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Abstract

This thesis investigates the possibility to stabilize a liquid nitrogen jet, to
be used as target material for a laser produced plasma X-ray source, by cre-
ating a local pressure of 100mbar around its beginning, using a compartment
into which nitrogen gas is ejected. The gas flow and its effect on the jet are
tested both computationally and experimentally. It is shown that, while it
is possible to stabilize the jet using an increased pressure, high gas velocities
and problems with the implementation of a compartment into a jet system
make the idea impractical.
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Chapter 1

Introduction

Ever since the invention of it in the end of the 16th century, the microscope has
opened the door to an otherwise invisible world. By enabling the study of things
hidden to the naked eye, it has become an extremely important tool used in a
wide variety of scientific fields. The desire to resolve smaller and smaller structures
has led to the development of microscopy techniques involving wavelengths shorter
than those of visible light, thereby improving the resolution limit due to far-field
diffraction. One way of achieving this is by using X-ray radiation.

The majority of the X-ray microscopes in operation today rely on synchrotron
sources for X-ray production, making them inaccessible to the wide community of
researchers. However, the department of Biomedical and X-ray physics (BioX) at
KTH has developed a compact X-ray microscope using a laser produced plasma as
radiation source. In this setup, a short laser pulse is used to heat a small region
of a liquid nitrogen jet to plasma temperatures, leading to emission of radiation in
the nm-wavelength region.

While laser produced plasma is a compact and relatively inexpensive X-ray
source, it has challenges as well. The liquid jet used as target needs to be stable,
otherwise the laser focus does not hit it and no plasma is produced. Thus, at BioX,
a considerable effort has been put into stabilizing the liquid nitrogen jet. One pos-
sibility looked into is to increase the pressure surrounding the jet, which currently
propagates through vacuum. There are signs that an ambient pressure of around
100mbar (about 10 % of atmosphere pressure) makes the jet more stable. However,
the soft X-rays emitted from the plasma are strongly absorbed by surrounding gas,
making it highly undesirable to have a pressure exceeding a few tenths of a mbar
throughout the chamber. This means that, in order for the idea with increased
pressure to work, a pressure profile with a high pressure close to the beginning of
the jet, close to the nozzle exit, then quickly decreasing to practically zero a short
distance away from the interaction point, needs to be achieved.

This Master Thesis investigates the possibility to design a gas nozzle in such
a way that a local pressure of around 100 mbar is applied at the beginning of the
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2 CHAPTER 1. INTRODUCTION

liquid nitrogen jet, without the pressure at the laser focus reaching such levels that
an appreciable amount of the emitted X-ray radiation is absorbed.

The structure of this report is as follows: In Chapter 2, an introduction to X-ray
microscopy, liquid jet stability and gas flow is given. Chapter 3 introduces the BioX
compact soft X-ray microscope. Chapter 4 discusses the gas flow simulations and
in Chapter 5, the experiments performed are described. The results are presented
and discussed in Chapter 6. Finally, Chapter 7 gives a summary and conclusions.



Chapter 2

Background

In this chapter, the basic ideas used further on in the Thesis will be introduced.
First, the concept of X-ray microscopy and its advantages over ordinary visible light
microscopy will be discussed. After that, the focus will be on fluid mechanics and
the stability of liquid jets.

2.1 X-ray microscopy

While highly useful for many applications, visible light microscopes are limited, by
far-field diffraction, to a resolution r given by

r = 1.22 λ

2 ·NA , (2.1)

where λ is the wavelength of the radiation and NA the numerical aperture of the
objective [1]. The numerical aperture is a dimensionless number representing how
effectively the objective collects light, and is limited in commercially available mi-
croscopes to ∼ 1.5 [2]. Thus, the best resolution achievable with ordinary visible
light microscopy is approximately 200 nm.

Although several optical microscopy techniques capable of resolution a few times
better than the diffraction limit have been developed, even better resolution can
only be achieved by reducing the wavelength. This is the principle behind elec-
tron microscopes, in which electrons with de Broglie wavelengths of a few pm are
used instead of photons, making it possible to resolve details down to ∼ 100pm.
The technique is, however, demanding regarding sample preparation and sample
thickness.

The idea of using X-rays for microscopy was presented shortly after Wilhelm
Conrad Röntgen’s discovery of them in 1895 [3], but it was not until 1948 that
the first X-ray microscope was constructed [4]. Since X-rays are electromagnetic
radiation with wavelengths much shorter than those of visible light, as shown in
Fig. 2.1, X-ray microscopes can achieve very good resolution, according to Eq. (2.1).
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4 CHAPTER 2. BACKGROUND

Figure 2.1: The electromagnetic spectrum.

Soft X-rays
The term soft X-rays refers to radiation at the long wavelength end of the X-ray
spectrum. Although no sharp limits exist, the designation is commonly given to
radiation with wavelengths in the range between about 0.3 nm and 5 nm, corre-
sponding to energies from 250 eV to several keV [5]. The relatively low photon
energies mean that soft X-rays are heavily absorbed when propagating through a
substance - for example, the transmission of λ = 2.48nm photons through 1mm of
nitrogen gas at atmospheric pressure is only ∼ 10% [6]. The interaction of soft X-
rays with matter takes place mainly through photoelectric absorption [7], a process
which depends strongly on the absorbing material.

The appeal of soft X-rays when it comes to microscopy lies in the so called water
window. This is the wavelength region between the absorption edges of oxygen,
at λ = 2.3 nm, and carbon, at λ = 4.3 nm, where proteins, consisting mainly of
carbons, are highly absorbing, while water is relatively transparent. This provides
a natural contrast in biological specimen, thus allowing imaging of samples a few
microns thick.

Laser produced plasma sources
An important part of an X-ray microscope is the X-ray source. In order to reach
high resolution, high-brightness radiation with a narrow bandwidth is necessary.
These parameters are combined in the expression spectral brightness, defined as
number of photons emitted per second, per bandwidth, per unit solid angle and
unit area of the source [8]. Furthermore, the radiation wavelength should preferably
be only slightly longer than 2.3 nm, since the absorption of water is especially low
in this part of the water window.

Today, most X-ray microscopes rely on synchrotron sources for X-ray produc-
tion. In these, X-ray radiation is generated by the acceleration of relativistic elec-
trons in a magnetic field [5]. The emitted radiation is extremely bright and tun-
able over a range of wavelengths, making it suitable for microscopy. However,
synchrotron radiation sources are space consuming, and there are only a limited



2.1. X-RAY MICROSCOPY 5

number of facilities worldwide. Consequently, access to synchrotron radiation is
limited and is not an option if the goal is a compact microscope able to fit in a
normally sized laboratory.

An alternative source of X-ray radiation for microscopy applications is that of
laser produced plasmas. By focusing a high-power pulsed laser onto a target mate-
rial, high temperature plasmas (states of matter consisting of highly ionized atoms
and free electrons) emitting radiation in the soft X-ray region can be produced [9].
The plasma radiates like a black body, and the wavelength corresponding to the
peak of the emitted spectrum is thus given by Wien’s displacement law [5]:

λpeak = 2.898 · 10−3 mK
T

, (2.2)

where T is the temperature of the radiating body. This means that if the temper-
ature is ∼ 106 K, water window wavelengths will be emitted. In addition to the
continuous spectra, the emitted radiation will include characteristic emission lines
due to bound electron transitions in the ions of the plasma. The line emission has
much higher spectral brightness than the continuous spectra, and furthermore, the
wavelength of the source can be tailored by choosing the appropriate material and
spectral line. For these reasons the line emission is of main interest for microscopy
applications. The relative intensities of the different emission lines are temperature
dependent, and by matching the peak of the blackbody to the desired line, the
brightness can be further increased. Thus, the radiated spectra can be modified
by choosing an appropriate temperature. The parts of the emitted radiation which
are not suitable for microscopy can be eliminated by the use of a monochromator
which absorbs those wavelengths. [10, 11]

A drawback of laser produced plasma sources is the debris emission; especially
when using a solid target, significant amounts of debris - in the form of both ions and
larger particles - are ejected from the plasma [12]. These particles are problematic
since they can damage the optical components in the vicinity of the plasma. Several
methods to reduce the debris production have been tested and in 1993, L. Rymell
and H. M. Hertz showed that by using a droplet with a size comparable to the laser
focus as target, the amount of debris can be reduced by more than two orders of
magnitude [13]. The reason is that the small size of the drop makes it possible to
heat almost all of the material to plasma temperatures, thereby reducing the size of
the cooler zones, which are responsible for the main part of the debris production.

Liquid nitrogen jet targets

Not all materials have hydrodynamic properties suitable for droplet formation.
Therefore, a method in which laser produced plasma is formed by focusing the laser
onto the cylindrical region of a liquid jet has been developed. A highly interesting
material for X-ray microscopy applications is liquid nitrogen, which has properties
that do not promote the formation of a stable train of equally sized droplets. While
the low viscosity of liquid nitrogen makes it a difficult material to use in continuous
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liquid jet operation, as it tends to become unstable, nitrogen has the advantage of
having two bright emission lines at λ = 2.48nm and λ = 2.88nm. These are highly
suitable for soft X-ray microscopy, since they fall in the lower region of the water
window, thus providing good contrast between water and biological material and
relatively high transmission. Furthermore, nitrogen is an inert element, a property
which is beneficial for the reduction of debris formation [14].

In 1998, a setup with liquid nitrogen jet as target material was reported [15],
showing that it is possible to use a liquid nitrogen jet as target for laser pro-
duced plasma. However, problems with directional instabilities making it difficult
to maintain a stable jet were described. These make the setup unsuitable for X-ray
microscopy, for which a stable source is required. A few years later, an improved
setup was presented, in which the directional instabilities had been reduced to such
a level that microscopy was possible [14].

2.2 Fluid mechanics

Fluid mechanics is the study of the physics of fluids in static and dynamic situations.
The term fluid refers to a substance that deforms under an applied shear stress, no
matter how small, and includes liquids, gases and plasmas [16]. Fluid mechanics is
a branch of continuum mechanics and thus models the fluid as a continuous mass
rather than a large number of individual particles [17]. This macroscopic viewpoint
means that fluid mechanical calculations can be used to describe materials that are
clearly not liquids or gases, such as sand or even cars in a traffic flow.

In this section, the parts of fluid mechanics relevant for this Thesis will be
presented. The material is based on Refs. [17] and [18].

Properties of fluids
There are many properties of fluids that are highly relevant for fluid dynamical
calculations. These need to be understood and modeled before any calculations
can be done.

Viscosity

Viscosity is what in non-scientific situations would be described as the ”thickness”
of a liquid - the higher the viscosity, the thicker the fluid. Syrup is an example
of a highly viscous liquid, while water has a much lower viscosity. More precisely,
viscosity is a measure of a liquid’s resistance to flow, and is due to friction between
particles within the fluid. The effect of this resistance for a fluid in motion is that
adjacent to any fixed surface, such as for example an airplane wing or a nozzle wall,
a boundary layer is developed. In this region, the velocity of the fluid smoothly
decreases to precisely zero on the surface. This is called the no-slip condition.

The viscosity of a fluid is quantified with the viscosity coefficient, µ. To under-
stand the meaning of this number, consider the simple case of a fluid flow across
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a surface coincident with the xz-plane. The velocity u of the fluid is given by
u = u(y)ex. In this situation, it has been shown experimentally that the shear
stress τ along the surface is related to the velocity gradient du

dy through

τ = µ
du

dy
. (2.3)

Many common fluids, such as air and water, behave according to Eq. (2.3) and
are referred to as Newtonian fluids. However, there is also a large group of fluids for
which the viscosity varies with velocity, and for which the relation does not hold.
These are called non-Newtonian fluids. This thesis will be concerned mainly with
Newtonian fluids.

Viscosity depends strongly on temperature - for liquids, the viscosity tends to
decrease with increasing temperature, while the opposite is true for gases.

Compressibility

Fluids for which the density, ρ, does not vary with pressure changes are called
incompressible. While this is not a completely accurate assumption for any real
fluid, liquids can generally be considered incompressible, as can gases at low enough
velocities. For incompressible steady flows, continuity demands that the velocity u
has zero divergence,

∇ · u = 0 (2.4)
For high-speed gases, the assumption that the density is constant is not valid

and compressibility effects need to be taken into account. The speed limitation for
when a gas can be considered incompressible can be derived from the continuity
equation for a general steady flow,

∇ · (ρu) = 0. (2.5)

From this, it can be shown that the compressibility of a gas with velocity u can
only be considered small if

u2

c2 = M2 � 1, (2.6)

where u = |u| is the magnitude of the velocity vector, c is the speed of sound in
the fluid, and M is called the Mach number. Thus, the approximation of constant
density is not suitable for flows where M ≥ 0.3.

In most cases, the density ρ of a gas in a compressible flow can be modeled with
satisfying accuracy using the ideal gas law,

p = ρRsT (2.7)

Rs = R

m
, (2.8)

where p is the pressure, T the temperature, m the molar mass of the gas, and
R = 8.314 J · K−1 ·mol−1 the universal gas constant. Rs in known as the specific
gas constant, since the dependence on molar mass makes it element specific.
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Surface tension

Any intersection between two fluids behaves as if it was under tension, the same
way a balloon or bubble does. Consider for example a drop of water in air. Water
molecules are attracted more strongly to other water molecules than to air, and
hence, the water molecules on the surface are pulled inwards. This is the reason
that water in air, or gas in liquids, form spherical drops or bubbles.

The surface tension σ is the magnitude of the tensile force on the intersection
between two fluids, per unit length of a line along it. It is given, for any surface
between two fluids with pressure difference ∆p, by

∆p = σ

(
1
R1

+ 1
R2

)
. (2.9)

Here, R1 and R2 denote the radii of curvature of the surface along two orthogonal
directions, as shown in Fig. 2.2. The surface tension depends not only on the
pressure difference, but also on which two fluids the surface separates.

Figure 2.2: A surface with radii of curvature R1 and R2.

Thermal conductivity and specific heat

The thermal conductivity k of a material is a measurement of its ability to conduct
heat. It is defined through Fourier’s law,

q = −k∆T, (2.10)

where q is the heat flux and ∆T the temperature gradient. The minus sign ensures
that k is always positive, since heat, by the second law of thermodynamics, always
flows from higher to lower temperatures. The thermal conductivity of a given fluid
varies with temperature.

The heat required to change the temperature of an object a given amount is
known as the heat capacity. This quantity clearly depends on not only the material
of the object, but also its size. By dividing the heat capacity by the mass, one
gets the specific heat of the substance - thus, the specific heat measures the heat
capacity per unit mass. The specific heat can be given either at constant volume,
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CV or at constant pressure, Cp. These quantities are defined, for single component
systems, as

CV =
(
∂e

∂T

)
V

(2.11)

Cp =
(
∂h

∂T

)
p

(2.12)

where e is the internal energy of the system and h = e + pV (where p denotes
pressure and V volume) is the enthalpy. Both Cp and CV generally increase with
temperature.

For an ideal gas, both the difference and the ratio between the specific heats are
important parameters; the difference gives the specific gas constant, and the ratio
forms a quantity known as the ratio of specific heats, usually denoted γ:

Rs = Cp − CV (2.13)

γ = Cp
CV

. (2.14)

Fluid flow
The flow of a fluid can be modeled using the Navier-Stokes equation, an equation
which basically states the conservation of momentum. Together with Eq. (2.5),
stating the conservation of mass, the Navier-Stokes equation can be used to describe
the motion of any Newtonian fluid. In its most general form, it reads

ρ

(
∂ui
∂t

+ uj
∂uj
∂xi

)
= − ∂p

∂xi
+ρgi+

∂

∂xj

[
µ

(
∂ui
∂xj

+ ∂uj
∂xi

)
− 2

3µ(∇ · u)δij
]
, (2.15)

where ρ denotes the density and µ the viscosity of the fluid, u its velocity, p the
thermodynamic pressure, and g the body force per unit mass of the fluid.

The Navier-Stokes equation is mathematically complicated and exact solutions
have only been found for a few special cases. In fact, proving that smooth solutions
to the Navier-Stokes equation always exist is one of the Millennium Problems and
finding such a proof renders a prize of one million US dollars [19]. In most modeling
cases, approximate solutions are found numerically using computers. However, the
equation can be simplified considerably by introducing approximations regarding
the fluid properties.

In Eq. (2.15), the fluid viscosity is treated as a variable. This is a necessity for
the equation to be applicable to all situations, since viscosity generally depends on
temperature. However, if the temperature variations are small within the fluid, µ
can be taken to be constant. Eq. (2.15) then becomes

ρ

(
∂ui
∂t

+ uj
∂uj
∂xi

)
= − ∂p

∂xi
+ ρgi + µ

[
∇2ui + 1

3
∂

∂xi
(∇ · u)

]
. (2.16)
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One of the most important simplifications of the Navier-Stokes equation regards
the density of the fluid. In the general form, the density is a variable and is allowed
to assume different values in different parts of the fluid. In other words, the general
Navier-Stokes equation treats the fluid as compressible. If, on the other hand, the
fluid can be considered incompressible, ρ is constant. Furthermore, the continuity
equation for an incompressible gas reads ∇·u = 0, and the Navier-Stokes equation
simplifies to

ρ

(
∂u
∂t

+ (u · ∇)u
)

= −∇p+ ρg + µ∇2u. (2.17)

Finally, if the flow under consideration is far away from any boundaries, the
viscous effects can be considered small. In this case, the Navier-Stokes equation
reduces to the Euler equation,

ρ

(
∂u
∂t

+ (u · ∇)u
)

= −∇p+ ρg. (2.18)

Laminar and turbulent flow
Flows in which viscous effects are important can be of two different types; laminar
and turbulent. The difference between these kinds of flow was first demonstrated
in 1883 by Reynolds [20], who had a thin streak of brightly colored water enter a
pipe with a flow of clear water. He observed that when the velocities were low, the
colored water followed a straight well-defined path without mixing with the rest of
the water. On the other hand, if the velocities were increased, the colored streak
only followed a straight path for a limited distance, before it broke up and mixed
with the surrounding water.

Figure 2.3: Reynolds’ illustrations from his 1883 experiment. The left image shows the
straight line of colored water formed at low flow velocities, and the right image the mixing
of colored and clear water occurring at high flow velocities. Adapted from [20].

This experiment showed that, at low enough velocities, a flowing fluid moves in
parallel layers which do not mix - called laminar flow - while a high velocity fluid
contains mixing motions perpendicular to the direction of flow. This is termed
turbulent flow. The difference between laminar and turbulent flow is illustrated in
Fig. 2.4.

Reynolds number

As Reynolds concluded, a high speed flow is more likely to become turbulent than
a slow flow. In addition, the geometry as well as the viscosity and density of the
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Figure 2.4: Laminar and turbulent flow in a pipe

fluid determine if it is probable that the flow becomes turbulent. The Reynold
number, Re, is a dimensionless quantity that takes these parameters into account.
It is defined as

Re = ULρ

µ
, (2.19)

where U is a typical flow speed of the flow under consideration, L a typical length
scale, and ρ and µ the density and viscosity of the fluid, respectively. The Reynolds
number is proportional to the ratio of inertia force to viscous force and is thus a
measure of the importance of viscous effects in the fluid. For fluids with Re >> 1,
viscous boundary layers can be considered thin, while they play an important role
in fluids with low values of Re. Furthermore, the Reynolds number is considered
an indication of a flow’s tendency to become turbulent. Generally, a flow with
Re > 5500 tends to be turbulent, while flows with lower Reynolds numbers can
usually be considered laminar.

2.3 Stability of liquid jets

A jet is a collimated stream of matter. The length scale of a jet can be anywhere
between subatomic and the size of the universe, and they appear in a wide variety
of situations, such as water falling from a tap, fuel injection in engines, ink jet
printers and many more [21]. Liquid jets are by nature unstable; in the absence
of disturbing forces, the surface tension tends to pull the liquid into spheres, as
this minimizes the surface energy. Thus, when studying liquid jets, one of the
most important properties is the breakup length - that is, the length of the jet from
its beginning to the point where it breaks up into droplets. Other parameters of
interest are drop size and drop separation.

Varicose breakup
The theory of liquid jet stability was first developed by Lord Rayleigh in 1878 [22].
He considered a somewhat idealized case of an inviscid fluid propagating through
vacuum, which is a valid approximation for e.g. a jet of water with low velocity,
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moving through air. By considering a cylindrical jet subjected to an infinitesimal
disturbance δ0 at the nozzle exit, he concluded that the jet is stable to all non-
axisymmetrical disturbances. Axisymmetrical disturbances on the other hand, can
under favorable conditions grow and cause the breakup of the jet into drops. The
breakup occurs when the size of the disturbance is comparable to the jet radius.
Rayleigh assumed the disturbance growth to be exponential and showed that the
resulting breakup length L is given by

L = 1.03v ln
(
d

2δ0

)(
ρd3

σ

) 1
2

, (2.20)

where v is the velocity of the jet, d its diameter, ρ the jet density and σ the surface
tension [23]. Rayleigh termed this kind of jet breakup varicose breakup.

Rayleigh’s model was further improved by Weber [24], who extended in to in-
clude viscous liquids. His analysis adds a term to the Rayleigh breakup length and
concludes that a jet of a liquid with viscosity µ has a breakup length

L = v ln
(
d

2δ0

)[(
ρd3

σ

) 1
2

+ 3µd
σ

]
. (2.21)

A problem with this expression is that the initial disturbance δ0 cannot be known
a priori, but must be determined by experiments.

The stability curve
The theory of Rayleigh and Weber is not valid for all jet velocities. At velocities
above a certain value, it has been shown that the breakup length begins to decrease
with increasing velocity. This phenomenon seems to be largely due to the fact
that the jet becomes turbulent [23], even though experiments have indicated that
ambient pressure also plays a role in it [25]. For even higher velocities, breakup
lengths begin to increase once more. The relation between jet velocity and jet
breakup length is shown in the stability curve in Fig. 2.5.

Jet velocity profile and profile relaxation
The velocity profile of the liquid jet as it leaves the nozzle affects the subsequent
breakup of the jet [23, 26]. The difference between laminar and turbulent flow was
described in section 2.2.

For a fully laminar flow, the velocity profile is a parabola, where the velocity
has a maximum value in the middle of the pipe and decreases to zero on the edges.
When such a jet reaches the nozzle exit, where the constraints of the walls dis-
appear, the process of profile relaxation begins. This is when the velocity profile
changes from a non-uniform one to uniformity [27] by momentum transfer between
different layers of the jet, thereby introducing additional disturbances. Thus, while
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Figure 2.5: Schematic stability curve of a liquid jet ejected into an atmosphere. Adapted
from [23]. The theory of Rayleigh and Weber applies between points B and C, where the
breakup length increases linearly with jet velocity. Below point A, the flow is dripping.

profile relaxation appears to have a very small effect on jet stability in the vari-
cose breakup region (although it greatly affects the actual location of the stability
curve maximum) [28,29], it can cause quite violent disintegration in jets with high
velocities [23].

Turbulent jets have close to flat velocity profiles and thus, only suffer slightly
from profile relaxation. However, in a turbulent flow there are always particles with
radial velocity components. After the nozzle exit, such particles are only kept in
bounds by the surface of the jet, which will eventually break due to the impact of
the particles, causing the jet to disintegrate. This means that a fully turbulent jet
will break up shortly after the nozzle exit, entirely due to its own turbulence [26].

The effect of an ambient gas

Rayleigh’s analysis of jet stability only concerned jets propagating through vacuum.
When a jet enters into a surrounding with an ambient gas, the resistance of that gas
comes into play. Weber analyzed the stability of a laminar jet ejected into a stagnant
inviscid atmosphere and found that the interaction between the jet and the ambient
gas accelerated the growth of certain disturbances [24]. At low jet velocities, the
relative motion between the jet and the surrounding medium is small, and the
breakup length does not seem to depend on the ambient pressure [25]. However,
for higher velocities the forces on the jet surface become large, and the effect of the
surrounding atmosphere becomes important [30]. Generally, high speed jets tend
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to become more unstable for higher ambient pressure [25].
Before going further into the subject, another dimensionless fluid mechanical

number, similar to the Reynolds number discussed in section 2.2, needs to be in-
troduced. The Weber number, We, is defined as

We = ρU2L

σ
, (2.22)

where U is the flow velocity, L a typical length scale of the flow, ρ the fluid den-
sity and σ the surface tension [31], and expresses the ratio of inertial forces to
surface tension forces [17]. In the case of a jet propagating through a surrounding
atmosphere, the Weber number based on ambient density is given by

Wea =
ρav

2
jdj

σ
, (2.23)

where ρa denotes the density of the ambient gas, vj and dj the velocity and diameter
of the jet, respectively, and σ the surface tension between the jet and the gas.

Experiments performed by Fenn and Middlemann indicate that for Weber num-
bers based on ambient density below 5.3, surrounding pressure has no effect on jet
stability [25]. In these cases, the jets break up due to symmetrical disturbances.
For larger Weber numbers, they found that pressure forces from the atmosphere
reduce the stability of the jet and decrease the maximum breakup length. This
result was supported by Phinney, who by theoretical considerations found that the
amplification rate of the fastest growing disturbance has a sharp break for some
value of Wea, greater than one [30]. Although Phinney’s analysis could not repro-
duce the experimental results of Fenn and Middlemann exactly, it showed the same
general trends. Therefore, it is reasonable to conclude that for low Weber numbers
based on ambient density, the jet breakup length is not affected by a surrounding
atmosphere, while jets with high values of Wea tend to become more unstable as
the ambient pressure increases.

A final aspect to consider is the vapor pressure of the jet, defined as the pressure
exerted when the fluid is in equilibrium with its own vapor [32]. Some of the
particles in the jet have higher energy than the rest, and will thus escape as vapor.
If the jet propagates in vacuum, this process will continue until the rate of escape is
balanced by the rate of recapture, and the pressure at which this equilibrium occurs
is the vapor pressure. However, if the escaped particles are continually removed,
by a vacuum pump, equilibrium will never be reached, and the jet will continue to
evaporate. This leads to cooling of the jet, since the energetic molecules escape, and
eventually freezing [33]. Furthermore, evaporation makes the jet unstable, and if
the ambient pressure is below the vapor pressure, evolution of for example bubbles
can cause the jet to disrupt violently [25]. In 1993, Kowalewski et. al. reported that
the problem of evaporation induced instabilities of liquid jets is extremely complex,
but that, in general, jets tend to become more stable when the ambient pressure is
close to the vapor pressure [34].



Chapter 3

The BioX compact soft X-ray
microscope

The Biomedical and X-ray Physics group at KTH in Stockholm has developed and
improved a compact soft X-ray microscope based on a laser produced plasma source
with a liquid nitrogen jet as target material [35]. The microscope is compact enough
to fit on an optical table and operates at λ = 2.48 nm. It has been shown capable
of resolving details as small as 25 nm. However, even with a very powerful pulsed
laser with a high repetition rate, the laser plasma source limits the performance of
the microscope and makes long exposure times necessary. The system is disturbed
by instability problems in the nitrogen jet [10,11].

Figure 3.1: Schematic figure of the BioX compact soft X-ray microscope. Adapted
from [10].

15
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3.1 Jet stabilization by local pressure control

In the current setup of the Stockholm X-ray microscope, the liquid nitrogen jet
propagates through vacuum. This is a necessity, since the emitted soft X-rays would
be heavily absorbed by a surrounding gas. However, as discussed in section 2.3,
there are indications that a slight pressure could have a stabilizing effect on the jet.

The vapor pressure of liquid nitrogen close to the freezing point at 63K is
around 125mbar, and increases rapidly with increasing temperature [36], as shown
in Fig. 3.2. This means that the results of Kowalewski and Hiller [34] suggest that
the liquid nitrogen jet would become more stable if the surrounding pressure was
increased.

Figure 3.2: Vapor pressure of nitrogen as a function of temperature. Numerical values
from [36].

According to Refs. [25,30], the air resistance of a surrounding atmosphere tends
to make a liquid jet unstable if the Weber number based on ambient density, Wea,
is large. The liquid nitrogen jet in the BioX X-ray microscope has a velocity vj ≈
30ms−1 and a diameter dj ≈ 30 µm. At T = 64.0K, the surface tension of nitrogen
is σ = 12.08 · 10−3 Nm−1. Furthermore, assuming that the ambient nitrogen gas
is at room temperature, has a pressure of ∼ 100mbar and a specific gas constant
Rs = 296.7 J kg−1 K−1 [37], Eq. (2.7) gives the density of the ambient gas as

ρa = p

RsT
= 10 · 103 Pa

296.7 J kg−1 K−1 · 300K
≈ 0.11 kgm−3.

This gives a Weber number based on ambient density, as given by Eq. (2.23),

Wea = 0.11 kgm−3 · (30ms−1)2 · 30 · 10−6 m
12.08 · 10−3 Nm−1 ≈ 0.25.

This is only an approximate calculation, since neither the temperature of the jet
nor that of the gas is known precisely. However, the estimated Weber number is
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far below the value of Wea = 5.3 which Fenn and Middleman found to be the
lower limit for which aerodynamic pressure forces of the surrounding gas had any
disturbing effects on the jet. Thus, an ambient atmosphere of nitrogen gas at
around 100mbar should not disturb the liquid jet.

The conclusion is therefore that the liquid nitrogen jet used in the X-ray micro-
scope should become more stable if it was allowed to propagate through a thin nitro-
gen atmosphere. Experiments by Emelie Fogelqvist at BioX support this and show
that an ambient pressure of around 100mbar stabilizes the jet considerably [38].

Using Eq. (2.21), the Rayleigh breakup length of the jet can be approximated.
To do so, a numerical value for the initial disturbance is needed. Generally, the
factor ln

(
d

2δ0

)
can be taken to be constant for all jets. Experiments by Grant and

Middleman determined an average value of 13.4 for this factor [29]. The viscosity
of liquid nitrogen is 12.8 · 10−5 kgm−1 s−1 [36], and the density is 808 kgm−3(this
value is strictly only correct at atmospheric pressure, but since only an approx-
imate value is sought, it is good enough) [37]. Taking again the jet velocity
and diameter to be 30ms−1 and 30 µm, respectively, and the surface tension to
be 12.08 · 10−3 Nm−1, one arrives at an approximate Rayleigh breakup length of
17mm. As was the case with the Weber number calculated earlier, this is only an
estimation. However, it gives an indication of the maximum breakup length theo-
retically possible. Fortunately, a 17mm long jet is, by a wide margin, long enough
for the X-ray microscope.

Unfortunately, letting the jet propagate solely through a p = 100mbar atmo-
sphere of nitrogen gas is not an alternative. X-rays of the emitted wavelength would
be strongly absorbed by such an atmosphere, as shown in Fig. 3.3, reducing the
transmission of X-rays from the source to practically zero.

Figure 3.3: Transmission of λ = 2.8 nm X-ray photons through nitrogen gas at a pressure
of 100mbar. Numerical values from [6].

A possible solution to the problem is to somehow create a pressure profile with
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a local pressure of around 100 mbar at the beginning of the jet and vacuum further
down, where the laser hits the material. This could be done by implementing a
compartment, into which gas can be ejected, around the nozzle and the nozzle exit,
as shown in Fig. 3.4. The aim of this thesis project has been to suggest suitable
designs for such a compartment, model the behavior of the gas in and around it,
and test the compartments and their effect on the jet stability experimentally.

Figure 3.4: Schematic figure of the liquid nitrogen jet, the nozzle and the compartment
for pressure control.

Another possible solution is to increase the pressure inside the whole chamber
using helium, which does not absorb as much of the emitted radiation as nitrogen
gas does. The difficulty with this is that a system for reusing the relatively expensive
helium would have to be created. This method is beyond the scope of this project
and will not be investigated further.



Chapter 4

Simulations

The behavior of the nitrogen gas in and around the compartment was simulated
using two different finite element analysis programs; Ansys Workbench and Comsol
Multiphysics. The properties of interest were primarily gas density and pressure
profiles, but also streamlines, velocities, and temperatures. In this chapter, the
simulations performed will be described and the models discussed. The results of
the simulations are presented in Chapter 5.

4.1 Simulation software

Ansys Workbench and Comsol Multiphysics are both finite element analysis pro-
grams, but with different strengths and weaknesses. For the purposes of this project,
Ansys turned out to more frequently generate a converged solution, while Comsol
was more user-friendly when it came to handling three dimensional geometries.
Thus, the software chosen depended on the nature of the problem needed to be
simulated at the moment.

Ansys Workbench

Ansys Workbench was the program of choice for the majority of the simulations.
Every time the behavior of the gas not only inside the compartment, but in the
surroundings of the compartment exit as well, was to be modeled, Ansys was used.
This is because Comsol Multiphysics, the program initially tested, did not return
converged solutions under those circumstances.

Ansys Workbench is a platform, in which the models are built. It provides
ways of designing the geometry, creating a mesh and analyzing the results of the
computations. The actual simulations were performed in Ansys Fluent, a compu-
tational fluid dynamics (hereafter abbreviated CFD) software fully integrated in
Ansys Workbench 14.5. It has two built-in solvers; a pressure based one and a den-
sity based one. The density based solver was used throughout this project, since it
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was developed for high-speed compressible flows and therefore is better adapted for
the simulation tasks in the project than the pressure based solver (the compress-
ibility of the fluid will be discussed further in Section 4.2). It solves the governing
equations of continuity, momentum and energy simultaneously, along with equa-
tions for species transport. After that, if applicable, equations for scalars, such as
turbulence and radiation, are solved. The equations constitute a nonlinear coupled
equation system, and thus, in order to generate a converged solution, several itera-
tions of the solution loop must be performed. This is illustrated in figure 4.1 [39].

Figure 4.1: The solution loop for Ansys Fluent’s density based solver. Adapted from [39].

The governing equations for continuity, momentum and energy are the continu-
ity equation, Eq. (2.5), along with the Navier-Stokes equation. However, in order
to simplify the numerical computations, Ansys uses the Navier-Stokes equation
rewritten on a different form than Eq. (2.15) [39].

Comsol Multiphysics

Whenever the behavior of the gas inside the compartment was the aspect of interest,
Comsol was used. Comsol is more user friendly when it comes to creating three
dimensional geometries and was therefore better in these situations.
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The CFD module of Comsol Multiphysics 4.3b was used. Similarly to Ansys, it
formulates and solves the conservation laws for the momentum, mass and energy of
the system (Eqs. (2.5) and (2.15)), along with the user-defined initial and boundary
conditions. The non linearity of the Navier-Stokes equations are dealt with by, in
each iteration of the solver, solving a linearization of the system using a linear
solver [40].

4.2 Physical model and boundary conditions

The physical model, fluid properties and boundary conditions used for the numer-
ical simulations are described below. Since the majority of the simulations were
performed in Ansys, the main part of Section 4.2 is concerned with the models
used in that program. They are similar to the models used by Gañán-Calvo et.
al., a research group who simulated gas discharge into vacuum with the purpose of
focusing liquid jets, see Ref. [41].

The ones used in Comsol, and the difference to those of Ansys, are described
briefly at the end of Section 4.2.

Physical model
For the simulations in Ansys, an axisymmetric, steady, compressible, and laminar
model was used. The solver used was, as mentioned in Section 4.1, density based.
While the axisymmetric and time steady choices scarcely need further motivation,
the other parts of the model are worth some extra comments.

Compressible flow

As discussed in Section 2.2, a gas can be considered incompressible if its Mach
number is less than 0.3. Thus, to motivate the choice of a compressible model,
the velocity of the gas needs to be estimated. It is reasonable to believe that the
pressure difference between the inside of the compartment and the outside of it
causes large gas velocities. An idea of the numbers can be gained by looking at
the speed of a jet emerging from a nozzle. This is only a rough estimation, since it
does not take the compressibility of the fluid, nor any pressure losses, into account.
However, it gives an idea of the order of magnitude. The velocity v is given by

v =
√

2pb
ρ
, (4.1)

where ρ is the density of the fluid, and pb the backing pressure, which, for our pur-
poses, is the pressure difference [33]. For nitrogen gas at a pressure of 100mbar and
a pressure difference pb = 100mbar, the formula gives a gas velocity v ≈ 420ms−1.
Early simulations, as well as indirect measurements of the velocities during the ex-
perimental work, both agreed reasonably well with this, as they indicated velocities,
in the compartment exit, of between 250ms−1 and 300ms−1.
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The speed of sound in nitrogen gas is, at conditions similar to those in the
compartment, slightly lower than 340ms−1 [36]. Thus, even the lowest estimate of
the gas velocity at the exit aperture is well above a third of the speed of sound.
This means that the Mach number reaches values above 0.3 for at least parts of the
region of interest, and we can thus conclude that a compressible model needs to be
used.

Laminar flow

The assumption that the gas flow in and around the compartment can be modeled
as laminar is only partly accurate. An approximate estimation of the Reynolds
number, using Eq. (2.19) and the gas velocities from above, results in a number
around 5000. This means that it is likely that the flow becomes turbulent at some
point in the compartment. However, the velocities only reach such high values in the
compartment aperture, and after the exit, outside of the compartment. Thus, the
flow should be laminar for the main part of the compartment, and the turbulence
that does occur should not affect the general behavior greatly. To confirm this,
a couple of simulations were performed in which a turbulent model was used. As
predicted, the results were very similar to the results from an identical simulation,
where a laminar model was used. Furthermore, the laminar model was easier to
set up, as it involves fewer parameters, and produced a converged solution more
quickly. Consequently, the laminar model was used for the rest of the simulations.

Fluid properties

The properties of the nitrogen gas were modeled as indicated in Table 4.1 and
described in the text below. Numerical values are from Refs. [37] and [36].

Density Ideal gas law
Specific heat Constant

Cp = 1039 J kg−1 K−1

Thermal conductivity Constant
k = 0.025 83Wm−1 K−1

Viscosity Sutherland’s law, three coefficient method.
µ0 = 1.782 · 10−5 kgm−1 s−1, T0 = 300K, S = 111K

Molecular weight Constant
m = 28.013 kg/kgmol

Table 4.1: Fluid properties used in the numerical simulations in Ansys.
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Density

The ideal gas law is the default model for a compressible gas in Ansys. This is
obviously an approximation, since no real gas is ideal, and Ansys offers several
real gas models as well. However, as long at the pressure or temperature are not
extremely high, nitrogen gas can be modeled quite well using the ideal gas law, and
for the purposes of this project, it was deemed to be a sufficiently good model.

Specific heat, thermal conductivity, and molecular weight

The specific heat, thermal conductivity and molecular weight were all modeled
as constant. For the molecular weight, this is easily motivated, as the mass of a
molecule does not change with temperature or pressure. However, both specific
heat and thermal conductivity vary with these properties.

Fortunately, as can be seen in e.g. Ref [37], the specific heat of nitrogen gas
does not vary much with temperature, provided the temperatures are sufficiently
low. In our system, temperatures will be at room temperature or below, meaning
that the specific heat will not vary much, and can thus be modeled as constant.

On the other hand, the thermal conductivity does vary relatively quickly with
temperature, even at low temperatures [36, 42]. However, this did not appear to
affect the results of the simulations discernibly; simulations in which the thermal
conductivity was allowed to vary with temperature gave almost identical results
compared to ones with a constant thermal conductivity. Therefore, the thermal
conductivity was modeled as constant.

Viscosity

The viscosity of gaseous nitrogen depends strongly on temperature [36]. Further-
more, the viscosity of the gas was assumed to be important for the behavior of
the system. For these reasons, a temperature dependent model was used for the
viscosity.

The model used for the simulations is called Sutherland’s law and is based on
kinetic theory of ideal gases and an idealized intermolecular-force potential [39]. It
is one of the standard models in fluid dynamics - it is implemented and ready to
use in both Ansys and Comsol. It can be specified in two different ways, either
by giving two or three coefficients. In this project Sutherland’s law with three
coefficients was used. It states that the viscosity µ is given by

µ(T ) = µ0

(
T

T0

)3/2
T0 + S

T + S
, (4.2)

where T is the temperature. The three coefficients that need to be specified are µ0,
T0, and S, where µ0 and T0 are reference values for the viscosity and temperature,
and S is an effective temperature, also known as Sutherland’s constant [39].
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Boundary conditions

For the simulations in Ansys, the gas compartment, its exit, and a cylindrically
shaped cut of the surroundings, with a radius of 1.5 cm and a height of 3.0 cm,
of the compartment exit were modeled. The nozzle was modeled as a cylindrical
region, 1mm in diameter, through which no gas was allowed to pass. The actual
liquid jet was not included in the model. The geometry is shown in Fig. 4.2a.

The boundary conditions used are shown in Fig. 4.2b. The gas was modeled
to enter the compartment through the inlet, which for these simulations was set
to be a plane through the compartment, perpendicular to the nozzle symmetry
plane. The pressure at the inlet was modeled to be constant (often 100mbar or
slightly above, but in some cases, inlet pressures up to 250mbar were tested), and
the gas flow uniformly distributed over the whole plane. This is, as we will see
later, a simplification, since, in the experimental setup, the gas was ejected into
the compartment through a small tube on one side of it. Furthermore, the outer
edges of the surroundings were modeled as outlets, through which the gas could pass
freely. It was assumed that these edges were far enough away from the compartment
that the gas density had decreased to a point where it was virtually vacuum. The
pressure at the outlet was thus set to zero.

(a) (b)

Figure 4.2: The (a) general axisymmetric geometry and (b) boundary conditions used
in the Ansys models. The small rectangle in the compartment represents the nozzle. The
dimensions of the surroundings part is 1.5 cm × 3.0 cm.
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Physical model and boundary conditions in Comsol
In Comsol, it was difficult to get a converged solution. Thus, the physical model,
fluid properties, and boundary conditions were tweaked and varied - within reason-
able limits - until results could be generated. This means that, while all simulations
performed in Comsol used the same settings, they were not identical to those used
in Ansys. However, they were kept as close to the Ansys ones as possible, and the
flow was always modeled as laminar and compressible.

The fluid properties were taken directly from Comsol’s built-in material library.
This allowed both the viscosity, the heat capacity and the thermal conductivity to
vary with temperature, while the density depended on both pressure and temper-
ature.

Comsol was only used for three dimensional simulations of only the compart-
ment. There were two different types of these simulations; one in which the inlet
was similar to the one used in Ansys; and one in which the inlet was modeled as
a small hole in the compartment wall, which is more similar to the real case. In
both cases, the pressure at the compartment aperture was set to 1 · 10−3 mbar. The
boundary conditions are shown in figure 4.3.

(a) (b)

Figure 4.3: Boundary conditions for the simulations in Comsol. Inlet (a) similar to the
Ansys models and (b) more similar to the real case.





Chapter 5

Experiments

Compartment designs that, judging from the simulations, seemed promising were
implemented and their effect on jet stability tested experimentally. In all cases
except one, the compartments were fabricated out of metal. The experimental
setup is described in this Chapter, while the results are presented and discussed in
Chapter 6. The experimental setup used is very similar to the one developed and
described in Ref. [33].

5.1 Experimental setup

An overview of the experimental setup is shown in Fig. 5.1.
In order to investigate the stability of the liquid jet, time resolved images of

it are needed. This requires very short exposure times, since the jet is very small
and moves fast. Thus, a pulsed 532 nm laser was used for illumination. To avoid
problems with speckles due to the coherence of the laser light, the laser was used
to excite a fluorophore which then emitted incoherent light at a longer wavelength.
This light was used to form images of the backlit liquid nitrogen jet, while the
laser radiation was filtered out, using a filter non-transparent at the wavelength
in question. For the fluorophore, a piece of paper painted with ordinary pink
marker pen was used. The images were collected by a video camera connected to a
computer.

The fluorophore, liquid jet system, and compartment were all kept inside a vac-
uum chamber, connected to a vacuum pump with high enough capacity to keep the
pressure in the chamber sufficiently low even with a flow of gas into the compart-
ment. The nitrogen gas ejected into the compartment was cooled by being passed
quickly through the same cryostat that cooled the liquid nitrogen for the jet. How-
ever, the gas only spent a limited time within the cryostat, and it is a reasonable
assumption that it did not become much colder than room temperature - its precise
temperature is not known, since no temperature measurements were performed.

27



28 CHAPTER 5. EXPERIMENTS

Figure 5.1: Schematic figure of the experimental setup. The object to be imaged is the
liquid nitrogen jet, having emerged from the compartment.

5.2 Practical problems

Some practical problems became evident directly upon inserting the compartment
into the vacuum chamber. They were mainly connected to the facts that the com-
partments were fabricated out of metal, and therefore non-transparent, and that
the vacuum chamber is small, making it extremely difficult to perform accurate
length measurements inside it. The problems are visualized in Fig. 5.2, and can be
summarized as follows:

• It is difficult to align the nozzle with the compartment exit. If these are not
somewhat aligned, the liquid jet does not hit the compartment aperture and
can thus not exit from the compartment.

• It is difficult to measure and control the distance between the nozzle exit and
the compartment exit. Since the breakup length of the jet is in the order of a
few mm, it is desirable to control this distance quite precisely. If it is allowed
to become too large, the jet will break up before exiting the compartment,
and if it is too small, the increased pressure within the compartment will not
have time to stabilize the jet.

• If the jet is initially spraying or not completely vertical, it hits the edges of
the compartment aperture and freezes, thus clogging the compartment.
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Figure 5.2: The practical problems of the arrangement with a nozzle inside an external
compartment.





Chapter 6

Results and Discussion

6.1 Compartment designs

Several different compartments were implemented and tested. They can be divided
into two main categories, depending on their overall design; single compartments
and double compartments. The general behavior is mainly the same for compart-
ments within each of these groups, with some variations due to differences in the
details of the designs.

Single compartments

The first category of compartments include compartments of the type shown in
Figs. 3.4 and 5.2 - single “shells” that go around the nozzle and the beginning
of the jet, designed to contain the nitrogen gas. Several different variants were
tested, with different aperture sizes and geometries around the exit. However, for
compartments with too small aperture sizes, it was very rare that the liquid jet
emerged from the compartment. Instead, only frozen material appeared. This is
thought to be because of the practical problems described in Section 5.2. Thus,
compartments with small exits were found impractical.

Three compartment designs from this group showed interesting results. Two of
these are shown in Figs. 6.1 and 6.2 below.

The third single compartment design is quite different from the other in the
category. This compartment was developed very late in the project, and is therefore
more refined and with more details than the earlier versions. Firstly, it has a
filter in the pipe through which the nitrogen is ejected into the compartment, thus
decreasing the velocity of the gas as it enters the compartment, and reducing the
risk for wind-induced disturbances. Furthermore, the design has small stops a few
mm from the exit, intended to catch the jet nozzle, thus making it easier to control
the distance the jet propagates within the compartment. However, for practical
reasons, these stops were not incorporated in the actual compartment. Finally, this
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(a) 3D model.
(b) 2D sketch.

Figure 6.1: Compartment design 1.1; Cylinder with a 0.5mm aperture. The middle
cylinder represents the nozzle (with a diameter of 1mm) and the horizontal ones are the
gas inlet and the outlet for pressure measurement. All length scales in [mm].

(a) 3D model. (b) 2D sketch.

Figure 6.2: Compartment design 1.2; Cylinder with conical end and a 0.5mm aperture.
The half top angle of the cone is 60°. The middle cylinder represents the nozzle (with a
diameter of 1mm) and the horizontal ones are the gas inlet and the outlet for pressure
measurement. All length scales in [mm].

compartment was fabricated out of plexiglass, making it transparent. The design
is shown in Fig. 6.3.
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(a) 3D model.
(b) 2D sketch.

Figure 6.3: Compartment design 1.3; Cylinder with conical end in two steps and a 1mm
aperture, as well as stops to control the distance between the nozzle and the compartment
exit. The middle cylinder represents the nozzle (with a diameter of 1mm) and the hor-
izontal ones are the gas inlet (slightly larger than previous designs, to allow for a filter)
and the outlet for pressure measurement. All length scales in [mm].

Double compartments
The second group of compartments are a bit more complex than the first; instead of
consisting of a single container for the gas, they are made of two coaxial containers,
in between which the gas pass. By careful design of the geometry around the exit,
the gas flow can be directed in such a way that the pressure increases in a volume
outside the compartment exit. This type of design is similar to the one tested in
Ref. [41].

Three different designs of this type were tested, showed in Figs. 6.4 and 6.5.
The three designs are quite similar - the difference lies mainly in the shape of the
walls around the exit.

6.2 Computational results

The most interesting computational results are the ones regarding pressure distri-
bution, gas flow, and gas velocity, since these aspects are likely to influence the
behavior of the liquid nitrogen jet.

Pressure distribution
Generally, the simulations show that the pressure tends to decrease rapidly outside
of the compartment. However, there is a certain difference between single and dou-
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(a) 3D model. (b) 2D sketch.

Figure 6.4: Compartment design 2.1; Two coaxial cylinders with conical ends. The half
top angle of the outer cone is 60° and that of the inner one is 45°. The gap where the gas
can exit is 0.5mm wide. The middle cylinder represents the nozzle (with a diameter of
1mm) and the horizontal ones are the gas inlet and the outlet for pressure measurement.
All length scales in [mm].

(a) Compartment design 2.2 (b) Compartment design 2.3

Figure 6.5: Compartment designs (a) 2.2 and (b) 2.3. Both similar to design 2.1 shown
in Fig 6.4, but with slightly different shapes around the exit in order to direct the gas flow.
The middle cylinder represents the nozzle (with a diameter of 1mm) and the horizontal
ones are the gas inlet and the outlet for pressure measurement. All length scales in [mm].

ble compartments; the pressure decreases much faster outside single compartments
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than outside double ones, where the pressure distribution close to the compartment
exit becomes bell-shaped, as described in Ref [41]. Two typical pressure profiles,
one for a single compartment and one for a double compartment, are shown in
Figs. 6.6 and 6.7.

(a) Pressure distribution around the
compartment exit. The compart-
ment on top (with a hole corre-
sponding to the nozzle), with a pres-
sure of p ≈ 100mbar, and the sur-
roundings below.

(b) Pressure along the symmetry axis, starting 5mm
downstream of the compartment exit, which is located
at x = 30mm. Higher x corresponds to the inside of
the compartment, while lower is outside of it.

Figure 6.6: Pressure profile around the compartment exit of compartment design 1.1.
The behavior is representative of all single compartments.

It is clear from the plots that, assuming the boundary conditions described in
Chapter 4 model the situation well enough, the pressure decreases quickly enough
outside the compartment for the remaining gas not to be a problem in the X-ray
microscope. For the single compartment, the pressure decreases to virtually zero
within the first mm from the compartment aperture.

For the double compartment, the pressure is increased in a bell-shaped profile
(as reported from simulations in Ref. [41]) extending down to about 4mm from
the aperture. If the inlet pressure in the compartment is set to p ≈ 100mbar,
as in the simulation resulting in Fig. 6.7, it is clear that the pressure around the
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(a) Pressure distribution around the
compartment exit. The compart-
ment on top, with a pressure of p ≈
100mbar, and the surroundings be-
low.

(b) Pressure along the symmetry axis, starting 10mm
downstream of the compartment exit, which is located
at x = 30mm.

Figure 6.7: Pressure profile around the compartment exit of compartment design 2.1, with
an inlet pressure of 100mbar. The behavior is representative of all double compartments.

jet never reaches as high as 100mbar. However, if the inlet pressure is increased
to p = 250mbar, the pressure around the jet reaches values above 100mbar (see
Fig. 6.8), which should be enough to have a stabilizing effect. Thus, with such a
design and inlet pressure, the jet propagates through an atmosphere with increased
pressure for a few mm, after which the gas density is low enough for the generated
X-rays not to be absorbed.

In conclusion then, the simulations show that the single compartments, with
an inlet pressure of p = 100mbar, and double compartments with inlet pressures
p = 250mbar, both create a local pressure of ∼ 100mbar around the beginning of
the jet, and that in both these cases, the pressure decreases fast enough away from
the compartment exit to allow for X-ray microscopy.
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(a) Pressure distribution around the
compartment exit. The compart-
ment on top, with a pressure of p ≈
250mbar, and the surroundings be-
low.

(b) Pressure along the symmetry axis, starting 10mm
downstream of the compartment exit, which is located
at x = 30mm.

Figure 6.8: Pressure profile around the compartment exit of compartment design 2.1,
with an inlet pressure of 250mbar.

Gas velocity

The gas in the compartment will be accelerated by the pressure difference between
the compartment and the rest of the chamber. It is desirable that the difference in
velocity between the liquid jet and the nitrogen gas is not too large, since a large
velocity difference is likely to introduce instabilities in the jet. Thus, the results
from the simulations regarding gas velocity are highly interesting.

Unfortunately, the simulations show that the nitrogen gas can reach very high
velocities, about an order of magnitude larger than the jet velocity. The gas veloci-
ties for single and double compartments (for two different inlet pressures) are shown
in Fig. 6.9. Noticeably, the gas velocity does not seem to increase significantly with
increasing inlet pressure, which can be seen by comparing Figs. 6.9b and 6.9c.

The simulations seem to indicate that the gas velocity far away from the com-
partment exit is extremely large, close to 800ms−1. However, in this region, the
gas density is very low, meaning that there are exceedingly few gas molecules for
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(a) Compartment de-
sign 1.1, p = 100mbar.

(b) Compartment design
2.1, p = 100mbar.

(c) Compartment design
2.1, p = 250mbar.

Figure 6.9: Gas velocities in the vicinity of the compartment exit for two different com-
partment designs and two different inlet pressures.

the simulation software to base the calculations on. Since gas velocity, in the sense
used here, is a collective property, it is reasonable to assume that the velocity re-
sulting from a calculation on a low number of particles is not correct. Thus, it
is likely that these high velocities far away from the compartment are incorrect.
Furthermore, the behavior of the gas that far away is not very interesting, since the
breakup length of the jet is much shorter, meaning that the laser produced plasma,
and thus the X-ray production, will occur closer to the compartment.

However, it is reasonable to assume that the high velocities close to the com-
partment aperture will lead to problems with wind and reduced stability.

Streamlines
Not only the speed of the gas, but also the direction in which it flows at different
points of the geometry, is of interest. If the gas flow is directed towards the jet,
it is likely to cause larger problems with wind than if it is directed along the jet.
A good way to visualize the gas flow is to plot the streamlines, defined as curves
that are everywhere tangent to the velocity vector of the fluid [17]. Several plots
of streamlines for different compartment designs are shown in Figs. 6.10 and 6.11.

It is evident from the plots that in compartments where the compartment walls
around the exit form a large angle with the liquid jet (such as in, e.g. design 1.2 and
2.1), the streamlines tend to be directed towards the jet. If the situation was truly
axisymmetric, this would not be a problem, since gas would flow towards the jet
equally much from all sides. However, real implementations are never completely
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(a) Compartment design
1.1.

(b) Compartment design
1.2.

(c) Compartment design
1.3.

Figure 6.10: Streamlines for the flow of nitrogen gas in the vicinity of the compartment
aperture for single compartment designs.

symmetric - in this case, for example, the liquid jet does not always emerge from the
exact center of the nozzle. Furthermore, as will be discussed in the next section, it
is not certain that the gas is distributed evenly within the compartment, meaning
that more gas will flow from one side than the other. Thus, the gas flow towards
the jet means that it is likely there will be problems with wind.

Gas flow within the compartments

Two different sets of three dimensional simulations examining the movement of the
gas within the compartments were done.

The purpose of the first one was to investigate how the gas flow is affected
by the fact that, in the experimental implementation, the gas is ejected into the
compartment through a small pipe in the compartment wall, and not uniformly
through the top of the compartment. For this purpose, a cylindrical compartment
with an aperture with radius r = 0.5mm, and varying height, was used. The results,
which are shown in Fig. 6.12, show that some turbulence appears underneath the
inlet. It is also obvious that, in the shortest compartment, shown in Fig. 6.12a, there
is not enough space for the gas to be distributed evenly. Instead, the main part of
the gas reaches the compartment exit from the side opposite to the injection pipe,
and problems with wind from this side can be expected. When the compartments



40 CHAPTER 6. RESULTS AND DISCUSSION

(a) Compartment design
2.1.

(b) Compartment design
2.2.

Figure 6.11: Streamlines for the flow of nitrogen gas in the vicinity of the compartment
aperture for two double compartment designs.

are allowed to become longer, the gas spreads out evenly.

(a) (b) (c)

Figure 6.12: Streamlines for the flow of nitrogen gas inside a cylindrical aperture with a
0.5mm-radius aperture and a height of (a) 1.0 cm, (b) 1.5 cm and (c) 2.0 cm. All length
scales in units of [mm]

The second three dimensional simulation performed regarded compartment de-
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sign 1.3. This design includes four small stops, and there is a chance that these
will influence the gas flow. Since they were not included in the Ansys simulations,
which were kept strictly axisymmetrical, their effect on the streamlines were inves-
tigated in a separate simulation. The result, shown in Fig. 6.13, indicate that some
turbulence might be induced but that, on the whole, the stops do not change the
gas flow much.

Figure 6.13: Streamlines showing the flow of the nitrogen gas inside compartment 1.3.
Length scales in units of [mm]

6.3 Experimental results

The first thing to note is that the experiments show that a slightly increased pres-
sure, as predicted, has a stabilizing effect on the jet. The jets shown in Fig. 6.14 are
taken with the same nozzle and under the same conditions, with two exceptions:
the backing pressure and the surrounding pressure. The jet propagating through an
atmosphere of 100mbar (Fig. 6.14b) clearly has a longer breakup length than the
one propagating through near-vacuum pressure 6.14a. Furthermore, the jet propa-
gating through the higher pressure displays Rayleigh breakup, while the vacuum jet
shows signs of freezing and bursting. This stabilization is due to the surrounding
pressure, since all other parameters are the same for the two jets. Thus, we can
conclude that an ambient pressure of 100mbar stabilizes the liquid nitrogen jet.



42 CHAPTER 6. RESULTS AND DISCUSSION

It can also be noted that a low backing pressure is beneficial for a long breakup
length when the jet propagates through an ambient atmosphere. This is shown
in Figs. 6.14b and 6.14c, in which the surrounding pressure is the same, but the
backing pressure differs.

(a) Backing pressure pb =
10bar, surrounding pres-
sure p = 16mbar.

(b) Backing pressure pb =
10 bar, surrounding pres-
sure p = 100mbar.

(c) Backing pressure pb =
2bar, surrounding pressure
p = 100mbar.

Figure 6.14: Liquid nitrogen jet from the same nozzle, but at different backing pressures
and surrounding pressures.

The three images shown in Fig. 6.14 were taken without any compartment, with
the pressure increased or decreased within the whole vacuum chamber, by simply
opening and closing the valves to the vacuum pump. When compartments were
implemented in the system, other phenomena could be observed. This is described
in the following sections.

Wind

As predicted from the simulations, there were problems with wind for some com-
partments. In particular, compartment designs 1.2 and 2.1 suffered from this, as
shown in Fig. 6.15. Noticeably, in both cases, the liquid nitrogen tends to the left
in the images, suggesting that the main part of the gas exits the compartments
from the right. The gas inlet was located on the left side of the compartments.
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(a) Backing pressure pb = 4 bar, compart-
ment pressure p = 200mbar.

(b) Backing pressure pb = 8bar, compart-
ment pressure p = 180mbar.

Figure 6.15: Wind induced breakup in compartment design (a) 1.2, and (b) 2.1.

Spray and snow

A problem which occurred occasionally for most of the compartment designs was
spray and snow. This means that, for some reason, no actual jet was formed, but
the liquid nitrogen formed a spray, which sometimes froze into snow. This problem
happened both with and without gas flow into the compartments. Two examples
are shown in Figs. 6.16.

The reason for the spray is not certain and is probably not the same in all cases.
Problems with spray happens now and then even without compartment, and is then
most likely caused by a small clog or crack in the nozzle. This could of course be
the case when a compartment is implemented as well. Furthermore, some of the
problems described in Section 5.2 could lead to spray or snow; if the jet emerging
from the nozzle does not hit the compartment exit straight on, it is likely to break
down into spray and then possibly freeze.

Heating

For some compartments, an interesting phenomenon occurred, in which the state
of the jet deteriorated with time. In particular, occasionally a somewhat stable jet
was observed with the gas flow into the compartment turned off. Then the pressure
was increased in the compartment, only to be decreased back to the initial value.
One would then expect the jet to look the same as it did in the beginning. However,
this was not the case; instead, only a very fine spray, resembling smoke, emerged.
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(a) Backing pressure pb = 6 bar, compart-
ment pressure p = 100mbar.

(b) Backing pressure pb = 15 bar, compart-
ment pressure p ≈ 100mbar.

Figure 6.16: Spray in compartment design (a) 1.2, and (b) 2.3.

The reason for this is most likely heating of the metal compartment, although it is
peculiar that only certain compartment designs displayed this behavior.

Two examples are shown in Figs. 6.18 and 6.17. In both cases, the image taken
before the gas flow was turned on show a jet typical for the ambient pressure in
question; a frozen jet in vacuum and a stable one (although broken up into a droplet
train, probably because the distance between the nozzle and the compartment was
too large) in an atmosphere of ∼ 100mbar.

(a) Backing pressure pb = 10 bar, chamber
pressure p = 5mbar.

(b) Backing pressure pb = 10bar, chamber
pressure p = 5mbar.

Figure 6.17: Heating in compartment design 2.3. (a) A frozen jet before the gas flow
into the compartment was turned on, and (b) spray after the gas flow was turned off. In
both cases, the pressure in the vacuum chamber was kept low.
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(a) Backing pressure pb = 5 bar, chamber
pressure p = 140mbar.

(b) Backing pressure pb = 9bar, chamber
pressure p = 100mbar.

Figure 6.18: Heating issues in compartment design 2.2. (a) A relatively stable droplet
train before the gas flow into the compartment was turned on and (b) smoky spray after
the gas flow was turned off again. In both images, the pressure inside the whole vacuum
chamber is increased to levels where stabilization should occur.

Twist

For the double compartments, most noticeably design 2.1, a twisting of the jet could
sometimes be observed. This is shown in Fig. 6.19. The reason for this behavior
is not understood. However, the phenomenon was observed both with and without
a gas flow into the compartment, meaning it cannot be caused by the pressurized
chamber alone.

Signs of stabilization

Up to this point, the experimental results presented have shown the problems with
implementing a compartment for local pressure control into a liquid jet system.
However, during the experiments, there have been some signs of stabilization. For
some compartments, it has been possible to find a combination of backing pressure
and compartment pressure which stabilizes the liquid nitrogen jet slightly. It has
not lead to jets displaying Rayleigh breakup, but comparing to the smoke and spray
presented previously in this Chapter, it has been improved. This has only happened
for single compartments, and only with a high backing pressure. A few examples
are shown in Fig. 6.20.

The fact that, even though these jets are far from the goal of a truly stable
jet with long breakup length, they do show signs of stabilization, is uplifting after
all the practical problems encountered. It shows that the aim to stabilize a liquid
nitrogen jet using local pressure control implemented through a compartment is
achievable. This is furthermore supported by Ref. [43], in which a liquid jet was
successfully propagated through several sluices, without breaking down into spray
or snow.
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(a) Backing pressure pb = 15bar, compart-
ment pressure p = 100mbar.

(b) Backing pressure pb = 10bar, chamber
pressure p = 50mbar.

Figure 6.19: Twisting of the jet in compartment design 2.1.

(a) Backing pressure pb =
20bar, surrounding pres-
sure p = 200mbar.

(b) Backing pressure pb =
20 bar, surrounding pres-
sure p = 200mbar.

(c) Backing pressure pb =
20bar, surrounding pres-
sure p = 500mbar.

Figure 6.20: Signs of stabilization for (a and b) compartment 1.1 and (c) compartment
1.2. While none of the jets display Rayleigh breakup, their stabilization have improved
compared to jets observed previously. The scale for (a) and (b) unfortunately cannot be
known, due to limitations in the images acquired.
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Stabilization at very low compartment pressure
Compartment design 1.3 displayed a peculiar behavior; when the gas flow into the
compartment was turned off, and the pressure very low (at which, only frozen,
unstable jets had previously been observed), an extremely long, stable jet was
formed. As soon as the pressure inside the compartment was increased, the jet
became less stable. The jet is shown in Fig. 6.21, which has been created by
combining several images, since the jet was to long to fit into a single one.

Figure 6.21: A several cm long jet emerging from compartment 1.3. The pressure in the
chamber is a few mbar.

The jet is several cm long, which is much longer than the maximum theoreti-
cal breakup length due to Rayleigh breakup. Thus, it does not display Rayleigh
breakup, and it is reasonable to assume that the jet has a frozen surface and a
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liquid center. This would explain why it does not break up into droplets, since the
solid outer “shell” would protect it, while the fluid core would make sure it does not
break into pieces, as a completely solid jet would. The frozen surface does not cause
a problem for implementation into the soft X-ray microscope, since laser produced
plasma can be formed with solid target material as well as liquid.

The reason for the formation of this extremely long jet is not fully clear. A
theory is that the vapor from the jet itself is trapped inside the compartment and
that the pressure from this is enough to stabilize the jet. However, this effect
has not been observed for any other compartment, even though the other single
compartments should be equally good at containing the vapor. Another possibility
is that the nozzle used for the experiments with this compartment design was a
remarkably good one. Experiments performed show that the nozzle does produce a
stable jet at vacuum pressures and without compartment. The jet tends to become
slightly more stable with the compartment, but the difference is small. This could
of course be because of changes in other parameters that are difficult to control,
such as the temperature of the liquid nitrogen in the jet. Further experiments are
needed to reproduce the observations and determine what causes the stabilizing
effect.
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Summary and Conclusions

This thesis investigates the possibility to stabilize a liquid nitrogen jet, to be used
as target material for a laser produced plasma X-ray source in a compact soft X-ray
microscope, by creating a local pressure of around 100mbar around the beginning of
the jet. The local pressure control is achieved by implementing a compartment, into
which nitrogen gas can be ejected, around the jet and nozzle. It has been tested both
computationally, through simulations in Ansys and Comsol, and experimentally.

The results from the simulations show that it should be possible to create a local
atmosphere without raising the pressure further downstream so much that X-ray
absorption in the nitrogen gas becomes a problem. However, they also indicate that
problems with wind, due to high gas velocities, are likely to arise.

The experimental results verify that a pressure of 100mbar has a stabilizing
effect on the liquid nitrogen jet. However, several practical problems, mainly con-
nected to the high gas velocities, made implementation using a compartment diffi-
cult. Some signs of stabilization were observed for several compartments, but these
jets were never stable enough to be useful in the X-ray microscope. The one stable
jet that was observed appeared when the compartment was not pressurized, and
seemed to have e frozen surface with a liquid core. The cause of the stabilization
of this jet is not certain - it is possible that it was simply the result of a very good
nozzle.

In conclusion then, while it has been shown that an increased pressure does
indeed stabilize the liquid nitrogen jet, problems with implementation makes it
difficult to use a compartment for local pressure control. Further experiments with
compartment design 1.3 are needed in order to clarify whether it can produce a
stable jet repeatedly and with different nozzles. Additionally, the idea of using
helium gas instead of nitrogen to create the pressure, as mentioned in Chapter 3,
should be looked into.
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