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(ABSTRACT) 

A simple model for above threshold ionization is presented in this work. It is based on 

modeling the pulsed laser beam involved in ionization as a cylinder consisting of elementary cells 

whose volumes are very small compared to the pulse volume. A cell is occupied by a number of 

photons determined probabilistically and found to follow the Poisson distribution. During 

ionization, resulting from the application of the laser field, a typical atom finds itself in one of the 

cells and one of its electrons absorbs the photon energy. The electron will be detached from its 

atom and will exit the interaction volume (the laser beam) if the energy contained in the particular 

cell is high enough. The model predicts all possible energies of the electrons exiting the beam and 

produces energy spectra associated with these electrons. While most of the other available models 

make only qualitative comparisons, we are able to make both qualitative and quantitative com- 

parisons with experimental data.
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CHAPTER 1 

INTRODUCTION 

A very important phenomenon dealing with ionization is the photoelectric effect, whereby a 

light ray incident on a metal surface causes the detachment of electrons located on the surface from 

their parent atoms. The electrons, after obtaining enough energy, leave the surface with a certain 

velocity. Although it seems quite reasonable that increasing the light intensity will cause the release 

of more electrons, this is not always the case since the wavelength of the radiation is a crucial factor. 

The photoelectric effect is characterized by a critical wavelength above which no electrons are freed 

regardless of the light intensity. This feature cannot be accounted for by the classical framework 

describing the release of an electron by an external electromagnetic field. 

To interpret these results, Einstein, in 1905, suggested a very simple explanation by intro- 

ducing the concept of the photon. According to this idea, light consists of discrete quantities of 

energy called quanta or photons. The energy of a photon equals hw, where h is Planck’s constant 

divided by 27, and @ is the frequency of radiation in rad/sec. Concerning the photoelectric effect, 

an electron that originally is in the ground energy state absorbs an energy equal to the photon en- 

ergy and attains a kinetic energy which is only a fraction of the photon energy. The rest of the 
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energy is used by the electron to overcome the ionization potential that holds it attached to its 

parent atom. This process results in the advancement of the electron to a continuum (non discrete) 

energy state outside the metal. 

One may wonder whether it is possible for an electron to actually absorb more than one 

photon. To answer this experimentally, one could try to shine a ray of light of very high intensity 

on a metal and observe the electrons. Another possibility would be to choose an element whose 

ionization potential is large compared to that of a metal, so that release of electrons would result 

from absorption of more than one photon. The latter proved to be the correct approach and in 

1965 Voronov and Delone [1] observed what is now called multiphoton ionization (abbreviated as 

MPI). The material utilized was xenon (Xe) and the electromagnetic radiation was a ruby laser. 

The ionization potential for Xe is 12.13 eV, while the photon energy for the ruby laser is 1.78 eV. 

Thus, ionization in this case results from the absorption of seven photons. The kinetic energy of 

the electron freed was, as before, smaller than the photon energy. Perturbation theory can explain 

all aspects of MPI. The electromagnetic field is much smaller than the Coulomb field that keeps 

the electrons attached to the nucleus. Perturbation theory then can be applied with the Coulomb 

field being the perturbed field while the electromagnetic field is the perturbation. The electron en- 

ergy spectrum produced during an MPI experiment is graphically seen as the plot of energy versus 

the number N of photons absorbed, and consists of only one peak located at N,, where N, is the 

number of photons absorbed during ionization. 

In recent years, more powerful laser sources became available. When these high-intensity 

laser beams were applied to the ionization problem, a new unexpected phenomenon occurred; 

specifically, the kinetic energy of a released electron was found to be larger than the photon energy! 

This phenomenon has been given the name “above threshold ionization” (abbreviated as ATI). 

Perturbation theory breaks down in this case, and cannot explain the mechanism. Here, the 

electromagnetic field (e.g., in a laser beam) is of the order of the Coulomb field and perturbation 

theory can no longer be applied. ATI was first observed in the six-photon ionization of xenon (Xe) 

at 10'! W cm-? (a relatively low intensity) and with a photon energy of 2.32 eV [2]. In ATI, the 
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atom actually absorbs more photons than necessary (for ionization), and the energy of the free 

electron is larger than the photon energy. 

In the beginning, it seemed that ATI could be explained by the lowest-order perturbation 

theory (abbreviated as LOPT). This was true until a new experiment by Kruit et al. in 1983 [3] 

produced energy spectra very different from the usual MPI spectra. The experiment dealt with the 

11-photon ionization of Xe at a laser wavelength of 1064 nm and intensities close to 10!3 W cm7?. 

The energy spectrum of the electrons produced did not correspond to a single peak as expected from 

a LOPT analysis of N — photon ionization (N being the minimum number of photons needed for 

ionization). Instead, it consisted of a series of peaks evenly spaced by an amount equal to the 

photon energy. These peaks emerged as a result of absorption of additional photons. In addition 

to this, the first peak of the spectrum was missing and the amplitude of the other peaks did not 

decrease as normally expected, and the intensity dependence of the amplitudes did not follow the 

I**S power law as expected by the lowest order perturbation theory (S being the extra number of 

photons absorbed). The different structure of the spectra first observed by Kruit et al. was verified 

once more by an experiment conducted by Lompre’ et a/. in 1985 [4] on the ionization of neon (Ne) 

and helium (He) at 1064 nm wavelength and high laser intensities (of the order of 10! W cm- ). 

One important difference between the two experiments mentioned above was that the electrons 

released during the latter experiment had much higher kinetic energies. Specifically, in the 

ionization of Ne at an intensity of about 8 x 10'* W cm~? and at 1064 nm, electrons with energies 

greater than 60 eV were detected corresponding to the absorption of about 52 photons! In the case 

of He, 68 photons were absorbed at 1064 nm and 1 x 10" Wcm-?. Another equally important 

difference between the two experiments was the fact that more than one low energy peak was 

missing at the low energy part of the spectra in the Lompre’ experiment. For instance, on 

ionization of He, with the laser wavelength and intensity specified above, the first 26 peaks were 

completely absent from the spectrum. Later, in an experiment by Luk et al. [5], a smaller wave- 

length was used (248 nm), and even though the intensity was high enough (of the order of 

10'* W cm-?), almost no peak suppression was observed. Another interesting ATI experiment was 

the one conducted by Bucksbaum et a/. [6] in 1986. The energy spectra produced there revealed 
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that peak suppression was more prominent when the external electromagnetic field was circularly 

polarized as compared to suppression due to a linearly polarized field. Thus, it became clear that 

high intensity, long wavelength and circular polarization were three important ingredients for peak 

suppression. 

With the availability of new experimental data, numerous scientists have become interested 

in ATI and have suggested several approaches to interpret it. The most successful theories to date 

are based on an old idea of Keldysh [7]. As a final state they use the one for a free electron in an 

electromagnetic field; it is called the “Volkov state”. There are two electric field strengths involved 

in ionization. One of them is the Coulomb field which always exists in an atom-electron system 

and is responsible for holding an electron close to its parent atom. The other one is the external 

electromagnetic field. At relatively low intensities, the Coulomb field is much stronger than the 

external field, whereas at high intensities the roles switch. So at high intensities the Coulomb field, 

being much weaker than the electromagnetic field, is neglected. In treating ATI, one then uses the 

Volkov state which is an exact solution for the system of one electron interacting with a plane 

electromagnetic field. Using this solution results in the typical ATI-spectra structure. Since this 

approach does not include the Coulomb field, it is obvious that it is not appropriate in the limit 

of low intensity and, as Pan [8] says, “many features of multiphoton ionization, such as angular 

distribution and resonant structure, cannot be correctly described with this approach.” 

An attempt to modify the Volkov state approach to include the effects of the Coulomb po- 

tential was made by Pan [8]. His wavefunction is a Coulomb wave modified by infinite-order field 

coupling, and it is also a modified Volkov state in the sense of replacing plane waves by Coulomb 

waves. Even though this theory seems to be more complete than the others, difficulties in obtaining 

better analytical expressions for the equations derived do not allow satisfactory qualitative as well 

as quantitative comparisons with experimental results. 

Most theoretical methods on ATI refer to one-electron calculations. Experiments on ATI 

involve many-electron atoms most of the time. One then wonders whether these theoretical 

“mono-electron” models could be able to thoroughly explain all features of ATI, especially multiple 

ionization that has been observed in some experiments [9,10,11]. A few attempts have been made 
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to develop multi-electron theoretical models that include multiple in addition to single electron 

ionization. Such a model is the one by Trombetta et al. [12]; it has been applied to the ionization 

of He, however with little success due to the numerous approximations made. 

Most of these theories lead to relatively good qualitative agreements with the energy spectra 

produced in experiments. It is generally accepted, for example, that the ATI spectrum for high 

intensities is bell-shaped [12]. Quantitative agreements with the experimental spectra, on the other 

hand, are rare due to mathematical difficulties in obtaining simple analytical expressions and due 

to numerous approximations made as mentioned above. It is obvious that a complete theory that 

will be able to explain all aspects of ATI is needed. 

Our approach to ATI is based on a novel modeling of the laser beam involved in ionization. 

It consists of a representation of photons as bump-like fields or pulses which are exact solutions 

of the scalar wave equation and can accommodate simultaneously the corpuscular and wave aspects 

of light. An expression for the photon “radius” can be ascertained and it is directly proportional to 

the radiation wavelength. The photon is assumed to be a sphere whose volume is given in terms 

of this radius. Next, a crude model for a laser pulse is given as a cylinder containing elementary 

spheres (photons). The volume of the laser pulse is directly proportional to the pulse duration and 

to the square of the radius of focus of the laser beam. The energy of the pulse is directly propor- 

tional to the volume and the intensity of the pulse. As we mentioned above, the laser pulse is seen 

as an aggregate of spherical cells each having a volume equal to the photon volume. The number 

of cells in the pulse is just the pulse volume divided by the cell volume and the number of photons 

in the pulse is the pulse energy divided by the photon energy. The probability that a cell contains 

a specific number of photons 1s found and results in the Poisson formula. During ionization, a 

typical atom finds itself in the interaction volume (pulse volume). The size of the atom is of the 

order of the photon size and the probability that two atoms occupy the same cell is negligible. In 

a laser beam, a typical cell will contain a specific number of photons, and an atom located in that 

cell will absorb this number of photons. Therefore, by applying the Poisson formula, we can 

produce electron energy spectra and compare them with the experimental ones. In addition to good 
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qualitative agreements, our ATI model exhibits good quantitative agreements with experimental 

data. 

In Chapter 2, we shall describe some of the existing theoretical attempts to explain ATI. In 

particular, we shall discuss in detail a theoretical approach based on considering the final states as 

Volkov states. Also in Chapter 2, we shall give a description of typical ATI experiments and the 

difficulties associated with them. In Chapter 3 we shall describe the characteristics of the special 

pulses mentioned above. A photon model, based on these pulse properties, will be presented. In 

Chapter 4, our theoretical ATI model will be given and comparisons to expenmental data will be 

shown. Difficulties associated with ATI experiments will be mentioned. Limitations and advan- 

tages of our ATI model, as well as future considerations, will also be discussed. 
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CHAPTER 2 

EXISTING THEORY OF ATI AND EXPERIMENT 

2.0 INTRODUCTION 

In this chapter we shall first provide a historical background on the photoelectric effect, the 

multiphoton ionization, and finally on ATI. Then we shall give a general picture of the theoretical 

work on ATI which involves a general description of a few methods. These methods consist of 

developing models that treat effects on an electron bound by a short-range potential. One of them 

is the work done by Reiss [13,14], which describes the effect of an intense electromagnetic field on 

a weakly bound system. It is based on a relatively old idea introduced by Keldysh. It is essentially 

an approximation method according to which the binding potential is neglected when considering 

the final state of the detached electron. The effect that dominates in the final state regime is that 

due to the intense electromagnetic field. The essential difference between this formalism and the 

one expounded by Keldysh is in the choice of a gauge. Reiss chooses a radiation gauge in which 

the external electromagnetic field is expressed. This makes the method simpler and more tractable 

CHAPTER 2 7



[13]. The formalism is applied to finding transition probabilities for any order of interaction with 

both linearly and circularly polarized plane wave fields. With the assumption that the field leaves 

the neutral atomic core relatively unaffected, the formalism is applied to the example of a negative 

hydrogen ion irradiated by circularly or linearly polarized 10.6 um radiation. Most of the theoretical 

work used to explain ATI is based on this idea, and so far it has proven to be, to our knowledge, 

the most successful one. 

In this chapter we shall also discuss existing ATI experiments as well as the difficulties asso- 

ciated with them, such as the determination of the laser intensity and the problem of space charge. 

2.1 HISTORICAL BACKGROUND 

Einstein, in 1905, suggested an extremely simple explanation of the photoelectric effect. It 

was based on the idea that light consists of discrete quantities of energy called photons. A typical 

matter interacting with light will only absorb an integer number of photons. According to Einstein, 

a typical freed electron has a kinetic energy which is a fraction of the photon energy and it is given 

by 

  

mo” bp =ho-W, (2.1.1) 

where W is the work necessary to get the electron out of the atom and ho is the photon energy. 

Eq. (2.1.1) is Einstein’s law; it can be rewritten in the form 

E, = ho — E;, (2.1.2) 

where E£, is the ionization potential of a single atom. A typical electron that originally is in the 

ground energy state |g > obtains enough energy from the electromagnetic radiation and advances 

to a continuum (non discrete) state |c > , as seen in Fig. 2.1. The probability w for this transition 
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can be calculated through time-dependent perturbation theory and, using the Fermi Golden Rule 

[15], is found to be 

w = (2e*/n| <elzlg>|?, (2.1.3) 

where z denotes position, e is the electron charge, 7 is a normalization constant and / is the intensity 

of the electromagnetic field £; the latter is related to E by 

I= (eq¢/2)E” , (2.1.4) 

where «, is the vacuum permittivity and c is the speed of light. 

Absorption of more than one photon is called multiphoton absorption, during which matter 

can be ionized by simultaneous absorbtion of several photons provided the intensity is high enough. 

The transition probability in this case, obtained through perturbation theory and by applying the 

Golden Rule, is proportional to the Nth power of the intensity / [16]. This is the so called /* power 

law. During multiphoton ionization (abbreviated as MPI) and at moderate laser intensities, the 

electron absorbs N photons and 1s released with a kinetic energy 

En = Nhw — E; (2.1.5) 

which is smaller than the photon energy hw. 

When high-intensity laser beams are used, new ionization phenomena occur; specifically, the 

kinetic energy of a released electron can be larger than the photon energy. This phenomenon has 

been given the name “above threshold ionization” (abbreviated as ATI). The atom, in this case, 

actually absorbs more photons than necessary (for ionization). The energy of the released electron 

is given by 

E, =(N + S)ho — E;, (2.1.6) 

where Nis the number of photons necessary for ionization and S the number of extra photons 

absorbed. 
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Numerous experiments on ATI have been performed. The results have indicated that ordi- 

nary perturbation theory is inadequate to explain ATI. The energy spectrum of the electrons 

produced in the experiments consists of a series of peaks that are evenly spaced, by an amount equal 

to the photon energy, and have different amplitudes. At relatively low intensities, the peaks de- 

crease from left to nght. However, as the intensity increases, the peaks corresponding to lower- 

energy electrons (left of spectrum) decrease and eventually disappear as seen in Fig. 2.2. The peak 

spacing is still equal to hw. 

2.2 THEORETICAL METHODS 

Most of the theoretical work used to explain ATI is based on considering the electron final 

states as Volkov states {13,17,18]. The different electric field strengths involved in ATI vary as the 

laser light intensity varies. A laser intensity of 10!5 W cm-? corresponds to a peak electric field of 

108 V cm-! . The Coulomb field in the initial state is about 10° V cm~!, well above the laser field. 

In the ‘free’ state reached by the ionization process, it is 10’ V cm“!, which is ten times smaller than 

the laser field, and thus can be neglected. It is then that the electron 1s freed. 

One particular theoretical model, based on the idea discussed above, is the one developed by 

Reiss [13]. It is applicable to the photodetachment by a plane wave field of an electron bound by 

a short-range potential. The technique involved is a revision and extension of an approximation 

method introduced by Keldysh, whereby the binding potential is neglected in comparison to the 

external electromagnetic field effects on the final state of the freed electron during ionization. The 

electron final state is considered as a Volkov state; that is, a state where an electron is released into 

a strong electromagnetic field (e.g., a laser field) and not in vacuum. Through this method, transi- 

tion probabilities can be found for any order of interaction for both linearly and circularly polarized 

plane-wave fields. Later in this section, we shall discuss this formalism in connection with a nega- 

tive hydrogen ion irradiated by 10.6 um radiation. The resulting transition probability will be used 

to compare the predicted spectra with the ones obtained for the case of xenon ionization in two 
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experiments chosen by Reiss. The Reiss’ model is based on neglecting the effect of the binding 

potential by comparison to the field effects on the final state of the detached electron. The essential 

difference between the work of Reiss and Keldysh lies in the choice of gauge in which the external 

electromagnetic field is expressed. Keldysh uses the electric field gauge, whereby the interaction 

Hamiltonian ts given by H=-eF. r, F being the electric field vector; Reiss, on the other hand, 

uses the radiation gauge, with H=—m- ed. (— iV) + (2m)"1e?| A |, where A is the vector poten- 

tial of the applied field and the convention A=c=1 is used. This gauge choice makes the 

formalism much simpler and more tractable. 

The transition probabilities are calculated through the S—matrix. The applied 

electromagnetic field is treated in the radiation gauge and the wavefunctions used are the long- 

wavelength approximation Volkov solutions. In principle, the field can be any wave packet which 

vanishes at infinite times, subject to the limitations that the frequency components of the packet 

must all propagate in the same direction and must satisfy the long-wavelength approximation. In 

writing the S — matrix a monochromatic plane wave is assumed. Moreover, the long-wavelength 

approximation is used in expressing the vector potential. 

The final form of the differential total transition probability per unit time dW/dQ arising from 

monochromatic circularly polarized electromagnetic fields is a closed-form analytical expression 

provided there is an analytical form for the initial state wavefunction in the momentum represen- 

tation. It involves the sum over 7 of J?(z'/*y), where J, is the mth order ordinary Bessel function, z 

is the intensity parameter defined below, and y =(2/m)'"psin@ , where @ is the angle of 

emmission of the electron measured with respect to the direction of the field propagation. In the 

expression for y the quantity p is defined as 

p= (2mo)'?(n— 2—e5)', (2.2.1) 

where e, = E,/w, with E, being the binding energy and z = e?E?/4mw}, with E being the amplitude 

of the electric field vector. Equation (2.2.1) is a conservation condition. The underlying physics 

is most easily seen in the quadratic form 
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p?/2m =(n—Zz—epw. (2.2.2) 

Consider first this expression in the low-intensity limit z— 0. In this case, Eq. (2.2.2) says that the 

final kinetic energy of the freed electron is given by the energy contributed by the mth-order inter- 

action with the field (the energy of n photons, mw), minus the energy needed to overcome the initial 

binding energy E, of the electron. For z 4 0, the energy zw is a minimal interaction energy of the 

electron with the electromagnetic field. 

Equation (2.2.2) implies that 2 is bounded from below, ie.,n2>z+6,. Since 7 is an integer, 

one can write 

N> My, 
ry = [z+ tg], (2.2.3) 

where [x] is the largest integer not exceeding x. Since 7 is the number of photons participating in 

ionization, Eq. (2.2.3) shows that a sufficient increase in intensity will cause the lowest-order peaks 

to disappear. 

As in the circular polarization case, dW/dQ. for linear polarization is an entirely analytic ex- 

pression as long as an analytic form for the momentum-space initial wavefunction exists. However, 

in the linear polarization case, dW/Q has a more complicated structure than the one corresponding 

to the circular polarization case. 

There are some limitations in this analysis. First, there is the assumption associated with 

equation (2.2.3). The binding potential V, is not affected by the introduction of the applied field 

potential V, and, being of finite range, its effect can be neglected when comparing it to the field 

effect on the final state of the detached electron. In numerous physical problems the above as- 

sumption is not valid. Consider for example the photodetachment of a negative hydrogen ion, 

where V, is the binding potential of an electron to a neutral hydrogen atom. The atom is itself 

polarized under the application of the external field and this causes V,; to change. Another limita- 

tion is the fact that the procedure in obtaining the S — matrix does not take into account the pos- 

sibility of intermediate resonances associated with the binding potential. During ionization of a 
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neutral atom, there is a possibility that a number of photons, smaller than the number needed for 

ionization, will be resonant with an excited bound state. Jonization, then occurs in two stages: 

excitation, followed by ionization from the excited state. Finally, there is a constraint relating to 

depletion effects, which can take place when the total transition probability W is of the order of 

(At)-', where At is the duration of the electromagnetic pulse. 

The negative hydrogen ion H- was selected by Reiss as an example with which to apply his 

formalism. It is assumed that H- has only one bound state. The binding potential is of finite range, 

in view of the neutrality of the residual atom after ionization. The differential transition probability 

per unit time for a circularly polarized applied field was obtained by Reiss in 1987 [14] and two 

comparisons were made of his formalism with experimental data for the circular polarization case. 

The first comparison, shown in Fig. 2.3, dealt with the spectrum obtained in 1986 by Yergeau 

et al. [19] for the photoionization of Xe by circularly polarized light of 1064 nm and at an intensity 

of 4x 10'* W cm~?. In that case the theory produced a spectrum with unrealistically small proba- 

bilities at the low energy end of the spectrum. In the second comparison, shown in Fig. 2.4, the 

experimental data obtained by Bucksbaum et al. in 1986 [6] were used. The intensity in this ex- 

periment was stated to be 1.5x 10% W cm. However, Reiss made the comparison pressuming 

that the intensity was about 1.53 times larger since that could be possible. The agreement in that 

case was much better than with the former comparison. 

2.3 ATI EXPERIMENTS AND DIFFICULTIES 

2.3.1 Experimental Set-ups 

A basic experimental picture is given in Fig. 2.5. Box (1) represents the laser. Part of the laser 

beam is reflected on mirror (2) and onto lens (3). Then it is focused on region (4); a region where 

atoms are located in a vacuum chamber of very low pressure. Ions are formed in that focused re- 

CHAPTER 2 13



gion where an electric field (5) is applied to draw them out to the collector (6). Part of the laser 

radiation is transmitted through mirror (2) and, after being attenuated by neutral filters (7), 1s inci- 

dent on lens (8) which 1s identical to lens (3) and located at the same distance from the laser. The 

spatial distribution of the illumination in the focused region is photographed on an enlarged scale 

by means of micro-lens (9) and photographic film (10). The vacuum chamber can be pumped 

down to very low pressures (of the order of 10-’ Torr) into which a rare gas is leaked (up to a total 

pressure of nearly 10-5 Torr [20]). The pressure is very low; this makes the number of atoms inside 

the vacuum chamber small so that no atom collisions occur. The laser beam involved in the ex- 

periment is focused in this atomic medium and the ions are collected and mass analysed by a 

time-of-flight (TOF) mass spectrometer. 

The lasers used in ATI experiments are commercial picosecond Nd: YAG lasers. The laser 

pulse can be amplified up to 3 GW at 1064 nm. The second harmonic can be generated at 532 nm 

up to 1.5 GW when needed [20]. Energies up to 100 mJ per laser pulse are available at 1064 nm 

and of about 30 mJ at 532 nm, which after focusing down to a diameter of about 30 ym, yields an 

intensity of more than 10'* W cm-? which is more than necessary to study the 11-photon ionization 

of xenon [21]. The bandwidth-limited pulse is 30 psec in duration. It can be varied when required 

from 30 to 200 psec. The laser pulse is focused into the vacuum chamber by a 150 mm focal length 

lens. The focused intensity distribution is determined from photometric measurements. The laser 

intensity is adjusted to produce between 1 to 10 electron-ion pairs in the interaction volume [20]. 

Energy analysis of the electrons produced in the ionization volume is performed using a 

retarding-potential system when the electron energy spectrum consists of a very large number of 

peaks and a magnetic-field paralleliser electron time-of-flight spectrometer when the electron energy 

spectrum consits of a few peaks [20]. 

2.3.2 Experimental Difficulties 
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The first difficulty has to do with the laser intensity. In experiments such as the one discussed 

in the previous subsection the intensity is generally above 10'* W cm-?. “High intensities of this 

kind are currently achieved in tightly focused picosecond laser pulses and also in the spikes of 

multimode nanosecond laser pulses.” [21]. It is extremely difficult to measure the instantaneous 

intensity when using nanosecond pulses, and in the case of picosecond pulses the intensity is not 

usually trusted to better than a factor of 2. This difficulty can be partially dealt with by assuming 

that the saturation intensity for an MPI process (the peak laser intensity at which, for a given pulse 

duration, the ionization probability equals 1), is known. Under this assumption, the intensity used 

in a typical experiment can be referenced to the saturation intensity of the ATI process under study, 

permitting a comparison among different experiments after correction of the pulse-length differences 

(when they can be measured) [21]. 

A second serious difficulty encountered in these experiments is that of space charge. During 

an ATI process electrons are produced having high or low energies, depending on the number of 

photons they absorb. The high energy electrons leave the interaction volume much faster than the 

low energy ones, leaving behind a net positive charge that can slow down the other electrons, or 

even immobilize them. This obviously leads to changes in the electron energy spectra. These 

changes are of the same nature as the high-intensity effects observed in ATI experiments (sup- 

pression of low-energy electron peaks), and therefore the experimentalist should be very careful to 

avoid them, keeping in mind that the magnitude of the effect depends on the spreading of the 

spectrum. The best way to get rid of space charge is to work with as few ionization events as 

possible in the interaction volume and to use a highly efficient method for collecting electrons. 

One then has to face the problem of obtaining small ionization signals at high intensities. This can 

be done by decreasing the atomic density as much as possible, taking into account the ionization 

of the background gases, and/or decreasing the interaction volume [21]. 
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2.4 CONCLUSION 

A description of a few theoretical models dealing with ATI is given in this chapter, with 

particular emphasis on a method developed by Reiss, which is applicable to the photodetachment 

by a plane-wave field of an electron. It is an approximation technique very closely related to that 

of Keldysh, which is based on the neglect of the binding effects as compared to the strong external 

field. Reiss’ method makes use of the Keldysh approximation for the S—matrix. The 

S — matrix is used in turn, for the calculation of a general differential transition probability per unit 

time, and the total transition probability per unit time for an electron released during ionization. 

Both circular and linear polarizations of the field can be accomodated. The expressions obtained 

for the probabilities are different for different polarizations, with a much more complicated ex- 

pression for the linear polarization case. The transition probabilities are found to depend on a 

general intensity parameter z = e?a?/4ynw, where a is the magnitude of the radiation-gauge vector 

potential of the applied field of circular frequency w. 

Limitations of Reiss’ model are also discussed in this chapter. Those are, the neglect of the 

binding potential and the fact that no intermediate resonances are considered. Another important 

limitation has to do with depletion effects, which can occur when the total transition probability 

W is of the order of 1/At, where Aft is the duration of the electromagnetic pulse. An application 

of Reiss’ formalism to the example of the photodetachment of the excess electron from an H- ion 

by a 10.6 — pm radiation is given. The resulting transition probability is used to compare the pre- 

dicted spectra with the spectra obtained for the case of ionization of xenon for circular polarization. 

The first comparison leads to a gross disagreement between the two spectra on the left side. The 

second one is better, however, only under Reiss’ assumption that the intensity involved in 

ionization is about 50% larger than the stated experimental value. 

Also presented in this chapter is a description of typical ATI experiments, as well as infor- 

mation on the laser system and the energy analysis of the released electrons. Experimental diffi- 
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culties are also discussed, e.g., the exact determination of the laser intensity and the problem of 

space charge. 
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Fig. 2.1. Energy level diagram for the photoelectric effect. 
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Fig. 2.2. Intensity dependence of the ATI electron energy spectrum [16]. 
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Fig. 2.3. Comparison of Reiss’ theory to experimental ATI spectra. (a) Experimental electron 
spectrum of multiphoton ionization of xenon with circularly polarized light of 1064 nm. The in- 
tensity is about 4x 10’ Wcm-?. (b) Theoretical spectrum corresponding approximately to the 
conditions of (a). 
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Fig. 2.4. Comparison of Reiss’ theory to expenmental ATI spectra. (a) Experimental electron 
spectrum of multiphoton ionization of xenon with circularly polarized light of 1064 nm. The in- 
tensity is about 1.5 x 10° to 2.0 x 103 W cm-?. (b) Theoretical spectrum corresponding approxi- 
mately to the conditions of (a). (c) Comparison of the experimental results (a) with the theoretical 
results of (b) represented by the horizontal bars superimposed on each of the peaks. The heights 
are scaled to match at n= 18. 
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Fig. 2.5. Experimental set-up [1]. 
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CHAPTER 3 

FOCUS WAVE MODES AND THE PHOTON 

MODEL 

3.0 INTRODUCTION 

A nondispersive wave packet representation of photons is presented in this chapter. Such a 

wave packet belongs to a class of exact, continuous and nonsingular solutions to the scalar wave 

equation and Maxwell’s equations, with centers that travel at the speed of light in straight lines. 

For such a wave packet, the energy density of the field around the center is extremely high com- 

pared to the rest of the field. The amplitude of the central bump of the field increases while its 

spatial extent decreases as the wavelength of the light is decreased. These properties allow the central 

bump to depict the corpuscular character of light. At the same time, the background field can ac- 

count for the wave properties of light. The material presented here is derived from the work done 

by Shaarawi, Besieris and Ziolkowski [22]. 
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3.1 THE FWM PULSE 

It is our aim in this chapter to consider the possibility of modelling light by bump-like fields 

or pulses that can accomodate simultaneously the corpuscular and wave aspects. The synthesis of 

such solutions is achieved by recently developed novel approaches to the synthesis of wave signals 

[23-26]. 

An interesting solution to the scalar wave equation and Maxwell’s equations that has been 

studied extensively recently is the Focus Wave Mode (FWM) [23-26]. Our purpose in this section 

is to emphasize some of its properties which make it very appealing for modelling photons. We 

shall consider only the scalar form of this pulse. 

The three-dimensional, zeroth order, FWM pulse 

a A(B) — Bp? Ha +il2—ci)) ,iB(e+ct) Yr j= 4n (a, + iz — cd) e e (3.1.1) 

is an exact solution to the scalar wave equation [24]. Here, z is the direction of propagation, ¢ is 

the time, c is the speed of light, p is the transverse radial variable, 8 is a characteristic wave number, 

a, is a parameter determining the width of the pulse and A(f) is an amplitude factor. The FWM 

consists of a Gaussian envelope moving in the positive z-direction, modulated by a plane wave 

moving in the opposite direction. This solution does not disperse with time and it is nonsingular 

for all points of space time. At the center of the pulse (z= ct, p = 0 ), the waist of the envelope w 

is equal to (a,/f)'/? . For a, very small (i.e., for a pulse of a small waist), the solution given in Eq. 

(3.1.1) behaves like a localized Gaussian pulse moving in the positive z-direction, while for large 

a,, such that Ba,>1, the solution looks more like a plane wave moving in the negative z-direction. 

Under the more stringent condition Ba,<1, the pulse has a large amplitude proportional to 1/a, 

around its center, where (z — ct)< a, and p < (a,/f)'/? . Outside this portion of the pulse the am- 

plitude falls off as 1/(z— cd) along the direction of propagation. At the same time the Gaussian 
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envelope stretches out in the transverse direction, with a waist (z — ct)/(Ba,)'? that increases as we 

move away from the central part of the field. 

The FWM, with the appropriate choice of a,<1 m, looks like a localized “bump” field with 

a large amplitude around the center, incorporated in an extended nonlocal “background” field of a 

very low amplitude. This pulse is only localized around z= ct within the waist w, while the rest 

of its field fans out to cover relatively larger distances in the transverse direction away from the 

center. It is this property that allows the field of the FWM to feel the two slits in Young’s exper- 

iment, even though the central bump field is fairly localized [27]. For such a bump field one can 

associate the corpuscular aspects of light with its central portion of large amplitude. This localized 

bump is a part of an extended background wave structure of much lower field intensities. Thus, the 

wave and particle aspects of light can be brought together into a single framework. This interpre- 

tation agrees with de Broglie’s conception of wave-particle duality, whereby the wave and the par- 

ticle aspects of reality should exist simultaneously. It also reflects Einstein’s concept of a particle 

as a highly concentrated “bunch” field that remains localized and does not disperse in free motion. 

3.2 THE PHOTON MODEL 

The waist of the central bump of the photon can be modelled as follows [22]: 

2 a \?r 22 we = (=) [w2a? + 34a], (3.2.1) 

where « is the fine-structure constant, 7 a parameter of O(1), 4 is the radiation wavelength and 4, 

the Compton wavelength. The first term on the right side of Eq. (3.2.1) is related to atomic proc- 

esses and the second one arises from particle interactions with photons. 

It is interesting to note that the first term on the right side of Eq. (3.2.1) dominates at laser 

wavelengths of 1064 nm and 532 nm involved in ionization. At the wavelength 1,, the energy of 
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the photon ~ 0.01m,c?, which makes /, = .24 nm. So, A>, in our case and the second term of the 

right hand side of Eq. (3.2.1) can be neglected. Eq. (3.2.1) then becomes 

The photon radius r, is [22] 

ry = 2w= 7 

Eq. (3.2.3) is the final form of the photon radius which will be used in treating ATI. 

3.4 CONCLUSION 

(3.2.2) 

(3.2.3) 

In this chapter, we have described a wave packet representation of light that can accommo- 

date simultaneously its wave and its corpuscular character. The mental picture associated with the 

photon presented here is that of a localized bump that does not spread out as it travels in free space 

with the speed of light. The energy density of this bump is much larger than that of the tails. As 

seen in Eq. (3.2.3), the size of the photon is directly proportional to the wavelength. The cross- 

sectional area of the photon varies as J? for atomic processes, or as AA, for interactions with indi- 

vidual particles, 1, being the Compton wavelength of the particle involved in the interaction. At 

laser wavelengths of 1064 and 532 nm used in ATI experiments, A>, leading to Eq. (3.2.3) which 

is the final photon radius model used in our ATI model considered in detail in the next chapter. 
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CHAPTER 4 

THE FWM BASED ATI MODEL 

4.0 INTRODUCTION 

In Chapter 3 we demonstrated the feasibility of modeling photons by FWMs, 1.e., bump-like 

fields or pulses that can accommodate the corpuscular and wave aspects of light simultaneously. 

Motivated by this photon representation, we will attempt to create a model for ATI. Before this 

is done, a model of the laser beam involved in ionization, will be introduced. The laser beam will 

be modeled as an aggregate of elementary spherical cells, each having a volume equal to the photon 

volume. It will be shown that the photon distribution in the beam follows a Poisson distribution. 

This laser beam model will be used to complete our ATI model. Comparisons with experimental 

data will be made and limitations and advantages of the ATI model as well as future considerations 

will be discussed. 
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4.1 LASER BEAM MODEL 

The laser beam involved in above threshold ionization is extremely important. Knowledge 

of its exact characteristics is crucial in explaining several of the difficulties associated with ATI. A 

complete physical understanding of the beam is presently unavailable, and very high laser intensity 

values make the task even more difficult. One then is faced with the problem of obtaining a realistic 

laser beam model in order to examine the ATI phenomenon. 

In Chapter 3, a wave packet representation of light was introduced. For such a wave packet, 

the energy density of the field around the center is extremely high compared to the rest of the field. 

The amplitude of the central bump of the field increases while its spatial extent decreases as the 

wavelength of the light increases. These properties allow the central bump to depict the corpuscular 

character of light. A photon model was postulated, according to which the waist of the photon is 

expressed as 

2 
w? = (2) [y?a? + 324,]. (4.1.1) 

where y is a free parameter of O(1), « is the fine-structure constant, J is the laser wavelength, and 

4, is the Compton wavelength. The photon radius, 7,, is given in terms of the photon waist as 

follows: 

r= 2w=— [9727 + 3aa,]'?. (4.1.2) 4a 

The first term on the right hand side of Eq. (4.1.2) dominates at laser wavelengths of 1064 nm and 

532 nm involved in ionization. At the wavelength A,, the energy of the photon is given approxi- 

mately by 0.01m,c? [22], which yields 4, = .24 nm. As a concequence, A>A, and the second term 

on the nght hand side of Eq. (4.1.2) can be neglected, resulting in the approximate relation 

A range (4.1.3) 
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A wavelength of 532 nm corresponds to a photon radius of (m x 618) pm. The atomic radu of he- 

lium, neon, and xenon are 180 pm, 160 pm, and 220 pm, respectively [28]. Since the parameter 7 

is O(1), it is seen that the photon radius is of the order of the atomic radii of rare gases. Eq. (4.1.3) 

is the final form of the photon model which will be used in treating ATI. 

We hypothesize next that each photon occupies a spherical volume of radius 7, defined above. 

A crude model for a laser pulse consists in representing it as a cylinder consisting of these elemen- 

tary spheres (photons). The volume of a pulse is then given by 

Vi= 21 Tp Cc, (4.1.4) 

where V, is the pulse volume in m, r, is the radius of focus of the laser beam in meters, T, is the 

pulse duration in seconds, and c is the speed of light in vacuum ( 3 x 108 m/sec). As seen in Eq. 

(4.1.4), the pulse volume is directly proportional to the pulse duration. 

The energy E, of the pulse is related to its intensity / by the relation 

2 E,=ulrT,, (4.1.5) 

where E, is in Joules, 7, in centimeters, 7, in seconds, and J in W cm-?. The units for 7, and / in- 

clude centimeters here because / is expressed in W cm-? in experiments. The intensity of the pulse 

is directly proportional to the number of photons in the pulse with the volume of the pulse being 

kept constant. 

Let us take, as an example, a laser pulse characterized by J = 2 x 108 W cm ~, 7,= 12 pm, 

and 7,= 100 psec. Substituting these values into Eq. (4.1.5) produces a pulse energy equal to 9.04 

mJ. With J=7x 10° W cm” and all other parameters kept the same, we obtain FE, = 31.6 mJ. 

These results are in excellent agreement with those found by Muller and Tip [29]. 

Consider next the laser pulse mentioned above as an aggregate of spherical cells, each having 

a volume 
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V,= + ar, (4.1.6) 

where r, is the photon radius. This volume is the same as the photon volume. Substituting Eq. 

(4.1.3) into Eq. (4.1.6) yields a cell volume of 

V, = 4°(8.21 x 107!%)a3. (4.1.7) 

The number of cells C, in the pulse is then 

C= (4.1.8) 
x
 

Substituting V, from Eq. (4.1.4) and V, from Eq. (4.1.7) into Eq. (4.1.8), the number of cells be- 

comes 

2 
re T, 

Cy = (1.15 x 10!8) na . (4.1.9) 

The number of photons N, in the pulse is 

E, 
NO ao’ (4.1.10) 

where E, is the pulse energy in Joules, given in Eq. (4.1.5), and fw is the photon energy in Joules. 

The number of photons in the pulse is also given by the product FV,, where V, is the pulse volume 

and F is the flux given by 

  F=( eT ) (4.1.11) 

where F is in photons / m, / in W cm -~?, and hf in Joules. The factor 1/(3 x 10*) of Eq. (4.1.11) 

is inserted because of the specific units used in the equation. Due to this factor the flux units be- 

CHAPTER 4 30



come photons/m? and not the usual photons/m? . The number of photons N, in the pulse can now 

be expressed as 

  N= ( 1. ) “e! Ley, (4.1.12) 
3x 10 hw 

where V, is in m3, / in W cm ~, and hw in Joules. Eq. (4.1.12) can be rewritten as 

  

2 
1 mI T, Ic 

Ny = ) (4.1.13) 
° ( 3x 10° hoo 

Eq. (4.1.13) is in excellent agreement with the photon number derived by Shore et al. [30]. 

Now, let us think of the laser pulse as being an energy packet of volume V, occupied by N, 

photons. Let the volume V, consist of a number of elementary cells, each having a volume V,, such 

that V, is small compared with V,. The probability W, that V, contains N photons can be found 

[31] and is given by 

N _ 

Wy=— Ao _( Ze \ (y_ Ye = (4.1.14) 
N™ NYNg—N)E\ Y, V, ” 

The probability that any given photon is in V, is just the ratio V./V,, and the probability that NV 

given photons are simultaneously present in it is (V,/V,)*. Similarly, the probability that a photon 

is not in V,is (V, — V.)/V, and the probability that N) — N photons are not in V, is given by 

[(V, — V/V,]%o-* . In Eq. (4.1.14) a factor has been included which gives the number of all pos- 

sible ways of choosing N out of N, photons, since the photons are not distinquishable. 

Let V.<V, and suppose that the number N is much smaller compared with the total number 

N, of photons. We may use the approximation N,! ~ (NV, — N)! N¥ and neglect N in the expression 

N, — N appearing in Eq. (4.1.14). As a result, we have 
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, I V, N V, No 
Wy =r Mo 1- + . (4.1.15) 

But N,V,/V, is just the mean number Nof photons in the volume V,. Introducing this quantity into 

Eq. (4.1.15), we have 

. — (UNM _N"(;_ 4)" Wy= M (- x | . (4.1.16) 

Finally, using the formula 

we may replace (1 — NIN,)*o , with N, large, by e-* and obtain the probability distribution in the 

form 

NN -N 
Wy=—a ; (4.1.17) 

Eq. (4.1.17) is the Poisson formula. It is easily seen that it satisfies the normalization condition 

> Wel. (4.1.18) 

W, in Eq. (4.1.17) is a probability distribution; it has two maximum peaks corresponding to 

N set equal to N-—I and N, respectively. So, for N= 2, the maximum peaks of Wy are the first 

two peaks W, and W, respectively, (an average of 1 or 2 photons per cell). To clearly see this, a 

few graphs are given of W, versus N for N= 2, 4, 5, and 7 in Fig. 4.1. As N increases, the highest 

peak is shifted towards the right while the peaks on the left of the highest peak become smaller and 
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smaller and eventually disappear. It should be noted that Loudon [32] arrives at exactly the same 

photon distribution in a laser beam for the constant intensity case. 

Based on our discussion of ATI in the previous chapters, it has become obvious that peak 

suppression is a very important characteristic. As the intensity increases, during experiments, the 

electron energy spectra are changed by shifting the highest peak to the right while the peaks on the 

left are suppressed. Obviously there is a great similarity between what is observed in the ATI ex- 

periments and what Eq. (4.1.17) describes. An electron energy spectrum is at a one-to-one corre- 

spondence with the graph of Wy versus NV, with N representing the number of photons absorbed 

while W, is equivalent to the relative peak heights. We shall apply next our theory to above 

threshold ionization. Electron energy spectra will be predicted through our model and will be 

compared to energy spectra produced in experiments. Before we attempt to do this, however, we 

shall give the formulation of our ATI model. 

4.2 THE ATI MODEL 

In a typical ATI experiment, described in Chapter 2, a vacuum chamber is filled with a 

spectroscopically pure rare gas at a very low static pressure, so that no collision occurs among the 

ionized atoms. A laser pulse is focused into the chamber, and its intensity is adjusted to produce 

1 to 10* electron-ion pairs in the interaction volume. The volume of the laser pulse is the same as 

the interaction volume. The pulse contains elementary cells the size of which is the same as the 

photon size. A typical cell contains a number N of photons which completely overlap; that is, they 

all crowd together forming a “bunch” the volume of which is the same as the volume of one photon. 

The resulting energy is N times larger. The size of a typical atom is of the order of the photon size 

and the probability of two atoms occupying the same cell is negligible since the number of atoms 

in the interaction volume is very small compared to the number of cells. Hence, an atom is affected 

by one cell only. In a laser beam, a typical cell will contain a mean number N photons, and an 
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atom located in that cell will absorb N photons. This energy will be transfered to only one electron, 

and if it is large enough, the electron will leave the interaction volume. Eq. (4.1.17) is now an 

equation where ionization probabilities can be calculated. For example, Wy is the probability that 

an electron absorbs N photons. Every beam is characterized by a mean number Nof photons per 

cell as calculated in section 4.1. So, during an interaction of a laser beam with an atom, the highest 

ionization probability will correspond to an electron absorbing Nor N-1 photons. Thus, by 

applying Eq. (4.1.17), we can produce electron energy spectra which are actually graphs of Wy 

versus N for different values of N. The energy of the electron coming out will be the difference of 

the energy of the number of photons absorbed and the ionization energy. For example, in the case 

of Xe the ionization energy E, is about 1lhw Joules at a wavelength 1 = 1064 nm. This means that 

an electron needs to obtain a minimum energy of £,. If it obtains an energy of say 13h Joules 

during the interaction with the laser beam, then the electron will exit the beam with energy of 

E, = 2hw Joules. 

At this point, we see that with the help of our ATI model, along with the laser beam model 

we can actually calculate the volume of the pulse, given the duration of the pulse, as well as the 

number of photons in the pulse. Moreover, the cell volume can be found through the photon ra- 

dius, and consequently the number of cells in the pulse can be calculated. Then, the mean number 

N can also be found by simply dividing the number of photons by the number of cells in the pulse. 

So, through our model, given the laser pulse duration, the radius of focus of the laser beam, the laser 

intensity and finally the laser wavelength, the energy of the electrons released can be calculated and 

electron energy spectra can be produced for different intensities or pulse durations. The next step 

then will be to compare these spectra to experimental spectra. This will be undertaken in the next 

section. 
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4.3 CALCULATIONS AND COMPARISONS WITH EXPERIMENTS 

In this section, we shall limit the discussion to specific experiments on above threshold 

ionization for which electron energy spectra have been produced. Using our work in section 4.1 

and the characteristics of the laser beam used in the experiments, we will produce the predicted 

electron energy spectra and quantitatively compare them with the spectra produced in the exper- 

iments. 

We first start with an experiment on the |1-photon ionization of xenon at a laser wavelentgh 

of 1064 nm which was conducted by Kruit et al. in 1983 [3]. A commercial Nd-YAG laser was 

used, giving (10-15) ns pulses of up to 1 Joule per pulse at a rate of 10 Hz. For this experiment, 

only the central part of the beam was selected and focused with a lens of focal length 12 mm to a 

diameter of 8 um. For 1064-nm radiation, the maximum pulse energy E, was about 32 mJ, corre- 

sponding to an intensity of 7 x 10% W cm? [29]. 

The results of the above experiment are shown in Fig. 4.2 which shows electron energy 

spectra from ionization of xenon by 1064-nm photons at pulse energies of 32 mJ and 22 mJ, and 

xenon pressures of 0.004 Pa and 0.16 Pa, respectively. The pressures are chosen in such way that 

the total electron signal in each spectrum is 25-50 electrons per pulse. The pulse duration is 10 psec. 

The number of photons N, in the laser beam is the energy of the pulse E, divided by the 

photon energy ho = 2rh(c/A), as seen in Eq. (4.1.10). The wavelength of 1064 nm yields a photon 

energy equal to 1.17 eV, or 1.87 x 10-9 Joules, and the pulse energy of 22 mJ yields a number of 

photons Ny = 1.75 x 10". In our model, the pulse energy E, is directly proportional to the laser 

intensity /, and in this experiment J = 4.8 x 108 W cm-?. 

Eq. (4.1.12) gives the number of photons A, in terms of the pulse volume V,, the intensity 

I, and the photon energy fw. From this equation we solve for the pulse volume and we find 

V, = 1.37 x 10-" m’. As we discussed above, in the ATI model, the laser pulse contains cells each 

having a volume V, given in Eq. (4.1.7), and which is proportional to the third power of the 

wavelength 4. Now, substituting Eq. (4.1.7) into Eq. (4.1.8) the number of cells C, equals 
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n~3(1.387 x 10'*), where » is a free dimensionless parameter of O(1). The mean number of photons 

per cell N equals N, divided by C,; in this case, N= 8.475y3. 

The parameter y is adjusted so that the mean number of photons per cell N equals to 11, or 

8.475y3 = 11. This yields the value 7 = 1.09. The justification for doing this lies in the fact that a 

xenon electron needs to absorb at least 11 1064-nm photons in order to be able to exit the inter- 

action volume and be detected. Now, using Eq. (4.1.17), the ionization probabilities corresponding 

to N= 11 can be calculated for different values of N starting at N= 11. A comparison of exper- 

imental and theoretical results corresponding to these values is shown in Fig. 4.3. 

We will concentrate next on the upper spectrum in Fig. 4.2, where the pulse energy £, is 32 

mJ. The first two peaks are the maximum peaks of the spectrum, and they correspond to an 

electron absorbing 11 and 12 photons, respectively. The energy value given above corresponds to 

a number of photons N, = 1.709 x 10!’, and an intensity J = 7x 103 Wcm-?. The pulse volume 

V, is calculated from Eq. (4.1.12) and we get V, = 1.37 x 10-" m5; it is the same as in the first case. 

The number of cells is C, = 473(1.387 x 10'5), again the same as in the first case. The mean number 

of photons per cell N equals N,/C, and we have N= 12.327y>. The parameter y is now adjusted 

so that the mean number of photons per cell is N= 12; this yields y = .99. The ionization proba- 

bilities in Eq. (4.1.17) are calculated for different values of N starting at N = 11, and the comparison 

between the experimental and theoretical results corresponding to these values is shown in Fig. 4.4. 

A third comparison relates to the experiment on ionization of xenon performed by Lompre’ 

et al. in 1985 [4]. The experimental conditions in this case are identical to the ones described in the 

beginning of section 4.2. The laser wavelength is A= 1064 nm. The laser pulse duration is 

T, = 50 psec, and the intensity is J = 3.6 x 10° W cm™. The envelope of the peaks of the electron 

enegry spectrum at three different values of the laser intensity is shown on Fig. 4.5. Spectrum (c) 

is of our interest due to the large number of data as compared to spectra (a) and (b). The radius 

of the focus here is not stated. For this reason we assume it is 7-= 15 zm, which is a typical radius 

of focus for such lasers. Having the values just specified we are able to calculate the pulse energy, 

the total number of photons, the pulse volume, the number of cells, and finally the mean number 

of photons per cell. Proceeding as in the previous cases, we obtain the values £, = 12.7 mJ, 
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Ny = 6.784 x 10'6 photons, V, = 1.06 x 10“! m’, C, = -3(1.07 x 10!5) cells, and N= 6.34y3 photons 

per cell. Fig. 4.6 shows a comparison of the theoretical spectrum with spectrum (c) of Fig. 4.5. 

In this comparison the heights are scaled to match at N = 16, which yields my = 1.36. 

In all three experiments discussed above, the rare gas utilized was xenon, which is the most 

frequently used gas in the majority of ATI experiments. In the comparisons with our theoretical 

model, the parameter 7 was adjusted so that the maximum peaks of the theoretical and exper- 

imental peaks matched. In the first comparison, the mean number of photons was given as 

N= 8.47573 , and » was adjusted so that Ne=1l photons/cell, yielding 7 = 1.09; in the second 

comparison, we found y = .99, corresponding to N=12 photons/cell; finally, in the third compar- 

ison, we found N=16 photons/cell after setting 1 = 1.36. 

The comparison of the theoretically predicted spectra and the ones produced in the exper- 

iments shows an overall good agreement for the first two cases. Differences occur, however, be- 

tween the peaks located close to the maximum peaks. The slope of the envelope of the theoretical 

peaks is greater than the slope of the envelope of the experimental peaks; that is, the predicted peaks 

do not decrease (on the right of the maximum peaks) as fast as the experimental ones. It should 

be noted, however, that the slopes become equal at the right edge of the spectra. In the third case 

the results are quite different. The first experimental peak, corresponding to N = 1], is absent. 

There is good agreement for the next seven peaks. In the range N = 19 to N= 23 there is a rela- 

tively big difference between peaks, whereas the peaks corresponding to N = 24 are close to each 

other in magnitude. 

There is a distinct difference between the first two cases and the third one. In the former the 

main differences between theoretical and experimental results appear in the neighborhood of the 

maximum peaks, while the right half of the spectra exhibit good agreement. The opposite happens 

in the third case, where the peaks in the neighborhood of the maximum are of about the same 

magnitude, while the rest are different except for the last set. 

Referring to the first two comparisons shown in Figs 4.3 and 4.4, it should be noted that a 

better agreement would have resulted if we had set the theoretical spectra so that their maximum 

peaks occurred at a number WN less than 11 or 12. The envelope of the peaks to the right of the 
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maximum then would have been smaller and thus closer to the experimental slope. Our model, 

however, is consistent with the ionization condition, according to which a xenon electron will be 

detected if it absorbs a minimum of 11 photons at a wavelength of 1064 nm. Concerning now the 

third case, an examination of Fig. 4.5 indicates that there is an inconsistency among envelopes (a), 

(b), and (c). As seen, envelopes (a) and (b) correspond to an intensity of 0.9/, and 1.1/,, respec- 

tively, while the intensity for envelope (c) is 3/,; this means that the area under curve (c) must be 

about 3 times the area under curve (b). Obviously this cannot be the case. Another way of inter- 

preting envelope (c) compared to envelopes (a) and (b) is that for that intensity much more 

ionization events occured resulting in a stronger signal. This, however, can cause space charge ef- 

fects; the latter may be the reason for the absence of the first peak in the experimental envelope. 

As we mentioned earlier, space charge effects can be avoided provided there are as few as possible 

ionization events occurring in the interaction volume. Space charge effects cause the suppression, 

or even the disappearance, of the slow electron peaks. In Ref. [20], it is mentioned that the disap- 

pearance of only the first peak could be attributed to space charge effects, laser pulse duration ef- 

fects, and angular distributions occurring to varying degrees in some of the experiments. 

Through our model, we can predict ATI spectra for a given ionization experiment provided 

information on the laser beam is given for every intensity value. This information includes the laser 

intensity, the radius of focus r, of the beam, the pulse duration, and the laser wavelength. A crucial 

quantity is the radius of focus 7, which changes as the intensity changes; unfortunately it is not 

specified in numerous experiments. We suggest to people conducting ATI experiments to provide 

the complete information on the laser beam since its characteristics change for different intensity 

values. 

According to our model, a laser pulse contains a large number (the order of 10'*) of elemen- 

tary cells occupied by photons. One may wonder how many photons can be “located” in a typical 

cell. Obviously there must be a limit on the number of photons N, occuping a small volume 1.e., 

the pulse volume. The number of photons per cell N depends on the cell size, so that more photons 

of the same wavelength can be “packed” in larger cells. As the intensity increases, the number of 

photons N, in the pulse increases. When JN, is too large for that particular pulse, the volume V, 
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is expected to expand. Now, if one tries to keep V, constant, then Np, initialy increasing linearly 

with V,, will start to increase in a slower fashion until it reaches a saturation, after which no more 

photons can be packed in the pulse volume and , = N,,,,- We assume here that N, increases as 

| — exp( —x) and write the equation 

No = Nmaxl! — exp( —//1;)], (4.3.1) 

where J, is the saturation intensity given in experiments, and / is the intensity of the laser pulse. 

In this case, the shift of the maximum peak of the spectrum will not be proportional to the increase 

in intensity. This characteristic is observed in numerous experiments [4,6,12]. However, it is not 

mentioned whether the pulse volume varies for different intensity value. 

4.4 CONCLUSION 

In this chapter we have provided a simple theoretical model for above threshold ionization. 

The laser beam is represented as a cylinder consisting of elementary cells, which are spheres of 

volume equal to the photon volume. There are N photons in a cell which completely overlap; that 

is, they all crowd together forming a “bunch”, the volume of which is the same as the photon vol- 

ume. The energy, however, is the sum of the energies of the individual photons. There are very 

few atoms located inside the interaction volume so that the possibility of a cell being occupied by 

two or more atoms is negligible. The atom obtains all the cell energy and transfers this energy to 

one electron only. If the amount of this energy is equal or greater to the ionization energy the 

electron will come out of the interaction volume (the laser beam). This results in the formation of 

At ions, where A is a rare gas atom, 1.e., Xe, Ne, etc. 

As we emphasized before, our ATI model is a simple model not taking into account some 

physical effects which may be important. For example, one might ask why there should only be 

A* ions formed in the interaction volume. It is in fact possible to have multi-electron excitation, 
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where an atom loses 2 or more of its electrons during above threshold ionization (9,10,11]. In this 

case our model should be modified by taking into account the fact that the atom transfers its energy 

to more than one of its electrons. In most of the ATI experiments [3,4,6] the number A** ions 

created in the interaction volume is very small and almost never considered when studying ATI. 

Our model assumes that nothing happens to the electron during its exit from the beam. If 

space charge effects are a factor in ATI, then the slower moving electrons will not be able to exit 

the beam due to the net positive charge left behind by the fast moving electrons (the electrons with 

high kinetic energies). The effect of this will be the distortion of the actual electron energy spectrum 

due to a decrease of the peaks on the left of the spectrum, or even a complete elimination of the 

first electron peak of the energy spectrum. 

The intensity is assumed constant throughout the pulse. This is not a very realistic situation. 

The detailed structure of the laser pulse has to be taken into account before a meaningful compar- 

ison with experimental data can be attempted [18]. As mentioned before, the laser beams used in 

ATI experiments are characterized by extremely high intensities obtained in tightly focused 

picosecond pulses, as well as in the spikes of multimode nanosecond laser pulses. A complete 

knowledge of the instantaneous intensity is crucial when studying ATI. However, it is almost im- 

possible to measure the instantaneous intensity when obtained from the spikes of multimode 

nanosecond pulses. As for the tightly focused picosecond pulses the intensity quoted is not usually 

trusted to better than a factor of 2 [21]. 

In Chapter 3, the theory that produced the photon model is built primarily on the free particle 

state of the photon and no full interaction theory has been introduced. As a result, our ATI model 

does not account for photon-photon interaction. Developing a full interaction theory will help us 

account for multiphoton interactions, as well as the effects of such interactions on the physical 

system. Such an interaction theory may dramatically change our ATI model. 

Effects of angular distribution of electrons are not considered in our model. Taking into ac- 

count angular distributions does not change the intensity dependence of electron peaks, but does 

change the relative amplitude of electron peaks. This effect could contribute to the disappearance 

of the first electron peak relative to the subsequent peaks on a spectrum [20]. 
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Different polarizations of the laser beam are not considered in our ATI model. It has been 

shown however, experimentally [6,21] that peak suppression is more prominent for circular 

polarization than for linear polarization. There is no distinction in our model between linear and 

circular polarization. 

In spite of all these drawbacks, our model exhibits relatively good agreement with exper- 

imental data. Despite its simplicity, it can qualitatively, as well as quantitatively, explain peak 

suppression, which is one of the most important characteristics in ATI. As discussed in the previ- 

ous chapters, all the ATI theories must be modified when dealing with high intensity values and 

new approximations should be made in order to predict the energy distribution of the freed 

electrons. A great advantage of our theory over the others is that it applies for any intensity value 

and no such approximations are needed. Present data on ATI are limited to the highest intensity 

values available today. This restricts a full comparison of our model because, even though it can 

produce electron energy spectra at very high intensity values, there are no corresponding exper- 

iments. 
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