamber were generated. This happened only when neutrons were
incident on the detector and at the time when the neutrons were supposed to reach
the Freon. Because of considerable turbulence induced by the temperature gradient, the Schlieren disk was not used while recording the neutron-induced bubbles.
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Successful tests on OMEGA deuterium-tritium (DT) neutrons were performed on
June 19 and August 6 2008.

5.8.1

Neutron-induced bubbles

The number of observed bubbles inside Freon did not agree with the theoretical calculations from Chapter 4. A typical raw image of the bubbles created by deuteriumtritium (DT) neutrons as recorded by the CCD camera is displayed in Fig. 5.26 on
shot no. 51523, taken in June 2008. As the neutrons come about 150 ns after the
shot, for the time-scale used of 1 ms, their arrival is practically instantaneous.

Figure 5.26: Successive images (21 ms difference) of neutron-induced cavitation inside the
BUBDET operating at 50◦ C, OMEGA shot no. 51523. The upper three
images represent raw images, as recorded by the CCD camera while the lower
three images are logarithmic contrast-enhanced photographs. About 15 bubbles
can be counted in the area not affected by turbulence.

The simplified design of the bubble detector created measured temperature
nonuniformities of up to 2-3 ◦ C inside the chamber. The temperature gradients
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were reduced to 1-2 ◦ C by using two heater tapes, but that was not sufficient to
obtain a turbulence-free image. The shape of the bellows protruding inside the
chamber (also designed and built at LLNL) and the lack of a membrane separating the bellows from the Freon with the volume filled with water induced strong
turbulence during the fast decompression. The 21 ms time difference between two
recorded images was too long to allow an efficient background subtraction, due to
the fact that it changed significantly in this interval. Simple parallel light imaging
was preferred to Schlieren imaging because in the second case the turbulence inside
the bubble chamber affected the bubble visibility.

Figure 5.27: Successive logarithmic contrast-enhanced images (21 ms difference) of the
active medium inside the bubble detector, taken before and after the neutron
arrival time (T0 ) on a D2 implosion, shot no. 51734. The neutron yield was
1.2 × 1011 .

Bubble images were observed at temperature ranging from 48.6 ◦ C to 52 ◦ C.
The number of bubbles ranged from 11 to 14 with the highest bubble density at
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∼ 50 ◦ C. A 3 mm distance for the decompression piston stroke was used, with a
pressure drop of 5 bar. A second set of data taken on August 6 with a 4 mm stroke
distance and a pressure drop of 6 bar recorded only 6 bubbles per shot. Pressure
drops higher than 6 bar or lower than 5 bar did not record any bubbles. For the
same pressure drop of 5 bar, several tests were made for DD shots with yields in
the range of 1010 − 1011 . As expected, no neutron-induced bubbles were observed
as shown in Fig. 5.27 for a set of data taken on OMEGA on shot no. 51734, with
a neutron yield of 1.2 × 1011 .

Figure 5.28: Successive logarithmic contrast-enhanced images (21 ms difference) of a DT
shot the active medium inside the bubble detector, taken before and after the
neutron arrival time (T0 ), shot no. 51525. The neutron yield was 1.3 × 1013
and ∼ 19 bubbles can be observed.

The full sequence of the bubble formation for a DT shot at ∼ 52 ◦ C is shown in
Fig. 5.28. The data was taken on OMEGA shot no. 51525, for a neutron yield of
1.3 × 1013 . The first bubbles can be seen forming at roughly 1 ms after the neutron
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arrival.

Figure 5.29: Temperature and pressure profile during the operation of BUBDET inside
the Target Bay during shot 51525 (a) and without the shot (b). Line 1 represents the moment marking the decompression’s end whilt line 2 represents
the moment of neutron arrival.

At the moment of neutrons arrival, a signal spike due to electromagnetic waves
generated by the diagnostics related to the OMEGA laser was recorded by the
temperature sensor for OMEGA shot no. 51525 (Fig. 5.29 a). For a manual
decompression without the laser shot, no such signal was recorded (Fig. 5.29 b).
The identification of this signal can be used to pinpoint the moment when the first
bubbles were recorded and to prove that they are generated by the neutrons. The
number of neutrons scattering on the Freon molecules has been calculated in Chapter
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4 to be nint = 2.9 × 106 . This discrepancy is discussed in Chapter 6. The average
energy transmitted to a recoil ion during an interaction is in the range of 500 keV.
The total energy released by the neutrons inside the medium is Er = 1.4 × 10−6 J
= 3.44 × 10−7 calories. This is insufficient to induce a measurable temperature rise.
The first spikes originate from the electromagnetic field of the linear motor holding the piston against the Freon pressure and its acceleration/deceleration during
the decompression. The third spike, however, appears with the linear motor at low
pressure and coincides with the time of the shot. As the interval of time necessary
for neutrons to reach the detector is only 150 ns, for the scale of time of 1 ms, the
moment of neutrons arrival coincides with the shot. The origin of the fourth spike is
unknown. The neutrons arrive immediately after the decompression, at the lowest
value of the pressure inside the liquid. This suggests that the timing of the bubble
chamber decompression was optimized.

5.9

Summary

Neutron imaging of inertial fusion plasmas provides a direct measurement of the
spatial location and extent of the fusion reactions and allows a rapid evaluation
of target performance. Neutron imaging will become easier as neutron yields are
expected to increase in future Inertial Confinement Fusion (ICF) experiments.
To verify models of bubble formation from the interaction of the 14 MeV neutrons
with the Freon and to demonstrate proof-of-principle of a neutron detector for NIF,
a liquid bubble chamber has been built at the Laboratory for Laser Energetics (LLE)
and tested on OMEGA. A bubble detector system appears capable of achieving the
5 micron resolution with very low magnification, due to the low ion recoil distance
inside the active medium (less than 8 microns) and can be an optional alternative
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for a neutron imaging system at NIF.
The bubble detector has several independent systems that work in a synchronized
manner to gather useful information. In order to fully image the bubble chamber
on the CCD array and to decrease the intensity of the light on it, the CCD camera
was positioned further than the correct location for the image relayed system and
this generated diffraction rings around the observed bubbles. However, for the first
sets of data it was considered acceptable, as a low number of bubble was measured.
As the bubble density was always very low and due to the difficulties to upgrade the
system with the detector already in the Target Bay, the improvement of the optical
system was considered low priority. For the much higher neutron yield expected at
the NIF, the optical configuration has to be improved in order to record useful data.
The pressure inside the bubble chamber is thermally regulated through a water
bath circulator and mechanically, through a bellows moved by an electric linear motor. The bubbles inside the chamber are photographed in parallel, monochromatic
light generated by a pulsed laser synchronized with a CCD camera. The detector
can be operated locally or remotely. Its operation inside OMEGA is controlled by
the OMEGA hardware timing system (HTS). The bubble detector (BUBDET) was
the first such type of device used to detect neutrons produced in ICF implosions
and is the first portable bubble chamber (not bolted down to a hydraulic compressing/decompressing system, as previously used similar devices).
The bubble growth speed has been measured and found to be in good agreement
with the theoretical calculations. Some of the properties of Freon 115 connected
with its phase diagram, bubble cavitation and growth have been experimentally
measured or calculated based on the equations from references [117] and [125].
Because of considerable turbulence induced by the temperature gradient, the
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Schlieren disk was not used while recording the neutron-induced bubbles on OMEGA.
The number of observed bubbles inside the Freon were not consistent with the theoretical calculations from Chapter 4 and suggested the need of a deeper insight into
the mechanism of bubble formation. The neutron arrival time coincides with an
electromagnetic spike detected by the temperature sensor, about 1 ms after the decompression. The first neutron-induced bubbles were visually observed 1-2 ms after
the decompression observed inside the detector. The neutron bubble detector was
demonstrated as proof-of-principle at OMEGA but will need higher yields and a
better design to record high-resolution neutron images.
The neutron yield for future experiments at the National Ignition Facility (NIF)
is expected to be as high as 1019 . For a similar geometry and aperture and with an
improved alignment of the optical system, assuming an source-aperture distance of
52 cm and a source-detector distance of 16 m, the number of bubbles expected is
106 . About 105 bubbles are expected to be inside the penumbral area. The minimum
number of bubbles inside the penumbral area that can be used to reconstruct the
source image with a 5 µm resolution is estimated to be 103 − 104 . A neutron yield
of 1017 − 1018 could generate this bubble density. The detailed mechanism of bubble
formation explaining the experimental results is described in Chapter 6.

Chapter 6
INTERACTIONS OF
NEUTRONS WITH FREON - A
DETAILED MODEL USED FOR
SMALL CRITICAL RADII
The mechanism of bubble formation described in Chapter 4 did not correctly predict
the measured bubble density from Chapter 5. Instead of 106 bubbles described by
the simplified theoretical model, only 15-20 bubbles were recorded on OMEGA. This
chapter will focus on the mechanism of energy transmission from the recoil ions to
the medium to explain the inconsistencies between the simplified model described
previously and the data.

6.1

The stopping power for electrons inside Freon
115

For electrons, the stopping power is calculated using the adapted Bethe-Bloch formula [130]
Ze4 NA
Se =
· ρ · ln
8π²20 me v 2 MA

µ

me v 2 Ekine
I¯2 (1 − β 2 )

¶
+ f (β).

(6.1)

The stopping power is expressed in M eV /mm, Z - is the atomic number of target
atom, NA - the Avogadro’s constant (mol−1 ), me - the rest mass of the electron (kg),
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ε0 - the electric permittivity of free space (C ·V −1 ·m−1 ), Ekine - the kinetic energy of
the electron (J), MA the molar mass of the target (g/mol), I¯ - the mean ionization
energy (J), v - the electron velocity (m/s), ρ - the medium density (kg/m3 ), e - the
electron charge, β = v/c with c the speed of light and f (β) - a relativistic correction
function.
Using the ESTAR program designed by the National Institute of Standards and
Technology (NIST) (http : //physics.nist.gov), based on Eq. 4.21 and experimental
measurements, the electron stopping power inside Freon 115, normalized to the
medium density, was calculated as shown in Fig. 6.1.

Figure 6.1: Total stopping power for electrons inside Freon 115, normalized to the medium
density

The electron range, re is multiplied by the density to give an areal density and is
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calculated by ESTAR in a similar way and displayed in Fig. 6.2. This value can be
misleading, as the electrons interact with the medium and do not move on straight
trajectories. The actual range is about 30% less that calculated by ESTAR.

Figure 6.2: The electron range multiplied by density inside Freon 115

The expression for the cross section (expressed in cm2 ) for an interaction between
a nucleus and an electron (derived from the Rutherford formula) is (adapted from
[123])
σe,m = 18.74 × 1021

Ze R h
(cm2 ),
2
Eb β

(6.2)

with Ze the number of electrons/molecule, Rh the Rydberg energy (13.6 eV), Eb
the threshold energy to create a bubble and β the ratio between the velocity of the
incident particle v and the speed of light c. As expressed by Eq. 4.14, σe,m decreases
with the recoil ion velocity.
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From the medium density and molar mass, the molecule concentration and average molecular radius and cross section can be calculated. The fraction of electrons
with energies high enough to cross a distance equal with the critical bubble diameter
can be then expressed as
α=

σe,m
rd
·
,
σmolec 2Rc

(6.3)

with σmolec the molecule cross-section, rd - the ion recoil distance and Rc the bubble
critical radius (described in more detail in Chapter 4). Combining Eq. 4.20 and 6.2,
the number of bubbles generated by a recoil ion becomes
σe,m
rd
·
·
Ni =
σmolec 2Rc

µ

Li
βLb

¶3
.

(6.4)

Extending the calculations for a neutron detector, the sensitivity of a bubble chamber to neutrons can be expressed as:
Nbubbles
σe,m
rd
= Fn · Ni · dΩ = Fn ·
·
·
nsource
σmolec 2Rc

µ

Li
βLb

¶3
dΩ,

(6.5)

where Fn is the fraction of the incident neutrons interacting with the active medium
and dΩ is the detector’s solid angle. If this mechanism of bubble formation is valid,
the value of Nbubbles /nsource can range between 10−5 for a gel detector and 10−3 for
a liquid detector. Unfortunately, as shown further, Eq. 6.5 and 6.6 only work for
a gel detector and for some liquid detectors. Freon 115 is in a particular situation,
having a very small critical radius. The necessary energy density to generate a
bubble cannot be reached based on the stopping power of the electrons ejected by
the recoil ions (as shown in the next section).
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6.2

The mechanism of bubble formation for a small
critical radius

For nucleation, the operating conditions are in the thermodynamic limit, with critical radii in the range of 20 nm or larger and bubble threshold energies in the range
of 1 keV or higher. An electron ejected by an incident particle ejects other electrons with relatively low energies. The incoming electron interacts with the orbital
electrons in the medium, producing multiple new electrons (and ions) with lesser
energy; each of these then interacts in the same way, a process that continues until
many low-energy particles are produced. These are then stopped in the matter and
absorbed. The whole process is known as particle shower.
For very small critical radii, the volume of the critical bubble encloses only a
few tens of molecules and the thermodynamic equations of bubble formation can’t
accurately describe the nucleation process. For example, for the case of Freon 115
at 50◦ C the critical radius for bubble formation is 7 nm. Although the threshold
energy for bubble generation decreases for this volume to v 100 eV, an electron with
such a low energy has a range that is much less than the critical diameter. Its energy
is transmitted to the medium on a much smaller range than the critical radius and
the bubble will collapse before it can nucleate. Even though an electron with a
higher energy (500 eV) has a recoil range comparable to a critical bubble diameter,
most of its energy will be lost ejecting a small number of low energy electrons that
are immediately absorbed (the probability to eject an electron with higher energy
increases as the energy of the incident charged particle increases, as already stated
for ions in Eq. 4.22) or losing the energy without ionizing the molecules.
The software package CASINO (monte CArlo SImulation of electroNs in sOlids,
http://www.srim.org/SREM.htm), designed by Raynald Gauvin (Université de Sher-
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brooke, Québec, Canada) was used to calculate the electron ranges in Freon 115 at
low energies. The interactions with the Freon molecules are illustrated by small
circles and the electron energies are inversely proportional to the traveled distance,
as shown in Fig. 6.3. The average range of the electrons is ∼ 14 nm (i.e. twice
the critical radius). Electrons with energies higher than 500 eV will dissipate their
energies over radii larger than the critical radius while electrons with energies lower
than 500 eV will not have enough energy to generate a shower of secondary particles that could fill the volume of a critical radius bubble. For this reason, any micro
bubble generated will quickly collapse before it can be observed. The mechanism of
bubble formation based on the ejected electrons stopping power does not work for
a small critical radius, as it is the case for Freon 115.
A different mechanism of bubble formation occurs at high incident charged particle energies, by exciting the electronic system of the molecules of the active medium.
This happens for particles with energies in excess of [123]
Eex =

Mi Zi Ee
,
me

(6.6)

where Mi is the mass of the incident particle (recoil ion), Zi the particle charge and
Ee is the first electronic excitation energy (13.6 eV). The excitation of the electronic
levels releases energy quite uniformly inside a volume of a sphere of critical radius
and the distance between successive excited molecules will be less than the molecular
free mean path. The nucleation process can be affected by the thermal motion, as
the growing bubble can break apart and collapse due to the random movement
of molecules over the nucleation region. As shown in Eq. 6.1, the probability of
a particle to eject a high energy electron decreases with its energy. For very high
energy particles, the probability of ejecting an electron goes to practically zero while
the probability to excite the electronic levels becomes the main mechanism for energy
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Figure 6.3: Simulated trajectories of 0.5 keV electrons inside Freon 115. The range of these
electrons is comparable to the critical bubble diameter. The interactions are
illustrated by small circles along the trajectories while the electron energies are
inversely proportional to the traveled distance (the energy-color correspondence
is shown on the lower left corner).

loss [123]. Interactions with very energetic particles can generate nucleation inside
a bubble chamber even for very small critical radii, making it impossible for the
nucleation to be induced by ejected electrons.
The bubble generation probability for a recoil nucleus can be estimated from
the ratio of the cross section for the first electronic level excitation energy to the
cross section of a critical radius bubble (as in this case the energy is transmitted
through the excitation of the electronic levels) and the nuclear recoil distance. The
cross section for the first electronic level excitation energy is difficult to estimate
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correctly. It can be approximated using Eq. 6.2 to calculate the cross section to
generate energies higher than the excitation level and subtracting from it the cross
section for energies close to the Eb value (the energy necessary to create a bubble)
that will generate more energetic electrons that produce ionizations in the medium
and will not create bubbles because the ionization mechanism does not work for very
small critical radii. A lot of approximations are needed and the following equation
should be taken as an order of magnitude estimate for the number of bubbles created
by a recoil ion

µ
Niex = η

σex − σeject
· ni,n
πRc2

¶ EEb

e

·

rd
.
2Rc

(6.7)

η is a correction coefficient depending on the thermal influence for the bubble formation that has to be determined experimentally, σex is the cross section for a recoil
ion to transmit to an electron the excitation energy Ee , σeject is the cross section for
a recoil ion to eject an electron, Rc is the critical radius, Ee - the the first electronic
excitation energy, ni,n is the average number of interactions for which an electron
of energy Ee is generated, Eb is the energy necessary to create a bubble, rd is the
recoil ion range.
Extending the calculations to the neutron detector, the sensitivity of a bubble
chamber to neutrons can be expressed as
Nbubbles
= Fn Fex Niex dΩ = Fn Fex η
nsource

µ

σex − σeject
· ni,n
σRc

¶ EEb

e

·

rd
dΩ,
2Rc

(6.8)

where Fn is the fraction of the incident neutrons interacting with the active medium,
Fex is the fraction of carbon nuclei that can generate bubbles by exciting the electronic systems of the active medium, η is a thermal coefficient that needs to be
determined experimentally and dΩ is the detector’s solid angle. With the exception
of η, all of the factors can be estimated from theoretical calculations.
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6.3

Calculation of the thermal coefficient η based
on data from a Freon 115 bubble chamber
used at CERN

Bubble tracks were previously recorded by a Freon 115 detector designed and built
at CERN in 1981 [134]. The nucleations were generated by incident 360 GeV/c
protons inside an externally induced magnetic field. The recorded bubble density
along the charged particles tracks was in the range of 160 bubbles/cm, decreasing
with the temperature. The measured bubble density as a function of temperature
is shown in Fig. 6.4.

Figure 6.4: The measured linear bubble density for 360 GeV incident protons as a function
of temperature inside a Freon 115 bubble chamber used at CERN (Ref. [123]).

Based on the SRIM simulations, the stopping power for charged particles decreases with increasing energy. For protons, it reaches a minimum of 0.2 MeV/mm
at 2.75 GeV and increases slowly, reaching 0.3 MeV/mm at energies over 100 GeV/c
[138]. For the operating conditions of the CERN bubble chamber, the pressure difference was in the range of 10 bar, with a critical bubble radius Rc = 4.3 nm at 50◦ C
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and Rc =2.6 nm at 60◦ C. At high energies, the only possible interactions are those
exciting the electronic levels (the interaction time is very short) and the interaction
efficiency is close to 1. Eq. 4.21 for the number of bubbles generated by a recoil ion
can be rewritten as
rd
Ni =
·
2Rc

µ

Li
Lb

¶3
,

(6.9)

with rd the ion recoil distance,Rc the critical bubble radius, Lb the minimum energy
loss/distance to create a bubble and Li the energy loss/distance for the recoil ion.
Using Eq. 6.9 the linear bubble density should be 429 bubbles/cm at 50◦ C and 155
bubbles/cm at 60◦ C, much higher than in the Fig. 6.4.

Figure 6.5: The measured linear bubble density for 360 GeV incident protons as a function
of temperature inside a Freon 115 bubble chamber used at CERN

The qualitative explanation is that the very small bubble radius and the thermal motion inside the liquid may disrupt and prevent the bubbles from nucleating.
Using the data provided by Okada et. al [139] from the Appendix 1, describing the
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dependence of the Freon surface tension for Freon 115 as a function of temperature and knowing the pressure drop during the chamber decompression, the critical
radius for the bubble formation can be calculated using Eq. 4.3. Correlating the
bubble critical radius with the observed number of bubbles, a linear dependence was
observed, as in the Fig. 6.5.
For the experimental conditions encountered at OMEGA, the critical radius was
in the range of 7 nm, imposing a thermal coefficient value of η=0.75. In conclusion,
the thermal motion affects the bubble formation even for the mechanism of bubble
formation involving the excitation of the electronic levels, and the bubble density
linearly decreases with the increasing temperature.

6.4

Numerical estimate for the number of nucleations generated by 14.1 MeV incident neutrons inside Freon 115

For Freon 115, the value of Eex is 1.8 MeV for carbon, 4.2 MeV for fluorine and 15.9
MeV for chlorine. Based on the recoil ion energies achieved from the elastic interactions with the incident 14.1 MeV neutrons, the maximum recoil energy is 4 MeV
for carbon, 2.7 MeV for fluorine and 1.5 MeV for chlorine. Eq. 6.6 indicates that
only the carbon recoil nuclei (ions) may have enough energy to generate nucleation
inside Freon 115 by exciting the electronic system of the active medium molecules.
The carbon recoil nuclei have an energy of 1.8 MeV or greater at a scattering angle
of 50◦ .
Using the differential cross section for 14.1 MeV neutron elastic scattering on
carbon shown in Fig. 4.6 [131], the fraction of carbon nuclei that can generate
bubbles Fex through the mechanism of exciting the electronic systems of the active
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medium can be estimated to be about 10% of the nuclei with which the incident
14.1 MeV neutrons interact.
The neutron-carbon cross section FC represents 53% of the total cross section
for Freon 115. Multiplying this value by Fn one obtains the fraction of the incident
neutrons interacting with the active medium that can theoretically generate bubbles
inside the Freon 115.
Based on the Freon 115 density (1.15 g/cm3 ) and molecular mass (M = 154.5
atomic units), the concentration of Freon molecules per cm3 is Nf = 4.99 × 1021 .
This gives an average distance between molecules of dmolec = 5.8 × 10−8 cm and a
cross section for the volume occupied by a molecule of σmolec = 2.689 × 10−15 cm2
from Eq. 6.8.

³

The value of dmolec is used to estimate the factor

σex −σeject
σRc

· ni,n

´ EEb

e

≈ 6.4×10−8 .

The average recoil distance for carbon at energies between 1.8 Mev - 4 MeV is around
7 microns and rd /2Rc ≈ 500. With the thermal coefficient η=0.75, the number of
bubbles generated by a neutron that interacts with the medium is
Nbubbles
= FC Fex Niex = 5.8 × 10−6 .
ninteract

(6.10)

The active medium considered for calculation has a volume and shape equivalent to
that in the prototype detector used to take the data described in Chapter 5. The
detector is a cylinder 3.5 cm in diameter and 10 cm in length. As specified in the
previous section, the total cross section for the 14 MeV neutrons scattering on Freon
is St = 4.8 barn (the Freon molecular mass is MF r = 154.5 atomic mass units). By
knowing the active medium density, one can calculate the total cross section of the
liquid. The Freon has a density of 1.15 g/cm3 at 50◦ , so, the corresponding mass
for the volume is mf = 110 grams. As already shown in Chapter 4, the fraction of
the neutrons interacting with the Freon inside the detector is ≈ 0.22 and the solid

150
angle of the detector is dΩ=1.2×10−6 .
Substituting these values in Eq. 6.8, one obtains the estimated number of bubbles per source neutron Nbubbles /nsource = 1.5 · 10−12 or, for the number of bubbles
observed inside the detector (after subtracting the turbulence area) the expected
value is Ndet ≈ 15. This low value for the number of bubbles created inside the
Freon 115 indicates that the Freon bubble chamber is not sensitive enough for neutron imaging for the yields achieved on OMEGA, but may be appropriate for the
higher yields produced at the National Ignition Facility (NIF), where the neutron
yield is expected to approach 1019 . The calculations were tested against experimental measurements with a Freon 115 bubble chamber. The experimentally observed
values of Nmeas u 15−20 bubbles agreed with these theoretically calculated values.
If it were possible to use a liquid bubble chamber with Freon 115 at room temperature, the critical radius described by Eq. 4.4 increases to ∼20 nm and the ejected
electrons become dominant for bubble formation, as described in Chapter 4. The no.
of observed bubbles should reach values comparable to those calculated in Chapter
4 for (∼ 106 bubbles) in this case. Unfortunately, for temperatures lower than 48◦ C
foaming occurs inside Freon 115 before any useful data can be recorded [110].

6.5

Numerical estimate for the number of nucleations generated by 14.1 MeV incident neutrons inside a gel detector

Freon gel detectors were used to record 14.1 MeV neutrons at OMEGA in 2001 [74].
Disk-shaped gel bubble detectors, 8.5 cm in diameter and 1 cm thick were installed
behind the penumbral neutron aperture and close to the outside edge of the OMEGA
target chamber (as shown in Fig. 2.10). The detectors consisted in 105 droplets of
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Freon, approximately 3 µm in diameter droplets of a superheated liquid suspended
in an elastic polymer matrix support gel [74]. The gel material has no effect in
generating bubbles [95]. The neutron imaging system aperture was biconical, with
a 0.75 mm inner diameter. The target-to-detector distance was 362 cm and the
target to aperture distance was 8 cm, with a system magnification M ≈ 45 [74].
The neutron yield was y = 6 × 1013 [74].
Depending on the Freon type used, the calculated critical radius Rc at 22-23◦ C
can range between 20-40 nm with the energy necessary to create a bubble in the
range of 1-5 keV. At these energies, the free mean path of the electrons ejected by
the recoil nuclei inside the gas is about 20-40 nm and the distance between two
consecutive ejected electrons is shorter than the molecular free mean path of 1-3
nm, filling the critical bubble volume continuously with heat spikes resulting from
the subsequent recombination of ions and electrons. Thus, the heat is released in
a volume comparable to the volume of the critical radius for bubble formation Rc ,
the mechanism of bubble creation is valid and Eq. 6.4 can be used.
The stopping power calculated for the recoil ions generated by incident 14.1 MeV
neutrons inside Freon using the SRIM software is in the range of 400 MeV/mm while
the energy necessary to create a bubble along the particle trajectory is significantly
lower, at 50-90 MeV/mm. On the molecular scale, most of the recoil ions (nuclei)
will generate many electrons that can fill a critical bubble volume with enough
energy to induce nucleation along its path. As the ions have recoil ranges up to 9
microns (with an average value of 2 microns), they will create a continuous track
of bubbles that will grow rapidly and fuse into larger bubbles that fill the 3-micron
superheated droplets and can be recorded.
The neutron-Freon interaction cross-section is in the range of 4.2 barn for both
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Freon 12 and Freon 22. Using a similar calculation as for Freon 115, the neutron
detection efficiency per source neutron is estimated to be 0.021 for the 1-cm thick
gel detector, assuming it’s entirely filled with Freon. As only 0.1% of the detector’s
volume is actually filled with Freon, the real detection efficiency is
Nbubbles
= 2.1 × 10−5 dΩ.
nsource

(6.11)

Based on the geometry of the imaging system, the radius of the central maximum
at the detector is r ≈ 3 cm. The number of neutrons reaching the detector can be
calculated using the formula
Ni =

y · r2
,
4 · R2

(6.12)

where y is neutron yield, r the radius of the detector, R the distance between
the neutron source and detector. Inserting the numerical values into Eq. 6.15, the
number of the neutrons entering the Freon medium is Ni = 2.6 × 108 . The solid
angle of the detector is dΩ = 4.3 × 10−6 . Multiplying Ni by the neutron detection
efficiency per source neutron, the estimated number of bubbles inside the central
maxim area is:
Nbubbles = Ni ·

Nbubbles
= 5.4 × 103
nsource

(6.13)

The testing of gel detectors at OMEGA in 2001 measured 5.25 × 103 bubbles
[74].

6.6

Summary

The classical mechanism of bubble formation, based on the conversion of the recoil
ions energy into energetic electrons does not work for small critical radii, where
the bubbles are generated through the excitation of electronic levels in the medium
molecules. This mechanism is efficient only for very high energy incident particles.
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The number of bubbles generated can be approximated theoretically, based on the
theory of charged particles interactions at high energies but are subject to a thermal
correction coefficient depending on the critical bubble radius. The value of the
thermal coefficient has been deduced from measurement of bubble density taken
previously at CERN with a bubble chamber similar to the one used on OMEGA.
The classical thermodynamic theory of bubble formation holds for gel detectors
and numerical calculations verified the results obtained at OMEGA in 2001. The
very small critical radius for the liquid bubble detector used at OMEGA in 2007
allowed nucleation only through the electronic level excitation. The experimental
data recorded of 15−20 bubbles agreed with the calculations of the detailed model
(∼15 bubbles). The number of bubbles for the experimental conditions encountered
on OMEGA is insufficient for neutron imaging, but the higher yields from the National Ignition Facility (NIF) will be able to create a high enough bubble density
for useful measurements.

Chapter 7
CONCLUSIONS
This chapter summarizes the main results of this thesis and discusses the implications of using bubble chambers for neutron imaging on the NIF.

7.1

Neutron imaging as diagnostics in controlled
nuclear fusion experiments

Nuclear diagnostics provide a direct measurement of the DD or DT fusion burn
within a compressed ICF target [66]. These diagnostics are used to infer the fuel
areal density, neutron yield, fuel-ion temperature and bang time [66]. Among them,
neutron imaging is used to determine failure modes of ICF ignition capsules. The
required spatial resolution for an imaging system can be determined from numerical
simulations [66]. A resolution of about 10 µm appears to provide sufficient information to validate implosion models, but a resolution of 5 µm may be necessary to see
details in the implosion structure [66]. Neutron imaging can identify ignition-failure
mechanisms such as poor implosion symmetry or improper laser pulse shaping
The vast majority of the controlled fusion experiments worldwide involve deuteriumtritium (DT) or deuterium-deuterium (DD) mixtures [8]). Neutrons are one of the
main reaction products and can be detected/recorded for neutron imaging purposes.
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Neutron imaging (NI) systems use extended pinholes or penumbral apertures (with
annular apertures as a particular case) to capture images on a neutron-sensitive
detector [72].
The principle of neutron imaging is based on the attenuation from both absorption and scattering, of a directional neutron beam by the matter through which it
passes. A neutron image provides a direct measurement of the spatial extent of the
fusion reactions in an ICF implosion, drawn from the physical characteristics of the
neutrons that exit the plasma core as primary or secondary products of the fusion
reactions [72]. A neutron image is obtained by placing an appropriate aperture in
front of a spatially sensitive neutron detector. These apertures (pinholes or penumbral apertures) are typically coded [72]. The neutrons are detected by a plastic
scintillator array or by a bubble chamber [73], [74].
Bubble chambers for neutron detection are a viable alternative to the widely used
plastic scintillator arrays [75]. Bubble chambers have the potential to obtain higher
resolution images of ICF targets and are a promising diagnostics for ICF experiments
at the National Ignition Facility. The ultimate resolution of any neutron detector
is determined by several factors, some resulting from theoretical limitations of the
initial image deconvolution, others coming from technological limitations.

7.2

Aperture tolerances can influence the quality
of the reconstructed images

In practically all neutron imaging systems, the coded image must be deconvolved to
produce an image of the neutron source. This process requires precise knowledge of
the aperture point-spread function and the flatfield response of the imaging detector
[67]. A penumbral aperture is designed to be as isoplanatic as possible. This is
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difficult to obtain and is the primary reason for the study of alignment sensitivity.
For both pinholes and penumbral apertures, uncertainties in the exact shape (due
to finite fabrication tolerances) lead to errors in the reconstructed image due to
uncertainties in the calculated PSF.
A computational study [86] investigated the influences of various neutron imaging
(NI) system parameters on the quality of the reconstructed image. The aperture
was characterized as a succession of thin layers. The resulting image on the detector
plane was created by adding the neutron attenuations of individual layers. This
model of a three-dimensional aperture has been used for the first time to simulate
a NI system. The design tool was tested against simple cases having analytical
solutions (point source and flat circular source), with the results obtained through
the two methods in good agreement. Noise could be added to simulate neutron
background. The simulations indicated that alignment tolerances of less than 1 mrad
(current alignment precision on OMEGA [72]) introduce measurable false features
(greater than 10 microns) in a reconstructed neutron image.
Pinhole apertures were shown to be less sensitive than penumbral apertures for
the relative fabrication errors (normalized to the aperture size). If the absolute
errors are taken into account, the pinhole apertures, due to their small diameter are
more sensitive to the fabrication errors than the penumbral apertures [86]. Future
neutron detectors will have to be manufactured and aligned within the calculated
tolerances to produce realistic images of the neutron source.
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7.3

A simplified thermodynamic model of neutrons interacting with Freon 115 inside a bubble chamber predicts a high number of nucleations

Freon 115 (C2 F5 Cl) has been used as the active medium in a bubble chamber for high
energy physics experiments at CERN, since the early 1980’s [110]. The mechanism
of the bubble formation inside the superheated active medium of a bubble chamber
can be described as a three step process [117]:
With the active medium in a superheated, metastable phase, the bubble generation depends upon the production of highly localized regions where the heat
is released (”temperature spikes”). For neutrons as incident particles, the bubble
production takes place in a three-step process:
1. A percentage of the neutrons incident on the active medium interact with
the liquid by elastically scattering on the nuclei of the constituent molecules and
ejecting these nuclei with various velocities.
2. The ejected nuclei interact with the electrons from the molecules of the
medium and eject them from the electronic orbitals.
3. The ejected electrons lose their energy inside the medium over distances
proportional to the initial velocity. Some of these electrons have enough energy to
generate a bubble and dissipate it on a distance of the order of Rc (critical radius
necessary to form a bubble) through a showering process. A ”temperature spike”
appears in a quasi-spherical zone of volume ∼ Rc 3 and a bubble is generated.
If the mechanism of energy transfer from the recoil ions to the electrons is neglected and one assumes that all this energy will generate bubbles, a very high
bubble density (Ndet ≈ 2.9 × 106 ) is expected to be generated by the incident
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neutrons arriving from a high-yield (1013 ) shot on OMEGA. Previous experiments
involving liquid Freon 115 (Herve, Benichou, et. al [110]) detected charged particles at energies much higher than the 14.1 MeV neutrons from OMEGA. In these
cases the nucleation process consisted in steps 2 and 3 only while the conversion
efficiency of the recoil ion energy to free electrons was close to 100%. The simplified
model described in Chapter 4 accurately described the bubble production in those
experiments.

7.4

Tests on OMEGA of a Freon 115 bubble chamber for neutron detection

A bubble chamber for neutron imaging was built at LLE and tested on OMEGA.
The system consists in a small bubble chamber (10 cm in size, enclosing a volume
of 293 cm3 ) filled with Freon 115 at 12 bar and operating at a temperature of 4852◦ C. A linear motor is connected through a bellows to the chamber and controls
its volume (and implicitly its pressure). The bubbles generated by neutrons are
observed in parallel, monochromatic, light generated by a low power pulsed laser
system.
Some of the properties of Freon 115 connected with its phase diagram, bubble
cavitation and growth were measured or calculated based on the equations from
references [117] and [125]. Bubbles induced through spontaneous nucleation were
observed in a laboratory room at various temperatures. They formed at the bottom
of the chamber and migrated upwards with an average speed of 10 cm/s. A magnified
image of a 5x5 mm area from the inside the active medium was recorded by the CCD
camera.
The bubble detector was used inside the Target Bay to record neutrons from
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high-yield DT OMEGA shots. Some test measurements were done for lower yield
DD shots and no neutron-induced bubble were observed. All the neutron-induced
bubbles formed inside the Freon in areas far from walls. The first neutron-induced
bubbles were visually observed 1-2 ms after the decompression observed inside the
detector and coincided with the moment of neutron arrival. Consequently, the Freon
115 neutron bubble detector was demonstrated as proof-of-principle at OMEGA.
The recorded bubble density was insufficient for neutron imaging and for this reason
the use of a penumbral aperture to take data was canceled. The experimental data
suggested that this type of detector could be used as a viable diagnostics tool for the
higher neutron yield (up to 106 times higher than the yield encountered on OMEGA)
expected at the National Ignition Facility (NIF). The very low number recorded of
neutron-induced bubbles (15-20) inside Freon contradicted the simplified theoretical
model and a new, more detailed physical model of bubble nucleation was developed.

7.5

A more detailed model, explaining the bubble
nucleation for small critical radii

The thermodynamic model of bubble nucleation described in Chapter 4 does not
function for the particular case of the Freon 115 bubble detector, where the critical
radii are very small (7 nm). Although the threshold energy for bubble generation
can decrease to the range of 100 eV, an electron with such a low energy will have
a range much shorter than the critical radius and the bubble will collapse before it
can nucleate. Even though it is possible to have an electron with a higher energy
(500 eV) to have a recoil range comparable to a critical bubble diameter, most of its
energy will be lost ejecting a small number of electrons (the probability to eject an
electron with higher energy increases as the energy of the incident charged particle
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increases) or losing the energy without ionizing the molecules. In such a situation,
the energy released by the electron is converted into several micro-nucleation areas
that do not fill the volume of a critical radius. As a consequence, for very small
critical radii, the probability of nucleation becomes negligible. Instead, the bubbles
are generated through the excitation of electronic levels in the molecules of the
active medium. This mechanism is efficient only for high energy incident particles.
The number of bubbles generated can be approximated theoretically, based on the
theory of charged particles interactions at high energies but are subject to a thermal
correction coefficient depending on the critical bubble radius. The value of the
thermal coefficient has been deduced from measurement of bubble density taken
previously at CERN with a bubble chamber similar to the one used on OMEGA.
The estimated number of bubbles per source neutron is Nbubbles /nsource = 1.5 ·
10−12 or, for the number of bubbles observed inside the detector (after subtracting
the turbulence area) the expected value is Ndet ≈ 15. These values agree with the
experimentally recorded Nmeas u 15−20 bubbles on OMEGA. The expected number
of bubbles for the experimental conditions encountered on OMEGA is insufficient for
neutron imaging, but the higher yields from NIF will be able to create a high enough
bubble density for a useful diagnostics provided an improved, similar system, is used.
Due to the lower temperature and larger (20 nm) critical radius, the simplified model
of bubble formation holds for gel detectors and numerical calculations verified the
results obtained at OMEGA in 2001 [74].

7.6

Future directions

The neutron yield for future experiments at the National Ignition Facility (NIF)
is expected to reach values as high as 1019 . For a similar geometry and aperture,
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assuming an source-aperture distance of 52 cm and a source-detector distance of 16
m, the number of bubbles expected is 106 . About 105 bubbles are expected to be
inside the penumbral area. The minimum number of bubbles needed to reconstruct
the source image with a 5 µm resolution is estimated at 103 − 104 . A neutron yield
of 1017 − 1018 would generate this bubble density.
The prototype bubble chamber tested on OMEGA was satisfactory to demonstrate the proof-of-principle for neutron imaging. For the much higher neutron
yields expected at NIF this system had several shortcomings that will need to be
improved in order to make it fully functional. The bubble chamber used to take
data was initially built and designed by LLNL for a different experiment. It had a
single water loop and was not surrounded by an aluminium tank heated with electric
heating strips to the same temperature as the chamber body (like BIBC - described
in Section 5.2). This simplified design created temperature nonuniformities of up to
1-2 ◦ C inside the Freon that could not be compensated. The shape of the bellows
protruding inside the chamber and the lack of a membrane separating the bellows
from the Freon with the volume filled with water induced strong turbulence during
the fast decompression. The 21 ms time difference between two recorded images,
due to the limited frame rate of the CCD camera, was too long to allow an efficient
background subtraction. Schlieren imaging was not used on OMEGA because the
turbulence inside the bubble chamber strongly affected the bubble visibility. The
magnetic mounts used for the optics induced inaccuracies in the alignment while
the innacurate positioning of the CCD camera created a non-imaged relayed optical
system and generated diffraction rings around the bubbles recorded.
For a future design used for higher neutron yields, a double water loop inside
the bubble chamber and the use of a surrounding aluminium tank, like the BIBC
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design, could prevent the appearance of thermal currents. A bellows with a larger
cross section and the use of a membrane to separate the bellows from the liquid
could significantly reduce the turbulence created during the decompression. Once
the bellows-induced turbulence reduced, a lower pressure drop could be possible
through higher decompression speed - increasing the critical radius (cf. Eq. 4.4) and
allowing a higher sensitivity to neutrons (as described in Chapter 6) if needed. The
sensitivity could be slightly increased by operating the chamber closer to the foaming
limit of 48◦ C. The placement of all the elements of the optical system (including
the camera) needs to be accurate to eliminate the diffraction rings observed around
the bubbles. The future optical distance system design should avoid the magnetic
mounts and use instead a more precise optical alignment in order to obtain clear
and accurate images. A higher frame rate camera is necessary in order to precisely
record the bubble when they are less than 100 micron in size and subtract effectively
the background noise. If the bubbles are recorded when their size is less than 100
microns, a high bubble areal density can be measured and a high resolution neutron
image can be recorded. Freon 115 remains a good choice for the active medium with
its expected sensitivity to neutrons ideal for the yields encountered at NIF.

7.7

Summary

This thesis analyzed the use a Freon 115 bubble chamber for neutron imaging in
inertial confinement fusion systems. The detector tested the mechanism of bubble
formation induced by 14 MeV neutrons inside liquid bubble detectors on OMEGA.
The measured bubble density was explained by a theoretical model developed. The
progress made in developing and testing of this system on OMEGA will allow such
a system to be designed for the NIF, if desired.

Appendix A
Properties of Freon 115
The physical properties of the Chloropentafluoroethane (Freon 115, R-115) are presented in the table below (compiled from Reference [137] and the data measured in
the lab).
Parameter
Chemical formula
Mass
Density at 25 ◦ C
Density at 50 ◦ C
Boiling point
Freezing/melting point
Critical point temperature
Vapor pressure at 25 ◦ C
Vapor pressure at 50 ◦ C
Solubility
Appearance
Flammability

Numerical value / characteristic
(CClF2 CF3 )
154.46 atomic units
1.28 g/cm3
1.15 g/cm3
-38.7 ◦ C
-106 ◦ C
80 ◦ C
8.7 bar
17.01 bar
59 mg/l
Colorless (both as liquid and as gas)
Non flammable

Table A.1: Physical properties of Freon 115.

The variation of the surface tension with temperature σ inside Freon 115, compiled from Reference [139] is presented in Table 2.
Graphically, the σ - temperature dependence is presented in Fig. A.1. As at
the temperature of 80 ◦ C Freon 115 reaches the critical point, the surface tension
cancels out.
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Temperature (◦ C)
0
10
20
30
40
50
60
70

σ (mN/m)
7.51
6.34
5.24
4.18
3.16
2.20
1.32
0.55

Table A.2: The surface tension (σ) dependence of temperature for Freon 115.

Figure A.1: The surface tension dependence on temperature for Freon 115.

Appendix B
Supplementary technical details of
the bubble detector
a) The bath circulator system
The bath circulator unit has an air-cooled refrigeration system and is operated
locally. Air is drawn through the front panel and discharged through the rear panel.
The pump connections are located at the rear of the pump box and are bent upward
so that the recirculating fluid will drain back into the reservoir when the hoses are
disconnected. Both connections are capped with stainless steel serrated plugs and
are linked to the bubble chamber through plastic tubes (Fig. B.1).
The pump delivers a flow of 15 liters per minute (4 gallons per minute) at no
height difference and the water can be drained through a tube on the back of the
unit. Both the pump tubes and the drain have a diameter of 1/4”. The temperature
can be kept constant within an interval of 0-70 ◦ C with an accuracy of 0.01 ◦ C (Fig.
B.2).
The device is powered on locally by pressing a side switch and the operating
temperature is adjusted through the front electronic panel. A single temperature
sensor is located in the fluid bath. For added safety, the unit has a non-adjustable
high temperature cutout. With fluid in the bath, it is set to trip at 225 ◦ C. A 15-pin
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Figure B.1: The bath circulator system. The draining tube is on the back of the unit.

Figure B.2: Details of the bath circulator system. On the left, the normal level for the
water, on the right, the water temperature, as displayed by the digital thermometer.

female receptacle located on the rear of the controller can be used for an optional
analog interface, but was not operated for this experiment.
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b) General procedures for operating the bubble detector, common to
both lab and OMEGA operation
To be ready to take data, the bubble detector installed in the Target Bay requires
the application of several steps, as described below:
1. Starting the heater bath circulator:
Under the detector table, the switch of the bath circulator has to be turned on
about one hour and a half before the shot so that the turbulence currents inside
the Freon have time to stabilize. The amount of water inside the bath circulator
is sufficient for 3 days of continuous operation. The temperature will stay constant
for the duration of the experiment.
2. The heater tapes attached to the bubble chamber must be turned on.
The heater tape connected to the motor has to be set at 35% and the heater
tape connected to the chamber needs to be set at 25%.
3. Starting the linear motor:
The linear motor is started by locally activating its power connector. Activating/deactivating the coils that move the motor can be done locally or remotely
through the Ultraware software installed on the PC.
4. Starting the software application that monitor/control the linear motor:
This step can be done either locally (on the computer terminal on top of the
detector) or remotely (using a remote pc connection application from another computer connected to the OMEGA network). The pressure inside the bubble chamber
is around 8 bar and the temperature value around 20-24◦ C for room temperature
conditions. After one hour and a half of operation, the sensor values will stabilize
at a pressure of 14 bar and close to 50◦ C. The detector is ready for data.

Appendix C
Glossary of abbreviations used in
the thesis
Bellow is a list of abbreviations used most frequently throughout the thesis:
BIBC = Berne Infinitesimal Bubble Chamber
CCD = charged coupled device
CERN = European Organization for Nuclear Research (from the French: Organisation Européenne pour la Recherche Nucléaire)
CPU = central processing unit
D2, DD = deuterium-deuterium
DT = deuterium-tritium
EP = extended performance
FOV = field-of-view
HTS = hardware timing system
ICF = Inertial Confinement Fusion
I/O = input/output
IP = internet protocol
ITER = International Thermonuclear Experimental Reactor
JET = Joint European Torus
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LAN = local area network
LANL = Los Alamos National Laboratory
LLE = Laboratory for Laser Energetics
LLNL = Lawrence Livermore National Laboratory
LMJ = Laser Mega Joule
NIF = National Ignition Facility
OIP = open internet platform
PSF = point-spread-function
RT = Rayleigh-Taylor
S/N = signal-to-noise
TIM = ten inch manipulator
TOKAMAK = Toroidal Chamber and Magnetic Confinement (from the Russian:
Toroidalnaya Kamera i Magnetaya Katushka)
TTL = transistor - transistor logic
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