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Biomolecular imaging has become one of the most exciting potential applications of the 

Linear Coherent Light Source (LCLS), which is a source of intense femtosecond X-rays.  

It has been predicted that a highly intense pulse with pulse lengths on the order of a few 

femtoseconds should be sufficient to capture the image of a biomolecule before it is 

destroyed. However, the rate at which a large biomolecule explodes during exposure is a 

large unknown, and will likely be one of the major factors in determining if such imaging 

will succeed.  Clusters were chosen as a size dependant model system, ideal to study the 

evolution of complex systems in X-ray fields. 

From earlier intense near-infrared (IR) experiments, it is known that depending on size 

and Z constitution, clusters explode by Coulomb or hydrodynamic forces.  These two 

limits have very different cluster explosion times and signatures. Coulomb explosion is 

too fast to allow imaging, whereas a hydrodynamically expanding cluster is a much 

slower process.  

  The ionization process leading to cluster explosion is strongly wavelength dependent as 

one passes from IR through XUV to the X-ray regime because the kinetic energy of the 
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released electrons determines the charge imbalance within the cluster, and therefore, 

determines the explosion dynamics. Unlike in previous experiments performed with near 

IR or XUV pulses, irradiation by photons at the LCLS will lead to the ejection of 

energetic photo- and Auger- electrons which could easily escape from the cluster, leaving 

behind positive ions. The buildup of this charge during exposure can lead to a Coulomb 

explosion of the sample. On the other hand, if the charge accumulates, the photoelectrons 

will be held inside the cluster, where they could contribute to the cluster temperature and 

form a nanoplasma and expand hydrodynamically.   

The main goal of the thesis was to study the explosion dynamics of clusters generated 

due to their interaction with intense X-rays and look at its dependencies on the X-ray 

energy, photon fluence, absorption cross sections, sample constituency and sample size. 

This thesis also compares the results from X-rays with the corresponding results obtained 

using ultrashort XUV and Infrared lasers.  
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Chapter 1: Introduction and Motivation 

 Ultra fast laser interaction with matter has been extensively studied in recent years [1-4]. 

The many applications and motivation such as inertial confinement fusion, generation of 

hot electrons, and production of high harmonic generation makes it an exciting field with 

a lot of potential. In this thesis, a study of interaction of ultra fast laser with a special kind 

of matter called clusters is performed, and some of the applications are explored.  

 
 

Fig 1.1 Conventional X-ray diffraction of a single crystal [5]  

 One of the groundbreaking applications of an ultrafast laser is the possibility of 

femtosecond X-ray diffraction of single molecule. A conventional X-ray diffraction 

method is a non-destructive way of determining the structure of the sample. The most 

common example is the X-ray diffraction of a single crystal displayed in Figure 1.1. In 

this method, X-rays impinge upon a single crystal, and the diffracted beam is collected by 
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an image plate. The image is reconstructed in the crystal with the help of Bragg peaks. 

Existing systems are sufficiently good for imaging crystalline structures, but fail to image 

non-crystalline or more complex structures. Secondly, these methods fail at molecular 

level of imaging, because the intensity of the laser is not sufficiently high to create a well 

defined image pattern that could be reconstructed in to an atomic model. In order to 

create an image of a complex molecule such as a single protein, we would need much 

higher photon densities (higher X-ray per atom), as shown in Figure 1.2,. The flux of 

such high intensity of X-rays will however, react with the sample and will destroy it.  

Neutze et al [6],  as a solution,  proposed that given that the destruction time of the 

complex molecule is in the order of few 10ths of a femtosecond,  a complex molecule 

could be imaged with X-rays with pulse lengths smaller than 5  fs (Figure 1.3). Until 

recently, such a source was unavailable. However, the new generation of XFEL’s (LCLS 

at SLAC) and FLASH (Berlin) have the capacity to generate such X-rays.  The 

preliminary experiments, in order to test the proof of theory, require the interaction of 

these lasers with known complex molecules. In this thesis I will be showing that the 

interaction of X-rays with clusters supports the theory from Neutze et al [6].  

 



3 
 

 

Fig 1.2 X-ray diffraction of a single protein molecule [5] 

 

Fig 1.3 the destruction of a single protein molecule is shorter than the pulse 

length of a 3 fs [6] 

Gas clusters [7] are gas molecules that are held together by Van der Walls forces, and are 

in a state between a gas and a solid. They have densities on the order of 1022 cm-3. Cluster 

targets are a good source as they are easy to work with, leave very little debris in the 

target chamber, and also have much higher absorption of laser light. In the case of 

biomolecular imaging, clusters are good targets since their interaction products with the 

laser are well studied. Hence, the reaction process and, with it, the time of explosion can 

be determined by studying the products generated. The higher absorption of the laser by 

the cluster also motivates their use as a hot electron generation source. It was seen in the 

infrared regime that the interaction with clusters could generate up to a few KeV [1] 
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In this thesis, we look at laser-cluster interaction in three different wavelength regimes. In 

the second chapter, the cluster physics and the different lasers used will be presented; 

third and fourth chapters discuss the interaction of clusters with Infrared and XUV 

source. The fifth chapter will talk about one of the new XFEL – the linear coherent light 

source (LCLS) and our experimental setup; sixth, seventh and eighth chapters will show 

the results obtained at LCLS. Apart from this, in the appendix, further applications of 

laser cluster interaction in the form of higher harmonic generation [7,8,9] and the study of 

transition between the gas and bulk energy states is shown .  

1.1 References  

[1] T. Ditmire, M.D. Perry et al. "Interaction of intense laser pulses with atomic clusters," 

Phys. Rev. A 53, 3379 (1996) 
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[3] V.P. Krainov and M.B. Smirnov "Cluster beams in the super-intense femtosecond  

laser pulse," Phys. Rep. 370, 237 (2002) 
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afree-electron laser," Nature 420, 482 (2002) 
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[6] R. Neutze, J. Hajdu et al. "Potential for biomolecular imaging with femtosecond 

xraypulses," Nature 406, 752 (2000) 
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Chapter 2: Cluster Physics 

2.1 Introduction  

Clusters are formed when gas molecules are adiabatically expanded from a high pressure 

into vacuum through an isentrope [1-10]. A gas which expands in an isentrope does 

positive work and hence, temperature decreases leading to the formation of clusters with 

solid density. Clusters are a great prototype to study, as they have very high absorption 

rate due to their structure, and leave no residue like solids when they interact with lasers. 

The interaction of clusters with lasers, like solids, can be used to generate high energy 

electrons and also can be used a source of X-rays. The size of a cluster (number of atoms 

in a cluster) was empirically determined by Otto Hagena [2-3]. For a gas at a pressure P0 

expanding into vacuum through a supersonic nozzle, the Hagena parameter is given by  

o

o

P
T

d

k 29.2

85.0

tan










      (2.1) 

 

where, k is the Hagena constant for the gas, P0 is the pressure, d is the diameter of the 

nozzle, T is the temperature and α is the cone angle of a nozzle. The average cluster size 

<N> of a gas at a pressure P0, expanding into vacuum through a supersonic nozzle is 

related to Hagena parameter as  

35.2
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Clusters generated from a supersonic nozzle will not be of a constant size, but will have a 

log-normal distribution. This is explained in greater detail in Section 2.5. 

2.2 Laser Cluster Interaction  

 The laser interaction with clusters depends broadly on the free expansion time of the 

cluster. The laser cluster interaction can be either in low density plasma regime or high 

density plasma regime, depending on the expansion time of the cluster and the pulse 

length of the laser. If the expansion time is faster than the pulse length, then laser 

interacts with a low density plasma. On the other, if the expansion time is longer than the 

pulse length, then the laser interacts with high density plasma. In general, a typical cluster 

density is taken as 1022 cm-3. 

The expansion time of the cluster assuming a sonic expansion is given by [12,13]  
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The expansion time for an Argon cluster of solid density 1018 cm-3and at 1KeV 

temperature is more than a pico second. Hence, while using femtosecond laser source, we 

can assume the cluster to be constant during the interaction time period. We also agree 

that the laser cluster interaction is in the high density regime. The high intensity laser 

interaction with a cluster can be divided into three parts - ionization of the cluster, heating 

of the laser, and finally, explosion of the laser. 
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2.3 Ionization of the cluster  

Ionization of the cluster depends on the ponderomotive potential of the electrons in the 

cluster. Ponderomotive energy is defined as the average oscillation energy  of  a free 

electron in a laser field. The ponderomotive energy is given as ½ mvosc
2, where vosc is the 

velocity gained by the electron in a given electric field E [14]. The oscillation velocity 

and electric field is defined by the following equations. 

xtEE ˆ)sin(0 


      (2.4) 

x
m

teE
vosc

ˆ)cos(0




       (2.5) 

)]([]/[1033.9
4

2214
2

22

eVmcmWIx
m

Ee
U o

p 


      (2.6)        

 where, ω is the laser frequency, I is the intensity of the laser, m is the mass of electrons, 

λ is the wavelength of the laser, and e is the electron charge state. We see that the 

ponderomotive potential is heavily dependent on the wavelength. Let us compare the 

energy gained by the laser (ponderomotive potential) with the energy required to ionize 

the electrons (ionization potential). In the infrared regime, the ratio of ponderomotive 

potential to the ionization potential of the atom is in the range of few 10’s.As the laser 

wavelength decreases, the ponderomotive potential decreases and gets lower than the 

ionization potential of the atom. The comparison between the two is performed using 

Keldysh parameter [15]. Keldysh compared the ratio of laser frequency to the tunneling 

rate and generated the Keldysh parameter given by 
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pU

IP

2
       (2.7)

 

 

λ (nm)  I(W/cm2)  Up , eV 

800  1015 60  

47  1015  0.2  

1.4(X-ray)  1018  0.182  

0.7(X-ray)  1018  0.045  

Table 2.1: Ponderomotive potential for different intensities and wavelengths 

 The Keldysh parameter for IR, XUV and X-ray region is calculated in Table 2.1 for their 

respective intensities, and are found to be 0.5, 8 and 20 respectively. The value of 

Keldysh parameter determines the regime of ionization. The ionization mechanism, for  

Keldysh parameter less than 1 i.e, when the laser potential is much greater than the 

ionization potential, will be tunnel ionization, and in some cases above threshold 

ionization. Whereas, in the opposite case, when the Keldysh parameter of an atom is 

much greater than the 1, i.e when the ponderomotive potential  is much lesser than the 

potential gained by an electron then the ionization will be by photoionization  
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2.3.1 Tunnel Ionization 

In infrared frequencies, for intensities greater than 1014W/cm2, the ponderomotive 

potential of an electron is greater than the ionization potential (for example, for Xe,  IP = 

13.6 eV, and Up in IR is 60 eV). The Keldysh parameter, as a result, is much lesser than 

one. The electric field of the laser in this case distorts the binding potential in which the 

electron wave packet is confined, and the Coulomb barrier becomes narrower. As a result 

an electron can tunnel through the barrier. This process is called tunnel ionization. As the 

electric field increases, the Coulomb barrier can be completely suppressed when the 

intensity reaches a certain threshold. This type of ionization is known as barrier 

suppression ionization. A schematic representation of tunnel ionization is given in Figure 

2.1. 

 

Fig 2.1 Schematical showing tunnel ionization due to an electric field  

Tunnel ionization reduces the effective binding potential. The new binding potential of an 

atom is given by [15,16] 
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The thickness of the Coulomb barrier in this case is given by  

 00E
IPd


       (2.9) 

The velocity of the bound electron is then given by  









em

IPv 2       (2.10)  

The tunnel time in the case will be around 

v
dttunnel        (2.11)

 

The tunneling time gives the regime of the ionization. If the tunneling frequency is faster 

than the laser frequency then the electron will be in the tunneling regime.For molecules 

and complex atoms, the tunnel probability or the tunneling rate is defined by the ADK 

rate [16]. Barrier suppression ionization threshold is attained when the Coulomb potential 

is completely suppressed by the electric field and is given by [17] 
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      (2.12) 

In clusters, the ionization mechanism in this region can be divided into two parts, inner 

ionization and outer ionization. Inner ionization is the removal of electrons from the 

atoms in the neutral cluster, and generating an ionized cluster. The electrons in this 
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process do not necessarily get removed from the cluster. Outer ionization is the removal 

of electrons from the clusters. Inner ionization for Keldysh  parameter lesser than 1, is 

caused by tunnel ionization and barrier suppression ionization ,which is described above. 

In clusters, however, a new phenomenon occurs when the binding potential of the 

neighboring ions influence the ionization potential of the ion due to them being close 

together. This is known as continuum lowering [18]. 

2.3.2 Photoionization.  

In the case of Keldysh parameter being much greater than unity, like in the X-rays and 

the XUV case, the main ionization mechanism is photoionization.  This can be divided 

into two parts, single photon ionization and multi photon ionization. In single photon 

ionization, the energy of the laser is much higher than the ionization potential of the 

atom. For instance, in the case of X-ray laser, the energy of the laser is 850 eV, which is 

much higher than that of ionizing potential of Xe (13.6 eV). In such a case, the absorption 

cross section plays an important role. In some special cases, inner shell process and 

Auger emission occur, which will be discussed in the next section. In the other cases, 

multiple photons are required to ionize an atom. This is when the energy of the laser is 

much smaller than the ionization potential. In this case  

nhIP        (2.13) 

where, IP is the ionization potential of the atom 

Probability of this process is given by [19] 
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                  (2.14) 

where, σ is the cross section  

 

Fig 2.2 The picture shows the schematic view of multi photon ionization. 

Two different multiphoton ionization processes exist in the creation of higher charge 

states. The first is stepwise ionization, where the electrons are removed sequentially. The 

process for creating A2+ for instance is as shown 

                                                         (2.15) 

                                                              ( 2.16) 

The other method is known as direct multi photon ionization, where two electrons are 

removed simultaneously.  

                                                                 (2.17) 
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2.3.3 Inner shell photoionization followed by Auger process 

In the case of X-rays, the photon energy is much higher than the ionization potential, and 

typically, inner shell cross sections are much higher than the valence cross sections. 

 

 

Fig 2.3 The schematic representation of 3d inner shell ionization followed by 

Auger emission [20]. 

For instance, when we look at the interaction of Xenon with 1.6 keV and 850 eV X-rays, 

it is seen that the cross section of d shell electrons have the maximum probability to 

absorb a photon [20-23]. In such a scenario, d shell ionization causes a huge IP well. The 

electrons in the p shell fill this shell and release a photon. If the amount of photons is 

sufficient to remove an electron, a second electron is emitted out of the atom. Such a 
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process is called as Auger emission. In the case of X-rays with 850 eV and 1700 eV 

photon energies, a process known as Auger cascade can take place, where, the ionization 

of one d shell electron leads to a chain reaction of Auger electron emission. This Auger 

cascade is diagrammatically shown in Figure 2.3 [20] for Xenon interaction with X-rays 

at 850 eV and explained further in Chapter 6.  

  2.4 Heating of a cluster 

When the cluster is primarily ionized, it is possible that all the electrons do not leave the 

cluster. If they still remain in the cluster, the cluster will become a nano plasma. Various 

heating mechanisms could take place that further heat the nano plasma. The first 

experiments in infrared and XUV using clusters showed that the ions are released with far 

more energy than that could be described by the simple ionization model. The following 

heating mechanisms have been attributed to higher energy. 

• Inverse Bremsstrahlung. 

• Plasma Heating, and 

• Vacuum heating. 

2.4.1. Inverse Bremsstrahlung 

Inverse Bremsstrahlung is the energy absorbed by an electron when it passes close to an 

ion. The presence of the ion de phases the electron allowing it to gain energy. This 

process is called Inverse Bremsstrahlung [24]. The rate at which energy is gained by the 

electron depends on the Keldysh parameter. If the Keldysh parameter is much less than 1, 
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then the rate at which the electron absorbs the energy through inverse Bremsstrahlung is 

given by  

                                        (2.18) 

where,  is the collisional frequency. 

When the Keldysh parameter is greater than 1,the ponderomotive potential is very small. 

The energy gained through the electric field is much smaller than energy gained by photo 

absorption. In this case the amount of energy absorption due to inverse Bremsstrahlung 

has to be calculated using the following formulae [25] 
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      (2.19)  

eneVht /))(( (eV) E a            (2.20)  

where  is the electron density,  is the photon flux,  is the photon energy and  is 

the pulse width. 

 

Fig 2.4 Schematic representation of inverse Bremstrahlung  
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Inverse Bremsstrahlung absorption is primarily an important phenomenon at low 

temperatures and longer wavelengths. 

2.4.2. Mie Resonance absorption.  

Once the cluster becomes a nano plasma, the field inside the cluster can be assumed to be 

a dielectric sphere surrounded by a constant electric field.  This argument fails for X-rays 

where the wavelength of the laser is in the orders of the cluster radius.The field inside the 

dielectric sphere is given as   

                                                 (2.20) 

where E0 is the electric field strength. The dielectric constant from the plasma drude 

model can be given as 

                                                         (2.21) 

The heating rate in the cluster is given by [24] 

                                                                                                                                   (2.22) 

For  ne ~ 3 ncrit, the heating rate goes to a maximum. The characteristic speed for 

explosion in this regime is given by  

                                                  (2.23) 
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  2.5 Explosion (Expansion) Mechanisms: 

The cluster, after ionization and heating, finally explodes. Two models have been 

predicted to explain the explosion of clusters Coulomb explosion and hydrodynamic 

explosion. 

 

 

Fig 2.5 A simple picture of hydrodynamic and Coulomb expansion. (Picture 

credit : Todd Ditmire) 

2.5.1.   Coulomb Explosion: 

In this scenario, the cluster loses a significant amount of electrons which results in a very 

high charge build up. The mutual Coulomb repulsion of the ions results in the cluster 

explosion. This mechanism is supposed to be in play for very small clusters and at very 

high intensities in the infrared regime. In the infrared regime, the ponderomotive 

potential of the electrons should be much larger than the surface potential of the cluster.  

The surface potential is given by [27] 

                                     (2.24) 

When all the electrons are removed to infinity, then the maximum kinetic energy 

produced from a surface is given by  
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where, nl is the liquid density of the cluster. 

In a Coulomb expansion scenario for a single electron, the amount of energy absorbed is 

given by [28] 

dEEEgEdEf )()()(       (2.26)  

In a gas jet, clusters of different sizes arrive with log-normal distribution of energy [29] 

                                                      (2.27)  

Where nc(N) is the density of the cluster given by . 
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Where, nc
total is the total density of all clusters. The integral in equations starts from NE 

which contributes energy E and above. NE is given as  

/ENE       (2.29)  
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When we use this model to check for Coulomb explosion, we plot the energy distribution 

g(E) for range of energies and determine average charge state in the cluster. 



20 
 

2.5.2. Hydrodynamic expansion 

The other force that acts on the cluster is the pressure associated with hot electrons. If the 

electrons do not undergo outer ionization and remain trapped in the cluster, then the 

heated electrons will expand and pull cold heavy ions with them. The characteristic speed 

of the electron expansion is given by the plasma sound speed  








i

e
san m

ZKT
CV ~~exp      (2.31)  

and the thermal pressure is given by  

pe= nekbTe     (2.32) 

The expanding plasma can be modeled in terms of fluid model published by Schmalz in 

1985 [30]. The fluid equations are normalized to sound speed by 

                                  (2.33) 

The new fluid equations are  

                                                                                       (2.34) 

                                                                                       (2.35) 

N is normalized to the total density of the electrons, and V is normalized to the sound 

speed. The solutions of these two equation for a spherical model with α =3 and γ= 5/3 

(adiabatic) is given by [30] 
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                                                UV  0                                (2.36) 

                                                                               (2.37) 

                                                                                 (2.38) 

The parameters are multiplied with Cs, and the density N vs Energy (0.5 mV2) is plotted 

in Figure 2.6 for different electron temperatures.  

 

Fig 2.6 Modeled graphs of a hydrodynamic expansion  

In order to understand which model should be used, let us look at the rate of expansion of 

the cluster with both the methods. Using the principle of conservation of energy, in an 

expansion, we get the rate of change in kinetic energy as [6]  

                                                          (2.39) 
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where, P is the total pressure and K is the kinetic energy.  

The pressure can be divided as pressure due to Coulomb expansion and due to 

hydrodynamic one.  

P=Pe+Pcoul.              (2.40) 

The hydrodynamic portion is due to the conversion of electron temperature into kinetic 

energy. The effect is calculated, by equating the change in radial kinetic energy due to 

thermal expansion to the rate of change of thermal energy.  

We then get, 

                                                                                               (2.41) 

The electron pressure is  

                 (2.42) 

Hence, the rate of temperature change is given by. 
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To understand the Coulomb expansion, we assume the cluster after laser interaction to be 

a spherical capacitor. The stored energy is given by  

Eqe=q2e2/2r     (2.44) 

i.e. the Coulomb contribution is given by  
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                                   (2.45) 

Looking at the scaling of the Coulomb contribution, we see that the Coulomb force goes 

as 1/r4 as opposed to 1/r3 due to the plasma density. For smaller clusters, the Coulomb 

force is more important, as the electron densities are much smaller. As the cluster 

expands, hydrodynamic expansion dominates.  

2.6   Laser Types used in this thesis  

In this research, we look into the cluster interaction with lasers of three different 

wavelengths, infrared laser (800 nm), extreme ultra violet, also known as XUV (47 nm) 

and X-rays (1.6 nm and 0.8 nm). The three lasers offer three very distinctly different 

absorption, heating and explosion mechanisms.  

In the infrared region, the photon energies are about 1-3 eV, the ponderomotive potential 

in this region are much higher than ionization potential of the atom. The main ionization 

mechanism is ionization by tunnel ionization The surface potential of the clusters are 

much smaller than the ponderomotive potential of the electron. This should result in 

substantial stripping of electrons for small clusters. The nano plasma model is almost 

collisionless at relativistic intensities, and giant dipole resonance occurs at a density of 

1021. This regime has been well studied and recorded. This regime shows a clear 

Coulomb to hydrodynamic transition, as will be discussed in the later parts of this thesis. 

In the XUV regime, the photon energies are in 10’s of eVs, the ponderomotive potential 

is lower than the ionization potential of the ion. The main ionization is through single and 
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multiphoton ionization. The energies are too low to outer ionize the plasma, so the 

hydrodynamic expansion should dominate. This regime was studied with the help of 

higher harmonic generation and the advent of FELs. The mechanism of expansion is 

studied and presented in this thesis. 

The femtosecond X –ray regime at 850 eV and 1.6 keV (2 keV for Methane) at large 

intensities were made available for the first time by the new free electron laser source at 

Stanford Linear Accelerator [31]. This region needed to be studied and understood. The 

X-ray source’s ponderomotive potential is much smaller than the ionization potential. 

The huge photon energies result in a generation of high charge states from a single 

photon ionization. The high photon flux of the LCLS X-rays result in substantial 

stripping of electrons.The expansion mechanism could be Coulomb expansion due to the 

high stripping of electrons, or it could be hydrodynamic expansion due to the high 

surface charge from the substantial stripping of electrons. The results have been analyzed, 

to understand ionization, heating and expansion mechanisms of these clusters, and are 

presented in Chapter 6, Chapter 7 and Chapter 8. 

2.6.1 IR laser – THOR laser  

The laser system used for producing infrared laser is the Texas High –Intensity Optical 

research faculty or THOR laser is shown in Figure  2.7 [32]. This laser produces pulses of 

width 35 fs at 800 nm with a repetition rate of 10 Hz. The maximum energy is 1.2 J, 

which makes it a 20 TW system. The maximum intensity produced is 1019 W/cm2. 
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Fig 2.7 THOR laser layout  [32]   

The laser is based on chirped pulse amplification system [32]. It consists of a stretcher, 

where the pulse is chirped, i.e the pulse is stretched temporally. The stretcher consists of 

a grating which sends the red light faster than the blue light. The stretched signal is 

amplified and then compressed by a compressor. The seed pulse is generated from a 20 fs 

Femto laser oscillator. The gain material in the oscillator is Ti:Sapphire that is pumped by 

a 5W diode pumped, frequency doubled Nd:YVO4 Millenia Vs J laser at 532 nm.. The 

Ti:Sapphire amplifies a broad spectrum at 800 nm creating a 20 fs laser pulse. Kerr 

lensing provides passive mode locking and produces a 1 nJ pulse at 73 MHz. A pockel 

cell is used to reduce the frequency to 10 Hz. The pulse stretcher consists of two grating 

systems based on Banks Perry geometry [32]. The grating allows lower frequencies 

(longer wavelength) to travel a shorter distance than the higher ones, allowing red to go 
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faster than blue. The stretcher stretches the pulse to 600 ps and reduces the power by a 

factor of 30,000. 

The amplification can be divided into three stages. The first stage is the THOR laser that 

is a 20 pass regenerative amplifier. The gain material is Ti:Sapphire , pumped by Quantel 

Big sky Q-switched Nd:Yag laser at 532 nm. The amplification stage has a cavity that 

traps the pulse and switches them out of the cavity. The output energy is 3.5 mJ. A slicer 

removes the pre and post- pulses. The next amplification stage is a 4 pass amplifier. The 

gain medium is another Ti:Sapphire crystal pumped by the same Quantel Big Sky laser. 

The amplified signal passes through a spatial filter and is amplified to 20 mJ. The filter 

increases the beam diameter to 15mm. The final amplification stage is a third Ti:Sapphire 

crystal that is 20 mm in diameter and is pumped both sides by PRO series frequency 

doubled, Q-switched Nd:Yag lasers at 532 nm. 

The output energy of the 5 pass system can be tuned between 3 mJ to 0.9 J by changing 

the timing between the seed and the pump pulses. The pulse that exits the 5 pass are now 

sent through another spatial filter and the beam is magnified to 70 mm diameter.  

The beam now enters the vacuum pulse compressor with a 40 cm diameter gold coated 

grating designed to compress the chirp. After the compressor, the pulse length is 35fs and 

with a beam diameter of 7 cm at 20 TW. 
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2.6.2 HHG  Laser 

We show earlier that in the strong field, when the laser potential is greater than atomic 

potential, the atomic fields get modified.  The harmonic generation in such a field should 

require solving the Schrodinger’s equation. The Schrodinger approach has been solved in 

Ref [33,34].  A more intuitive approach was given by Corkum and later expanded by 

Kulander [35,36]. In a strong field, an electron gains a velocity that is much larger than 

atomic field. In such a case, we can treat the electron particle classically.  The electron 

generated into the continuum at time t1 in the presence of the laser field will have a 

velocity given by [6] 

                                      
   

    
                                            (2.46) 

The kinetic energy is given by  

      
                

    
 

  
   

                 
      (2.47) 

Since    
    

 

      
  ,  

We get                         
      (2.48) 

The distance travelled by the electron in a time t is given by integrating v(t) as  

      
   

    
                                      (2.49) 

To generate harmonics, the electron needs to return back to its parent ion. Hence, finding 

zeros of the equation on x(t) will give us the phase of the ionization that will generate the 
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harmonics. The energy of the harmonics is given by K(t). On generating a histogram by 

changing t1 and finding zeros, weighing the result with the probability of ionization using 

Lotz rate of ionization [36], and with the probability of electron recombination [37], it 

was observed that there was an abrupt cut of energy for the harmonics at [38] 

                   (2.50) 

 This means that the maximum energy gained by an electron in the laser field will be 3.7 

Up. This limits the highest frequency or the maximum harmonic of the laser light that can 

be generated. This method of generating the harmonics is also called the Corkum three 

step model. In this model, we treat the electrons as a quantum particle to study tunnel 

ionization. Once ionized, the electron is treated classically to determine the position, and 

then finally the electron recombining with the parent ion is treated as a quantum particle 

again. 

We use Argon gas to generate harmonics in our setup. The gas is sent to a chamber 

through a solenoid Parker pulse valve, which has a throat diameter of 500 – 750 microns, 

and the gas is used at a pressure of 100- 300 psi. A special kind of slit nozzle was used to 

increase the interacting region. The chamber is pumped by a Alcatel turbo pump that is 

backed on a Edwards mechanical pump. The gas jet is mounted near the infrared focus on 

a 3 axis vacuum translation stage, allowing to optimize the jet focus position. The jet is 

loosely focused into the gas jet.  

The separation of infrared beam from the harmonics is performed using the idea of 

generating an annular beam [39]. The reason for annular beam is the separation of the 
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harmonics from the infrared beam done using a thin 200 nm Aluminum foil. The 

aluminum foil has a transmission of 90% without an oxide layer. However, as Aluminum 

oxidizes quickly, the transmission also drops quickly. The experimental transmission for 

a 200 nm foil was around 20%. The foil has an intensity damage threshold of 109 W/cm2. 

As a result, the intensity of the infrared beam needs to be reduced. The harmonics 

generated by the annular beam are separated from the infrared due to the Gaussian optics 

[40]. The divergence of the nth harmonic of a Gaussian beam will be equal to  

                        
 

  
                 (2.51) 

In the annular profile, the phase matching efficiency is maximum, when the beam is 

slightly off focus [41, 42]. The annular beam will generate a scattered light intensity that 

is less than 10-3 of the total infrared light.  

The experimental method is schematically shown in Figure 2.8. A donut beam profile is 

generated by placing an elliptical mirror with 0.5’’ and 0.07’’ minor axis and major axis, 

respectively, suspended on a wire at 45 degrees with respect to the laser axis. The central 

portion of the beam is reflected to an autocorrelator. The setup is on a translator stage to 

allow it to be moved in and out of the beam. The mask is imaged to the aluminum foil 

with the help of a 75 mm LiF lens, which has a focal length of 2m and a 45 degree 

mirror. The aluminum foil is preceded by an aperture that blocks the scattered light. The 

higher harmonic gas jet is separated from the compressor and the target cluster jet with 

the help of the LiF lens at the upstream, and with the help of a differential pumping using 

SEIKO-SEIKI [STP301-H] turbomolecular pump and an aperture system in the 
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downstream. The 21st harmonic (47 nm) generated is selected with the help of Sc/Si 

mirror, which is focused onto the target jet. The target jet used Argon and Xenon as 

cluster source. The target chamber was pumped by a large turbomolecular pump.  

2.6.3 LCLS FEL  

The predominant bulk of my thesis was using a synchortron based linear coherent light 

source at Stanford. This system is explained in greater detail in Chapter 5. 

 

.  

Fig 2.8 The XUV higher harmonic layout. (Picture credit : Brendan Murphy) 
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Chapter 3: Infrared Experiment 

The motivation of the infrared experiments was to study the interaction of small clusters 

and to understand the explosion mechanisms in these clusters on interacting with high 

intensity infrared lasers. Earlier experiments using infrared [1-5] wavelengths showed a 

hydrodynamic expansion for very large clusters and Coulomb explosion for smaller 

clusters. It has been earlier described in models that in a Coulomb explosion of a cluster 

with more than one average ion charge state, the explosion occurs in a shell like fashion 

[6]. In a shell like explosion, the higher charged ions form the outer shell and the lower 

charged ions form the inner shell. This had not been determined experimentally earlier. In 

our experiment, on the THOR laser, we show the formation of two shelled structure in 

Coulomb explosion generated by the interaction of infrared laser with smaller clusters of 

average size <N> less than 700 atoms. 

3.1 Experimental set up 

The target chamber used in this experiment has six, 6" ports. The laser enters the chamber 

through one of the ports, and hits an f/10 spherical focusing mirror at normal incidence. 

The focusing mirror is dielectric coated, has a focal length of 125 mm, and a diameter of 

0.5 inches. The mirror is placed on a mount controlled by piezoelectric motors. Chamber 

is pumped by Seiko Seiki STP 300 H turbomolecular pump. A parker pulsed supersonic 

solenoid nozzle is mounted on the gas jet situated in the top port of the chamber. Gas jet 

is set on an actuator to control the position of the jet. Gas jet is positioned such that it is 

on top of the focus of the laser. A time of flight spectrometer is mounted in Wiley Mc 
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Laren [7] setup on the side perpendicular to both the laser and the gas jet, in order to 

measure the signal. The gas jet used to produce clusters in the experiment uses a Parker 

General Valve series 9 solenoid pulsed nozzle with a 150 cone angle and a throat 

diameter of 500µm. To open the nozzle, a voltage is applied to provide a current that 

creates a magnetic force due to the solenoid and lifts the ferromagnetic plunger holding 

the poppet. Poppet is open as long as the voltage is applied. When the voltage is turned 

off, a return spring returns the poppet back to its original position again.  

The pulsed nozzle is synchronized with the laser pulse. The nozzle opening is controlled 

by a Parker Iota One pulse driver triggered by Stanford Research systems DG535 pulse 

generator.  

In this experiment, the repetition rate of the nozzle coincides with the repetition rate of 

the laser, which is between 1 Hz and 10 Hz. pulsing of the nozzle reduces the probability 

of flooding the vacuum chamber, as opposed to a continuous nozzle. The timing of the 

nozzle determines the rate at which the gas is pumped. If the repetition rate is too high, 

the pumping speed will not be enough to prevent over pressurizing the chamber, which 

will in turn contaminate the vacuum line. The experiment was performed on Argon and 

Xenon gas clusters. The ions were measured using the Wiley Mc Laren time of flight 

spectrometer in two types of setups.  A Wiley Mc Laren time of flight spectrometer 

consist of a series of grids that accelerate the ions generated in the first two grids toward 

a microchannel plate (MCP). The first type of setup used is the time of flight 

measurement, where, the grid voltages on the MCP in the spectrometer were turned on. 
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In this case, we measure the mass over charge spectra (m/q), where, the ions with the 

least value of m/q will reach the detector first. The second type is the energy 

measurement, where, the grid voltages were turned off. In this case, the microchannel 

plate detects ions that reach it due to their inherent kinetic energy. These types of 

measurements are also called as drift measurements because the ions reach the 

microchannel plate by drifting towards it from the interaction region. Measurements were 

performed by changing the cluster size (by changing the pressure) for a given intensity.  

In the entire experiment, the laser intensity is kept constant at 1015W/cm2. The clusters 

size is based on Hagena et al. [8] and Dorchies et al.[9]. The size distribution of cluster is 

assumed to be log-normal [10] 

3.2 Results  

Figures 3.1 a  and 3.1 b show the time of flight spectra obtained from the interaction of 

lasers with clusters of different sizes generated using Argon and Xenon gases. The time 

of flight spectra show the evolution of ion energy as the cluster size increases. On the 

bottom of each graph, we present the signal from the interaction of the laser with the 

atoms. The ions from the atomic signal do not have any inherent kinetic energy, and are 

hence the zero energy ions detected by the time of flight spectrometer. As the cluster size 

increases, the ions gain energy from the cluster explosion. We see broadening of the ion 

signal. The broadening occurs due to energetic ions being accelerated by the time of 

flight spectrometer [11]. The ions with the same energy are generated in between the 

grids of the time of flight spectrometer. The ions flying toward the microchannel plate 
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will arrive faster than the ions traveling to the back of the plate. The ions flying toward 

the back of the plate are redirected and sent back to the micro channel plate for 

collection. As a result, the time of flight spectra of such ions have a broadening known as 

kinetic energy broadening. The width of the signal will contain information regarding the 

initial kinetic energy of the ions. If the energy of the ions is low, then the broadening is 

small. This is observed in the signal from smaller clusters (less than 200 atoms), shown in 

Figures 3.1 a and 3.1 b. As the cluster size increases, we observe that the kinetic energy 

of the ions increase and the three different types of ion signals produced from 1) the ions 

flying towards the detector, 2) the ions formed from the back ground (atomic), and 3) the 

ions flying away from the detector, are distinctly seen as a three peaked structure 

(example <N>=2000 atoms in Figure 3.1 a). The highest charge of Argon observed in a 

signal generated from the interaction of laser with clusters up to a size of 200 atoms is 

Ar4+. For the interaction of the laser with cluster sizes greater than 200, we also observe 

charges between Ar5+ and Ar7+. In Xenon, the kinetic energy broadened spectra of Xe5+ 

are observed for a cluster size of 10,000 atoms. For a cluster size of 3000 atoms, we see 

charge states up to Xenon 15+. As the cluster size increases further, generating greater 

energy ions, we observe, that the signal from higher charged ions flying towards the 

detector and the lower charge ion flying away from the detector now overlap making it 
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difficult to distinguish the three peaked structure. 

 

Fig 3.1 Ion time of flight spectra for Argon and Xenon measured for cluster 

sizes of 1 to 6000 atoms in Argon, and up to 30000 atoms in Xenon[15] .  

Figure 3.2a plots the cluster kinetic energy spectra for clusters of sizes 200, 400, 2000 

and 7000 atoms for Argon. This data was acquired for a laser intensity of 1015 W/cm2 

.Looking at the spectra, we see an increase in the observed kinetic energy as a function of 

cluster size. In Argon, the increase in the energy follows a linear dependence for all the 

cluster sizes, and bigger cluster sizes produce higher energies. The maximum energy E 

produced depends on the cluster size N such that NE   where, α is found to be 0.62. 

The signal from the interaction of laser with a cluster size of 400 atoms shows the 

characteristic Coulomb “knee” in the Figure 3.1 a. Jungreuthemeyer et al. [17] and Islam 

et al.[18] reported that this knee was generated by Coulomb explosion of surface charges. 
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The knee denotes the peak kinetic energy generated from an average charge in the 

cluster. ,. The cluster size of 200 atoms shows two such Coulomb knees. This was one of 

the more interesting results in this run. The two peaked structure observed is believed to 

be generated from two shells in the Coulomb explosion, where each peak corresponds to 

each shell.  In Xenon clusters, displayed Figure 3.2 c, a similar two peaked structure is 

seen at the lower cluster sizes of 100 and 200 atoms. As the cluster size is increased, this 

two peaked structure merges. The signal generated from laser interaction with larger 

cluster sizes in Xenon and Argon show hydrodynamic trends.  

In the two shell Coulomb picture, the ions in the cluster that are ionized have two distinct 

average ion charge states. The higher charged ions experience a greater acceleration than 

the lower charged ions. As a result, the ions in the cluster turn into two shells, with the 

outer shell having the higher ion charge and inner state with a lower ion charge state. My 

colleague Benjamin Erk generated a simple classical particle simulation model of the 

Coulomb explosion. His model assumes that all the ions in the cluster are ionized. The 

initial position of ions in the cluster are based on Wales et al [12] and Xiang et al’s 

[13,14] results on global optimization of Van der Waals cluster. To model the two shell 

picture, the ions were divided into two groups, each containing 50 % of the atoms. The 

first shell was up to 80 % of the radius of the cluster and the second group contained the 

remainder. A Range Kutta based algorithm was used to calculate the Coulomb forces on 

each ion. At the onset of the simulation, all the ions are assumed to be completely ionized 

and all the electrons in the ions are tightly bound to the atom, in other words no electrons 

were present in the model [15]. On modeling, he was able to fit the two step structure 
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shown in Figure 3.2 b. The inner ions in this case were given a charge of 2+ and the outer 

ions a charge 6+. In modeling for Xenon data, the fit was not very accurate. Since Xenon 

is a heavier atom, we can no longer assume that all electrons escape the cluster on being 

ionized. A part of the electrons are trapped, and for larger clusters in particular, we 

observe that the explosion mechanism shifts from Coulomb to hydrodynamic expansion. 

For the large clusters, the explosion mechanism was found to be hydrodynamic, with an 

electron temperature of 300 eV [15]. The hydrodynamic model was fit based on Schmalz 

solution [16]. Also interesting to note is that in the larger cluster sizes, we do not see any 

Coulomb “knee”.   

 

Fig 3.2 Kinetic energy spectra of Argon on the left and Xenon on the right. 

The data and the model are fit for the smallest cluster size of 200 atoms of 

Argon. [15] 

3.3 Summary  

The infrared experiment was performed on small clusters of Xenon and Argon gases. The 

time of flight measurements were taken using the time of flight spectrometers in two 

a b c 
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modes. The kinetic energy spectra generated from grounding the time of flight grids 

showed a two “knee” formation for smaller cluster sizes in Argon and Xenon. Particle 

simulation modeling by Benjamin Erk conclusively proved that the experimental 

observation of laser interaction with 200 atom Argon clusters had a shell wise  Coulomb 

explosion, generated from an inner shell charge state of 2 + and an outer shell charge 

state of 6+.  
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Chapter 4: Interaction of gas cluster with HHG generated 

XUV laser 

4.1 Introduction  

This chapter features the work of two separate experiments which was the part of the 

PhD dissertation work of an earlier student Dr. Brendan Murphy [1]. My contribution in 

this work was participation in the second set of the experiments, and performing 

simulations and modeling of the data generated from the second set of experiments. The 

motivation behind this experiment was a set of earlier experiments on FEL based XUV 

sources. The XUV based cluster experiments showed a marked difference from the IR 

experiments. At XUV wavelengths, single photon ionization becomes a dominant process 

as opposed to tunneling seen in the infrared. Furthermore, the weaker ponderomotive 

potential at XUV wavelengths allows for electrons to be trapped due to the space charge 

effects in the cluster. DESY 95 nm VUV –FEL experiment in 2002 [2] on Xenon clusters 

showed a surprisingly high Xe8+ charge at an intensity of 1013 W/cm2. The authors [2] 

believed that the presence of a nano plasma followed by a Coulomb explosion explained 

the high charge. Experiments at 33 nm showed sequential ionization and no evidence of 

nanoplasma [3]. Further experiments at 13.5 nm showed a mixture of hydrodynamic and 

Coulomb explosion for larger clusters [4]. The experiment at UT Austin was to observe 

the mechanism of explosion by using a table top higher harmonic source, and to study 

these clusters. The first run of experiments conducted by Dr. Murphy at 38nm using 

Xenon clusters showed similar results to DESY [5], although the explosion mechanism 
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was found to be hydrodynamic rather than Coulombic. The second run (which I was a 

part of, and for which I have performed the simulations) was performed using Argon [6].  

4.2 Experimental Set up  

To generate higher harmonics, we use Argon clusters. Argon clusters are sent into the 

higher harmonic interaction chamber using a solenoid driven pulsed valve, similar to the 

one used in the infrared experiment described in Chapter 3. This valve has a throat 

diameter of 500 – 750 microns. The gas is used at a pressure of 100- 300 psi.  The gas jet 

is mounted near the infrared focus on a 3 axis vacuum translation stage which allows us 

to optimize the jet focal position. The harmonics once produced are separated based on 

the fact that the divergence of XUV is much smaller than the infrared beam. In order to 

do so, a mask is placed near the compressor chamber upstream from the gas jet. The 

mask generates an annular beam or a donut profile. The harmonics generated were found 

to be the strongest at 1015 W/cm2 , at about 10 cm before laser focus.  The beam profile of 

the annular beam as the infrared expands from focus is schematically shown in Figure 

4.1. As the beam expands, given that the XUV beam diverges less than the IR, XUV 

beam now propagates in the center of the donut profile of infrared beam. Near the gas jet 

chamber, a systematically placed aperture blocks most of the infrared beam. A 200nm 

aluminum foil filter is further used to block the remaining infrared laser light, allowing 

the XUV to pass through. The mounted HHG gas jet was pumped by an Alcatel turbo 

pump. The turbo pump was backed by Edwards mechanical pump. Two differential 

pumping chamber systems were used to prevent the gas (from the gas jet) from 
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corrupting the vacuum line upstream towards the compressor grating and downstream 

towards target gas jet chamber. A Li F lens placed upstream prevented the gas jet from 

flooding the chamber towards the compressor. A 5 mm aperture followed by a 

differential pumping unit in the gas jet chamber prevented the flooding of the target 

chamber.  

 

Fig 4.1 the laser set up for the XUV experiment. ( Picture Credit: Brendan 

Murphy) 

4.3 Experimental Results 

 The results from Dr. Murphy’s earlier work are presented in Figure 4.2 and Figure 4.3. 

Figure 4.2 shows the ion time of flight of Xenon spectra versus the signal generated for 

the interaction of 21st harmonic of 800 nm light with clusters of sizes from 1400 atoms to 

90000 atoms. We see significant signals up to Xe6+ and very small portions up to Xe 8+ 

(Figure 4.2).The sequential photoionization only explains the generation of Xe3+. The ion 

signal is broadened due to the kinetic energy generated from the ions in the clusters. The 
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broadening increases with increase in the cluster size. We also observe the generation of 

Xe2
+ dimer in the spectra, whose signal strength and the broadening also increases with 

increase in the cluster size. Increase in the broadening of the ion signal with cluster size 

displays higher kinetic energies from increasing cluster size.  

 

Fig 4.2 Ion time of flight spectra generated from the interactionof Xenon 

clusters with 21
st

 harmonic of 800 nm light [6] . 

The kinetic energy spectra generated from grounding the time of flight grids is plotted in 

Figure 4.3. The log of the signal generated from the interaction of the 21st harmonic with 

a cluster of size 30000 atoms is plotted versus the kinetic energy of the molecules. 

Hydrodynamic and Coulomb models discussed in Chapter 2 are utilized to fit the graph. 

The Coulomb model for 30,000 atoms does not fit the spectra at all.  The 100 atom 

cluster spectra Coulomb fit, fits the really low energies. However, most of the cluster 

spectra is fit by the hydrodynamic model, with an electron temperature of 8 eV. It is 
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possible that due to the log-normal distribution of the cluster source that is irradiated by 

the laser, the smaller clusters of average size <N>  =100  atoms explode through 

Coulomb explosion. It was shown in Chapter 3 that, in the infrared case, smaller clusters 

of average size <N> = 200 atoms exploded through Coulomb explosion. 

 

Fig 4.3 Kinetic energy spectra generation by the interaction of Xenon 

clusters size of 800 nm with XUV light [5] .  

  Figure 4.4  plots the kinetic energy of individual ions calculated by the using the breadth 

of the ions in the time of flight spectra against its charge state. For a pure Coulomb 

explosion, the kinetic energy     . Various models were used to fit the data shown in 

Figure 4.3, however, no conventional formula fit the data without significant error. 

Earlier XUV results with pure Coulomb explosion shows a characteristic    fit [2].  
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Fig 4.4 The kinetic energy of Xenon ions from a cluster size of 30,000 plotted 

as a function of the ion charge state [6] .  

 Fig 4.5  The ion time of flight spectra of Argon ions generated from 

the interaction of Argon clusters of size 50,000 atoms with XUV light[6] .  

The time of flight spectra for Argon clusters irradiated by the laser for a cluster size of 

50,000 atoms is plotted in Figure 4.5. Argon clusters show a maximum charge of Ar 4+. 

Dimers of Argon are also seen in the spectra. Energy of Argon increases, with increasing 

charge state. In Argon, similar to Xenon, the kinetic energy of individual ions is plotted 
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against its charge state, as shown in Figure 4.6. The charge states in this case also do not 

fit the characteristic    fit. 

 

Fig 4.6 The kinetic energy of Argon ions from a cluster size of 50,000 atoms 

plotted against the ion charge state [6] .  

4.4 Modeling  

In order to ascertain if the higher charge states present in Xenon is produced from 

Collisional ionization alone, I modeled a Saha equation for ions in local thermal 

equilibrium. Saha equation gives the ratio between atoms in consecutive ionization state 

as a function of electron temperature and electron density [7]. The formula is given by  

       

  
  

    

  

        
   

       
  

  
        (4.1) 

where, ni
 is density of the ith charge state,  

ne is the electron density  
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gi is the statistical weight  

me is the mass of the electron 

T is the electron temperature  

Ip is the ionization potential  

I used 8 eV as the electron temperature since it was found by fitting the kinetic energy 

spectra of Xenon using the hydrodynamic model. The Saha model is presented in Figure 

4.7. We see that the stable model shows generation of states up to Xe3+.  In order to 

mimic the experiment better, we look at the effect of plasma on the ionization potential.  

The ions and electrons in a quasi neutral plasma are not isolated, and they arrange 

themselves such that they are closer to the oppositely charged species. As a result, 

removal of an ion from the plasma requires an expenditure of energy. On the other hand, 

the energy required to add ions into the plasma decreases. This is known as continuum 

lowering.  In other words, the ionization potential of the ions in the cluster is screened by 

a plasma. The calculation of the continuum lowering is done by assuming that in a 

plasma, the electrons and ions arrange themselves into sections of neutral ion spheres, 

where each ion is surrounded by electrons. The radius of such a sphere is given by 

    
 

    
 
   

   (4.2) 

where ni  is the density of the ions .  

Density of electrons in such a sphere surrounding an ion of charge z will be given as  
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     (4.3) 

An electron in the plasma then faces attractive energy from ions and repulsive energy 

from the electrons. The net Coulomb energy on removing an electron from an ion with 

charge z is given by [8] 
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The decrease in the ionization potential for each ion is the difference between the 

Coulomb energies for an ion of charge z and of charge z-1 and is given by [8] 

          
         

  
            

      
    (4.8)
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Fig 4.7 Time of flight modeling using the Saha equation for a plasma of 8 eV 

electron temperature, with and without continuum lowering [6] .  

Using the numbers of the continuum lowered ionization; I replot the Saha equation in 

Figure 4.7. Now, the model shows that the highest charge of Xenon generated is Xe 5+.  

We believe that the higher charges > 5+ are produced from non equilibrium collisional 

ionization generated by the hot tail of the 8 eV Maxwellian electron distribution. To 

validate this, I calculated the collisional ionization rate for an 8 eV electron by using the 

empirically determined Lotz formula [9] given by  

      
    

  
 

 

     
 

   

 

 

      

      (4.9) 

where,  

ne is the electron density  

ai is a constant given by to 4.0 cm2eV2 
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m is the mass of electron 

qi is the number of electrons in the outer shell of the ion 

Using the ionization potential generated by continuum lowering, the time it takes to strip 

Xe5+ to Xe 8+  for a 15 nm big 8 eV plasma is about 15 ps. In a hydrodynamic plasma 

expanding with the speed of sound, this time roughly corresponds to amount of time it 

takes for the plasma to reach twice its size.  

4.5 Summary 

We use the 21st harmonic generated by loosely focusing the laser into Argon gas jet.  This 

source is focused into Argon and Xenon Clusters. We show that in this regime, the 

interaction of clusters with XUV wavelengths generates anano plasma,  and that 

hydrodynamic expansion dominates. The high charge produced exceeds the single photo 

ionization limit. Collisional ionization and continuum lowering of nano plasma enable the 

generation of high charge states up to Xe5+. Smaller fractions of higher charge states up 

to Xe8+ are produced through non linear collisional ionization.  
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Chapter 5: X-rays and LCLS system details 

5.1 Background 

Synchrotron radiation is produced by large storage rings where relativistic electron 

bunches pass through periodically placed magnets (undulators). These electrons are 

accelerated by Lorentz force and emit spontaneous radiation. The emitted radiation 

power, P, is proportional to the number of electrons. This light is not coherent. Free 

electron lasers want to emit coherent radiation and attain a power of P that is proportional 

to the square of the number of electrons. In order to achieve coherent radiation, the 

electron bunches need to be compressed to a size smaller than the wavelength. Since the 

number of electrons in a bunch are in the range of 108, it is very hard to get bunches in 

the nanometer range. The other method that is used is to create a large number of points 

like bunchlets arranged in a periodic manner longitudinally is to use an undulator. This 

method also emits coherent radiation.  

The spontaneous undulator emission is given by [1]  

      (5.1) 

where  is the undulator magnet period,   is the undulator constant.  

B0 is the magnetic field of the undulator and  where me is the mass of the 

electron. E is the energy of the electrons.  
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The synchronization between the electron movement and the magnetic field is given by 

[1] 

                                   (5.2) 

where v is the velocity of the electron in the direction of the electric field. 

The Free Electron Laser (FEL) could be either high gain or low gain FEL depending on 

how many passes are required to amplify the beam. If an FEL requires many passes 

through the undulator, it is called a low gain FEL. If the beam is amplified in a single 

pass, it is called a high gain FEL. In a high gain FEL, the input radiation can be either 

produced by an external coherent source or can spontaneously be produced by the first 

part of the undulator. The second type of source, which is amplified in a single pass, is 

known as self amplified spontaneous emission (SASE). In emission SASE–FEL,  the 

micro bunching results due to the interaction between the transverse component of 

electron velocity and the spontaneous radiation [2]. The amplification is obtained in a 

single pass of the electrons through very long undulators. The SASE principle is 

advantageous since in the short wavelength regime, the reflection of the mirrors decrease 

at normal incidence. Therefore, an optical cavity resonator cannot be used. Also, there are 

no widely tunable-wavelength sources below the visible region. 

SASE principle can be broken down into the following parts: 
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1. The electron micro bunches created due to the acceleration and deceleration of the 

electrons move in a curved periodic trajectory due to the effect of the magnetic field of 

the undulator, thereby emitting radiation.  

2. The emitted radiation from the motion of the bunches in the undulator 

interfere and overlap. 

3. The interference implies that electrons lag behind the electromagnetic 

field by one radiation wavelength, or by one undulator period. This gives 

maximum energy exchange between the photons and the electrons. 

4. The amplification occurs when the electrons lose energy with respect to 

the radiation field.  

5. This works if the phase velocity between the radiation field and the 

electron velocity is constant.  

 

Fig 5.1 A picture of the LCLS undulator electric field[3]  
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To better understand the physics of this mechanism, let us look at Figure 5.1. An electron 

undulates to the magnetic field of the undulator. Let us say that the velocity of the 

electron at some point has a velocity +vx . Let us say at the same time that the electric 

field  of the photon, that is moving in the same direction as the electron, now has a 

maximum in the same direction at that point. In this case, the photon decelerates the 

electron. Half the undulator wave later, the electron now has a negative velocity – vx, and 

the electric field will also act in the negative direction if it is synchronized to the 

deceleration of the electron further by half a wavelength. Now that the electron lags 

behind the laser field by one wavelength, the electrons lose energy once again. The main 

criterion for generating X-rays is that the phase between the electron and the light wave 

along the whole undulator should be constant. A picture of undulator magnets at the 

Linear Coherent Light Source (LCLS) is shown in Figure 5.2 [4].  

 

Fig 5.2 A picture of an undulator at LCLS [4] 
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The LCLS FEL is first of its kind, and itgenerates the world's most powerful X-rays. The 

last kilometer of the 3 km Stanford linear accelerator (Linac) is used for the linear 

coherent light source. The entire LCLS system is described in Refs [5] and [6]. The Linac 

was modified to include an electron injector and two magnetic bunch compressor 

chicanes after 2 km. 3.5 to 15 GeV electrons are delivered to a 132 m long undulator line. 

The electron injector  contains an RF gun with a photo cathode. The photo cathode is 

illuminated by a frequency tripled Ti-Sapphire laser system. 1.2 m diameter overfilled 

aperture is imaged to the cathode to generate a uniform UV spatial emittance. The 

temporal uniformity is accomplished with the help of  two 3 ps long, 3ps seperated 

Gaussian beams which are stacked together [5]. The two bunch compressors increase the 

amplitude of the peak current to 3.5 keV [5]. The system can stably generate currents 

from 0.5 to 3.5 keV. The undulator system was designed by Argonne National laboratory, 

and is 132 m long. There are thirty three  3.5 m long permanent Neodymium Iiron 

magnet segments. The segments have a period of 3 cm and K = 3.5. The undulators can 

be selectively switched on and off. All the magnets can be adjusted slightly to generate 

maximum gain.   

LCLS showed gain immediately upon being switched on for the first time in April 2009 

[5] . The electron bunches can be varied to generate soft X-rays between 6-22 Å . The 

pulse length can be varied betweeen 60 fs to 350 fs. A low charge operating mode was 

added to generate pulse lengths shorter than 10 fs. The operating current was at 20 pC as 

opposed 250 pC at the longer wavelength. 
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 In order to perform various science experiments, different chambers were designed as 

follows[7]. 

 Atomic Molecular beam Optics (AMO) 

This chamber is designed to study the interaction of X-rays with atoms and molecules. 

Soft X-rays are sent into this chamber. The laser energies range between 480 eV to 2 

keV. The pulse length ranges between 3 to 300 fs, and repetition rates of the laser used 

are 10, 30, 60 and 120 Hz.   

 Coherent X-ray imaging  

This chamber studies ultra-short pulse hard X-ray imaging of nanoscale objects.  The 

photon energies range from 4 to 10 keV. The pulse length ranges between 70 to 300 fs. 

The repetition rates of the hard X-rays are 10, 30 , 60 and 120 Hz.  

 Matter in extreme condition chamber (Yet to be commisioned)  

This chamber is to look at matter under extreme conditions such as temperatures 

exceeding 10,000 K and pressure greater than 10 million tonnes. The photon 

energies range from 4 to 10 keV. The pulse length ranges between 2 to 200 ns. 

 Soft X-ray materials science  

The timing capabilities of LCLS are used in this chamber for scattering and imaging 

experiments. Energy range is from 500 to  2 keV, and pulse length used is 60 to 300 fs.  

 X-ray correlation spectroscopy 
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Dynamic changes in the condensed matter system is studied in this chamber. Photo 

energies from 5.5 to 10 KeV are used with pulse lengths between 70 to 300fs, and a low 

charge mode at pulse length less than 10 fs. The repetition rate used is at 120 Hz.  

 X-ray Pump probe 

The X-rays will be used to probe the transient state of matter generated by an ultrafast 

intense optical laser. The laser energy used will be from 4 to 10 keV.  

5.2  Atomic Molecular Beam Optics 

In my dissertation work, the Atomic Molecular beam Optics (AMO) chamber was used. 

The AMO chamber at LCLS was designed to work for gas interaction with femtosecond 

laser experiments. The chamber can be divided into four parts [7]: 

(a) Single Pulse Shutter:  

The chamber contains a shutter that allows only a single pulse to the AMO chamber. 

(b) Focusing Optics: 

A Kirkpatric –Baez (KB) mirror pair is used to provide a focal spot of 1 micrometer 

at the interaction region. 

(c) High field Physics Chamber: 

The high field physics chamber has a gas jet chamber that allows gas targets. This allows 

a skimmed supersonic beam to interact with the laser light. The chamber is  maintained at 

ultra high vacuum. It has a Wiley Mc Laren time-of-flight (TOF), a velocity map 
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spectrometer that detects the number of ions produced by a single pulse, and five electron 

time-of-flight spectrometers.  The gas jet supports a pulsed gas injector. Aseparate pump 

is present in the gas jet to avoid flooding the high field physics chamber. There is a trip 

switch between the gas jet and the high field physics chamber that isolates the gas jet 

from the high field physics chamber. The isolation is to avoid flooding the chamber and 

to protect the detectors. The gas jet has a single skimmer that focusses the gas beam. The 

gas chamber is pumped using a turbo pump. Schematic drawings of the LCLS gas 

chamber and the AMO gas jet areshown in Figures 5.3 and 5.4 [6, 8].

 

Fig 5.3 Schematic drawing of the LCLS High field physics chamber[8] 
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Fig 5.4 Schematic drawing of the AMO gas jet for LCLS [6]  . 

(d) Diagnostic Chamber  

The diagnostic chamber also has UHV capability, and supports a magnetic bottle 

spectrometer,a gas injector, and diverse diagnostics. 

5.3  First cluster experiment at LCLS 

In the first cluster experiment that I performed at LCLS, we replaced the cluster source 

present in the high field physics source with a source that we built at the Center for High 

Energy Density Science at the University of Texas at Austin. The cluster source we built 

is shown in Figure 5.5, which replaced the onein the AMO chamber shown in Figure 5.4. 

The main difference in the cluster source is that the piezo electric nozzle was changed to 

a pulsed conical nozzle using a Parker Solenoid nozzle. The nozzle is covered with a 

cooling jacket. We created two copper tubes which allowed the flow of  liquid nitrogen. 
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The cooling jacket was covered with a copper wire which heats up the nozzle. The 

heating of the nozzle is controlled by a temperature controller.  

 

Fig 5.5 The Texas Gas Jet designed and built at the University of Texas at 

Austin. 

The experiment at LCLS  was performed using Argon, Xenon, Methane, Deuterated 

Methane, three concentrations of mixed clusters, Hydrogen and Deuterium.The 

experiment was shot for three different intensities (1017,1016,1015 W/cm2), three pulse 

lengths (150 fs , 60 fs, 2.5 fs), and two different photon energies (850 eV and 1.6 keV). 

For each of these sets,  ion TOF, electron TOF and TOF measurements with TOF grids 

groundedwere recorded.  Our experiment at LCLS was performed in collaboration with 

Janos Hadju’s group from  Upsalla University at Sweden, T. Moeller’s group from 

Technical University at Berlin, L.D.Mauro’s group from Ohio State University, J.Bozek 

and C.Boestedt’s group from LCLS and with Nora Berrah’s group from University of 

Western Michigan. 
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Chapter 6:  Interaction of Xenon clusters with high intensity 

X-ray FEL pulses. 

 

6.1 Introduction 

Biomolecular imaging has become one of the most exciting potential applications of the 

linear coherent light source (LCLS) at the Stanford linear accelerator [1]. However, the 

rate at which a large biomolecule explodes in the LCLS pulse while it is being imaged is 

one of the largest unknowns in this kind of experiment, and will likely be one of the 

major factors in determining if such imaging will succeed. The dynamics of this 

explosion are complex, depending on interplay between various aspects of energy 

deposition, evolution of ionization, and electron heating in the large molecule. To 

ascertain the nature of how an intense femtosecond X-ray pulse interacts with large 

atomic ensembles, we studied the explosion of noble gas clusters subjected to intense 

pulses from the LCLS.  

 The physics of how intense optical and near-IR pulses interact with large clusters 

is now well studied [2-4]. XUV pulse interactions with clusters at FLASH soft X-ray 

free-electron laser at DESY [5] and with high order harmonic generation sources [6] have 

shown that the physics of intense short wavelength pulse irradiation of clusters exhibits 

dramatic differences from experiments on clusters in intense near-IR fields.  Major 

aspects of ionization and heating are different at optical and X-ray frequencies. At optical 

frequencies, the outer shell processes, such as tunnel ionization, dominate the atoms in 
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the cluster, while at X-ray wavelengths, inner shell processes take over (photoemission 

followed by Auger emission/X-ray fluorescence, shake-up and shake-off excitations, etc).  

Furthermore, the ponderomotive energy, which is large at optical frequencies, is very 

small in these short wavelength fields (~ meV).  As a result, much of the electron heating 

and ponderomotive ejection of electrons, which are known to occur using high intensity 

IR pulses, do not occur with intense X-ray pulses considered here. Inverse 

bremsstrahlung absorption is significant at optical frequencies, while it is relatively small 

at X-ray frequencies. These properties tremendously affect the evolution of explosions, 

and are responsible for expected differences in the heating of the sample during 

exposures to an intense optical or X-ray pulse. 

The first Xenon cluster experiments at the LCLS are reported in this chapter [30].  

In the studies presented here, we have explored the underlying physics of how the LCLS 

pulse deposits energy in large Xe clusters, and the nature of the subsequent explosion.  

The experimental setup and observations are provided first, followed by in-depth analysis 

and discussion of results. 

6.2 Experimental setup 

The experiment was performed at the LCLS AMO end station [7].  A cluster beam was 

generated by a pulsed supersonic nozzle [General Valve, Series 99], which has a 100μm 

aperture and 5˚ exit cone. Clusters are generated as a target by increasing the pressure of 

the gas flowing through a supersonic nozzle. The gas condenses due to the Joule 

Thomson effect [8], generating atomic clusters that are held together by Van der Walls 
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forces. Such clusters have near solid density. The clusters assume a log-normal 

distribution of cluster size [9] in the chamber, with the average number of atoms 

determined by the Hagena formula [9]. The Hagena formula depends directly on the 

pressure and the nozzle diameter, and inversely depends on the temperature of the gas. In 

our experiment, the nozzle was situated on an xyz motor stage. The cluster generation 

was separated from the interaction chamber by a skimmer with a 200 µm aperture. 

Cluster sizes up to 20,000 were generated by varying the backing pressure. A correction 

was applied to Hagena's formula for bigger clusters based on results by Dorchies et al. 

[10]. 

The LCLS X-ray beam was focused by a KB mirror setup to a spot size of 1 µm 

[7]. Pulses with photon energies of 850, 1600 eV, beam energies of 2, 0.5 and 0.05 mJ 

and pulse lengths of 150 fs, 60 fs and 3 fs were employed. X-ray photon intensities of 

1015 – 1017 W/cm2 seen in LCLS allow sequential ionization of these atoms.  The X-rays 

have a Gaussian spatial and temporal profile. The TOF spectra observed at the maximum 

intensity averages over the ionization rates at intensities of 1014, 1015, 1016 W cm-2 with a 

Gaussian focus.  

The LCLS beam diagnostics are displayed in Figure 6.1. It consists of one ion 

time of flight (TOF) and five electron time of flight spectrometers. The electron time of 

flight spectrometers are mounted both in the plane and perpendicular to the plane of the 

gas jet beam [7]. The ion TOF spectrometer was operated in two modes. In one mode, by 

measuring the ion reaction products of the interaction, mass over charge spectra were 
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recorded in the Wiley Mc Laren setup [11], and in the other mode (all field-free setup), 

the average kinetic energies of the ion reaction products was measured by converting the 

recorded arrival times. The electron time of flight data was measured by grounding the 

ion time of flight spectrometer in order to prevent interaction. 

 

Fig 6.1  Ion and electron time of flight (TOF) spectrometers mounted on the 

LCLS chamber with the gas jet  [29] .  

6.3 Observations  

6.3.1 Ion time-of-flight mass spectra 

The ion charge state time-of-flight spectra of isolated Xenon atoms irradiated by 850 eV 

photons with a pulse width of 150 fs at two different beam energies of 2mJ and 0.2 mJ 

are shown in Figure 6.2.  The spectra was generated by backfilling Xenon gas into the 

chamber with a background pressure of less than 5 psi at room temperature. It can be 

seen that there is very little signal from Xe1+, Xe2+ and Xe3+ , however, in both the 

spectra, the signal strength of Xe 4+ and higher charge states is much stronger. Also, the 
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higher the charge state of the ion, the stronger is the signal. The highest charge of Xe26+ is 

found in the spectra produced by the laser photons with highest pulse energy of 2mJ at 

150 fs.  This is the largest charge that can be generated through sequential ionization 

using 850 eV photons.  The ionization of Xe26+ to Xe27+ requires 1440 eV. We also 

observe that reducing the pulse energy decreases the highest charge generated.  We also 

find that with 0.2 mJ X-ray pulses; only Xe19+ is produced as opposed to Xe26+ in the 

higher energy case.  

 

Fig 6.2: Ion time of flight spectra from the laser interaction between atomic 

Xenon gas and photon energy of 850 eV with a pulse length of 150 fs has 

been plotted for two different beam energies  of (Top) 2mJ and (Bottom) 

0.2mJ. 

We present the Xenon atomic and cluster ion time of flight signal generated from 

the interaction of LCLS photons of 850 eV at 150 fs and 2 mJ in Figure 6.3.  The cluster 

jet has an average cluster size of 160 atoms, which are the smallest clusters used as 
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targets  when we employed 850 eV photons.  As seen in the spectrum from single Xe 

atoms, the charge state of Xe26+ is clearly produced.  However, unlike the ion spectra 

seen from single atoms, we also observe a significant signal from Xe 3+, Xe 2+ and Xe1+ 

ions.  These signals also show the characteristic broadening associated with a cluster ion 

detected in a TOF setup.  The broadening occurs due to the energy gained by the cluster 

ion either through hydrodynamic or Coulomb expansion as opposed to a free gas.  The 

kinetic energy in the ions cause them to move in all directions in the TOF setup, and the 

different accelerations allow the ions to reach the detectors at different times, thus 

broadening their spectra in the TOF signal. Cluster broadening is seen all the way up to 

Xe11+, beyond which there appears to be no broadening.  

 

Fig 6.3: The ion time of flight spectra of the interaction of Xenon  atoms with 

X-rays with with photon energy of 850 eV. pulse length of 150 fs , and beam 

energy of 2.5 mJ. 
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We plot Figure 6.4 the ion time of flight spectra of all cluster sizes of Xenon with 

three different beam energies for each of the two experimental wavelengths of 850eV and 

1.6keV used, i.e., 0.01mJ, 0.1mJ, and 1mJ for 850eV and 0.02mJ, 0.2mJ and 1.8mJ for 

1.6keV. The results can be seen in Figure 6.4 that the kinetic energy broadened the 

spectra of Xe 4+ to Xe 1+ at all the cluster sizes, with a size greater than 8 atoms, 

generated from the interaction of X-ray photons with Xe. The signal strengths from Xe 4+ 

to Xe 1+ ions were much stronger than the rest of the ions. We also observed that as the 

cluster size increased from atomic to a cluster size of 5000, the signal from Xe1+ to Xe 4+ 

increased in its width and strength. The signal strengths remained constant for the cluster 

sizes of 5000 and 10,000 atoms. We observed that the kinetic energy broadens the spectra 

up to a charge state of Xe14+  for interaction with X-ray photons at 850 eV and  up to a 

charge state of Xe15 +  for interaction with Xray photons at 1.6 keV. It becomes difficult 

to determine the broadening beyond this charge state, however, the signal showed strong 

atomic peaks without any kinetic energy broadening, which is a characteristic of a cluster 

signal. It is most likely that these signals were generated from the background atomic gas 

present. The background atomic gas is present since only a certain percentage of the gas 

going through a supersonic nozzle is condensed into cluster. Additionally, the clusters by 

themselves, have a log-normal distribution of sizes, as described in Chapter 2.  

The highest charge state generated at a given beam energy across the cluster sizes 

is constant. We observe this for both the wavelengths. The observed high charge state at 
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photon energies of 850 eV and 1.6  keV  for the highest beam energy were Xe26+ and 

Xe30+, respectively.  As the beam energy of the laser is decreased, the highest charge state 

generated also decreased but remained constant for all the cluster sizes.  The highest 

charge state of Xenon produced by the laser, with photon energy of 850 eV and beam 

energy of 0.1 mJ and 0.01 mJ were Xe19+  and Xe9 +, respectively, which were smaller 

than Xe26+. Similarly, at the photon energy of 1.6 keV and beam energies of 0.2 and 0.02 

mJ, the highest charge state generated were Xe24+ and Xe 12+ , respectively, which were 

smaller than Xe30+. Detailed explanation is provided in the discussion section of this 

chapter. Figure 6.5 presents the results from the study of the pulse length dependency of 

the Xenon cluster signal. We looked at the interaction of clusters at all the sizes with 850 

eV photons with a beam energy of 0.1 mJ. Pulse lengths used were 2.6fs, 66fs and 150 fs. 

The predominant difference that we see from the plots is that the higher charge state 

formation is not consistent across the pulse length. The highest charge states produced at 

2.6 fs, 66fs, and 150fs areXe24+ , Xe15+ , and Xe19+, respectively. The highest charge state 

produced is constant across the cluster size (also true for the cluster size of 0, i.e. an 

atomic spectra)..  At all three pulse lengths, we see a similar trend as in Figure 6.4, that 

the kinetic energy broadened spectra for  lower energy cluster signal is stronger than the 

signal from higher charged ions. 
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Fig 6.4. Ion time of flight spectra from the laser cluster interaction between 

cluster sizes of 5, 150 , 5000 and 10,000 and photon energies of 850 eV (left) 

and 1.6 keV (right), with a pulse length of 150 fs has been plotted for three 

different beam energies for each photon energy. 
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Fig 6.5: The ion time of flight spectra of the interaction of Xenon  cluster 

with 850eV X-ray photons, 0.1mJ beam energyplotted for cluster size of 5, 

150 , 5000 and 10000 at pulse lengths of 2.6 fs , 60 fs and 150 fs.  

6.3.2Xenon Kinetic energy spectra 

Kinetic energy spectra of Xe ions were recorded by grounding the time of flight 

acceleration plates. In this configuration, the ions are no longer accelerated in a potential 

and reach the microchannel plate by drifting through the field free region under their own 

explosion produced kinetic energy. The ions detected are no longer differentiated by their 
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charge to mass ratio, but reach the detector at a time based on their kinetic energies. The 

time of flight signal received is binned with 1 eV time steps to plot kinetic energy 

spectra. The spectra records the average kinetic energy of ions from each interaction. 

Figure 6.6 shows the plots of ion flux versus kinetic energy for the interaction of X-rays 

at 850 eV and 1.6 keV for 150 fs pulses for various cluster sizes and beam energies 

(0.1mJ, 1mJ for 850eV and 0.2mJ, 1.8mJ for 1.6keV). It can be seen that the kinetic 

energy of the ions increase as the cluster size increases from 5 atoms to 1200 atoms, and 

becomes constant beyond a cluster size of 5000 atoms. It can be seen that the kinetic 

energy produced is constant for both the wavelengths, at both the beam energies. The 

kinetic energy of ions interacting with photons of lower beam energies is smaller than 

with those with higher beam energies.  

 Figure 6.7 shows the kinetic energy dependence as a function of beam energy. 

The kinetic energy of ions as expected increases with beam energy, as the beam energy 

increases from 0.02mJ to 2mJ.  
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Fig 6.6: Field free drift measurement of the ions produced from the 

interaction of X-ray laser with photon energies of 1.6 keV and 850 eV  with a 

pulse length of 150fs. The measurement is taken for cluster sizes from 5 to 

10000 at different beam energy of the laser.  
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Fig 6.7: Field free drift measurement of the ions produced from the 

interaction of X-ray laser with photon energies of 1.6 keV  and pulse width of 

60 fs at three different beam energies  

6.3.3 Electron Kinetic energy 

The electron kinetic energy plots were obtained with the use of the five electron time of 

flight spectrometers on the setup.  The ion time of flight spectrometer was switched off to 

allow the electrons to be influenced by electric field from the electron time of flight 

alone. The signals from a few thousand shots of the laser were averaged to generate the 

time of flight signal. Figure 6.8 presents a generic electron time of flight for a cluster size 

of 5000 atoms interacting with a laser wavelength of 850 eV at a pulse length of 150 fs, 

and a beam energy of 0.1 mJ. The time of flight shows strong peaks at 160 eV, 520 eV 

and 750 eV. There is also a sharp cutoff at 770 eV.  The signal strength of low energy 

electrons less than 140 eV is stronger than the rest of the spectra. 
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Fig 6.8: Electron time of flight spectra from the interaction of laser of  

photon energy of 850 eV at 0.1 mJ beam energy and 150 fs pulse width wit h a 

Xenon cluster of size 5000 atoms.  

Figure 6.9 shows the signal received by ETOF1 and ETOF 4, which correspond 

respectivel to the perpendicular and parallel electron time of flight spectrometers shown 

in Figure 6.1. We see that the higher energy electrons are too fast to be retarded by the 

ETOF. As a result, the  high energy electrons pass through and are therefore not collected 

by ETOF 1, but collected by ETOF4. Therefore, the low energy electrons have a much 

stronger signal in ETOF 1 than the high energy electrons. 
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Fig 6.9 The electron time of flight recorded at two different orientations of 

the detector with respect to the interaction of X-ray photons at 850 eV, 150 fs 

pulse width with Xenon cluster size of 1200 atoms.  

 

Figure 6.10 shows the electron time of flight spectra for cluster size of 5 atoms 

interacting with laser of photon energy of 1.6 keV at beam energy of 2 mJ and pulse 

length of 150 fs. The plot shows strong peaks at 520 eV, 930 eV,  and 1350 eV,  and 

unlike the 850 eV  photon energy case shown in Fig. 6.9, shows some signal at the 

photon wavelength of 1.6keV.  The signal from lower energy electrons (less than 200 eV) 

is an order of magnitude  stronger than that of the higher energy electrons. 
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Fig 6.10 Electron time of flight spectra for a cluster size of 5 atoms with 

laser of photon energy of 1.6 keV , beam energy of 2 mJ, and pulse length of 

150 fs. 

The electron kinetic energy spectra for different cluster sizes at 850 eV and 1.6 

keV X-ray photon energies at 150 fs, and at two different beam energies for each of the 

two wavelengths are shown in Figure 6.11.  As the cluster size increases at 850 eV and 

1.6 keV, the signal strength increases from a cluster size of 5 atoms to a cluster size of 

1200 atoms, and it then decreases for larger cluster sizes. This trend is consistent for 

lower beam energies also.  Saturation of electron temperature with the variation of beam 

energy is also seen. The beam energy on being reduced to 0.1 mJ generates the same 

peaks as the signal produced at 1 mJ. A slightly higher number of lower energy electrons 

is seen at the higher beam energy. However, for most part, it can be seen that the electron 

energy remains constant with increasing beam energy. We also see that the electron 

signal from photon energy of 1.6keV is much noisier than at 850 eV.  
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Fig 6.11:Electron time of flight measured from the interaction of Xenon with 

X-ray photon of 850 eV (left) and 1.6 keV (right) at two different beam 

energies for each wavelength for various cluster sizes.  

6.4 Discussion  

In our experiment, we took the signal from three different diagnostic setups - 1) the ion 

time of flight, 2) the ion time of flight with the grids grounded, which generates kinetic 

energy spectra, and 3) the electron time of flight.  In all the measurements, we observe 

that when X-rays interact with clusters, the ions in the cluster undergo inner shell 

ionization followed by Auger decay, and the ionization is such that the cluster is 

converted into a nano plasma.   
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Ionization of a cluster can be regarded as a two part process. In the first part, the laser 

interacts with neutral atoms, the atoms in a cluster ionize, and the electrons released as a 

result, escape. The ionization mechanism is similar to that in the case of a single atom. In 

the second part, subsequent ionization of the cluster will occur as a result of further 

interaction of the laser with the ionized cluster, depending on the extent of ionization in 

the earlier case. If the ionization in the first part is strong enough such that the entire 

cluster explodes due to the Coulomb forces [12] between them, then there can be no 

subsequent ionization. On the other hand, if the Coulomb forces are weak, the cluster will 

have a space charge depending on the first part, which will allow the atoms and ions in 

cluster to be further ionized. In this case, only those electrons can escape the clusters that 

have energies greater than the space charge of the cluster.  If the electrons do not have 

sufficient energies, they are trapped in the cluster, contributing to the formation of a nano 

plasma. Further interaction of the laser with the plasma will result in plasma heating 

mechanisms. The cluster will then explode hydrodynamically [4]. 

    Ionization mechanism of an atom from a laser depends on its Keldysh parameter 

[13]. The Keldysh parameter is the ratio of laser frequency to the tunneling frequency, 

which determines the regime of ionization.  If the Keldysh parameter is much less than 1 

we are in the tunneling regime.  On the other hand if the Keldysh parameter is much 

greater than 1 , then the atoms ionize by photoionization, where an electron absorbs the 

photon and gains enough energy to escape the atom. This is also called the 

photoionization regime. The Keldysh parameter now reduces to the square root of the 

ionization potential over ponderomotive potential. The ponderomotive potential is the 
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average oscillation energy of an electron in a laser field, and is equal to the product of the 

intensity and the square of the wavelength. If the ponderomotive potential is large 

(Keldysh parameter is less than 1), then the atom is in the tunneling regime whereas, if 

the ponderomotive potential is small (Keldysh parameter is more than one), then the atom 

is in the photoionization regime. At X-ray wavelengths of 850 eV and 1.6 keV, and with 

a maximum photon intensity of 1017 W/cm2 as seen in the LCLS, the Keldysh parameter 

is 36, which is much greater than 1. Therefore, the atoms facing 850 eV and 1.6 keV 

photons are in the photoionization regime. In the photoionization regime, the photon 

ionization cross section determines the number of photons absorbed by the atoms. The 

photoionization cross sections of the 3d, 4s, 4p and 4d states are plotted in Figure 6.12 

[14]. The inner shell cross section of 3d is three orders of magnitude larger than the 

valence 5s and 5p shell cross sections. The next larger cross section is the 4p cross 

section at 850 eV, and 3p cross section at 1.6 keV. The probability of photo ionization of 

3d shell is much higher than its valence shell which is followed by 4p at 850 eV.  

Removal of a 3d shell electron results in a vacant inner shell with a filled outer shell in 

the Xenon atom. The outer shell 4s and 4d electrons fill the inner shell. The energy 

released from this transition removes a second electron (Auger process), resulting in a 

doubly ionized atom. The vacancy of 4s and 4d shell results in further outer shell 

transitions, and as a result, more Auger electrons are generated. Thus, a single photon 

ionization of Xenon atom at these photon energies result in the formation of Xe5+ or Xe4+  

from outer shell and Auger transitions [15].  Our experimental result of the atomic 

spectra presented in Figure 6.2, shows the signs of inner shell ionization followed by 
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Auger emission. In the atomic spectra, we do not see any significant signal from Xe 4+ to 

Xe 1+.  This is consistent with 3d inner shell ionization, where single photon ionization of 

3d shell results in the formation of Xe4+ or Xe5+ after subsequent Auger decay. The higher 

charge states beyond Xe5+ are then generated from sequential ionization of these ions. 

The 3d shell ionization of higher charged ions will dominate until the cross section of 

sequential ionization is larger than the 3d shell of that ion. The highest charge state 

generated by laser at both the photon energies of 850 eV (Figure 6.2) and 1.6 keV (Figure 

6.4) are Xe26 + and Xe30+, respectively, which corresponds to the maximum ionization at 

those photon energies. The higher charges have a much stronger signal than the lower 

charged ions. There is no evidence of multiphoton ionization.  

 

Fig 6.12.  Xenon photoionization cross section for the X-ray photons of 850 

eV and1.6 keV.  



88 
 

We also see the signature of inner shell ionization and Auger emission in  electron time 

of flight spectra in Figure 6.9 and Figure 6.10. A distinct 3d-1 peak (160 eV for 850 eV 

and 920 eV at 1. 6 keV) is generated at both the wavelengths. The Auger transition from 

4d sub shell at 520 eV is observed in both the spectra. We also see lower strength signal 

of inner shell transition of 4d and 4p shells [15]. The valence electrons contribute to very 

low strength signal. This signal is only observed in the electron time of flight 

spectrometer that is present in the direct line of sight to the beam. We see that the primary 

ionization is from inner shell ionization.   

We further modeled the time of flight spectra by using a simple iterative rate 

equation based model.  The evaluation takes place for a series of time steps such that it is 

sufficiently small compared to the pulse duration of 150 fs.  The total evaluation time was 

5 ps. This time period was the optimum duration time during which the results of the 

simulations began to converge. The result of the previous evaluation/time step is taken as 

the input for the next evaluation. In each time step, the fraction of density from each 

charge state is read out, and the most likely Auger transitions are calculated from 3d and 

4d excitation. We use earlier work on Auger states to determine the probability of the 

Auger transition [15,16,17]. The incomplete potential of the inner shell is adjusted for 

different electronic configurations by using a simple algorithm developed by Slater et al 

[18]. The photon absorption cross sections for the electron shells 3d, 4s, 4p, 4d, 5s and 5p 

were interpolated in 1eV steps for the neutral atom up to 1800 eV from the values found 

at [14]. To calculate the cross section for higher charge states, this curve was shifted by 

the difference of the ionization potentials compared to the neutral atom, towards higher 
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photon energies. We take into account that the cross section strength decreases with an 

increasing charge state [18,19]. Figure 6.20 (a) shows the results from the model, where 

we plot the fraction of Xenon charge states to the signal observed. We can observe 

extremely small signal from Xe1+ to Xe 4 + , and  also observe that Xenon is 

predominantly ionized to Xe 26+. This is consistent with the time of flight spectra we 

measured for 850eV, where higher charge signal dominates the spectra. The difference in 

the signal strength of the ions from Xe 4 + onwards in the model, where the model shows 

much weaker charge states as opposed to the data, could be due to the utilization of a  

simplistic Hydrogen like model for calculating the inner shell and Auger transition for the 

higher charged ions.  

As we increase the backing pressure in the nozzle generating the clusters, we 

observe strong evidence of a nano plasma formation in all three diagnostic setups. We 

observe Xe 1+ to Xe 4+  in the ion time of flight spectra generated from the interaction of 

850eV photons with clusters for a size greater than 8 in Figure 6.3 and Figure 6.4, which 

is not seen in the atomic spectra due to high inner shell cross section. Presence of lower 

charge state signal in the cluster spectra, and the lack of these in atomic spectra, shows 

that these lower charge states are formed by recombination processes in the cluster. We 

further observe that signal beyond Xe 14+ shows atomic trends (i.e., they do not have the 

characteristic cluster broadening caused by the energetic ions in the time of flight 

spectra). The recombined signal is much stronger than the rest of the higher charges in 

the spectra. Recombination processes can occur only in a nano plasma and not in a 
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completely ionized atom exploding through Coulomb forces. The presence of the nano 

plasma is further validated by the kinetic energy and the electron time of flight spectra.  

We fit the kinetic energy spectra generated by the cluster with two models to 

determine the nature of the ionization and explosion. First, a pure Coulomb exploding 

model, where in the first ionization step, all the atoms in the cluster are ionized and the 

Coulomb force between the ions is strong, resulting in the explosion of the cluster. Given 

a cluster which has a radius of Ro, all the ions in the cluster are ionized such that the 

average charge of the cluster is Z.  Surface potential, sQ ,of such a cluster will be given by 

[12] 

)4/( 0RZeQs      (6.1)  

and the maximum kinetic energy of an ion in such a cluster is  
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Where, nl
 is the liquid density of the cluster. To generate the energy distribution, we need 

to take into account that the clusters formed from a supersonic expansion of the gas from 

the gas jet do not have a uniform size distribution, but have a log-normal size distribution 

[20]. The mean cluster size of this log-normal distribution is given by Otto Hagena’s 

empirical formula [9]. So, the contribution to a given energy E will not be from a single 

cluster but a distribution of clusters. Hence, the energy distribution is given as 

dEEEgEdEf )()()(     (6.3) 
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where, g(E) takes into account the different clusters that contribute to energy E, and is 

given by  
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where, nc(N) is the log-normal distribution of the density of cluster with a mean of 

Hagena’s cluster size. It is given by  
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and NE is the smallest cluster size that contributes to a given energy E such that  


ENE       (6.6)  

where,   is the theoretical Coulomb energy observed by a cluster size of 1. Therefore, 

the energy distribution of the ions is determined by the average charge formed in the 

cluster and the cluster size. We plot f(E)d(E) for a given cluster size for different charge 

Z, and determine a fit for the kinetic energy distribution discussed in the previous topic. 

Secondly, we use a hydrodynamic model. In this picture, the entire cluster turns 

into a nano plasma. The thermal electrons in the nano plasma impart the energy to the 

electrons, and allow for the disintegration of the plasma. The thermal expansion is similar 

to a hot fluid expansion, and the model is based on Schmalz model solution [21] for fluid 
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equation. The model assumes an adiabatic expansion of the plasma. The velocity of the 

expanding plasma ions normalized to the speed of sound is given by [21] 

             (6.7) 

where,           
     

  
       

     

and the ion density is given by 

        
 

 
    (6.8) 

where,         , r is the radius of the plasma and Cs is the speed of sound given by 

                . Te is the ion temperature and me is the mass of the electron. We plot 

the kinetic energy spectra using this model. We fit the kinetic energy spectra for different 

values of  ZTe. We determine Z from computing the average charge state from the 

corresponding ion time of flight spectra produced with the grids on, and then determine 

the electron temperature from each plot. 

The fit of the kinetic energy spectra produced from the interaction of a cluster of 

size 15 atoms generated with an X-ray laser at 1.6 keV, with a 2mJ beam energy and a 

pulse length of 150 fs, is plotted in Figure 6.13. The hydrodynamic model fits the entire 

spectra for the distribution. The Coulomb model fits the “knee” in the spectra, that is 

typically characterized with Coulomb explosion. The fits show that there is a mixture of 

the two processes that characterize the explosion for this cluster size. A similar type of 

explosion has been observed in the Methane spectra [22]. In that case, the ionization of 
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the cluster is such that the Coulomb forces between the ions are strong. The higher 

charged ions in the cluster will be faster due to the higher charge of the ions. As a result, 

they leave the cluster faster than the smaller charges. As the higher charges in the cluster 

escape, the net charge in the cluster drops, resulting in the formation of a nano plasma. 

The nano plasma now expands hydrodynamically. The hydrodynamic model fits the 

entire spectra and has a ZTe of 100 eV. The average charge was found by calculating the 

average charge in the ion time of flight as 7. This gives the temperature to be 13.7 eV. 

The Coulomb model fits the knee in the spectra for a Coulomb charge of 14. However, 

the Coulomb model does not fit for average charge of 7. The higher charge with an 

average charge of 14, explodes by Coulomb expansion, and the inner core plasma 

expands hydrodynamically with an average temperature of 13.7 eV.  Figure 6.14 presents 

the hydrodynamic and Coulomb fits for increasing cluster sizes for kinetic energy spectra 

obtained with interaction of photons at 850 eV and 1600 eV at the highest beam energies 

of 1mJ and 1.8mJ, respectively, and a pulse length of 150 fs. As the cluster size increases 

the electrons formed by photoionization do not have sufficient energy to overcome the 

potential barrier of the ions as a result electrons are trapped in the cluster generating a 

nano plasma. The Coulomb “knee” seen at the smallest size is not seen for the larger 

cluster size in the kinetic energy spectra.  The hydrodynamic model now fits the entire 

spectrum. When we try to plot the Coulomb model, although it fits the higher 

energies,the fits determine much smaller charge states than those on the time of flight 

spectra. The hydrodynamic model is a good fit over both wavelength and over all the 

cluster sizes over the entire range. The model deviates from the experiment at smaller 
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energies. These ion signal are the noisiest signal and will have the most error in the 

measurements. There is also a possibility that as the cluster expands the temperature of 

the plasma cools down further than that observed in fitted model. The hydrodynamic plot 

fits the kinetic energy spectra across the data taken from all the beam energies and pulse 

lengths . We fit, as an example, the model and the data obtained from 0.2 mJ beam 

energy at a pulse width of 150 fs, and with 2 mJ beam energy and a pulse width of 60 fs 

at 1.6 ke V in Figure 6.15. We do not see the presence of the Coulomb knee in any 

spectra apart from in the smallest cluster size. Lack of Coulomb contribution with 

increasing cluster size is not surprising as the intensity of photon absorbed decreases with 

increasing cluster size. As a result, we see that the kinetic energy spectra strongly support 

the nano plasma formation.  

 

Fig 6.13: The ion drift data produced from the interaction of Xenon cluster of 

<N>=6 with 1.6 keV photon beam of pulse length 150 fs. The signal has been 

modeled by Coulomb explosion and hydrodynamic model.  
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Fig 6.14: The ion drift data produced from the interaction of Xenon cluster of 

various cluster sizes and X-ray photons of energies 850 eV (left) and 1.6 keV 

(right) at a pulse length of 150 is presented. The data has been fit using the 

models for Coulomb explosion and hydrodynamic explosion. qe is the 

Coulomb charge,  Te is the electron temperature for the hydrodynamic fits.  
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Fig 6.15: The ion drift data produced from the interaction of Xenon cluster of 

cluster size <N> =5000 and X-ray photons energy of 1.6 keV at a pulse 

length of 60fs and at beam energy of 2 mJ (top) and a pulse length of 150fs at 

beam energy of 0.2 mJ (bottom). 

The electron time of flight spectra signal shown in Figure 6.8 through Figure 6.11 also 

support the nano plasma formation since the signal strengths from electron energies lower 

than 200 eV is much stronger than the Auger lines and inner shell electron lines.  A low 
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temperature nano plasma will certainly support recombination processes, as seen in the 

time of flight spectra.  

 The heating and recombination of the nano plasma shows certain trends across cluster 

sizes and wavelengths. We observe these trends consistently across the three diagnostic 

measurements. In  the time of flight spectra, in order to understand the trends of the 

recombination and the behavior of the nano plasma, the area under Xe1+  signal was 

computed and plotted for all the TOF flight spectra recorded, as shown in Figure 6.16.  

The area under the signal gives the signal strength for an ion in a cluster. We observe that 

the area increases as we increase the cluster size, and then become constant for larger 

cluster sizes.  The area is smallest for the signal recorded with the smallest beam energy 

and for smaller cluster sizes of <N> =<500> atoms at both the wavelengths and pulse 

lengths . As the cluster size increases, we observe that the Xe1+ signal increases up to a 

cluster size of 1200 and then remains constant up to a cluster size of 5000,and decreases a 

bit for the largest cluster size. As the cluster size increases, we see that area obtained with 

the 10% beam energy and 100% beam energy is about the same. This shows that those 

recombinations of ions have reached a saturation in the plasma created or that the ions in 

plasma have reached an equilibrium.  To understand the ionization better, the area under 

the higher charge states of Xenon (background or atomic signal) was computed, and the 

results are shown in Figure 6.17.  These ions do not have any broadening in the spectra as 

they do not posses kinetic energy. They are generated from ionizing the background 

generated due to the log-normal distribution of the cluster. This signal strength increases 

with beam energy as we increase the photon energy. The atomic signal is seen to increase 
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with cluster size, except at the largest beam intensity where it drops with larger cluster 

size. This could be due to a larger absorption from the ions in the cluster than the 

background, and also due to better condensation of cluster with increasing cluster size. 

The signal strength is fairly constant with pulse length. The 5000 atom cluster at 850 eV 

and 150 fs pulse width shows an anomalous trend with regards to all the other spectra in 

both the atomic and cluster cases. We look at the ion time of flight spectra and observe 

that the signal strength at this spectra is low (as seen in Figure 6.5), and as a result, the 

area strength is low in both the Xe+ and in the Xe atomic signals. We believe that this is 

an experimental error of locking the wrong pressure for that particular shot.  The trends in 

Xe+ show that the recombined signal first increases and then saturates with intensity and 

cluster size. In the kinetic energy spectra, to better understand the trends, the electron 

temperatures obtained from modeling the hydrodynamic simulation are plotted. The 

trends of the electron temperature as a result of changing the wavelength at different 

cluster size for the highest beam energy, changing the pulse lengths for different cluster 

sizes, and changing the beam energies for different cluster sizes are shown in Figures 

6.18 (a), (b) and (c), respectively. 

 



99 
 

 

Fig 6.16 Area under the Xe
+

 signal has been plotted from the time of flight 

signal of Xenon  produced by the interaction of Xenon clusters with X-ray 

photons at wavelength of 850eV and 1.6 keV, and at pulse lengths of 150 fs 

and 76 fs, and at three different beam energies.   
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Fig 6.17:  Area under the atomic contribution of the signal has been  plotted 

from the time of flight signal of Xenon produced by the interaction of Xenon 

clusters with X-ray photons at wavelengths of 850eV and 1.6 keV, at pulse 

lengths of 150 fs and 76 fs.  and at three different beam energies.   

As the cluster size increases, it is seen that the electron temperature rises and then 

saturates for larger cluster sizes. This is similar to the saturation in the Xe1+ signal for 

larger cluster sizes, i.e. the plasma reaches equilibrium. As the cluster size increases, the 

laser is able to ionize larger number of atoms, resulting in hotter electrons. The stability 

of the ions in the plasma allows sequential ionization of the atoms, which results in the 

production of hotter electrons. As the number of atoms in the cluster increase, the extent 

of ionization starts to become constant or decreases. As a result, at larger cluster sizes, the 
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temperature saturates. At 850 eV and 1.6 keV, for the largest beam energy, it can be seen 

that the temperature saturates, with the temperature for 1.6 keV case being greater than 

that for 850 eV case. The pulse length also shows saturation of electron temperature with 

cluster size. We also observe that 2.6 fs pulse width has a lower electron temperature than 

60 fsand 150 fs pulse widths.   

 

 

 

Fig 6.18: The electron temperature( in eV) dependence obtained from the 

hydrodynamic modeling of the drift time of flight is plotted for (a) cluster 

size and two different wavelengths, (b) cluster size and three different pulse 

lengths, and (c) beam energy variation. 

a 
b 

c 
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The electron time of flight spectra in Figure 6.10 also shows that the kinetic energy of 

electrons is fairly constant with increasing cluster size and pulse lengths.  

The pulse length dependency spectra in Figure 6.5 plotted  at different pulse lengths 

shows an anomalous trend. We see that the signal generated from the shortest pulse 

length of 2.6fs has the largest charge state of Xe24+ , as opposed Xe15 + at 60 fs and Xe19+ 

at 150 fs. We believe this is an atomic trend as we also observe the same higher charge 

states in the atomic case. The generation of higher charges in 2.6 fs than at the longer 

pulse lengths of 60 fs and 150 fs could be due to the presence of multiphoton ionization 

at 2.6 fs. The Auger decay time at 2.6 fs is much longer than the pulse width, and the 

intensity of the laser is higher than at 60 fs and 150 fs, which could allow multiphoton 

ionization of 3d shell leading to a faster generation of higher charge states. In 60 fs and 

150 fs pulse length cases, sequential ionization leads to the formation of higher charge 

states due to which the charge state at 60 fs is lower than at 150 fs.  

6.5  Modeling  

The experimental data of Xenon shows that the predominant process in Xenon cluster 

interaction with X-ray photons is the generation of nano plasma which explodes 

hydrodynamically. The electron temperature generated in this process is low, and is in the 

order of 200 eV as seen in the hydrodynamic fits. The heating of the plasma at these 

wavelengths was surprising as the ponderomotive energy is high in the infrared and XUV 

regime, but is very small in X-rays.  Plasma resonance is also not a possibility as, at these 

energies, the critical densities have to be 1025 cm-3. The gas cluster density of 1022 cm-3 is 



103 
 

much smaller to allow such resonant heating. In this section, two models that can 

contribute to the heating of these plasmas are presented. 

6.5.1 Inverse Bremsstrahlung  

Inverse Bremsstrahlung [23] is the energy absorbed by an electron when it passes close to 

an ion in plasma. . The rate of energy gained by the electron depends on the Keldysh 

parameter. The rate at which the electron absorbs the energy through inverse 

Bremsstrahlung for Keldysh parameter much less than 1 is given by [24] 

  (6.9) 

where,  is the collisional frequency, E is the additional energy gained. 

When the Keldysh parameter is greater than 1, the tunneling frequency is very small. In 

this scenario (as is the case with the LCLS photons), the amount of energy absorption due 

to inverse Bremsstrahlung is based on the amount of energy gained by photo absorption 

by a free electron in the presence of an ion The amount of energy gained in this case is 

given by [24] 
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where,  is the electron density,  is the photon flux,  is the photon energy, and 

 is the pulse width. 
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Inverse Bremsstrahlung absorption is primarily an important phenomenon at low 

intensities, and is less significant at higher intensities. The amount of energy gained by an 

electron in the case of LCLS plasma for an electron density of 1022 cm-3 and LCLS laser 

parameters is plotted for two different photon energies against the initial temperature of 

the plasma in Figure 6.19.  We see that on an average only 40 eV of electron energy can 

be gained at 850 eV and around 10 eV at 1.6 keV.  Given that the electron temperatures 

measured was around 200 eV for both photon energies, inverse Bremsstrahlung cannot be 

the predominant heating mechanism of the plasma. 

 

Fig 6.19 Inverse Bremsstrahlung modeling of the interaction of Xenon cluster 

with 850 eV and 1.6 kev photons. The additional temperature acquired by the 

cluster due to Inverse bremsstrahlung is plotted against the initial electron 

temperature of the cluster.  
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6.5.2 Photoionization Modeling  

The presence of high electron heating cannot be attributed to either inverse 

Bremsstrahlung or plasma resonance heating. We look at the possibility of 

photoionization process heating the plasma. 

In the photoionization model, energetic electrons are released from the atoms in the 

cluster by absorbing the photons .These electrons are unable to escape due to the surface 

charge of the plasma, and the energy is redistributed.  Typically, in infrared or EUV 

where the ionization of valence electron takes place, the electrons escape into the 

continuum due to the lower surface charge of the cluster. In X-rays, where inner shell 

photoionization dominates leading to highly charged atoms, surface charges of the cluster 

are high, and the probability of trapping an electron is large. Furthermore, the Auger 

process allows the generation of varied spectra of electron energies, which allows for 

redistribution of the electron energy. For instance, for 850 eV photon energy interaction 

with Xenon, the inner shell ionization of 3d allows the Auger path [15] of 3d-1-> 4s-14d-1 

->4d-25p-1 -> 4d-15p-3 -> 5p-5 generating Xe5+ from a single photon. The electrons that get 

released have energies of 170 eV (photo electron energy released at 850 eV), 430 eV, 70 

eV, 20 eV and 20 eV, respectively. The average electron energy in this case is 177.4 eV. 

This is the energy observed through the hydrodynamic simulation, and observed in the 

electron energy spectra. To effectively verify the model as the cause of plasma heating at 

X-rays, we ( Heiko Thomas and I) ,developed a rate equation model similar to that 

modeled to simulate the final charge state distribution of ions from the interaction of a X-
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ray pulse with Xe cluster. The photon energy is fixed to 850 eV, which was one of the 

photon energies at LCLS.  The code was written using Mathematica. 

The rate equation system consists of 27 time dependent equations N0[t], N1[t], 

N2[t]…N26[t]  for the neutral atom and the charge states up to Xe26+.  The fraction of 

neutral atoms is 1 (equal to 100%) and the fraction of all other charge states is zero at the 

beginning of the simulation. The rate equation takes the form  
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Where, csq-1  is the photoionization cross section of ionizing the i-1th molecule. Rak is the 

inner shell cross section rate that allows the ionization of a Xek+ molecule to Xei+ 

molecule where k< i.  Rri  is the three body recombination rate that allows the Xei+1 to be 

ionized to Xei.  Rp  is the  Auger rate of converting Xei+ to Xep+ such that i<p.  Rci is the 

rate from collisional ionization . 

The Auger rate and the cross section rate used are similar to the atomic case used in the 

discussion section 6.4.  In the cluster case,  several factors such as recombination [25]; 

collisional ionization ,collisional cooling [26]; the changing electron density , continuum 

lowering [27]; the expansion of the cluster, , adiabatic cooling of the electron gas and 

evaporating electrons [28] that have enough energy to leave the cluster are included in the 

simulation.  All necessary constants and rates are calculated between evaluation steps of 

the rate equation system taking the changing electron density and the expansion of the 

cluster into account.  The rate equation itself then also includes the recombination and 
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collisional ionization rates. The mean charge state is calculated from the fraction of the 

different charge states from the final result of the rate equation system and also from the 

number of electrons that have been collected into the electron histogram. The size of the 

cluster, the number of atoms and the radius, are included in the simulation. 

 

Fig 6.20: The graph plots the simulation results showing the ion signal 

versus the ion charge state calculated  using photoionization model for an  

atomic and a 10,000 atom cluster case.  

Figure 6.20 presents two cases - 1) when the recombination rate is turned off (as in the 

case of a gas where there is no plasma formation), and 2) when the recombination is 

turned on (as in the case of a 10,000 cluster plasma). As can be seen in the top part of 

Figure 6.20 for the first case, that the major portion of Xenon is ionized into Xe 27+ , on 

the other hand when the recombination is turned on, as shown in the bottom part of 

Figure 6.20, there is no charge higher Xe8+  observed. The electron temperature 
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calculated by keeping track of each of the electrons extracted in each step gives an 

average electron temperature of 200 eV. This temperature is consistent with the 

temperatures observed, and we believe is the cause of the ionization. Photoionization 

heating explains the higher electron temperature produced by 1.6 keV photons as 

opposed to 850 eV. We see that in 3d inner shell ionization followed by Auger process, 

the total energy of electrons released by a 1.6 keV photon is about 750 eV greater than at 

850 eV. Given that 5 electrons are removed in each process, the average electron energy 

gained is 150 eV greater than at 850 eV.  However, inverse Bremsstrahlung energy 

gained by an 850 eV photon is 40 eV higher, and the cross section of photoionization is 

about twice that at 1.6 keV.  Taking all these into consideration, the difference of  about 

50 eV in electron energy is gained at 1.6 keV, as observed. Photoionization heating also 

explains why the electron temperature becomes constant with cluster size and beam 

energy.  In smaller cluster sizes, the condensation ratio is low, and hence, the amount of 

photons absorbed by the clusters is low. The greater part of the photons are absorbed by 

the background gas. As the cluster size increases, the condensation improves, and 

absorption depends on the cross section of the ions in the cluster. We see that due to 

extremely low values of the cross section, that the amount of photon densities absorbed 

by the cluster becomes constant. Due to the high density of photons, increasing the 

cluster size does not significantly affect the photon density absorbed, which remains a 

constant. As a result, the electron temperatures produced becomes a constant. Similarly, 

beyond a certain intensity of  the laser, the plasma essentially does not absorb anymore 
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photons. As a result, increasing beam energy also produces a fairly constant electron 

temperature.  

6.6 Summary  

In this chapter, it is shown that the inner shell ionization dominates in the  interaction 

with LCLS X-ray photons. Across the three diagnostic setups, it is shown that the inner 

shell ionization of the cluster converts the cluster into a nano plasma. It is also seen that 

the nano plasma expands hydrodynamically. The plasma heating shows a saturation or 

reaches an equilibrium state such that increasing the beam energy does not change the 

ions produced or the electron temperature of the plasma. Similarly, beyond a certain 

cluster size, the electron temperature of the plasma becomes constant and the strength of 

the recombined signal becomes a constant. Finally, it is shown that the  heating of the 

plasma occurs through photoionization heating. With the help of a rate equation model, it 

is shown that the trends and the electron temperatures produced are consistent with the 

photoionization heating model. 
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Chapter 7: Methane and CD4 cluster interaction with X-ray 

photons. 

7.1 Introduction  

At X-ray wavelengths, the inner shell of Methane is favorably ionized over its valence 

electrons. Auger transitions from outer shell will generate a doubly or triply ionized 

Methane molecule [1]. Such a molecule fragments into hydrocarbon ions, Carbon ions 

and protons. In Methane clusters, the ionization will be similar to the molecule and will 

convert the cluster into a ball of aforementioned ions. The Coulomb force between these 

ions in the cluster can be large depending on the ionizing condition. Protons being the 

lighter ions are accelerated faster than the other ions in the cluster, and form an outer 

proton shell. As the protons escape, it is seen that the net Coulomb force between the ions 

reduces, and the remaining molecules form a stable quasi neutral plasma core that allows 

recombination. This chapter [35] explores how the dynamics of the proton shell varies 

with the laser parameters, and gives two important conclusions - 1) the presence of 

protons allows for the rest of the molecule to be imaged and 2) the best condition for 

imaging is at short pulse and 2 keV photon energy. 

7.2  Experimental description  

Methane clusters were generated by a modified pulsed supersonic nozzle (General Valve, 

Series 99).  A gas volume of a few mm3 on the top of the valve was pressurized by the 

nozzle poppet and then expanded through a 100 μm dia. orifice with a 150 half angle 
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cone. The nozzle was opened for 2 ms in order to approach a steady-state expansion and 

condensation. Cluster sizes from 100 to 100,000 molecules were generated by cooling the 

nozzle to 170 K using liquid nitrogen and changing the backing pressure. The mean 

cluster sizes were estimated by using the Hagena parameter [2] and assuming a log-

normal cluster distribution [3]. The position of the nozzle was controlled using a xyz 

motor stage to direct the cluster beam through a 200 μm dia. skimmer leading to the 

interaction chamber, whose pressure was kept below 10-7 mbar. The condensation rate at 

lower pressure (a Hagena estimate of 100 molecules/cluster) is less than 10% [4]. The 

LCLS X-ray beam was focused by a Kirkpatrick-Baez (KB) mirror configuration [5] to a 

1/e2 intensity waist-radius w0 ~ 1 μm at photon energies of 800 eV and 2 keV and at 

pulse lengths (FWHM) ranging from 150fs to less than 10 fs [6]. The focusing mirrors 

had a total reflectivity of 20%, giving peak intensity for a1 mJ pulse energy and 150 fs 

FWHM pulse length of about 1017 W/cm-2. An ion time-of-flight (TOF) spectrometer was 

operated in a Wiley McLaren configuration [7] to measure mass over charge resolved 

spectra. We also measured the direct kinetic energy of the ions by grounding the grids of 

the time of flight spectra. Five electron time of flight spectrometers (mounting described 

in Chapter 6) measured the electron time of flight spectra. 

7.3 Photoionization cross section  

The ionization cross section is shown in the Figure 7.1. The 1s shell cross section of 

Carbon is around 0.4 to 0.5 Mbarn, whereas the cross section of Hydrogen is 10-4 Mbarn 

which is three orders of magnitude smaller. Hence, the photoionization cross section of 

http://www.google.com/url?sa=t&source=web&cd=1&sqi=2&ved=0CBMQFjAA&url=http%3A%2F%2Fcars9.uchicago.edu%2Fgsecars%2Fmirrors%2Findex.html&ei=jt5iTd2fEdObtwel1sCGDA&usg=AFQjCNGS8NDiJWDH6rgcYeoHXw57l5huRA
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the K shell in Methane molecule is about three orders of magnitude larger than its 

external shell [8]. The 1s shell of Methane ionizes when impinged by LCLS X-rays. The 

photon absorption from Hydrogen is almost negligible. We know this as the Hydrogen 

cross section at X-rays is low and further more Hydrogen clusters used in this experiment 

did not show any cluster broadening despite changing the gas pressure to 200 psi at both 

800 and 2000 keV photons.  

 

Fig 7.1 Methane photoionization cross section [8]  
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Fig 7.2 Methane inner shell ionization energy diagram for 800 eV photons. 

Plot prepared using data from Ref [1]  

7.4 Molecular spectra 

Given, that the photoionization cross section of Carbon K shell is three orders of 

magnitude larger than Hydrogen cross section, we look at the ionization of Methane 

molecule when irradiated by X-ray photons that can excite the K shell electron. 

Methane molecule has an sp3 tetrahedral symmetric structure with the electronic 

states represented as 1s2 2a2 2t6 [1, 9-17]1s shell of Methane is similar to the inner shell 

of Carbon. Using the earlier experiments as a base, the possible energy diagram of 

Methane for the LCLS experiment using 800 eV photons based on the inner shell 

ionization pattern for the experiments at LCLS is shown in Figure 7.2. When the inner 

shell is photoionized to a state of 1s-1, an electron with energy of 570 eV can be released. 
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The  ionized molecule can, through single Auger process, release the secondary ion, or 

through double Auger process, release two secondary ions.  A single photon ionization of 

Methane, therefore, generates either CH4 2+ or CH4
3+ [18].  The Auger process releases 

about 200 eV electrons in either case. There is also a possibility of re-ionizing the singly 

charged molecule, which generates a CH4
2+ with the loss of a 544 eV electron. The single 

Auger decay leads to the generation of CH4
3+ [18].  

Earlier experimental results showed that photons with energy of 300 eV generated 

triply ionized Methane [18] molecules.  It was also shown that, the electron orbit in a 

Methane molecule rearranges, allowing stable double and triple ionized Methane 

structures. Although the doubly ionized Methane and triply ionized molecules can be 

stable, they predominantly dissociate through many channels. It has been observed that 

dissociation generates products C+, CH+ ,CH2
 + and 2 H+ in near equal probability and a 

smaller fraction of CH3
+.[18,19]. 

In our experiment, the LCLS photon energies used are much higher than 300 eV. 

We used 800 and 2 keV photon energy.  Figure 7.3 presents both, the signal from 

molecular gas and the signal obtained from an average cluster size of 100 molecules 

when irradiated by 800 eV LCLS photons at 150 fs pulse length and 1 mJ beam energy. 

Looking at the molecular spectra in the mass range of 12 and 18 amu, we see data, that 

correspond to two different species- the mass from 13 to 15 amu makes one peak and the 

mass from 16 – 18 amu makes another peak. The peak from 13 to 15 amu belongs to the 

hydrocarbon ion fragments of Methane, consisting of singly charged CH, CH2 and CH3 
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ions.  The kinetic energy broadening generated from a molecular ion formation, allows 

these signal to overlap, generating the peak from 13 to 15 amu. The kinetic energy of 

these ions are between 3 to 5 eV. The peak from 16 to 18 amu and their subsequent 

higher charge ions could belong to water vapor remaining in the chamber. The water 

vapor on interaction with the X-rays generates peaks at O+(16 amu), OH+ (17 amu) and 

H2O+ (18 amu) ion. . In water vapor, similar to methane, inner shell ionization will 

dominate and will generate H2O2+. This will dissociate and produce products: O + 2H+; 

O++ H+ H+  and  OH++H+..  Subsequent ionization of oxygen (after removal of hydrogen) 

will generate up to  O7+, which is observed (these peaks are atomic and do not show 

molecular broadening). Surprisingly, the molecular peak from the hydrocarbons does not 

dissociate and charge states up to 6+ in the molecules are observed. This is the highest 

ionic charge state observed in a hetro molecule so far. It is highly interesting that a stable 

structure exists that allows the CH or CH2   ions to survive, with just two or three 

electrons in its orbit.  

 In the data from the cluster with 100 molecules, the signal generated does not 

show any cluster broadening, and is predominantly from the ionization of the background 

gas. At this cluster size, the condensation of the gas is small and does not generate a 

significant cluster signal. The signal generated corresponds to the earlier results generated 

with Methane interaction from the clusters. We see predominantly C+ , CH+ , CH2
+  and 

protons along with a small fraction of CH3
+. The high charge peaks up to 3+ are visible.  

The noticeable difference between the atomic and cluster signals are the absence of 

moisture and the presence of Carbon peaks in the cluster signal.   
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We looked at the molecular data from deuterated Methane to determine if we can 

find similarities with Methane molecular data. Earlier experiments on CD4 clusters and 

molecules by Kukk et al [19], using synchrotron energies of 350 eV, showed inner shell 

ionization of CD4 followed by the dissociation of doubly ionized CD4. The primary 

products of the dissociation were C+, CD+ and CD2
+.  

On looking at the data, from the interaction of 800 eV photons with CD4 
 

molecule (Figure 7.4), we see that the predominant ions are C+ ,CD+ and CD2
+. Although 

given the broad feature of CD, it is possible that C and CD2 identified are formed by the 

Coulomb explosion between the ions. The higher charge states of all the three ions are 

observed up to 5+. The higher charge states beyond  5+ is difficult to determine due to 

the overlapping of signals between deuterated Carbons, Deuterium and  Carbon ions. We 

show in the spectra where 6 + and 7+ could lie. This data is consistent with the signal 

obtained at 2 keV and 1 psi shown in Figure 7.5. W see peaks that are centered at CD2
+ 

and the broadening of the adjacent signal from CD+ and CD3
+ are mixed in the spectrum.  

The high charge states up to 5+ are seen clearly.This data is also consistent with the data 

obtained by shooting at a mixture of Methane gas molecules mixed with 2 % Xenon. We 

present that data in Chapter 8.   

The main difference from Methane and CD4 spectra is the absence of Carbon 

ions. However, we also show that in the spectra generated from 2 keV  photons, the 

Carbon ions seen at 800 eV in the CD4 spectra disappears. I believe, that decreasing the 

ionization by going to a smaller ionization cross section at 2 keV is the likely cause of not 
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generating higher charges of Carbon ions. In the case of Methane data, the lack of Carbon 

in the atomic case could be due to the smaller cross section and extremely low amount of 

gas that was present in the Methane molecular case.   

The second surprising result in the case of Methane molecular spectra was the 

presence of water vapor. The previous background measurement shown in Figure 7.6 

using neon showed high charge states of neon but did not show any water vapor peak. 

 

Fig 7.3 Time of flight spectra generated from Methane molecules and 

Methane cluster of size 100 irradiated by 800 eV photons at 1 mJ energy and 

150 fs pulse length 
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Fig 7.4 Time of flight spectra generated from deuterated Methane molecules 

by 800 eV photons at 1 mJ energy and 150 fs pulse length  

 

Fig 7.5 Time of flight spectra generated from deuterated Methane molecules 

by 2000 eV photons at 1 mJ energy and 150 fs pulse length  
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Fig 7.6 Background shows Neon and Nitrogen used to purge the gas at 

14amu but no Oxygen.  

7.5 Cluster Spectra –Ion time of flights 

7.5.1 Long pulse spectra 

In Figures 7.7a and 7.7b, we show the TOF spectra for photoionization at 800 eV X-ray 

wavelengths for jet pressures producing four different mean cluster sizes. Figure 7.7b 

zooms into the hydrocarbons in the 7.7a spectra. As mentioned above, for a mean size of 

100 molecules/cluster, the jet pressure is sufficiently low so as to expect a low 

condensation fraction. The spectrum observed is dominated by the molecular interaction 
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from the residual background gas i.e. not clustered. This is consistent with the observed 

width of the ion peaks in the spectrum.  The widths of the molecular peaks are broader 

than those observed in atomic spectra. In a TOF spectra following the explosion of the 

molecule or clusters, the ions moving away from the TOF must be stopped, reversed and 

re-accelerated; hence, they arrive later than the ions ejected toward the TOF.   In the 

cluster size of 100 molecules, the peak widths of the hydrocarbon ions are consistent 

with a few eV of kinetic energy, which are much smaller than those generated from a 

cluster.  We observe ion fragments containing Carbon with the branching fractions 

C5+(0.08), C4+ (0.17), C3+(0.15), C2+(0.12), C+(0.16), CH+(0.14), CH2
+(0.16), 

CH3
+(0.07), and CH4

+(0.02). C6+ is indistinguishable from H2
+. These fractions are 

similar to those measured by Kukk, et al. [19], except that the C ion fractions are 

significantly larger at our peak intensities. The mean charge state <Z>=1.9 observed for 

the spectrum is an average over all of the intensities in the Gaussian focus [5].  We have 

observed no evidence of simultaneous multiphoton ionization of Methane in our data 

taken at LCLS.  

 Hence, as we increase the mean cluster size in Figure 7.7a, we expect the same 

photoionization, Auger emission, and molecular fragmentation to occur for molecules 

contained within the cluster.  However, as the mean charge state approaches 0.98 for a 

1000 molecule cluster, the Coulomb field (at qmax) becomes sufficient to retain both 

primary photoelectrons and Auger electrons. These energetic electrons produce a large 

number of low energy electrons by electron impact ionization of the molecule. As the 

cluster ions begins to expand due to the Coulomb forces between the ions [20-21], the 
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protons from the cluster get accelerated faster due to their lower mass, thus forming an 

outer shell in the explosion. The expanding shell of protons reduces the net positive 

charge in the cluster, and converts the remaining core into a nano plasma. In the spectra 

detected from 1000 molecules/cluster, there is still a large contribution from background 

molecular spectra. The molecular spectra shows peaks of C2+, C3+,C4+,C5+, protons C+ , 

CH+ and CH2
 . Cluster broadened C+, H+ and a CH5

+ peaks are also observed. The CH5
+ 

peak is generated either through recombination of Carbon fragments or from proton 

associating itself with neutral Methane. This recombination processes are understood  to 

be formed in low density plasmas by CH3
+ + H2[24,25,26]. Since we do not see H2 

signal in our data, and given that we are at solid density, the most likely reactions are :  

CH4 +  H+  -> CH5
+  + phonons ( molecular association)   (7.1) 

CH3
+ + H + H ->CH5

+ + phonons ( three body recombination)     (7.2) 

All these are plasma products generated from the inner core plasma, while the  

huge difference between the proton signal and the signal from the hydrocarbon suggests 

that this signal is predominantly generated from the Coulomb expanding outer shell[22, 

23] . The proton signal however will also contain some of the signal from the core. 

As the cluster size is increased to 10000 and 100000, the condensation improves 

[4]. Evidence of a proton shell exploding with a neutral core is seen for these two cluster 

sizes, where the signal strength from the protons has much greater intensity than the 

signal from the Carbon compounds. The large difference between these signals suggests 

that the protons that were accelerated faster ( also mentioned as the outer proton shell), 
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from the initial Coulomb repulsion between the ions, generate the broad proton peak. On 

the other hand, the inner core nano plasma is stable and most of the ions recombine to 

neutrals leaving behind low intensity plasma products of C+ and CH5
+  in the10,000 

molecule cluster. There is also going to be a contribution of the proton signal that is 

generated from the core in the proton shell.  The CH5
+ and H+ signal detected 

differentiates between the protons trapped in the core and recombines and those that 

escape and remain dissociated. As the cluster size is increased to 100000, the difference 

between the protons signal and the plasma product signal detected further increases. A 

small C+ cluster signal is observed depicting a large conversion into neutrals in the core. 

The lack of protonated Methane (CH5
+) signal is due to dissociative recombination that 

are typically seen in a low temperature ( few eV) stable plasma. The dissociative 

recombination is the recombination of protonated Methane with an electron. It is given 

by [24-26] 

CH5
++ e- ->CH4+ H + 8 eV      (7.3) 

CH3+H2 + 7.99 eV      (7.4) 

CH3 +2H +3.51eV    (7.5) 

CH2+H2+H +3.81eV    (7.6) 

CH + 2H2 + 3.29 eV    (7.7) 
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Dissociative recombination occurs in very low electron temperature plasma.  This is more 

predominant in 100,000 clusters as the electron temperature drops rapidly for these 

clusters. The lower electron temperature at 100000 cluster size also  

At 800 eV, for large clusters, we can see that the presence of protons generates a 

stable inner core plasma. Such a principle can be used to image biomolecules, where the 

molecule with a water layer outside can be imaged since the protons in the water shell 

will allow the rest of molecule to be imaged.  

 

Fig 7.7  a) The cluster size dependencies at 860 eV  photon energy and a 

beam energy of 1 mJ, and b) cluster size dependency in mass scale at 800 eV 

photon energy and 1 mJ. 

 The data from different sizes of Methane cluster interaction with photon energy of 

800 eV and 2 keV and three different beam energies is presented in Figure 7.8. We can 

see that the CH5
+ peak  becomes relatively stronger as the cluster size is increased, as the 

beam energy is reduced, and as we go to higher photon energies. The ionization rate is 

reduced in all the three cases .For all the beam energies, as the cluster size increases, the 

CH5
+ peak  increases. We also observe that the proton signal from the escaping outer 
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shell varies with beam energy.  We first observe that the width of the proton peak is 

narrower  . This corresponds to lower kinetic energy of the protons with lowering of the 

beam energy. The number of protons that escape from the  cluster decreases ( as observed 

from the signal strength), and are now retained in the core plasma. These protons 

associate with neutral Methane or with Methane fraction and generate protonated 

Methane and other higher charges.  Also for cluster size smaller than 10,000, we observe 

a large energy energy distribution of the protons for the highest beam energy but, for 

smaller beam energies the observed proton signal is atomic,   i.e.  we do not see the 

characteristic kinetic energy broadening  of the peak observed in the clusters.    The 

proton signal becomes atomic for the 100,000 molecules at the lowest beam energy. At 

this point the contribution from the cluster signal is in the form of a recombination CH5
+ 

peak .This,is true for the cluster sizes larger than 10,000 molecules at the lowest beam 

energy.  At these intensities, the ionization is insufficient to generate a Coulomb shell, 

and will only create a quasi neutral plasma. At 2 keV, we can see consistent results 

similar to the case of 800 eV. The quasi neutral plasma is observed to be more stable as 

we can observe the recombined signal for larger time scales at 2 keV than at 800 eV. The 

Coulomb shell of proton is observed to have lesser kinetic energy (as observed in the 

width of the protons) than at 800 eV. 

At the lower beam energies, we can see dimer and trimer formation of the 

hydrocarbons. The dimer peak is generated from the signal of hydrocarbons with 

molecular mass from 25 to 29 amu. This is produced from C2Hm where m max is 5. The 

dimer and trimer formation are generated from the molecular recombination of  
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CH3
+ +CH4 -> C2H5

++H2  
   (7.8) 

This was earlier seen in crossed ion beam experiment [34]. Such recombination process is 

seen in plasmas with electron temperatures of less than a few eV. A few eV nano plasma 

has a very slow expansion rate and is stable for durations longer than a few pico second. 

 From the point of view of imaging, 2 keV photons are better than 800 eV as the 

Coulomb shell has less energy ( narrower width) than at 800 eV. At 0.2 mJ for 10, 000 

molecules at 2 keV, we observe only atomic proton signal and a strong recombined 

signal, showing that the cluster is converted to a nano plasma. The intensity in question is 

still too low to get significant imaging data. We, however show that reducing the 

photoionization cross section by increasing the photon energy is favorable for imaging.
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Fig 7.8 Methane cluster size dependencies plotted for the interaction of 

clusters with photon energies of 800 eV and 2 keV at 150 fs and different 

beam energies.  

 

  In Figure 7.9 we present CD4 spectra for 800 eV and 2 keV at 150 fs. The CD4 

spectra are similar to Methane clusters. The predominant fractions of ionizing a CD4 

molecule, similar to Methane, are C+, CD+, CD2
+ and CD3

+.  We can see higher 

recombination from  molecular association with increasing cluster size in the form of 

CD5
+ peak. We also see that the deuterium peak and CD5

+ loses energy as we reduce the 

beam energy and as we go to higher photon energy at 2 keV for the same conditions. At 



130 
 

100,000 molecule cluster at 800 eV, the core is stable enough to allow dissociative 

recombination. This is observed by the lack of a cluster signal from the hydrocarbons for 

this cluster size.  The recombined signal is stronger than the signal for Methane at the 

same conditions. This is because Deuterium is heavier than Hydrogen, which reduces the 

Deuterium velocity, allowing greater number of Deuterium to be retained in the nano 

plasma that can be recombined.  Similar to Methane at the lower beam energy the 

Deuterium signal detected is atomic and the entire spectra consist of nano plasma signal. 

 

Fig 7.9 Deuterated methane cluster size dependencies plotted for  interaction 

of clusters with photon energies of 800 eV and 2 keV at 150 fs and different 

beam energies.  
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7.5.3  Short Pulse Spectra 

 In the previous section, it was shown that when the intensity is reduced, the entire 

cluster turns into a nano plasma. In this section, we will look at the effect of increasing 

the intensity by reducing the pulse length at the same beam energy.  The idea is to look at 

the effects of shooting the cluster with 2keV X-rays at a pulse length of 3 fs and beam 

energy of 0.1 mJ.  Neutze et al [36] generated a model that showed that reducing the 

pulse length to less than 3 fs at high intensities will allow the imaging of non-crystalline 

structures.  When the laser pulse length is 3 fs then the pulse length is shorter than an 

Auger lifetime ( which is in the order of 7 fs). Hence, there is a possibility of secondary 

ionization that allows the removal of two 1 s electrons. Earlier experiments showed that 

removal of two 1 s electrons will make the molecule transparent for further ionization 

[33] if the pulse length is shorter than the Auger hole lifetime. We took d ata at 3 fs to 

understand what will result on increasing the intensity by reducing the pulse length.  

The results of short pulse length interaction  at 0.1 mJ  compared to the longer 

pulse length interaction at a lower intensity of 0.05 mJ for a photon energy of 2 keV for 

all cluster sizes in Methane and deuterated Methane is shown in Figure 7.10. Despite the 

increase in intensity of 100 times, we see that the recombined signal at 3fs is stronger 

than at 150 fs.  We were only able to shoot two cluster sizes for short pulse in Methane. 

In CD4, we can see that even at the smallest cluster size of 100, where the condensation 

fraction is low, only  CD4 fragments at the long pulse is generated whereas, we see that 

there is a recombined CD5
+ signal at short pulse. We see larger plasma signal at short 

pulse for all cluster sizes which strengthens our claim that by reducing the pulse length 



132 
 

and maintaining high intensity, we can slow down the expansion. This is an important 

result as we show that we can increase the number of photons by increasing intensity and 

still not generate a Coulomb component, and that the entire cluster is a nano plasma. 

In Figure 7.11, we show the interaction of Methane clusters with 2 keV photons at short 

pulse (3 fs). At longer time scales, we see the presence of dimers and trimers and higher 

charges for short pulse spectra. We had in the long pulse case , looked at the dimer 

production ( equation 7.8) . The higher order products are generated from combinations 

of CmDn
++ CD4   or CmHn

++ CH4 [27] such as 

CH4
+ +CH4 -> CH5

++CH3   (7.9) 

Most of the higher orders (beyond dimers) are in the form of (CnHm)x where n ranges 

from 1 to 2 and m ranges from 1 to 5 and x is the order. They are formed from the above 

recombination processes through molecular association. 
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Fig 7.10Time of flight spectra of Methane  and CD4 clusters of different sizes  

interacting with X-rays with photon energy of 2 keV at 3 fs and 0.1mJ (top) 

beam energy in comparison with cluster interaction at 0.05 mJ  and 150 

fs(bottom). 
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Fig 7.11  Time of flight spectra of Methane clusters interacting with X -rays 

with photon energy of 2 keV at 3 fs and 0.1mJ beam energy.  

7.6 Cluster Spectra -Kinetic energy spectra  

The Kinetic energy spectra generated from grounding the time of flight grids is in 

agreement that the X-ray laser interaction with Methane generates an exploding proton 

shell with a recombining core.We look at the ion energy spectra of Methane at 800 eV 

and 2 keV in Figure 7.12. The plot compares the spectra for different cluster sizes at 1.2 

mJ and 0.1 mJ for 800 eV, and at 2.2 mJ and 0.2 mJ at 2 keV .  As the cluster size 

increases, the kinetic energy of the ions increases. We see two forms of signals at low and 

at high energies. The high energy ions are generated from the  high energy protons that 

escape due to the Coulomb forces between the ions. The lower energy spectra is 

produced by the nano plasma. As the cluster size increases, we see that the lower energy 

ion signal increases. At 2 keV the highest energy ions are lower than 800 eV. The only 

anomaly is for cluster size of 100000 molecules. We see that  although the cross section 
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is low, the highest energy ions at 2 keV is higher than at 800 eV. At the lower energies, 

such a trend is not observed. This phenomenon can be explained with the maximum 

surface charge of the cluster that can be generated at both the wavelength. At 2 keV the 

larger photon energy allows to generate a higher surface charge than at 800 eV. As a 

result the kinetic energy of the ions at  2 keV for the largest cluster size is greater than 

800 eV. The lower beam energy and cluster size do not have sufficient intensity to 

generate such a high surface charge due to smaller photoionization ;rate. 

 

Fig 7.12 Kinetic energy spectra of interaction Methane clusters with 800 eV 

and 2 keV X-rays for different beam energies and a pulse length of 150fs.  

In Figure 7.13, CD4 spectra for interaction with 800 eV and 2 keV X–ray photons with 

pulse length of 150 fs is presented. The spectra are plotted for 0.1 and 1 mJ of beam 

energy at 800 eV, and at 0.2 mJ and 2 mJ at 2 keV.  The kinetic energy spectra trends in 
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deuterated Methane are similar to Methane. We can see that the energy of the spectra 

increases with beam energy and with the cluster size. We also see a similar anomaly to 

Methane in that the kinetic energy of 100000 molecules at 2 keV is larger than 800 eV.  

In both the cases, i.e. Methane and CD4, we see a mixture of Coulomb and hydrodynamic 

energies, where the knee structure indicated in Figure 7.13 suggests Coulomb explosion, 

and the low energy signal gives the hydrodynamic component.  

 

Fig 7.13 Kinetic energy spectra generated from deuterated Methane cluster 

interaction with X-rays at 800 eV and 2 keV photons with two different beam 

energy and at a pulse length of 150 fs.  

 7.6.1 Short pulse kinetic energy  

Figure 7.14 compares short pulse data  to the long pulse data of Methane for a cluster size 

of 10,000 molecules at 2keV. We can see much lower energy ions due to much smaller 

Knee 
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ionization cross section at short pulse. We do not see the characteristic knee structure 

associated with Coulomb explosion in the short pulse spectra. The data is in agreement 

with the time of flight spectra showing much higher Coulomb effect at 150 fs than at 3 fs.  

 

Fig 7.14 Kinetic energy spectra comparison between short pulse and long 

pulse interaction with 2keV photons.  

7.7 Electron Energy spectra 

The Methane electron spectra in presented in Figure 7.15. The electron spectra were 

recorded by grounding the grids in the ion time of flight spectrometer and switching the 

five electron time of flight grids on. We show the electron spectra placed at 0 degree 

polarization. The Figure plots the time of flight spectra generated from the interaction of 

the various sizes of Methane cluster with X-rays with photon energies of 800 eV and 2 

keV, and a pulse length of 150 fs. The beam energy shot at 800 eV was at 1mJ and 0.1 

mJ, and at 2 keV was at 2 mJ and 0.2 mJ. The cross section of 1 s shell in Methane is 

much larger than that of the valence shell in Methane. We showed earlier that the  

threshold for a 1s shell is at 290 eV.  At 800 eV photon energy, the photo electron energy 
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will be 510 eV, and at 2 keV the energy will be at 1710 eV.We see  a peak at both 510eV 

and 1710 eV in the spectra generated from the predominant inner shell ionization. We do 

not see any spectra generated from the valence shell. The lower energy ions increase with 

cluster size. We see similar trends at 800 eV and 2 keV. Since the electron energy is low, 

the data received is very noisy.  

Figure 7.16 presents the deuterated Methane cluster plot similar to the Methane 

plot. The trends of deuterated Methane are similar to Methane. The only difference is for 

the 2 keV and 2 mJ spectra. In this spectra, we see two differences - 1)the sharp cut off 

observed in the Methane spectra is not observed in these, and 2) the 100, 000 cluster size 

has lower signal than the other cluster size. The disparity could be due to noise in the 2 

keV spectra. The lack of the sharp cut off was due to the higher binning required to 

achieve this spectra due to greater noise. The electron energy spectra shows that the 

ionization of Methane cluster ions is through inner 1s shell ionization followed by Auger 

decay. The higher fraction of electrons are generated from low energy electrons which 

supports the nano plasma formation.  
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 Fig 7.15 Kinetic energy spectra of  electrons generated from Methane  

clusters irradiated by X-ray photons at 800 eV and 2 keV for two beam 

energies and at a pulse width of 150 fs.  
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Fig 7.16 Kinetic energy spectra of  electrons generated from Methane  

clusters irradiated by X-ray photons at 800 eV and 2 keV for two beam 

energies and at a pulse width of 150 fs.  

 

In Figure 7.17, we look at the signal from the two different polarizations at 90 degrees 

and 0 degrees. We see that most of the high energy signals generated from the interaction 

is captured by spectrometer present along the axis of the beam. The 90 degree polarized 

electron time of flight spectrometer detects greater low energy electrons. I present the 

angle dependency at these two extreme cases, where the for the results from the 

spectrometer along axis, we see the maximum electrons, and for the spectrometer 
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orthogonal to the beam axis, we do not see the high energy electrons which will be 

accelerated in the direction of the laser.  

The electrons with lower kinetic energy will propagate in all the directions, subsequently, 

the detector at 90 degrees will be able to also detect these signals. 

 

 

 

Fig 7.17 Polarization dependence of electron spectra 0 vs. 90 degree 

detection. The perpendicular eTOF shows very slow electrons from 1-2 eV 

7.8  Modeling  

In order to model the data received from LCLS, we collaborated with two different 

groups who performed simulations to understand the low ionization of the clusters. 

7.8.1  Plasma Modeling from Uppsala University of Sweden group 

The first modeling was performed by our collaborators in Sweden who used a plasma 

code to model the Methane cluster interaction with X-rays [28]. The code also accounts 
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for three body electron recombination and it can treat transient transparency to X-rays. 

The major drawback for the code is that it cannot show size dependency. In Figure 7.18, 

the Carbon ions produced from the interaction of Methane with X-rays at 860 eV and 2 

keV at two different intensities are shown. We see that at 860 eV, as the intensity 

decreases, the significant high charge production decreases from 5 to 3. We also see an 

increase in the generation of neutral ions at the lower  intensity. At 2 keV, we see that 

even at the higher intensities, we only see C+.  As the intensity is decreased, we only 

generate 10 % C+ ions and the rest recombine to neutrals. 

 

Fig 7.18 Simulation from Prof. Hadju's group at Uppsala Universityof 

Sweden on Carbon and Hydrogen ion population level after being irradiated 

with 800 eV and 2 keV photons. Figures courtesy Nic Timmaneu, Uppsala 

University, Sweden. 
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Figure 7.19 was generated using the same code. The figure shows the average ionization 

in Carbon and Hydrogen produced from the interaction of Methane clusters with X-rays 

with photon energies of 860 eV  and 2 keV at different intensities. We observe that in 

accordance with the time of flight data, where we see higher electron recombination at 

lower intensities, we see that the average charge produced decreases from 3 + for Carbon 

at 1016 W/cm2  to almost all neutral charge production at 1015 W/cm2. In Hydrogen, the 

ionization cross section is much lower and only 1016 W/cm2 at 860 eV there is any 

production of it. At 2 keV, we see further drop in the ionization of Carbon and Hydrogen, 

where the highest charge produced is a singly ionized Carbon.  

 

Fig 7.19 Average ionization in Carbon and Hydrogen, when Methane cluster 

is irradiated by X-ray photons with photon energies of 800 eV and 2 keV. 

Simulations performed by Prof. Hadju's group at Uppsala University, 

Sweden. Figures courtesy Nic Timmaneu, Uppsala University, Sweden.  
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7.8.2 Modeling from Max Planck group 

Pier et al from Max Planck institute generated a numerical model similar to the studies in 

Ref [29, 30,31] to study the explosion of Methane clusters by X-rays. The model is better 

described in Ref [35]. The salient features of the model is as follows 

1. Auger decay and ionization are determined by rate equation and Monte 

Carlo simulations.  

2. Newton’s equation of motion determines the charged particle’s motion.  

3. They take into effect the recoil effect of an ion on the photoionization 

process of an electron in the inner shell 

4. They approximate the electron to be classical particles.  

5. They determine, using a simple DFT approach, the binding energy of the 

electrons in different configurations and occupation levels. 

6. They determine the best Auger process from simulating the probability of 

an Auger process and picking the one with the highest probability  

7. They add a simple three body recombination code to account for 

recombination. 

7.8.3 Results  

The simulation difference between  850 eV and 2 keV laser photons at 150 fs pulse 

interacting with 1000 molecule cluster is shown in Figure 7.20 and Figure 7.21.  The left 
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plots in both figures show the cluster as time progresses. The red colored dots denotes 

Carbon and the blue colored dots denotes Hydrogen in Methane. As time progresses, the 

Hydrogen  ions , Coulomb explodes along with a part of Carbon but the core remains 

intact. The plots on the right in both the figures, give the pulse profile and the radius 

R/Ro with time. Ro is the initial radius and R is the radius of the cluster as it grows. The 

green line indicates Carbon and the blue line gives protons. As the time increases, the 

protons explode faster than the Carbons in Methane.  Figure 7.21 shows that at 2 keV, the 

protons explode slower than at 850 eV. The Carbon radius does not expand and the core 

remains intact to allow for more recombination. Figure 7.22a shows the cluster 

interaction with  2 keV photons with pulse length of 2.6 fs . It is seen that cluster does not 

expand at all even after 430 fs. Figure 7.22 b shows the radius of Carbon and Hydrogen 

as a function of time for different intensities of the short pulse. At the experimental 

condition (1017W/cm2), the radius of Carbon and proton does not expand. As the intensity 

increases, it is seen that the radius of the proton expands faster than Carbon till it reaches 

1019W/cm2, where the expansion saturates for both protons and Carbon. 
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Fig 7.20 Explosion of N=1000 cluster size at 10
17

W/cm
2
, interacting with a 

photon energy of 850eV and pulse length  of 150 fs.  Simulations performed by 

Prof. Rost's group at Max Planck Institute. Figures courtesy Pier, Max 

Planck Institute. 

 

Fig 7.21 Explosion of N=1000 cluster size at 10
17

W/cm
2
, 150 fs pulse length 

and photon energy of 2keV. Simulations performed by Prof. Rost's group at 

Max Planck Institute. Figures courtesy Pier, Max Planck Institute.  
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             a.                                                                             b. 

Fig 7.22 Explosion of N=1000 cluster size at 10
17

W/cm
2
 , 2 fs pulse length 

and photon energy of 2 KeV. Simulations performed by Prof. Rost's group at 

Max Planck Institute. Figures courtesy Pier, Max Planck Institute  

7.9 Summary. 

In this chapter, we looked at the interaction of X-rays with Methane clusters. We showed 

through the photoionization cross section and electron spectra that the primary ionization 

is from inner 1s shell. The Auger process from inner shell photoionization generates 

doubly ionized Methane. The Methane fragments of C, CH,CH2, and H are observed at 

the lowest cluster size of 100 irradiated by 850 eV photons. We observe evidence of a 

proton shell exploding through Coulomb forces over a stable nano plasma core that 

recombines as the cluster size. The energy and signal strength of the proton shell 

decreases with increase in cluster size, and also with decrease in beam energy and 

changing the wavelength of the X-rays to 2 keV. The three conditions correspond to 

decreasing the cross section. In the interaction with laser photons with 3 fs pulse lengths, 

we do not see any evidence of a proton shell and we see that the entire cluster is 

converted to a nano plasma.  The lack of Coulomb component and a stable nano plasma 
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makes these conditions ideal for imaging. We also present similar supporting results with 

the deuterated Methane spectra. Our experimental results were supported by models 

presented by groups from Uppsala University (Janos’s group) and Max Planck institute 

(Rost et al) .  
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Chapter 8: Mixed Cluster Results 

8.1 Introduction  

We looked at the interaction of X-rays with Xenon and Methane clusters in Chapter 6 and 

Chapter 7. We saw from the results that in the interaction of X-rays with Xenon clusters, 

the atoms ionized up to their photoionization potential, i.e. up to Xe26+ in 850 eV and up 

to Xe30 + for 1.6 keV. In the case of X-ray interaction with Methane clusters, we saw that 

the ionization was predominantly in Carbon, generating doubly ionized Methane 

molecules. The cluster is then converted into a nano plasma with an exploding proton 

shell. We also saw that the proton energy and amount of protons in the proton shell 

decreased with decreasing cross section and decreasing  ionization time of the X-rays (as 

was shown by changing wavelength, beam energy and pulse length of X-rays).   

In this chapter [6], we look at the interaction of X-rays with Xenon doped 

Methane clusters, where the doping varies from 1% to 4%. The motivation for this 

experiment was to look at clusters with different chemical compositions. Earlier 

simulations on this work showed that the addition of high Z atoms in the sample could 

accelerate the explosion of one set of species in the sample, while dampening the 

explosion of the rest of the ions [1]. This happens since the different species in the 

sample absorb X-rays in different ways, leading to the redistribution of energies in the 

cluster. This generates new possibilities of controlling Coulomb explosion in the 

biomolecule, by carefully altering the chemical and geometric composition of the 

molecule. In this experiment, addition of Xenon was predicted to accelerate the explosion 
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of protons and dampen the explosion of the hydrocarbon ions. The expectation of this 

experiment was to generate higher energy protons than those generated by Methane 

clusters alone.  

 

8.2 Experimental Setup 

Mixed clusters were generated by co-expanding Xenon and Methane mixture through a 

modified pulsed supersonic nozzle (General Valve, Series 99). A gas volume from 

Methane and Xenon for the required consistency were mixed in a cell.  Few mm3 volume 

on top of the valve was pressurized by the nozzle poppet and then expanded through a 

100 μm dia. orifice with a 150 half angle cone. The nozzle was opened for 2 ms in order 

to approach steady-state expansion and condensation. Cluster sizes of 1000 and 10000 

molecules were generated by cooling the nozzle to 170 K using liquid nitrogen and 

changing the backing pressure. Mean cluster sizes were estimated by using the Hagena 

parameter [4] and assuming a log-normal cluster distribution [4]. The position of the 

nozzle was controlled by using a xyz motor stage to direct the cluster beam through a 200 

μm diameter skimmer leading to the interaction chamber, whose pressure was kept below 

10-7 mbar. The signal was recorded by the Wiley McLaren time of flight [5] spectrograph 

used for Xenon and Methane clusters.  
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8.3 Experimental results and discussion  

 Figure 8.1 plots the molecular signal generated from the interaction of X-rays at 

850 eV photons with 1 mJ beam energy and 150 fs pulse width with Methane doped with 

2% Xenon gas. The molecular signal generates molecular peaks of CHn
5+, where n ranges 

from 1 to 3. This is similar to CD4 atomic spectra generated from the interaction of X-

rays at 850 eV photons with 1mJ beam energy and 150 fs pulse width with deuterated 

Methane gas. In the deuterated Methane spectra, we saw similar peaks of CD2
4+. 

However, unlike in the deuterated Methane signal, we see much weaker Carbon peaks in 

the mixed cluster signal. The individual molecular peaks from CHn
m+, where n ranges 

from 1 to 3, overlap with each other. The broadening of the molecular peaks is generated 

from the Coulomb repulsion between the fragments of a doubly ionized or a triply 

ionized Methane molecule. The Coulomb repulsion generates ions that possess kinetic 

energies between 1 and 5 eV. This corresponds well with the kinetic energy calculated 

using the width of the ion signal in the ion time of flight spectra.  
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Fig 8.1 The time of flight spectra generated from the  interaction of 850 eV X-

ray photons at a beam energy of 1 mJ and pulse length of 150fs with Methane 

doped with 2% Xenon atomic gas.  

 

 As the gas pressure was increased in the chamber, Methane doped Xenon clusters 

were generated. The results from X-ray interaction with Xenon doped Methane clusters 

are presented in Figure 8.2  through 8.5. We look at the dependencies and trends in these 

data by: 

a. Changing the doping concentration of Xenon in the interaction of 10,000 molecule 

clusters of Xenon doped Methane with 850 eV X-ray photons having a beam energy 

of 1 mJ and a pulse length of 150 fs (Figure 8.2).  

b. Changing the wavelength of photons from 850 eV to 2 keV, in the interaction of 

1000 molecule Xenon doped Methane clusters, with photons having a beam energy 1 

mJ and a pulse length of 150 fs (Figure 8.3).  
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c. Changing the cluster size, in the interaction of Xenon doped Methane clusters with 

850 eV photons having a beam energy of 1 mJ and a pulse length of 150 fs (Figure 

8.4). 

d. Changing the beam energy of the photon in the interaction of 10,000 molecule 

Xenon doped Methane clusters with 850 eV photons at a pulse length of 150 fs 

(Figure 8.5).  

The resulting time of flight spectra generated in all four cases can be divided into two 

parts - the proton signal that is generated from a Coulomb shell (discussed in Chapter 

7), and a nano plasma signal (CH5
+ and higher order hydrocarbons) generated from 

the core (also discussed in Chapter 7). 

The doping dependency, plotted in Figure 8.2, shows the results from the time of 

flight spectra as the doping concentration is increased from 0% to 4%. We observe 

that the protons generation is significantly increased with the addition of Xenon. We 

observe that there is a huge increase in the proton signal for adding just 1% Xenon 

into the Methane cluster mixture. The signal strengths of protons increase with 

increasing doping percentages of Xenon. The signal strength of protons (or the 

energy gained by protons), as we go from the undoped Methane to 1% Xenon, is 

larger than that gained by subsequent increase in the doping percentages of Xenon. 

In the nano plasma signal, we observe that CH5
+ signal strength increases with 

increasing doping percentage of Xenon. We further observe dimers of Methane 

fragments (C2Hn
2+) in the doped spectra, which are not present in the undoped case. 
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Dimers in a nano plasma are generated at a longer time scales than those required for 

CH5
+ generation. 

 

Fig 8.2 Plot showing the interaction between photons at 850eV at 1mJ beam 

energy and 150fs with Xenon doped Methane clusters of size 1000 molecules, 

at various consistencies of Xenon.  

Wavelength dependency signal, shown in Figure 8.3, looks at the signal generated 

from 850 eV and 2 keV photons. We see that the proton signal is unaffected by the 

change in the wavelength, however, the nano plasma signal strength is stronger at 2 keV 

than at 850 eV.  

Finally, we look at beam energy dependency in Figure 8.5. We plot the time of 

flight signal from the interaction of X-rays at 2 keV and 150 fs pulse length  at different 

beam energies, with 2% Xenon doped Methane cluster with an average size of 10,000 

molecules. As we increase the beam energy, the proton and the recombined signal 

strengths increase. The signal strength increase for protons is nonlinear with increasing 

beam energy. 
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Fig 8.3 Plot shows the interaction of photons at 850ev and 1.1mJ, and 2keV 

and 2.5mJ, and a pulse length of 150fs, with clusters of size of 1000 

molecules,  mixed with 2% Xenon.  

Cluster size dependency, plotted in Figure 8.4, shows that increasing cluster size, 

increases the proton and the nano plasma signal strength.  

 

Fig 8.4 Plot showing the interaction between clusters of sizes 1000 molecules 

and 10000 molecules mixed with 2% Xenon with 2keV photons with 2mJ beam 

energy and 150fs pulse length. 
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Summarizing the experimental results, we see the following trends  

a. Addition of Xenon increases the proton production significantly. At the same time, 

nano plasma signal strength also gets stronger. 

b. Changing the wavelength does  not affect the proton production, however, 2 keV 

generates a stronger nano plasma than 850 eV. 

c. As the cluster size is increased, the signal strength of proton and nano plasma 

increases. This result is similar to that of Methane clusters. 

d. As the beam energy increases, the proton and the nano plasma signal strengths 

increase. However, the signal strength of proton increases more strongly when the 

beam energy changes from 0.1 mJ to 1mJ, as compared to when the beam energy 

changes from 0.01 mJ to 0.1 mJ. 

 

Fig 8.5 Plot showing the interaction of 10,000 atom mixed cluster with 2 keV 

photons with150 fs pulse length for different beam energies.  
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In order to explain the experimental trends and the effects of addition of Xenon, we need 

to compare the results with undoped Methane clusters. It has been pointed out already in 

this chapter (in Figure 8.2) that addition of Xenon shows an increase in proton 

production and generates a more stable plasma by producing higher orders of 

hydrocarbon ions (dimers). In addition, we see differences in the wavelength and beam 

energy dependency. 

In Methane clusters, we saw that as the photon energy was varied from 850 eV to 

2 keV, the signal strength and the width of the proton shell decreased. In the doped 

clusters, we see that the signal strength of protons remain unchanged. 

 In the beam energy dependency, we see a non linear increase in the proton signal 

with an increase in the beam energy for the doped Methane clusters case. On the other 

hand, in Methane clusters, as the beam energy was increased, the proton production 

increased in a linear fashion.  

The difference occurs due to the difference in the generation of protons in both 

the cases. To explain this better, I plot the photoionization cross sections of Xenon, 

Carbon and Hydrogen in Figure 8.6. We can see that the 3d shell cross section of Xenon 

is two orders of magnitude larger than the 1s shell cross section of Carbon, and is five 

orders of magnitude larger than that of Hydrogen. Hence, when Xenon doped Methane 

clusters interact with the X-ray photons, Xenon atoms in the cluster have the highest 

probability of ionization. The presence of Xenon will therefore reduce the ionization 

probability of Methane molecules in the cluster. Secondly, earlier models and 
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experiments have shown that protons can be generated from the charge transfer process 

between highly ionized Xenon atom and Methane molecule [1-3].  The results of 

Methane doped Xenon clusters can now be completely explained based on these two 

facts. 

The fact that protons are generated from charge transfer explains the high proton 

signal generated by the addition of Xenon. As Xenon quickly ionizes to its 

photoionization limit of Xe26+, there is a probability of a large number of charge transfers 

to occur for generating protons. Hence, even a small percentage of Xenon can allow 

charge transfer to Hydrogen for most of the Methane molecules in the cluster. As a 

result, a variation in Xenon percentage does not generate a large difference in the proton 

signal. Since a large number of photons are absorbed by Xenon, Methane molecule 

ionization in the cluster drops significantly. This results in a more stable nano plasma. 

This is observed by the presence of dimers of hydrocarbons as the doping concentration 

increases.  

 It can be further ascertained that the protons are generated through charge 

transfer and not through the dissociation of doubly ionized Methane molecule by looking 

at the result from the wavelength dependency of the clusters (Figure 8.3). Variation of 

wavelength generated less energetic protons in the case of Methane, whereas in the 

doped Methane case, the proton signal is unchanged. This is understandable as Xenon 

atoms can ionize up to their photoionization limit at both these wavelengths. As a result, 

the charge transfer process is unaffected by the change in the wavelength, and hence, the 
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proton signal does not change with wavelength. The nano plasma signal on the other 

hand depends on the ionization of Methane. The strength of this signal at 2 keV is 

stronger than at 850 eV, since the ionization cross section of Methane drops from 850 eV 

to 2 keV.  

Finally, the beam energy signal discrepancy can also be explained through the 

charge transfer process. We see that for Xenon (Chapter 5), the highest charge generated 

depends strongly on the beam energy. As the beam energy decreases, the highest charge 

that can be produced in Xenon decreases. As a result, the proton production also 

decreases significantly.  This also means that the charge transfer process is strongly 

dependent on the highest charge of Xenon generated.  

 

Fig 8.6 Photoionization cross section of Xenon, Carbon and Hydrogen [2] 

 

8.5 Summary 

In this chapter, we looked at Xenon doped Methane cluster interaction with femtosecond 

X-rays at 850 eV and 2 keV photon energies. The results showed that the addition of 
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Xenon increased the explosion of proton shell and slowed the explosion of the nano core. 

We saw that the proton signal was generated from the charge transfer of Xenon to 

protons. We also showed that as we changed the wavelength and beam energy, a stronger 

molecular recombination signal was generated.  
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Chapter 9:  Summary and Future work 

9.1 Summary 

This thesis focuses on the interaction of high intense ultrashort laserwith Van der Waals 

bound gas clusters at three different wavelength regimes- infrared at 800 nm, XUV at 47 

nm and X-rays at 1.4 and 0.7 nm. It is shown, along with other factors, how wavelength 

plays an important role in the dynamics of laser-cluster interaction. The motivation to 

study the interaction of laser-cluster interaction is to understand the feasibility of x-ray 

imaging of biomolecules.  

Chapter 1 and 2 describe the motivation to perform this experiment along with some 

fundamental background physics that is associated with laser-cluster interaction. We 

know that the ionization of gas clusters heavily depends on the ponderomotive potential. 

The extent of ionization of the cluster determines whether the cluster is converted into a 

nano plasma or a highly ionized ball of ions. A nano plasma expands hydrodynamically 

and can be further heated by the laser. The expansion time for hydrodynamically 

expanding plasma is on the order of picoseconds for our experimental conditions. A ball 

of ionized cluster explodes through Coulomb explosion, which is on the order of  a few 

femtoseconds. The hydrodynamic expansion is preferred for femtosecond imaging as the 

expansion time is greater than the pulse length of the laser.  

Chapter 3 and 4 talk about the infrared and XUV experiments. The infrared and XUV 

experiments are based on table top setup, and have been performed with the help of 
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Texas high intensity optical laser (THOR) at the University of Texas at Austin. In the 

infrared regime, the primary ionization mechanism is by tunnel ionization. As the 

ponderomotive potential is much higher than the ionization potential of an atom, the 

electrons in the atom are tunnel ionized. In this experiment, we studied the Coulomb 

explosion of small Xenon and Argon clusters (less than 400 atoms) when irradiated by 

800 nm infra red light. The explosion of Coulomb forces depends on the average charge 

of the ionized cluster. If a cluster has more than one average charge, then the higher 

charged ions will have greater acceleration than the lower charged ions. As a result, the 

explosion will be in the form of a shell like structure, where the higher charged ions will 

form the outer shell. This has always been well described  in theory but has never been 

experimentally proven. In our experiment, we show with the help of kinetic energy 

spectra and through modeling by Benjamin Erk, that we observe a two shell explosion for 

Argon and Xenon clusters of sizes smaller than 600 atoms. In Chapter 4, we use an XUV 

source obtained from the higher harmonic generation of infrared laser. The source energy 

is 20 nJ and has a wavelength of 47nm. We are in the photoionization regime with this 

source. The interaction of XUV light with clusters show evidence of multiphoton 

ionization (photoionization of outer shell). The clusters explode hydrodynamically. The 

data shows evidence of continuum lowering followed by collisional ionization.   

Chapters 5, 6 ,7and 8 talk about the experiment with intense X-rays. X-rays were 

generated by using a free electron laser at the Stanford linear accelerator. This is the 

world’s most powerful x-ray source. The density of x-ray photons at these wavelengths 

allows us to conduct imaging based experiments. At these wavelengths, the inner shell 
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photoionization dominates. Chapters 6, 7 and 8 talk about the experiments utilizing 

interaction of X-rays with Xenon, Methane, deuterated Methane and mixed clusters 

respectively. In x-ray interaction with Xenon atoms, we observe that the primary 

ionization is from 3d inner shell ionization followed by Auger emission. When cluster 

interacts with X-rays, strong evidence of low temperature nano plasma is observed. The 

nano plasma is heated by photoionization heating and a little bit by inverse 

Bremsstrahlung. Rate equation modeling conclusively shows that photoionization heating 

is the dominant mechanism for Xenon clusters interacting with X-rays. We see some new 

physics which occurs in short pulse interaction with Xenon gas. We see evidence that at 

short pulse, the ionization is faster. This generates higher charge states of Xenon than 

those at long pulses. In the long pulse, we believe that the ionization is due to sequential 

ionization of Auger ionized spectra. In the short pulse, we believe multi photon inner 

shell ionization dominates. This needs to be tested with future experiments. In Chapter 7, 

x-ray interaction with Methane and deuterated Methane is presented. In Methane and 

deuterated Methane, we see strong evidence of  a Coulombic proton shell explosion with 

a recombining stable (few eV) plasma in the long pulse regime. The plasma cools down 

rapidly with increasing cluster size. In fact for the largest cluster size, we barely see any 

cluster signal from the Methane fragments. In this case, it would mean that all the ions in 

the core are recombined to neutrals or that the nano plasma does not expand at all. The 

Coulombic component is observed to decrease with increase in cluster size, decrease in 

wavelength, and with decrease in pulse width. In other words, as we decrease the 

ionization cross section, we reduce the signal in the Coulombic component. Relatively to 
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the Coulombic component, we observe that the signal from the nano plasma gets 

stronger. We finally show that by increasing the intensity, by going to the short pulse, 

generates an ionized plasma with no Coulombic component. This chapter, hence, presents 

a few ideas that are conducive to imaging since, 1) we show that ionization cross section 

plays an important role in determining the explosion mechanism, 2) we show short pulse 

widths do not have any Coulombic component, and 3) we show that although the 

photoionization cross section for Hydrogen is extremely small in X-rays, Hydrogen gains 

the maximum energy from the interaction. So, selectively adding protons can dampen the 

ionization of the rest of the structure. We further look into this concept in Chapter 8, 

where we look at the signal from Xenon doped Methane clusters. We see that the signal 

from protons increases rapidly due to the presence of Xenon. At the same time, the signal 

from the recombined signal also increases. This shows that the addition of Xenon, which 

has much higher photoionization cross section, generates high energy protons through 

charge transfer. At the same time, it dampens the expansion of the nano plasma, resulting 

in stronger nano plasma signal. This work needs to be further expanded in future 

experiments.  

In my three appendixes, I have added additional work that I have performed during the 

course of my thesis. My work at ALS Berkeley lab, in collaboration with Nora Berrah’s 

group from University of Western Michigan, looks at the transition of gas clusters to 

solids with Xenon doped Argon clusters. We performed photoelectron spectroscopy to 

look at the generation bulk band signal in the electron signal generated from the doping 

of Argon. In my second appendix, I have listed the work I performed on the dispersion 
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analysis for the OPCPA upgrade of our laser on THOR. My third appendix is an ongoing 

experiment, where I have been the lead for the larger part of the project. This is an 

attempt to increase the efficiency of harmonic production from those seen on using the 

THOR laser. The experiment on the Texas Petawatt attempts to generate a few 10’s of 

micro Joule to a milli Joule XUV laser. The larger beam size of the petaWatt increases 

the interaction volume. We are currently running into trouble with the separation of the 

infrared laser from the harmonic beam, as the energy of the infrared laser is 150 J. We 

will attempt to test this separation in experiments in our future experiments.  

9.2 Future work  

Our attempt to generate higher harmonics on infrared laser on THOR, and now on the 

petaWatt (PW), gives one of the possibilities of generating shorter wavelengths using 

table top lasers. Synchrotron based FEL lasers have the advantage of generating 

consistent signal at the required wavelength. However, the space and the money required 

to build these systems is extremely high. As a result, there are only a few existing 

systems. The experimental time to work on these systems, hence becomes extremely 

competitive. There is a requirement to pack everything into extremely small amounts of 

time frame. The competitive nature also requires large collaboration in order to do a 

single experiment on such systems. The table top lasers, on the other hand, have the 

unique advantage of being easy to build. Furthermore, they do not require large area and 

the availability of such a system is relatively easy. However, a table top system cannot 

generate all the wavelengths required, and is extremely limited when it comes to short 
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wavelengths. The XUV system in itself only extends up to 30 nm. In an experimental 

environment, for the growth of science, it is imperative that one should not be bound by 

system requirements. The future work on table top based FEL’s could be extremely 

advantageous in overcoming the scarcity of x-ray lasers.  Attempts on generating table op 

FEL’s has been made using laser wakefield particle accelerators. The idea is to use the 

extreme electric field generated by the laser to accelerate electrons over a few 

centimeters, which is much shorter than the conventional particle accelerator. The 

electrons are generated by shooting the light into a gas jet at focus. Earlier experiments 

have shown that between 55 -75 MeV,  electrons can be generated by a 5 TW pulse [1]. 

The electrons were then sent into a meter long undulator. The wavelength is in the visible 

spectral range. It was seen in theory and confirmed experimentally that the wavelength of 

the laser scales with the electron energy [1, 2]. In recent times, electron energies up to 1 

GeV have been demonstrated by Wyn Leeman’s group [2]. This should allow the 

possibility of generation up to 3nm soft X-rays. The presence of high energy laser, such 

as the Texas Petawatt, should allow the generation of higher energy electrons, leading to 

the future of table top FEL.  

I have mentioned HHG and table top FELs as the two sources for future set of 

experiments. There is also a lot of future work that could be  done as a follow up on my 

research. In my cluster experiments, I have shown that despite inner shell 

photoionization, the low cross sections generate a nano plasma that has a slow expansion 

rate. It would be interesting to also perform these experiments at longer wavelengths, that 

are still above resonance of the inner shell, and reconfirm our findings. The short pulse 
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experiments in Xenon, showing signatures of multiphoton ionization, is another venue 

that needs to be explored. Methane gas in the presence of X-rays produced highly ionized 

stable molecules. A highly charged molecule of 5+ that has not disintegrate has never 

been observed before. This can hold a key to future experiments and science. We need to 

experiment with different compositions of hydrocarbons to see if we generate results 

different from Methane. The doped cluster experiment also needs further exploration. It 

would be interesting to see if a high Z atom, that is not as easily ionized as Xenon, will 

produce any different result than those observed.  In our experimental run, we also ran 

Argon clusters, which I have only been able to do some preliminary analysis. We still 

need to analyze this data.  
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Appendix 1-The ALS Berkley light source experiment 

The focus of this experiment is to understand the electron band structure in mixed rare 

gas clusters by performing photo electron spectroscopy. The clusters are often noted to be 

the transitioning elements from gases to solids. In atoms, molecules or gaseous system, 

the electrons are either valence or core electrons. As the rare gas is condensed, the rare 

gas solids form large band gap insulators, that have been well studied [1].  Photo electron 

spectroscopy on large Xenon clusters was studied by Rolles et al [2] using Synchrotron 

Radiation at ALS Berkeley. It was seen that for large Xenon clusters, the valence 

electrons from the atoms in the clusters formed a two dimensional band structure similar 

to that formed by rare gas monolayer. The two bands consisted of a surface band which 

was formed from the atoms on the surface of the cluster, and the bulk band formed by the 

bulk inside the surface [2]. Earlier experiments onlarge mixed clusters showed difference 

from the pure Xenon and Argon clusters [3]. The data showed that the bulk and surface 

bands were shifted, and the intensities were lower than the pure cluster distribution. In 

this experiment, the electronic band structure of mixed gas clusters for small cluster sizes 

was studied to see if they displayed similar behavior as the larger clusters. In particular, 

the inner shell (and  Auger) electronic band structure was studied. Auger electrons are 

produced when inner shell photo ionization cross sections exceed valence electron cross 

sections. In such a scenario, the inner shell electron is removed before the valence 

electron, creating an instability in the atom. The valence electrons fall to the inner shell to 

stabilize the atom, if the energy for this transaction is sufficient to remove an excess 

electron from the valence shell. Then, a second electron is removed, and is known as 
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Auger electron. In this experiment, the goal was to understand how these Auger electrons 

behaved in a cluster environment, and in particular, if these add a band in the clusters. 

The experiment was carried out at the beam line 10.01 of the advance light source at 

Berkeley at the Lawrence Berkeley National Lab. A high resolution electron time of 

flight spectrometer was mounted at 54.70 with respect to the polarization of the light. The 

clusters were produced by sending a rare gas mixture of 2% Xe in Ar through a 

supersonic nozzle of diameter 100 micron and conical angle of 7.5 degrees. The nozzle 

was cooled using liquid nitrogen cooling system. The average cluster size was calculated 

using Hagena formula. The cluster sizes from 9 to 231 were sent through the nozzle. The 

radiation energy used was 90 eV and was above the Xe 4d threshold. 

Figure A1 shows the variationXe 4d Auger electrons signal as a function of cluster size. 

Xe 4d peak splitting is visible in the valence spectra of the atomic background. The 

broadened electron energy from the clusters is also shown.  The bulk charge seen in the 

larger cluster sizes is not seen in the smaller cluster sizes. The transition from atomic to 

the bulk structure is seen by the broadened cluster energy distribution. As the cluster size 

increases, the energy from the cluster seems to get more delocalized, as can be seen in the 

broadening and reduction in the peak of the signal.  

 Further data from this run is being analyzed. Early data shows that even in small 

cluster size of average size = 9, there is an electron band broadening that is associated 

with the rare gas solids. As the cluster size is increased, the band broadens more and the 
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peak shifts to higher energies. The effect of mixed clusters on the Auger electronic band 

produced is being analyzed. 

 

Fig A1 The Ar :Xe mixed cluster was excited with 90 eV beam.  Cluster size 

was varied to plot the 4d photoelectron spectra of Xenon.  

A1.1 Reference  

 

 
[1]. Phillips, “Ultraviolet absorption of insulators IV. Rare gas solids”, Phys.Rev. Lett, 

136(1964), A1714–A1721  

[2]. Rolles et al, “Emergence of Valence Band structures in rare gas clusters”, 

Chemical Physics Letters, 408 (2009), 148-152 



173 
 

[3]. M. Hoener et al, “Site selective ionization and relaxation dynamics in 

heterogenous nanosystems” , PRA 81, 021201 (2010) 

  



174 
 

Appendix 2: THOR PW Conceptual Design Report 

A2.1 Introduction 

In this appendix, I talk about my contribution to the ongoing upgrade of the existing 

THOR laser to an OPCPA based laser. I performed the dispersion analysis for the system. 

An effective way of producing ultra-short, high power pulsed lasers is by using Chirped 

Pulse Amplification (CPA). CPA is the process of stretching a short pulse, typically with 

an appropriate grating, to about thousand times its normal pulse width, followed by 

amplifying the pulse. Finally, the  pulse is then recompressed with another grating up to 

the Fourier transform limit of the spectrum, to generate high power, ultra short pulses. As 

the beam passes through the material, it undergoes phase distortion, which is a function 

of frequency, thus changing the pulse shape. The stretcher induces a positive dispersion, 

thus stretching the pulse. A perfectly matched compressor, on the other hand, induces  a 

negative dispersion, thus cancelling the opposite chirp, resulting in a short pulse with no 

phase distortion. However, the material also adds to the dispersion, and the-compressor 

now has to be redesigned in order to cancel the additional dispersion.  

 Our existing laser THOR, described in Chapter 2, has been decommissioned to replace 

the regenerative line with an optical parametric chirped pulse amplification system. The 

grating pair that was optimized for the regenerative amplifier needs to be readjusted to 

accommodate for the change in the system. In my work, I have calculated the added 
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dispersion that an OPCPA gives, and calculated the changes that need to be made in the 

system in order to obtain the required short pulse width.  

A2.2 Background 

In order to calculate the dispersion in the system, we need to understand the change in the 

phase produced as a beam progresses through the material due to its second order 

nonlinear index. The following bulleted points show how one calculates dispersion  

• If E(t) is the input electric field strength   

• G(ω) = F(E(t) = E(ω)eiφ(ω).  

• As the beam propagates through the system, we get E`(t)= F-1[S(ω)G(ω)] 

= E(ω) eiφ new(ω), where, S(ω) is the transform function of the system 

• The resulting phase can be Taylor expanded to give 

Φ’(ω)= Φ(ω0)+ Φ’(ω0) Φ(ω-ω0)+ Φ’’(ω0) Φ(ω-ω0)2+ Φ’’’(ω0) Φ(ω-ω0)+ Φ’’’’(ω0) 

Φ(ω-ω0) 

• For the system, we add the phase such that Φnew(ω)= Φ(ω)+ 

Φ’compressor(ω)+ Φ’stretcher(ω)+ Φ’material(ω) 

• For  a grating pair, Φ’(ω) = Path length/c  

• For material,  phase Φ(ω0) = Lmatn(ω) ω/c  

• n(ω) is given by the well known Sellmeier equation as 

      
    

  
    

 
    , where ωi is the ith  resonance where bound electrons absorb 

radiation and    is the strength of resonance. This can be expanded into a 
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polynomial .The coefficients to the frequencies for each material has been 

empirically determined by Sellmeier [1]. 

• Effect of each phase on the output, and the expected values for each 

dispersion order is finally calculated.  

To understand the effect of dispersion, we look at the effect of dispersion from 

each order.  For each system, we begin with a 30 fs Gaussian input and look at the 

effect of the dispersion on a 30fs Gaussian beam for each order of dispersion. 

Each dispersion order affects the beam differently. For instance, a second order 

dispersion of D2= Φ’’=5000 fs-2 and a third order dispersion D3= Φ’’’= 5000 fs-3  

affects the Gaussian pulse with a pulse width of 30fs, as shown in Figure A3.1. 

Effects of D2 are larger than the effects from D3 of the same value.  In order for 

the beam to be stable,  D2<D3<D4<D5. The phase effects are dependent on each 

other. For instance, a second order phase will cancel out the fourth order phase 

effects, and optimizing the 3rd order phase effects will cancel out the 5th order. On 

modeling, we see that in order to generate a high contrast beam with a pulse width 

of 30fs, the phase value of each order has to be D2<200fs-2, D3<5000fs-3 D4< 105 

fs-4 and D5<106 fs-5.  
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Fig A2.1 The Gaussian beam with a pulse width of 30 fs plotted for zero 

dispersion and dispersion of a) D2= 5000fs
-2

 and b) D3=5000fs
-3 

A dispersion analysis code was generated by Will Grigsby [2] to determine the dispersion 

of the old THOR laser system. The code has been modeled using Optica. The code 

computes the phase from the stretcher and the material dispersion, and computes the 

angle and distance between the gratings required to generate a perfectly phase matched 

system that gives the least overall dispersion. The group delay of the gratings is 

determined using ray optics modeling in Optica. Optica allows the computation of the 

path length through the grating pair. The earlier Ti:Sapphire system used a regenerative 

amplifier to generate a teraWatt laser. In the current system, the regenerative amplifier is 

being replaced with an optical parametric amplifier (OPA). The OPA uses a BBO crystal, 

and as a result of the switch from the regenerative amplification , the beam travels much 

a

. 
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less in air. The second order and third order dispersions can be controlled by the angle 

and the distance between the gratings. It was however seen that for the laser system, a 

large amount of fourth order dispersion was still unresolved. In order to generate a 30 fs 

pulse, it was important to control the fourth order of dispersion. This was achieved with 

the help of an optical fiber placed in front of the stretcher. The fiber effectively controlled 

the fourth order of dispersion.  The previous code had an error  in its calculation. It was 

caused by assuming group delay dispersion of the gratings as time delay. In other words, 

the code assumed φgrating’(ω)= φgrating(ω). I corrected this error and then replaced the 

material dispersion of the regenerative amplifier with that of  two BBO crystals and air, 

required for addition of OPCPA. I found out that the length of fiber needed was reduced 

as a result to 380 cm from 430 cm. The final dispersion values generated is given in 

Table A1 for the OPCPA amplified system.  

  D2 D3 D4 D5 

 Total system 8.74 201.97125 -11037.85 -105.257 

Compressor 6067510 -11873200 -3570070 1.5x107 

Stretcher -6247790 11760500 -35700700 1.50x108 

Material 180289 112952 -590037 2.26x106 

Table A1. Dispersion values of the final system 

The other important area that had to be worked on was the contrast of the system. The 

contrast plays an important role. If beam contrast is poor, it is possible to generate a 
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significant prepulse that could majorly affect the experiments. I computed the contrast 

from the stretcher by assuming a soft clip. Physical limitation of the gratings will 

generate a spectral clip on the beam. This, in turn, is reflected in the temporal domain 

once the signal is compressed. In the case of the stretcher, the beam is too small when it 

hits the first grating, and then as it expands the second grating, will be overfilled causing 

the beam to clip. Each wavelength is then given a radius of a 1cm and I computed how 

much of the pulse will then be clipped by the second grating. This picture is 

schematically shown in Figure A2.2. The resultant spectra for an input Guassian beam 

with 30 fs pulse width with a bandwidth of 40 nm and with a stretcher bandwidth of 100 

nm is plotted in Figure A2.3. We saw that the contrast between the peak pulse and the 

next signal is 5 in log scale (or 10-5). 

 

 

 

Fig A2.2 The soft clip by the grating.  
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Fig A2.3 The contrast measurement of a stretcher with a bandwidth of 100nm 

with an 30fs Gaussian input beam with a bandwidth of 40 nm.  
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Appendix 3: High Harmonic Generation on the Texas Petawatt 

Laser Facility  

A3.1  Introduction  

 The goal of these experiments is to increase the HHG conversion efficiencies by 

increasing the volume of the driving process. We plan to generate XUV intensities in the 

1014-1015 W/cm2 range on the target and study short-pulse, short-wavelength laser-matter 

interactions.  I have led and designed this experiment so far. Typical higher harmonic 

beams are generated with the source lasers having micrometer focus. This will be the first 

experiment that will attempt to increase the interacting volume by using a centimeter 

beam.  

In this experiment, we plan to generate the harmonics and measure the signal with a 

calibrated XUV photodiode, and record the signal on to a grating spectrograph. The goal 

of the experiment is to generate a mJ level XUV laser.   

A3.2 Experimental Setup 

At the Texas Petawatt (TPW) laser, we will utilize the already installed beamline target 

chamber 2 (TC2), and use the existing cluster chamber (neutron generation chamber) as a 

HHG source (Figure A3. 2).  Additionally, we will implement the electron acceleration 

chamber and diagnostic equipment from the THOR experiment (Figure A3.2). 
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Fig A3.1 Schematic of the planned HHG experiment  on the Texas PW laser  

The increase in the laser energy generates predominantly two challenges: a big focal 

volume and XUV separation from the fundamental IR beam. We used the Zemax 

program package to evaluate the IR beam propagation. Based on our experience from 

earlier experiments [1], an optimal region to generate HHG in the gas jet is at the infrared 

laser intensity of 1015 W/cm2. Since the laser focus generates an intensity of 1022W/cm2,  

based on the earlier experiment (Chapter 4), we prefer to place the gas jet upstream to the 

laser focus (Figure A3.1).  The gas jet position, hence is placed 40 cm  from the focus. 

where the beam diameter is 1 cm.  To match this area with a homogenous gas profile, we 

implemented a slit nozzle [1].  The slit nozzle generates a sheet of gas that will allow 

larger interaction of the beam with the gas nozzle. The separation of the infrared from the 

XUV beam had become our biggest challenge.  Two methods of separation have been 

employed in earlier experiments. One is the use of thin Aluminum filters to separate the 

beam, and second is to use silicon wafers at Brewster angle [3]. 
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The filter using 200nm thin aluminum foils ran into a few difficulties. The XUV beam for 

an input Gaussian profile diverges much smaller than the infrared beam. However, in the 

case of the petaWatt, the beam is a flat top  beam, and in such cases, the divergence of the 

XUV beam is largely unknown. To maximize the amount of XUV generated, in such a 

case, we wanted to have as big a XUV beam as possible. In order to ensure maximum 

separation between XUV and infrared beams, I generated 1’’ , 200 nm thich free standing 

foils at the university. The foils were generated using a relatively simple concept. I used 

glass slides as the base and spun coat 8085 photo resist for 1 min at 3000 rpm with a 

prebake of 115 degrees Celsius. Then, using thermal deposition, I deposited 200 nm 

aluminum on the spun coated slides. The slides were then placed in regent grade acetone 

and covered it for 20 minutes. Acetone selectively etches away the photo resist, leaving 

free  standing Aluminum over the slide. The slide then was carefully moved into a bowl 

of water. The water floats the foil due to the surface tension of water. The foils can be 

then transferred (fished) on to gaskets or stainless steel washers. Aluminum filter holders 

were home built, which allowed the washers with the foils to be stabilized. The main 

problem observed was that over a period of time, perforations develop on the edge of the 

washer due to gravity, and can cause a tear over a long duration. Our Aluminum foils 

placed in the home grown holder is shown in Figure A3.2 
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Fig A3.2 A picture of Aluminum foils held together by the holder.  

We performed a test experiment on the Ghost laser, which suggested that 3 Aluminium 

filters will be sufficient to block the infrared beam at an intensity of 1013W/cm2.  We 

again performed the same experiment at 2.2 m away from the focus from the PW beam, 

where the intensity of the beam was 2 x 1013 W/cm2. We placed five aluminum filters in 

the direction of the laser beam. A system shot of 150 J blew through all five of the filters. 

The main difference between the ghost laser set up and our experiment was that the beam 

completely covered the filter in the PW as opposed to shooting through a small region in 

the case of the ghost experiment. We then reduced the intensity to 3 J, and noticed that 

the laser still blew through 2 filters. Aluminum has very high transmission of XUV at 30 

nm (about 90%). However, the Aluminum foils will quickly develop a few nm thick 

oxide. It was observed in our earlier experiments (also mentioned in Chapter 4), that the 

efficiency of XUV transmission will drop to 20% due to oxide [3]. If we use 6 filters (as 

five filters are destroyed each shot), the overall transmission efficiency will be 0.26 = 
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0.000064. Such an XUV beam will destroy the purpose of the experiment.

 

 

Fig A3.3 A picture of the target chamber of the petawatt chamber were the 

higher harmonic generation experiment was conducted(Top picture). The 

picture of aluminum foils (bottom left) and Silicon at Brewster’s angle 

(bottom right).  

We then tried to test the silicon wafer at Brewster angle for infrared. Earlier experiments 

using silicon describe that the efficiency of using two silicon wafers at Brewster’s  angle 

for infrared was 50% [4, 5]. They also show that the wafer does not get damaged at an 

intensity of 0.8 1012 W/cm2 [4, 5]. We tested the silicon surface in the presence of the 

Laser 

Gas 

Jet 

Focus 

Submarine chamber 
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petaWatt beam at an intensity of 2x1013 W/cm2 (which was almost at the end of the target 

chamber), and noticed that the silicon surface ablates. The ablated surface now generates 

a problem. We do not understand the physics of transmission of XUV for an ablated Si 

wafer surface. To overcome this problem, we proposed to test the transmission of two 

silicon wafer with two Aluminum foils in front of it. We wanted to check if the setup 

would successfully block the infrared light without ablating the surface. The Aluminum 

foil is used  to reduce the infrared light intensity by an order of magnitude, to allow the 

damage threshold to be around the numbers measured in the earlier experiments [4, 5].  

 There were two goals from this run. We wanted to successfully block the transmission of 

the infrared light and allow the propagation of XUV signal. Our experimental set up is 

shown in Figure A3.3. The petaWatt beam energy used in the experiment was 100 J, at a 

pulse length of 150 fs. A gas jet with a series 9 Parker solenoid valves was used as the 

source gas jet. Argon gas at 300 psi was used as the source in the second set of 

experiments to generate XUV. The gas jet was setup at 30 cm before the focus, to have 

the gas meet the laser at an intensity of 1015W/cm2. We set up two Aluminum foils and 

two Si wafers at Brewster angle, and at a distance of 2.2 m away from focus in the 

submarine chamber. The infrared laser was at an intensity of 1013 W/cm2 at this point. At 

the end of the submarine chamber, we setup a photodiode to read the infrared signal. In 

this run, we further used a sodium salicylate window to look at the generation of XUV. 

Sodium salicylate has almost 100% quantum efficiency for XUV.  
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In order to test the transmission of Aluminum foils (to see if they were able to reduce the 

intensity by four orders of magnitude), we first calibrated our infrared photodiode. We 

setup a photodiode at the end of the submarine chamber and removed the foils and the 

wafer. We setup a bunch of ND glass, and calibrated the photodiode.   We then used rod 

shots at an energy of 10 J to measure the signal on the photodiode.  We then set up 

Aluminum foils in the submarine chamber at a distance of 2.2 m away from focus. The 

two foils are setup as shown in Figure A3.3. We blocked the beam in front of the foils 

using an aperture. The aperture was set such that there was no light going through the 

foils. The scattered light was blocked as the Aluminum foils were placed inside an 

Aluminum box.  In order to prevent scattered light transmitting back to the compressor, 

the foils were mounted at a 10 degree angle with respect to laser normal. A pair of ND 

glass slides in front of the box observed any of the scatter. The transmission of infrared 

using two Aluminum foils was recorded to be 10-5. The more surprising result we saw 

was that the second foil survived after the rod shots. We then calibrated the Si wafer at 

Brewster’s angle and measured the transmission. We saw that the transmission through 

the wafers was 10-3. We expected a total transmission of the infrared through the system 

to be around 10-8. We then setup the Si wafers and two Aluminum foils to test if the Si 

wafer ablates on increasing the energy of the laser to 100 J in the submarine chamber. 

The result of the experiment was that the second foil survived the system shot and the 

wafers did not ablate. Given that our experiments to block the infrared laser were 

successful, we tested to see if we could generate XUV. We mounted a sodium salicylate 

window at the back surface of the submarine chamber. We then placed a glass slide such 
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that it would block half of the XUV beam coming out of the Si wafer and Aluminum foil 

setup. This was done in order to distinguish the XUV signal from the infrared light. 

Firing the gas jet at 30 cm before laser focus did not generate any XUV. We moved the 

focusing mirror such that the interaction region between the gas jet and the laser light was 

at 20 cm before focus. We generated XUV light on the Salicylate window, as shown in 

Figure A3.4. The right side signal is the transmission through the glass plate. Glass plate 

blocks XUV. The left side signal does not have a glass in its path and is substantially 

brighter than the right side. This signal was the last shot that we could take on our run, 

due to lack of additional time on the run. We were not able to measure absolute 

calibration of the infrared.   

In order to make a ball park estimate of the total XUV transmission, I assume a few 

things. The XUV signal is three orders of magnitude greater than the infrared signal at the 

window. The transmission of IR through the set of foils and set of Silicon wafers was 

around 10-8. A 100 J laser at the sodium salicylate window will have an energy of 1 micro 

Joule. The XUV, assuming 100% quantum efficiency, will have an energy of 3 micro 

Joule at the Sodium Salicylate window.  Earlier experiments observed 50% transmission 

of XUV through a pair of Si wafers and a transmission of 20% through the Aluminum 

foil. Using these numbers, the generation of 300 micro Joule XUV beam is observed. 
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Fig A3.4 We plot the camera image of the sodium salicylate window(right) 

and the average line out of the camera image on the left.  

We are currently planning a run in the near future.  In that run, we will confirm the 

energy of the net XUV transmitted by mounting an IRD XUV photodiode.  We will be 

mounting a grating spectrograph to distinguish the harmonics generated. We will also 

look at the harmonic yield as a measure of cluster size and a measure of intensities. There 

has been some debate to see if clusters will enhance or dampen the performance of 

harmonic generation . A cluster plasma, as a harmonic medium, can have many effects. 

The decrease in the ionization potential due to continuum lowering might reduce the 

highest harmonic yield. On the other hand, the returning electron from the electric field 

can have greater number of ions to recombine. The electrons not returning to its parent 

ion might or might not allow effective phase matching conditions. We will also have the 

opportunity of testing what would happen to the harmonic production by pushing the 

intensity of the laser to relativistic regime at 10 21W/cm2. We can also test to see, if the 

Without glass slide With glass slide 
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presence of cluster plasma along with relativistic intensity would generate higher yield of 

harmonics. The cluster size will be increased by (reducing the temperature of the gas jet 

nozzle. We will move the gas jet closer to the nozzle to test the production of harmonics 

based on intensity..  
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