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High Order Harmonic Generation 
in Rare Gases 

Abstract 

The process of high order harmonic generation in atomic gases has shown great 
promise as a method of generating extremely short wavelength radiation, extend- 
ing far into the extreme ultraviolet (XUV). The process is conceptually simple. 
A very intense laser pulse (I - 1013 - 1014 W/cm2) is focused into a dense (- 
1017 particles/cm3) atomic medium, causing the atoms to become polarized. These 
atomic dipoles are then coherently driven by the laser field and begin to radiate at 
odd harmonics of the laser field. This dissertation is a study of both the physical 
mechanism of harmonic generation as well as its development as a source of coherent 
XUV radiation. 

Most previous theoretical efforts have been concerned with directly calculating 
the atomic dipole moment via numerical solution of the time-dependent Schrzdinger 
equation or FIoquet methods. Recently, a semiclassical theory has been proposed 
which provides a simple, intuitive description of harmonic generation. In this picture 
the process is treated in two steps. The atom ionizes via tunneling after which its 
classical motion in the laser field is studied.. Electron trajectories which return to 
the vicinity of the nucleus may recombine and emit a harmonic photon, while those 
which do not return will ionize. An experiment was performed to test the validity of 
this model wherein the trajectory of the electron as it orbits the nucleus or ion core is 
perturbed by driving the process with el l ipt idy,  rather than linearly, polarized laser 

radiation. The semiclassical theory predicts a rapid turn-o€f of harmonic production 

. 



as the ellipticity of the driving field is increased. This decrease in harmonic production 
is observed experimentally and a simple quantum mechanical theory is used to model 
the data. 

The second major focus of this work was on development of the harmonic Usourcen. 
A series of experiments were performed examining the spatial profiles of the harmon- 
ics. The quality of the spatial profile is crucial if the harmonics are to be used as the 
source for experiments, particularly if they must be refocused. For intensities below 
the saturation intensity of the target species, smooth, structureless spatial profiles are 
observed with divergences consistent with those expected from a calculation of the 
far-field divergence angle of a gaussian beam. In the presence of intensities greater 
than the saturation intensity distortions are observed which are consistent with the 
interation of the driving laser with the plasma it is producing. 

Finally, the harmonics were utilized as the source €or a photoionization experiment. 
The photoionization cross section of neon was measured out to an incident photon 
energy of 103 eV using a'high power Cr : LiSrAlFG (LiSAF) laser system as the driver 
and neon as the harmonic production medium. By utilizing a short pulse dye laser 
system as the driver and xenon as the harmonic production medium, autoionizing 
resonances in krypton were observed by tuning the seventh harmonic of the dye laser 
from 14.2 to 14.65 nm. 
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Chapter 1 

Introduction 

Since the early days of quantum mechanics the interaction of atoms with electromag- 
netic fields has been of great interest. As early as 1931, M. Goeppert-Mayer provided 
a theoretical description of the process of two-photon absorption [goppe31] although 
it would take many years before these processes could be studied experimentally. 
Since higher-order processes, nonlinear in nature, are generally much weaker than 
their linear counterparts, a source capable of providing very intense photon fluxes 
would be required to observe them. The advent of the laser brought the study of 
nonlinear optical processes from the theoretician’s domain into the laboratory. 

The experimental observation of second harmonic generation[frank61] as well as 
two-photon absorption [ka;se61] revived interest in the study of higher order nonlin- 
earities. Studies were confined to crystals, glasses, and liquids until Ward and New 
observed optical third harmonic generation in a gaseous medium by a focused laser 
beam in 1967.[ward69] Many theoretical efforts were directed at understanding this 
process [klein62, ward69, on711 primarily focusing on perturbation theory. Since the 
incident electromagnetic field was much weaker than the Coulomb field binding the 
atom, the induced polarization could be expanded as a power series in the field. This 
allows an analytic solution for the intensity of the third hannonic radiation produced 
provided the susceptibility is known or can be calculated. 

Since the dependence on the pump power is stronger for higher orders, there 
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was speculation that conversion efficiencies to higher orders might exceed those to 
lower orders[reint78] with pump depletion by lower order processes or competing 
nonlinear processes thought to be the limiting factor. This was indeed seen to be the 
case for harmonic conversion in solids where high pump intensities led to dielectric 
breakdown and conversion efficiency decreased monotonically with increasing order. 
A low pressure gas was suggested as the optimal medium since the field strength 
required for breakdown is much greater. However, once again, many experiments 
observed saturation effects due to competing nonlinear processes.[reint84] Interest in 
extending this technique to very high orders waned although conversion to low orders 
became a common technique for generation of extreme ultraviolet radiation (XUV). 

For the next decade, experimentalists continued to confirm that conversion effi- 
'ciency fell off rapidly with increasing order although wavelengths as short as 35.5 nm 
were achieved.[bokor83] However, laser technology was also evolving and field strengths 
approaching the strength of the binding field of the atom were becoming achievable. 
In 1979, Agostini et al. '[agost791 observed a new effect. While studying the photo- 
electron energy spectra produced by ionization of xenon with 1.064 pm radiation at 
an intensity - 10l2W/cm2, a higher energy satellite peak was observed corresponding 
to the electron having absorbed more energy than required for ionization. This effect 
was subsequently named above-threshold ionization (ATI) and rapidly became an area 
of intense interest. Other groups undertook similar experiments and produced spectra 
showing many satellite peaks, each corresponding to the absorption of an additional 
photon by the atom before ionization.[kruit81] 

These findings showed that in the presence of intense laser fields, higher order 
processes could occur with essentially the same probability as lower-order processes, 
a direct contradiction of the fundamental assumption of perturbation theory. The 
regime of nonperturbative processes had been entered. This suggested an interesting 
question with tremendous implications for harmonic generation. After absorbing 
many photons in excess of its binding energy could the electron radiatively recombine 
to the ground state instead of ionizing? A preliminary answer to this question was 
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109 - 
lo8 - 
lo7- 

lo6 - 
lo5- 

given in 1987 by an  experiment performed by McPherson et al.[mcphe87] The group 
utilized a KrF excimer laser system (248 nm) focused to intensities in the range 10'' 
to 10l6 W/crn2 with neon as the generating medium. While conversion efficiency 
dropped off rapidly for orders five through eleven, the eleventh through seventeenth 
order were all produced with essentially the same efficiency, with seventeenth order 

corresponding to 14.6 nm radiation.[mcphe87] This work was rapidly followed by the 
observation of the thirty-third harmonic in argon and the twenty-first harmonic in 
xenon using a 1.064 pm,Nd:YAG laser.[ferraSS, lis91 To date harmonic production 
has been'studied using numerous laser sources and target gases. The current "state- 
of-the-art" are summarized in Table 1.1. 

In the presence of a very intense field, harmonic generation exhibits a characteristic 
spectrum shown in Figure 1.1. Conversion efficiency drops rapidly for the first few 
orders followed by a long plateau, or region of essentially const ant conversion efficiency, 
ending in a cutofldetermined by the laser intensity and wavelength. 

plateau 

cu t-off 
0 
0 

exp e rim en t a1 d a ta *+ <I 0 estimated data ++ 

FI) 
E 
0 
0 
& a 
rcc 
0 
bM 
Q) 
0 

7 

Y 

E 
z 

1 0 ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ , , ~ ~  ,,,,,,, 1 1 1 1 1 1 , 1 1 , , 1 1 1 1  ,,,,, ll,. .- 

Figure 1.1: Schematic of the harmonic spectrum produced in neon by the LiSAF 
laser at an intensity of 3.3 x 10*4W/cm2. The solid diamonds represent actual data 
points while the open circles are estimates of the number of photons produced for 
those harmonics which are outside the wavelength range of the spectrometer utilized. 
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order 

~~ 

reference 

[sarukg 11 

laser Group nonlinear medium wavelength 

9.8 nm 

15.0 nm 

KrF neon 25 Tokyo 

Tokyo helium 41 

135 neon [lhui193] 

[lhui193b] 

Nd:Glass 

Ti:Sapphire 

7.8 nm 

8.6 nm Lund helium 93 

helium [t isch941 Imp er i d 
College 

Nd:Glass 119 8.9 nm 

Stanford Ti:Sapphire 7.4 nm [mack193] 109 

45 

neon 

[crane921 

[Perry 931 

this work 

helium Livermore NdGlass(2w) 11.7 nm 
~~ ~ 

helium 143 Nd:Glass( lw)  7.0 nm 

83 Li:SAF neon 9.9 nm 

Table 1.1: The current "bests" in the world of harmonic generation. 
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1.1 Description of the Problem 

Conceptually, the problem of harmonic generation in a gaseous medium is very simple. 
A laser beam is focused into the medium and polarizes the atoms'contained within 

pulsed gas jet 

incident laser - 

frequency o, 3o,50, ... frequency o 

Figure 1.2: Schematic of the process of harmonic generation. 

the focus. (Figure 1.2) These atomic dipoles continue to be driven in the field and. 
like a collection of driven harmonic oscillators, begin to radiate at odd harmonics of 
the incident field. Because of the symmetry of the atomic medium, the production 
of even harmonics is dipole forbidden. While this problem has been approached in 
many ways, the simplest approach is to begin with the case of a very weak incident 
laser field. 

The amplitude of a harmonic wave generated by the interaction of an incident 
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electric field with the  polarized medium can be calculated using the Maxwell equations 

V - D  = 4 ~ p  
4n 1dD V X H  -J+--  

C at 
1 dB 
c a t  

V x E  = --- 
V - B  = 0 

in Gaussian units. Provided the medium is not magnetized, the constitutive relations 
are given by 

H = B  
D = E+4nIP. 

It is very straightforward to derive a wave equation for the electric field. First, the 
curl of equation 1.3 is taken yielding 

1 d B  
c at 

V x (V x E) = --VX-. 

Utilizing the vector identity V x (V x V) = V(V V) - V2V, the left-hand side may 
be expanded to yield 

1 aB 
c at - V2E + V(V - E) = --VX-. 

Since the curl can be moved inside the time derivative on the right-hand side of 

equation 1.9 and there are no current densities present (J = 0), equations 1.5 and 1.2 
may be substituted to give 

Provided there are no free charges present, as is the case in a neutral atomic medium, 
p=Oand 

(1.10) 
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Since the polarization P can be expressed as some function of the incident electric 
field, P = @(E), equation 1.10 can be written as 

(V E)(1 + 47rq[O(E2)]) = 0. 

Since the second term is small, this can be approximated as 

V - E = O .  . 

Equation 1.9 becomes 

Now equation 1.6 may be substituted to yield 

or 

- V2E = __ 1 d2(E+4nP) 
C2 at2 

(1.11) 

(1.12) 

(1.13) 

(1.14) 

(1.15) 

1.1.1 Perturbation Theory 

When the laser field is very weak compared to the field which binds the atom, it 
may be treated as a perturbation on the atomic potential and lowest-order pertur- 

bation theory (LOPT) may be applied to the problem. In the presence of weak 
pump fields, the polarization can be represented as a s u m  of linear and nonlinear 
contributions, P = PL + PNL. The linear component may be expressed as PL(r, t) = 
NX(')(k,w)E(r, t) where x(*) is the linear susceptibility and N is the density of the 
atomic medium. This relationship between the electric field and the linear polariza- 
tion will be valid as long as the pulse duration is long compared to the response time 
of the medium. Applying these to equation 1.15 yields 

(1.16) 

For most laser radiation, it is reasonable to assume that the field can be represented 
as the product of a rapidly oscilliting term with an amplitude which oscillates much 
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more slowly in time. Introducing this slowly-varying envelope approximation, the 

electric field may be expressed as 

or 

+ C.C.) 1 i(k-r-wt) 
2 

E = -(A(r,z, t)e- (1.17) 

(1.1s) 

if the field is assumed to be propagating in the z-direction. When more than one field 

is present, the total field is given by the sum over all of the fields 

The polarization can be expressed in a similar manner as 

(1.19) 

(1 2 0 )  

where ky # k j  in general. 
Applying the slowly-varying envelope approximation means that the variation of 

the field amplitudes will be small in one optical period 

or one wavelength 

(1.21) 

(1.22) 

( 1.23) 

. and the second-order derivatives may be neglected. Extending this approximation 
one step further in the case of the nonlinear politrization implies that 

dPj 
at wj- << wj"F'j 

and equation 1.16 becomes 

(1.24) 

(1 -25) 
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Equation 1.25 was derived assuming that the susceptibility was dispersionless, 
x(') # x(')(w), however for a small but finite frequency spread in the field, this dis- 
persion must be accounted for. The different frequency components will propagate 
through the medium at different phase velocities leading to a tendency for the original 
coherence of the pulse to be lost and its shape distorted. For the case where the wave 
number spectrum is not too broad and dissipative effects are ignored an approximate 
solution can be found. If the wave number spectrum is peaked about some value k,, 
the frequency can be expanded about that value as 

(1.26) 

The amplitude of the pulse in momentum space can be Fourier transformed using 
this expression, 

(1 27) 

Thus an additional phase term is present and the pulse is undistorted in shape and 
travels with a velocity called the group velocity 

& vg = - 
dk lo. 

The frequency w is related to k through the dispersion relation 

k=- n ( 4 w  
C 

where n(o) is the refractive index of the medium. Now, 

dk n(w) wdn 
4- -- dw c cdw 

-=- 

which may be substituted in equation 1.28 to give 

dw 
vg = - 

dk 

(1.28) 

(1.29) 

(1.30) 
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(1.31) 

(1 3 2 )  

(1.33) 

This expression for the group velocity, vg, can now be substituted for the phase 
velocity vp = (.(a)/.) in equation 1.25 to account for dispersion of the various 
frequency components. 

A transformation can now be made to a coordinate system that propagates at the 
group velocity vg, 

Now the partial with respect to z' is given by 

dz d a t  a + -- a - = -- aZI aziaz az'at 
d d(t' + z/v,) d 
a2 az' at 
a 
a l a  
a z  v,dt 

= -+ - 

= -++- 

and equation 1.25 becomes 

pYe-iAki=* 
dAi(r, z,'t') - - 4 ~ 4  

dz' C2 
V:A;(r, z,'t') + 2iki I 

(1.34) 

(1.35) 

(1.36) 

In general, any problem can be solved in this fashion provided the exact form of the 
polarization is known. Since this is typically not the case, further approximations 
will be required. \ 
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1.1.2 Multipole Expansion 

One convenient method is to make a multipole expansion of the polarization in terms 
of the moments of the electric field backs751 

(1.37) 

where the first term is the dipole contribution, the second the quadrupole, the third 
the octupole and so on. In the case of multipole radiation in atoms, the total power 
radiated by an electric multipole of order (.f,m) is &ven by 

(1.35) 

where k = w2/c2, Qim is the moment due to the oscillating charge density, and Q h  is 
due to the magnetization. The relative strengths of the multipoles can be examined 

(1.39) 

via the radiative transition probability or reciprocal mean lifetime given by 
1 P  
7 fw' 

The charge density is assumed to be p(x) = (3e/a3)&(8, 4) for r < a and 0 otherwise. 
With this the moments can be estimated to be 

-= -  

3 
Qim e - e + 
QLn Y (2) Qim 

(1.40) 

(1.41) 

where g is the effective g factor for the magnetic moments of the particles in the 
atomic system. Since the rest energies of the particles involved are always much 
greater than the radiative transition energies in atoms, mc? >> h, Qim will always 
be very small relative to Qcm. Substituting this result into equation 1.39 gives . 

- 1 = (z) 2a (7) l + l  (-1 3 2  (ka)sw. 
.(e) fic [(Z+ 1}2 e + 3  

(1.42) 

Thus, the ratio of transition probabilities for successive orders of electric multipoles 
of the same frequency is 

(1 -43) 
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keeping only terms of relative order (l/P). For can atomic system, a - ao/Zeff, where 
a, is the Bohr radius and Z e ~  is the effective nuclear charge. An estimate for ba can 
be made by noting that the transition energy is typically of the order of 

which yields, 

(1.44) 

I 

(1.45) 

so the strength of successive multipole transitions will decrease by a factor of (Z,~/137)~. 

For a transition by a valence electron, as will be the case in harmonic generation, 
Ze, - 1, and the dipole transition will dominate the process. In the case of an X-ray 
transition, Z,E 5 2 and higher order multipoles can become important. 

Applying the dipole approximation, the total polarization in frequency space can 
be written as 

PT(k ,w)  = I?(') + P(')(k,w) + P ( 3 ) ( k , ~ )  + - - * (1.46) 

where 

where x ( ~ )  is the nth order susceptibility. Since the form of the polarization in the 
time domain is required, these expressions must be Fourier transformed which results 
in a convolution of the susceptibilities and the fields as 

CD 

P(')(r, t) = X(')(k,w) - E(k,w)e-htdu 
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( 1 .as) 

in the absence of resonances, the susceptibilities may be treated =.constants and the 
integrals evaluated giving 

P(l)(r, t) = X(l)(k,w) /E(k,w)e-'"l& - - X(l)(k,u)E(r, t) 

= X(2)(k, w )  : El(r, t)E2(r, t) 

(1.49) 

Thus the total polarization may be expressed in terms of the total electric field as 

' where &(r, t) = El(r, t) + E2(r, t)  + - - + EN(r ,  t). 
The first-order susceptibility x(') describes linear polarizations at frequency w 

arising from fields at the same frequency. The nonlinear susceptibilities connect PO- 
larizations at frequency u to fields at the constituent frequencies. For example, in 
sum-frequency generation the polarization at 0 3  = w1 +w2 can arise from the second- 
order term via fields at frequencies w1 and w. We can proceed to express the nonlinear 
polarization in terms of the various field components, 

where g is a degeneracy factor corresponding to the number of distinct permutations 
of the fields. For the example of sum-frequency generation, the total' field is 

ET(t) = El(t) + E2(t) 

and the total second-order term is given by . 

P(2)(t) = X(2)(Ei(t) + E z ( ~ ) ) ~  

(1 32)  
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where the first two terms correspond to second harmonic generation by each of the 
incident fields with no degeneracy since they each arise from a single field and the third 
term corresponds to generation of the sum frequency w3 and the degeneracy factor is 
2. Similarly for a four-wave mixing process (wd = w1 +w~+-), the degeneracies would 
be 1 (third harmonic generation of each frequency), 3 (sum frequency generation of 
w4 = 2u; + w j )  and 6 (sum frequency generation of w4 = w1+ w2 + w + 3) respectively. 
Additionally, equation 1.51 may be expressed in terms of the amplitudes of the field 
components as 

PNL(wq) = &X(9)A1 - - A, . (1.54) 

where the factor of 2n-' arises from the 4 in the definition of the field amplitudes. 

1.1.3 Symmetry Properties 

As described earlier, harmonic generation in an isotropic atomic medium gives rise 
to only odd harmonics of the incident field. This is a direct result of the symmetry 
properties of the medium and ca.n be readily shown by examining the properties of the 
nonlinear susceptibilities. Consider a medium with a center of inversion symmetry 
with the second-order polarization having the form 

(1.55) 

If the coordinate system is now inverted, both P and E as vectors are odd with respect 
to coordinate inversion and therefore must change sign yielding 

(1.56) 
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However x ( ~ )  is invariate under inversion for an isotropic medium so equation 1.56 
becomes 

p(2) = - ~ ( 2 ) E 2 .  (1 37)  

Equations 1.55 and 1.56 will only be compatible if ~ ( ~ 1  = 0. A similar result can be 
arrived at for each of the even-ordered susceptibilities in a medium with inversion 
symmetry, thus precluding the production of even harmonics. While this is strictly 
true only for the dipole susceptibility, under typical experimental conditions this term 
is dominant. 

A quantum mechanical picture a n  also be used to understand the absence of 
even-ordered processes. For a photon to be,emitted via a dipole transition a change 
in angular momentum of .t = 1 must occur. If an even number of linearly polarized 
photons are absorbed, each carrying an angular momentum of .t = fl, the total 
angular momentum of the final virtual state will be either 0 or a multiple of 2. Thus, 
the state cannot emit a single photon back to the ground state in a dipole transition 
and conserve angular momentum. In the case of circularly polarized light, all of the 
photons will' carry angular momentumof either + or -1, so the magnitude of the total 
angular momentum of the virtual state will always be greater than 1 and a single 
photon transition will be dipole forbidden. 

1.1.4 Third Harmonic Generation 

One readily solved case is that of third harmonic generation of a plane wave, Ai(r, z )  = 

Ai(%). The coupled equations for the l w  and 3w fields are then 

(1.58) 2ik1- dAl = -Nx(3)(-u1y3u1, 3 ~ ~ 1 2  -w1, -~l)AsA;~e -iAkz az c2 

If reconversion to lw is neglected as is the case for weak pump fields this reduces to 

(1.60) 
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which may be solved yielding, 
i T W i  1 - e--iAkt ( iAk ) A ~ ( z )  = --Nx(~)A; 2k3c2 (1.61) 

where Ak = k3 - 3kl. Thus the intensity of. the third harmonic wave is given by 

C T 2 w3z 2 2  sin(Akz/2) N~ I x(3) 121; I3 = -A2 8n = ( c3k3 ) [ (Ak2/2) ] ' 
which may be generalized to 

13 cx N21~(3)121~[sinc(Akz/2)]2z2. 

( 1.62) 

(1.63) 

The sinc' term represents the influence of phase matching on the process and will 
have its maximum value when the phases of the incident and harmonic beams are 
exactly equal, Ak = 0. 

1.1.5 Phase Matching 

In general, the phase matching term will depend on the characteristics of the incident 
electric field. For a focused beam incident upon a gaseous medium with a gaussian 
profile 

(1.64) 

where b is the laser confocal parameter and J = 2 ( 2 - z 0 ) / b  is the position of the focus 
The amplitude of the qth harmonic wave is 

where J' = 2zJb and 

(1 -65) 

(1.66) 

is called the phase matching integral. Thus, the harmonic is also a Gaussian with the 
same confocal parameter and beam waist location as the incident radiation and with 
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a far field divergence angle which is l/q1I2 that of the fundamental. In general. the 
intensity of the qth harmonic will then be given by . 

Is a N2 Ix(*)121! [F( bA k)I2z2. (1.67) 

F(bAk) may be examined for several limits of the value of b. When 6 is much 
shorter than the length of the medium, the "tight,focusing" limit, the limits of inte- 
gratioqin 1.66 may be taken to f o o  yielding 

(1.68) 

which has its maximum for Ak = -2(q - 2) /b  < 0. If the medium is much shorter 
.than b, then e'' << 1 and 1.66 becomes 

2L IF(bAk)12 = (a) sinc2[(Ak - 2(q - l ) / b )L /2 ]  (1.69) 

which has its maximum value at Ak = -2(q - l ) / b .  In both cases, best phase 
matching occurs for negative dispersion, Ak < 0. 

1.1.6 "Weak" versus "Strong" Fields 

Clearly the approximation of the laser field as a small perturbation on the atomic 
field must become invalid as the intensity is increased. The field at which this occurs 
can be estimated by examining the multiphoton matrix element which determines 
the probability for the absorption of N photons. 'When the probability of the N + 1 
photon process is the same magnitude as the probability of the N photon process, 
lowest order perturbation theory is no longer valid. 

< fleE - rlj >< jleE - rlk > - - < n -l- lleE. rli > Mjy+"(u) = - - 
j k n+l (Wji  - (N)w)(wK - (N - 1 ) ~ )  * (W,+I- W )  

(1.70) 
is the N + 1 photon matrix element and the N photon matrix element is 

< fleE rJj  >< jleE rlk > - -  - < nleE - rli > . (1.71) 
j k  

. .. 
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The field at which these are of the same magnitude can be calculated by setting their 

ratio equal to 1. 

or 

(1.72) 

(1.73) 

Now if rn+l,i - a,, where a, = 5.29 x lO-’cm is the Bohr radius, a simple example 
can be solved. For the case of hydrogen the ls-2p transition has an energy of 10.15 
eV. At  580 nm the photon energy is 2.14 eV and four photons ‘lie just below the 2p 
level yielding, 

(10.15eV - 8.56eV) 1.W = - = 3 x 108V/cm 
ea0 0.0 

IEI - (1.74) 

or an intensity of I = 1.2 x lOI4 W/cm2. This intensity is readily achievable with 
currently available laser systems so while perturbation theory provides a good starting 
point for understanding harmonic generation, other approaches will be required to 
examine the problem in the strong field regime. 

1.1.9 “Strong” Field Regime 

In order to produce very high order harmonics, laser intensities - 1013 - 1014W/cm2 
are required. The laser electric field strength at such an intensity is approaching that 
of the atomic field and is clearly no longer a small perturbation. This is the regime 
of so-called nonperturbative processes. Time-dependent approaches to this problem 
have included solution of the Schrtidinger equation [kulan89, kraus92bl and Floquet 
calculations.Ipotv189] One-dimensional approximations [eber189, eberl89b1, classical 
methods [banddo, chug01 and other models [shore87, becke90, biede89, sunda90) 
have also provided insight into the problem. Despite the single-atom nature of these 
calculations, they in general agree qualitatively .with experimental data. Other work 
[lhuil91] has extended these calculations to include the influence of phase-matching. 
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Theoretically,[kraus92] it has been seen that the energy at which the cutoff occurs 
in the single-atom response is well-approximated by 

where Ip is the ionization potential of the atom and 

- 9.33 x 10-'?I(W/cm)2Xz(pm) Up(eV) = - - e2E2 
4mw2 

(1.Z) 

(1.76) 

is the ponderomotive or "quiver" energy of the electron in the laser field. When the 

contribution of phase matching is added to the single-atom response the factor of 3 
may be diminished to approximately 2 in equation 1.7S.[lhui193b] 

More recently, in an effort to provide physical insight into questions such as the 
location of the cutoff a two-step semiclassical model tkulan93, schaf93, corku931 has 
been suggested. In the semi-classid picture, the atomic potential is lowered by 
the presence of the intense laser field allowing the electron to tunnel through the 
potential barrier. The subsequent motion of the electron in the field is treated as 
that of a free electron and the classical trajectories of the electron are examined. 
If the trajectory is one which returns the electron to the nucleus, the electron may 
recombine to the ground state and emit a harmonic photon. However, if the trajectory . 
is such that the electron does not return to the nucleus, the atom will simply ionize 
and no harmonic production will be observed. Classical simulations show that the 
maximum energy the electron may have upon returning to the nucleus is 3Up, in 
good agreement with quantum mechanical calculations. A simple, analytic and fully 
quantum-mechanical theory valid in the tunneling limit has also been used to examine 
this problem.[lewen94] This theory is valid in a low frequency high intensity limit, 
where Up >, Ip, and €or high order harmonics, those with energies greater than the 
ionization potential, and includes many quantum mechanical effects which are not 
included in the classical approach. 
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1.2 Research Program 

Two major goals drove the research presented herein. The first was to further the 
understanding of the basic physics issues underlying harmonic generation. A series 
of preliminary experiments were done to confirm the predictions of lowest order per- 
turbation theory and to provide a general survey of harmonic generation in the rare 
gases. An experiment was then devised to test the range of validity of the two-step 
semiclassical model of harmonic generation. The quantum model of Lewenstein et 
al,[lewen94] was used to model the data. 

The development of high order harmonic generation as a source of coherent, tun- 
able, XUV radiation was the second goal. This required characterization of the har- 
monic "source" including an examination of the spatial coherence properties of the 
radiation produced. Finally, the harmonic source was utilized to perform measure- 
ments of the photoionization cross section of several target species. 

1,.3 Plan of the Manuscript 

This manuscript is organized according to the motivation presented above. Chap- 
ter 2 presents a detailed description of the experimental facility. Both of the laser 
systems utilized as well as the experimental set-up required for harmonic generation 
are discussed and a detailed analysis of the short pulse dye laser system is included. 
This is followed by Chapter 3 which details the results of preliminary experiments 
to confirm the predictions of perturbation theory and spectra are presented for each 
of the rare gases studied. Chapter 4 begins with a detailed presentation of the two- 

step semiclassical model of harmonic generation and a description of the experiment 
on the influence of ellipticity devised as a test of its predictions. The experimental 
results are presented next and are subsequently modeled using the quantum model 
developed by Lewenstein, et al.,[lewen94]. 

The focus then shifts to the development of the hannonic -"source" in Chapter 5. 
The first section details the characterization of the source and measurements of the 



CHAPTER 1. INTRODUCTION 23 

spatial profiles of the harmonics. The concluding section of this chapter presents the 
results of photoionization experiments conducted utilizing harmonic radiation as the 
photon source. The manuscript will conclude with Chapter 6 which will summarize 
the work presented and suggest future directions in which to extend this work. 
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Chapter 2 

Experimental Facility 

-2.1 Short Pulse Dye Laser 

In order to provide a tunable source of harmonic radiation, a high power dye laser 
system was utilized. The system described here is capable of providing focused ir- 
radiance in excess of lo'* W/cm2 tunable from 570 to 640 nm with an amplified 
spontaneous emission (ASE) background of less than 

The laser system,[perry89] shown in Figure 2.1, begins with a stabilized, mode- 
locked Nd:YAG ( neodymium3+: yttrium aluminum garnet) oscillator (Quantronix 
model 4126 MLSH) which produces a 76 MHz train of mode-locked 100 psec pulses 
at 1.064 pm with an average power of 16 W.. The leakage through the cavity end 
mirror is monitored continuously by a fast photodiode to allow for easy adjustment 
of the cavity length. A typical profile is shown in Figure 2.2. The 1.064 ,um beam is 
focused into a 5 mm potassium titanyl phosphate (KTP) crystal to an 80 pm spot 
diameter yielding a peak power density of 42 MW/cm* and frequency converted via 
type I1 second-harmonic generation. The 532 nrn pulse train is separated from the 
fundamental by a dichroic beam splitter and N 1.1 W is used to synchronously pump 
a linear cavity dye laser (Spectra Physics Model 3500) with rhodamine 6G in ethylene 
glycol as the gain medium. Figure 2.3 shows the output power of the dye oscillator 
as a function of wavelength for these conditions. 
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3 I 
I 

f s 1 

Figure 2.1: Schematic of the short pulse high power dye laser system. (HWP = half- 
wave plate, QWP = quarter-wave plate, SHG = second harmonic generation, PC = 
Pockels cell, TFP,P = thin film polarizer, L = lens, SF = spatial filter, DL = delay 
line, DCS = dichroic beam splitter, PH = pinhole, A = dye amplifier cuvette) 
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Figure 2.2: The temporal pulse profile of the mode-locked Nd:YAG oscillator. The 
secondary pulse is due to ringing in the fast photodiode. 

By exactly matching the optical cavity lengths of the pump laser and the dye 
oscillator, the population inversion in the gain medium is generated and restored at a 

time which is synchronized to the cavity round-trip time. During each cavity round 
trip the circulating dye pulse makes two passes through the gain medium, each time 
rapidly depleting the the excited state population of the laser dye. When the cavity 
lengths are exactly matched, pulses of 2 psec duration are produced. By shortening 
the oscillator cavity length relative to that of the pump laser, the pulsewidth may be 
decreased to 800 fsec. The presence of additional pulses circulating in the cavity is 
observed for very short cavity lengths as lobes on the autocorrelation of the.amplified 
dye pulse. Very short cavity lengths correspond to the circulating dye pulse arriving 
as the leading edge of the pump pulse strikes .the gain medium. After the dye pulse has 
passed, the remaining pump pulse may bring the laser above threshold again, allowing 
a second pulse to begin circulating in the cavity. Shown in Figure 2.4 are a series 
of autocorrelations depicting the evolution of the pulsewidth produced as a function 
of cavity length. These were obtained by the technique of noncollinear, background 
free autocorrelation by type I second harmonic generation in a potassium dihydrogen 
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Figure 2.3: Output power of the dye oscillator as a function of wavelength with 
rhodamine 6G in ethylene glycol as the gain medium. The oscillator is continuously 
tunable from 575-640 nm. Extending this range requires changing the cavity optics 
as well as the dyeutilized. 

phosphate (KDP) crystal using a Spectra Physics Model 409 autoconelator. The 
lobes surrounding the main pulse are due to a secondary pulse produced after the main 
pulse circulating in the cavity. Because the second order autocorrelation function is 
symmetric, the lobe appears on both sides of the autoconelation. 

The frequency is tuned by adjusting the angle of a two-plate birefringent filter 
placed at Brewster's angle within the cavity. Rotating the filter about an axis normal 
to its surface causes the polar angle between the optic and laser axes to change, 
thus altering the wavelength whose retardation is an integral number of wavelengths. 
The elliptically polarized frequencies will experience additional cavity losses at other 
Brewster's angle optics causing them to fall below the lasing threshold of the cavity. 
However, incomplete polarization by a single plate fdter cas result in sidebands or 

additional frequencies circulating in the cavity. The active bandwidth is further 
reduced and the sidebands suppressed by the introduction of a second birefringent 
plate of greater thickness. 
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Figure 2.4: Autocorrelation of dye oscillator pulses as a function of cavity length. 
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A single pulse from the dye laser train will be amplified in a three state dye ampli- 
fier pumped by 532 nm radiation. One of the primary problems in such amplification 
schemes traditionally where the amplifiers are pumped by 532 nm pulses of nanosec- 
ond duration is the high level of ASE present in the output, often several percent 
of the main pulse. By pumping the amplifiers with shorter pulses (- 100 psec), the 
pulse being amplified is able to extract the gain from the amplifier before there is 
time for a significant buildup of ASE and the contrast ratio between the amplified 
pulse and the ASE background improves from one to several orders of magnitude. By 
using a regenerative amplifier to  produce the pump radiation, the laser system may 
be kept compact and both cost and complexity are reduced. [sizer81] 

In a regenerative amplifier, a single light pulse is trapped in a laser resonator 
and allowed to make many passes through the gain medium. When the pulse has 
reached its maximum amplitude it is switched out of the cavity. The output pulse has 
the temporal characteristics of the seed pulse while the spatial mode is determined 
by the resonator design: A large mode volume is desirable in order to maximize 
energy extraction but good beam quality must be maintained as well. While unstable 
resonators generally support large mode volumes, the beam quality is poor due to 
diffractive output coupling. A stable T E G  resonator provides excellent beam quality 
but is very sensitive to alignment when the circulating mode is large.[perry89] For the 
best combination of large mode volume, good beam quality and ease of alignment, a 

diffraction filtered resonator [pax881 was chosen for this application. 
The residual 1.064 pm light from the Nd:YAG oscillator passes through the 

dichroic splitter and is sent through an attenuator consisting of a half-wave plate 
followed by a thin film polarizer which allows the amount of 1.064 pm power to  be 
continuously varied. The s-polarized component of the pulse train reflects off polar- 
izer P1 through quarter-wave plate QWP2 and Pockels cell PC1. The pulse diffracts 
from pinhole PHI and makes its second pass through PC1 and QWP2. The now 

p-polarized pulse is then transmitted through P1. PC1 is fired at its quarter-wave 
voltage (3500 V) immediately after the trapped pulse has made its second pass, thus 

.- .. . 
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causing the rest of the pulse train to experience a full-wave retardation and be re- 
flected by P1. After 9 round trips, the pulse is switched out of the cavity by raising 
Pockels cell PC2 to its quarter-wave voltage and returning it to s-polarization which 
will be rejected by polarizer P2. 

The cavity is designed such that when the beam makes its second pass through the 
7 mm x 100 mm Nd:YAG rod, the first minimumof the Airy pattern produced by the 
diffraction from the pinhole is clipped by the edges of the rod. The measured single 
pass gain of this head as a function of pump eaergy is shown in Figure 2.5. This 

251 
15 4 

24 26 28 30 32 34 36 
lamp energy (J) 

Figure 2.5: The measured single pass gain G = Eout/Eb as a function of the pump 
energy in joules. The solid line is an exponential fit to the data. 

allows for maximum filling of the rod without introducing severe beam distortion. 
Once the length of the cavity and placement of the laser head are determined, the 
number of round trips required to achieve the desired gain level must be calculated. 
This is accomplished by examining the propagakion of a light pulse through a gain 
medium. 

The properties of the regenerative amplifier may be studied by solving the coupled 
rate equations for the photon density in the resonator and the population inversion in 

the medium. The energy level structure of Nd3+ is shown in Figure 2.6. Emission at 
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Figure 2.6: The energy level structure of Nd3+ with the 1.06 p h  lasing transition 
indicated. 
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1.064 pm results from the 4F3/2 to 4111/2 transition. Nd3+ is a four-level laser system 
where the relaxation of the pump bands into the upper laser level occurs very quickly 
so any population in the pump band may be neglected. If the populations of the 
upper and lower laser levels are denoted by n2 and nl respectively and the photon 
density is denoted by 4(z, t ) ,  the photon transport equation is [frant63] 

(2.1) 

where a is the emission cross section and c is the velocity of light in the medium. The 
right-hand side of equation 2.1 is simply the difference between the rate of stimulated 
emission and the rate of absorption where spontaneous emission has been neglected. 
The rate of change of the populations of the upper and lower levels must also be 
related to this difference, yielding the population rate equations 

an1 - = ac4(n2 - n1) 
at 

These equations may be expressed in terms of the population inversion, A(z) = 
n2 - nl, giving 

dA - = -2a~n.A (2.4) at 
and 

34 a# - + c- = acnA. at ax (2-5) 

By applying the boundary conditions 4o(t) = $0(0, t) and Ao(z) = Ao(s, -m) these 
equations may be solved for arbitrary &(t) and &(z) yielding 

and 
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If the initial population inversion is assumed to be a constant, Ao(z) = A,, these 

. become 

and 

(2.8) 

(2.9) 

To model the behavior of the diffraction filtered resonator, the input pulse will be 
assumed to have a gaussian temporal profile, 

(2.10) 

where r is the full width at half maximum (FWHM) of the profile. As the pulse 
amplitude grows in the cavity, .the population will be depleted eventually resulting in 
a decrease of the pulse amplitude. Cavity losses are - 95% due to the low throughput 
of the diffracting pinhole. For a typical pump energy of 36 J, the small-signal gain 
G = 25.8 yielding an invkrsion density of 

3.25 
10 cm x 6.5 x 10-19 cm2 

- - 
= 5 x 1017 atoms/cm3. 

(2.11) 

(2.12) 

(2.13) 

For 1% doping, the density of Nd atoms is 1.38 x lo2' atoms/cm3 yielding an inversion 
fraction of - 3 x The FWHM of the input pulse is 100 psec and the length of 
the cavity is 165 cm. 

Figure 2.7 is a plot of the amplitude of the pulse after each round trip as a 
function of the number of round trips. The paameters for this calculation were T = 
100 psec, an effective beam cross sectional diameter of 2.75 mm, input energy Ek = 
1.5 nJ, cavity loss of 95% and an initial population inversion A. = 2.75 x 1017 ~ m - ~ .  
Experimentally, the relative timing between Pockels cells 1 and 2 determiees the 
number of round trips the pulse makes in the cavity. By setting the separation of 
the triggers to the Pockels cells to be 95 nsec (9 round trips) apart, it is seen that 
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Figure 2.7: The pulse amplitude in the regenerative amplifier as a function of the 
number of cavity round trips as calculated for the case of a constant initial population 
inversion and a gaussian input pulse. The pulse has reached its maximum amplitude 
after 9 round trips. 

the pulse amplitude is indeed at its maximum and the correct pulse will be switched 
out. Figure 2.8 shows the actual buildup in the resonator measured by placing a 
photodiode behind polarizer P1. The pulse energy after the regenerative amplifier is 
typically - 15 mJ representing a gah of - lo6. 

After the pulse exits the regenerative amplifier it is collimated at 6.2 mm and 
amplified to approximately 300 mJ by making it single pass through a 9 mm x 115 
mm Nd:YAG amplifier rod operated at a typical pump energy of 63 J. The single- 
pass gain of the amplifier head as a function of pump energy is shown in Figure 2.9. 
The 6.2 mm beam waist is small enough to avoid severe diffraction effects due to the 
edges of the 9 mm rod. Thermal focusing in this rod and the potential for damage 
to turning optics for this beam limit the energy extracted from this amplifier as well 
as the repetition rate at which it may be operated. The system has been operated at 

10 Hz but is typically operated at 5 Hz or less to minimize these effects as well as to 
avoid overloading the heat exchanging capacity of the cooling group which supplies 
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Figure 2.8: The experimentally observed pulse build up in the regenerative amplifier. 
The triggers to the Pockels cells are set 95 nsec apart for maximumoutput, equivalent 
to 9 round trips. The pulse amplitude on the first several round trips is too small to 
be observed with the phptodiode. 

bo.th the 7 mm head in the regenerative amplifier and the 9 mm amplifier head. The 
1.064 pm light is then passed through a half-wave plate and.frequency converted to 
532 nm in a 1 cm KDP crystal. The maximum energy at the second harmonic is - 225 mJ representing a conversion efficiency of 75%.. Typically 65 mJ of 532 nm 
light is used to pump the dye amplifier chain and the pulse width after conversion is - 75 psec. 

Initially the laser was internally triggered but the only early trigger available in 
this configuration is the "charge" command to the capacitor banks which has a very 
large (- 200 pec)  jitter associated with it. For the experiments being considered 
here, the laser arrival must be precisely timed to coincide with the opening of a 
pulsed gas jet which releases a puff of gas only 250 psec long so a timing jitter as 
large as that associated with the "charge" command is clearly unacceptable. In order 
to circumvent this problem, the firing of the laser is controlled externally, fixing the 
"charge" command in time and allowing for very stable, early'triggers. 
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Figure 2.9: The measured single pass gain G = EoUt/Eh as a function of the pump 
energy in joules for the 9 mm amplifier head. The solid line is an exponential fit to 
the data. 

In this configuration a pulse generator (Tektronix 2101) is used to generate the 
“charge command” which tells the control unit (Continuum CU551) to begin charging 
its capacitor banks. The repetition rate is set by varying the pulse period on the pulse 
generator. The power unit (Continuum PU420) then returns an “end-of-charge” 
signal to show that charging is complete. This signal triggers a Stanford Research 
Systems DG535 digital delay generator which th.en sends the command to discharge 
the capacitors across the flashlamps, the “fire” command. It also sends a trigger 
to the frequency scalar board (Continuum) which controls the timing of the Pockels 
cells. The rf output from the mode-locker of the NdYAG seed laser is also input to 

the scalar board. The board then counts a particular number of cycles of rf to begin 
its timing sequence to ensure that only one pulse from the 76 MHz train is trapped 
in the regenerative amplifier. A schematic of the timing control system is shown in 

Figure 2.10. 
Three longitudinally pumped flowing dye c i b  are used for amplification of the 

mode-locked pulses from the dye oscillator. The concentrations in the cells are - 
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Figure 2.10: Schematic of the timing sequence for the regenerative amplifier. 
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2 x 1 x and 0.8 x M respectively. By utilizing several 'different 
dyes, the amplifier is operable over the range 570 to 640 nm. The mode-locked dye 
pulse train is focused by lens e l  into the first dye amplifier. A 50 pm pinhole is 
placed at the focus of this lens, approximately 4 cm past the first amplifier cell. 
The beam is then allowed to diffract, with its central Airy maximum filling each of 
the two succeeding stages and is then recollimated by lens t 2 .  The 532 nm pump 

radiation is sent through an optical delay line in order to synchronize its arrival with 
that of one of the picosecond dye pulses. The beam is split .into three components 
which are each sent through variable optical delay lines consisting of a roof prism 
on a translation stage. The amount of the pump beam diverted to each amplifier is 
1096, 20%, and 70% respectively. Precise timing of the pump pulse and the pulse to 
be amplified must be maintained in order to ensure maximum gain with minimum 
loss to ASE.[wokau82] The beam diameters in the amplifier cells are x 0.6, 7 and 
18 mm and the pump beam diameter is matched to this at each stage. .The dye 
amplifier produces a maximum energy of 4 mJ with a pulse duration of less than one 
picosecond. The characteristics of the entire dye laser system are shown in Table 
2.1. The dye amplifier chain is designed such that the incident pulse achieves the 
saturation fluence, E, = hv/a, at approximately two-thirds the length of each dye 
cell. For fluences greater than this value, temporal distortion of the pulse is observed 
since the leading edge of the pulse will experience greater gain. 

The technique of backgound-free single-shot autocorrelation is used to measure 
the duration of the amplified dye pulse on a shot-by-shot basis.[wyatt81] The beam 
entering the autocorrelator passes off of a plane diffraction grating and is divided 
by a beam splitter into two equal components. One of these beams traverses an 
arm containing an optical delay line so that the overlap between the two pulses may 
be controlled. The two pulses are focused into ,a thin KDP crystal and the second 
harmonic of their sum is generated along the axis dividing their paths. A diode array 
is used to detect this second harmonic signal. Figure 2.11 shows the autocorrelation 
of the amplified dye pulse with a calculated second order autocorrelation function 
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pulse width 

wavelength 

pulse energy 

ASE 

beam quality 

variable between .8 psec and 4 psec 

continuously tunable between 570 and 640 nm 
by utilizing several amplifies dyes 
575-620 nm €or sulforhodamine 101 
620-640 nm for cresyl violet perchlorate 

4 mJ maximum 

5 of the amplified pulse energy 

focusable to 1.5 times the diffraction limit 

Table 2.1: Operating characteristics of the short pulse dye laser system. 
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assuming a hyperbolic secant squared temporal distribution of width r = 1.24 psec, 
corresponding to a pulse width of 800 fsec is shown as a solid line. 

Figure 2.11: Singleshot. autocorrelation of the <amplified dye pulse. The solid curve 
is a calculation of the second order autocorrelation function for a hyperbolic secant 
squared pulse of r = 1.24 psec width. The actual pulse width is then At = 7/1.55 = 
800 fsec. 

For experiments, the laser may be operated as a full system producing picosecond 
tunable dye laser pulses or the regenerative amplifier-power amplifier pair may be 
used alone as a source of radiation at either 1.064 pm or 532 nm with pulse durations 
of 100 and 70 psec respectively. 

2.2 Cr:LiSAF Laser System 

In order to scale these experiments to higher intensities a higher power laser system 
was required. Laser systems based on chirped pulse amplification [stric85, maine881 
can offer the combination of compactness, moderate energies and very short pulses 
which, when focused, can easily produce intensities > lo1* W/cm2. Such a system, 
employing Cr : LiSrAlFs (LiSAF)[payne89] as the gain medium, was utilized for these 
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experiments. [di tmi93, ditmi94al 
A schematic of this system is shown in Figure 2.12. The seed pulse is generated 

by a self mode-locked Ti:Sapphire oscillator (Coherent Mira 900) which produces a 

76 MHz train of transform limited 110 fsec pulses of energy 8 nJ. In order to prevent 
damage which would occur from the amplification of such a short pulse due to very 
high peak powers in the amplifiers and subsequent nonlinear effects (self-focusing, 
self-phase modulation), the pulse train is collimated and sent to a diffraction grating 
pulse stretcher where it is stretched temporally from 100 fsec to 500 psec.[marti87] The 
stretcher consists of two 1800 line/mm gold-coated holographic diffraction gratings 
and two 60 cm focal length cemented achromatic doublet lenses which are corrected 
for chromatic and spherical aberration at 825 nm. Due to losses in the stretcher, the 
pulse energy is reduced to 2 nJ. 

The pulse train is then injected into a ring-geometry regenerative amplifier oper- 
ating at a 1-10 Hz repetition rate [perry92] where a single p-polarized pulse is selected 
for amplification by applying half wave voltage to a Pockels cell used in combination 
with a half wave plate to provide a full wave retardation to the trapped pulse. The 
4 m long cavity is TEMW stable with the mode being defined by a 1.5 m focal length 
lens and a 2 mm aperture within the cavity. The pulse is amplified in a 4 mm x 
50 mm LiSAF rod and makes 37 round trips to achieve a total gain of 5 x lo6. The 
pulse is ejected from the regenerative amplifier by returning the voltage on the Pock- 
els cell to ground and is typically 12-15 mJ in energy. The gaussian output beam is 
then truncated by a 2 mm serrated aperture which serves to give the pulse a flat top 
spatial profile for greater fill factor in subsequent amplifiers. To ensure theapropaga- 
tion of the Bat top throughout the rest of the system, the aperture is relay imaged. 
The pulse then makes a single pass through a 4 mm LiSAF amplifier to restore the 
energy lost at the serrated aperture. 

Next the image is magnified in an air spatial filter by a factor of 2.9 resulting in 
a beam diameter of 6.1 mm. The pulse is amplified by singlepassing two 9.5 mm x 
115 mm LiSAF rods. The net gain here is 36 and energies greater than 550 mJ can 



CHAPTER 2. EXPERIMENTAL FACILITY 

& 

4 
c 
0 n 

e 
0 
E 
4 

- 

G s 
E, 
a 

E 
E 
‘? 
QI 

42 

Figure 2.12: Schematic of the Cr:LiSAF laser system. (HR = high reliector, L = lens, 
TFP = thin film polarizer, A = aperture, HWF’ = half-wave plate, FR = Faraday 
rotator) 
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be achieved. The repetition rate of the system is limited by the rate at which these 
amplifiers can be fired and was .3-1 Hz depending upon the output energy desired. 
A Faraday rotator and half-wave plate are placed after these amplifiers to prevent 
back reflections which could damage the system. The pulse is then sent through a 
vacuum spatial filter to remove high order spatial frequencies and the spatial profile 
is magnified to 4.2 cm (magnification = 6.8) to remain below the damage threshold 
of the gold-coated diffraction gratings in the compressor. The energy input to the 
compressor is limited to 510 mJ due to losses in the spatial filter as. well as those off 
of optics in the isolation stage. 

The pulse is then double passed in a grating pair pulse compressor with overall 
efficiency of 55% resulting in output energies of up to 280 mJ. An autocorrelation 
of the amplified pulse assuming a sech2 profile yields a pulse width of 135 fsec. For 
harmonics experiments the laser was typically operated in the range from a few mJ 
(regenerative amplifier only, 5 Hz repetition rate) to 50 mJ (both 9.5 mm amplifiers 
firing, .3 Hz repetition rate). 

2.3 Experimental Apparatus 

These experiments on the production of harmonic radiation were accomplished by 
focusing a laser beam into a dense gaseous medium and-detecting the spectrally 
dispersed radiation produced. The basic experimental set-up used is shown in Figure 
2.13. 

The laser beam is sent to the experimental apparatus via an air path of several 
meters. An uncoated optical flat acts as a beam splitter, diverting four percent of 
the incident beam to a calibrated photodiode which will record the laser energy on 
each shot. The beam is then focused into a vacuum chamber by a spherical lens 
anti-reflection (AR) coated for the wavelength of interest (825 nm for the Cr:LiSAF 
laser system, broadband AR coating for 580-620 nm for the dye laser). The distance 
which the focused beam must propagate in air is minimized by placing an extension 
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Figure 2.13: A block diagram of the experimental set-up required for optical harmonic 
generation. 
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tube on the front of the vacuum chamber which ensures that the vacuum window 
is never more than a few centimeters from the focusing lens. This is particularly 
important for the Cr:LiSAF system where self-phase modulation in air might cause 
distortion of the beam due to-the high power density being propagated. The lens is 
placed such that its focus is located directly beneath the output of a pulsed gas jet. 
Two types of pulsed gas jets were employed, one utilizing a solenoid valve to control 
the duration of the gas pulse and the other a piezoelectric crystal. In either case the 
valve is opened for a duration of - 250 psec and produces a sonic expansion of gas 
with a density of - lo" particles/cm3. The exact density achieved is a function of 
the backing pressure applied. [perry92b] 

After the gas jet, the beam diverges into a monochromator to spectrally disperse 
the ,harmonics. Two different dispersing systems were utilized. For the preliminary 
experiments a .25 m Seya-Namioka monochromator (McPherson 234) was utilized. 
This set-up is shown in Figure 2.14. In this device the cone of radiation is incident 
on a variable width entrince slit, typically - 100 pm wide. The light expands to fill 
a 1200 g/mm iridium coated toroidal diffraction grating. The wavelength selected is 
refocused onto an exit slit and detected by a chevron configuration dual microchannel 
plate detector (Galileo TOF 3000). The microchannel plate signal is then sent into 
a gated integrator and the integrated signal is sent via an analog-to-digital converter 
to a PC. 

In the second system, shown in Figure 2.15, a slitless spectrometer directly images 
the focal position of the laser onto the exit slit and an electron multiplier is used to 
detect the signal.[lhuil93] All of the light leaving the focus is collected by a gold-coated 
toroidal mirror with a 1 m focal length and sent onto a gold-coated variable groove 
density plane diffraiction grating with average groove spacing of 1700 grooves/mm. 
After spectral dispersion the residual fundamental laser radiation is picked off by a 

conical glass light trap to minimize scattered light problems. This device may be op- 
erated as either a spectrometer, where large portions of the spectrum may be recorded 
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on each shot, or as a monochromator where an exit slit is put in place and one wave- 
length at a time is recorded and the grating is then moved to the next wavelength. 
The use of a plane, variable groove density diffraction grating ensures that the dis- 
persed wavelengths are imaged onto a plane rather than the Rowland circle, enabling 
detection of several wavelengths simultaneously with standard planar detectors. This 
distinction is very important for the spatial measurements presented in Chapter .5 
since it makes use of large area imaging detectors relatively straightforward. This 
spectrometer was absolutely calibrated for efficiency at a synchrotron source[lhuil93] 
so the absolute number of photons detected can be determined. 

For experiments requiring the total number of harmonic photons produced an 
electron multiplier is used to detect the harmonic signal. This signal is integrated and 
read out to a PC along with the laser energy for the shot. The data acquisition system 
controls the position of the grating allowing for the recording of harmonic signal as 
a function of wavelength, intensity, or "position", where "position" can refer to any 
parameter to be &ed.. When the spatial distributions of the harmonics are being 
studied, the exit slit of the monochromator is removed and an imaging microchannel 
plate detector is placed - 13 cm beyond the focal plane of the spectrometer. This 
is done to allow the harmonics to reexpand and better fill the detector so small 
scale structures will be detectable. The imaging detector consists of two 10 pm pore 
microchannel plates mounted in chevron configuration with the top plate coated with 
CsI to increase its efficiency. The electrons leaving the back channel plate illuminate 
a phosphor screen. A ccd camera is used to record. the image off of the phosphor 
screen and the image is recorded on a PC. 
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Chapter 3 

Optical Harmonic Generation 

3.1 "Weak" Field Harmonic Generation 

Doing several preliminary experiments in the weak field regime is an opportunity to 
characterize the experimental set-up and ensure that the properties of each element 
are well understood. This will minimize the amount of experimental uncertainty 
present when studying the process in the more complicated, "strong" field regime. 

In Chapter 1, an arialytic solution was derived for the intensity of the qth harmonic 
as a function of the incident laser intensity with the form 

where 
is the phase matching integral, and 11, is the incident laser intensity. 

is the qth order nonlinear susceptibility, N is the atomic density, F(bAL) 

By verifying the density dependence predicted by perturbation theory the coherent 
nature of the process of harmonic generation can also be verified. To show that the 
N2 dependence is a characteristic of a coherent process,, consider the problem of a 

collection of radiating oscillators as illustrated in Figure 3.1. Each of the oscillators 
produces an electric field of the form 
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Figure 3.1: Illustration of the problem of determing the field at point P due to a 
collection of radiating oscillators. 

where E,i is the time-independent amplitude of the field. The total.field at point P 
is then 

Etoa = Ei. 
t 

(3-3) 

If the field amplitudes are assumed to be equal this becomes 

The intensity at point P is 

. (3.5) n 
Itod = - < EiodEtoa > . 8?r 

Now, if the fields are in phase at the point, P, 4j1 = & = - - - = 4~ and 3.4 becomes 

which yields 
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However, for an incoherent process d1 # 4 2  # * - - # 4~ and 

so 3.5 becomes 
r 1 

cn = -NE:. 
87r 

5 1 

(3.9) 

It has been demonstrated that the density produced by the pulsed gas jet utilized 
for these experiments varies linearly with the backing pressure applied.[perry92b] 
Therefore, harmonic sigqal as.a function of density may be directly probed by varying 
the backing pressure and the result is presented in Figure 3.2 where the solid line 
represents a fit of the form I b  a P. 

0 

A simple experimental confirmation of the intensity dependence of harmonic gen- 
eration is to examine the production of third harmonic in xenon using the second 
harmonic of the dye laser as the driver. The laser was operated at 580 nm (- 
3 mJ) and the fundamental was frequency doubled in a 1 cm long KDP crystal 
producing typically 300-900 p J  at 290 nm resulting in an incident laser intensity - .4 - 1 x 1013 W/cm2. A plot of third harmonic intensity as a function of incident 
laser intensity is shown in Figure 3.3 where the solid line is a fit of the form I& a Ifw. 
The fit is in very good agreement with the data over the intensity range studied. 

3.2 Harmonic Generation in the “Strong” Field 

In order to study the production of very high harmonics, the laser intensity must be 
increased to the point where its strength’ begins to rival that of the atomic binding 
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Figure 3.2: Third harmonic signal as a function of gas density for xenon at - 
1013W/cm2. The solid line shows an N 2  fit to the data. 

field. When such an intense laser field is incident upon a dense gaseous medium, an 
extended plateau begins to form where each successive harmonic is generated with 
essentially the same efficiency. Figure 3.4 shows the spectrum measured by the flat- 
field monochromator previously described using the dye laser operating at 600 nm 
with xenon as the target gas. When the 1 cm beam is focused by a 30’cm lens (f# 
= 30) and an atomic density of - 20 torr, the thirteenth harmonic is the shortest 
wavelength detected (46.1 nm). The maximum number of harmonic photons detected 
was 4 x lo8 for the ninth harmonic, yielding ‘iL maximum conversion eEciency of - 10-7. 

As shown eaxlier, the position of the cutoff is determined by the incident laser 
intensity, its wavelength, and the ionization potential of the target species. Increasing 
the intensity is the most direct way to extend the plateau, although eventually the 
atom will ionize, the competing process to harmonic generation. Utilizing a longer 
wavelength driver also results in higher order harmonics in the plateau so the LiSAF 
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Figure 3.3: Third harmonic intensity as a function of incident laser intensity. The 
solid line is a least squares fit to the data. 

laser operating at 825 nm is an attractive candidate. An f# = 24 focusing system 
was utilized and the atomic density was typically N 20 torr. By switching to the 
LiSAF laser as the driver, the intensity can easily be increased to > lo1* W/cm2 and 
in addition the shorter pulse duration raises the saturation intensity for ionization of 
the medium. A spectrum taken at 8 x 1013 W/cm2 in xenon is presented in Figure 
3.5. Here the incident photon 3ux is - 8 x 10’’ photons per pulse. The maximum 
number of photons detected was 3.5 x lo9 at the thirteenth harmonic for a conversion 
efficiency of 4 x lo-’, similar to that achieved with the dye laser. Xenon, since it is 
readily polarizable, provides very good conversion efficiency but is limited to relatively 
low order processes due to its low ionization potential (12.1 eV). 

The final option explored for extending the plateau observed is to.use a target gas 
with a higher ionization potential, such as argon with a binding energy of 15.6 eV. 
Figure 3.6 shows the twenty-first through thirty-first harmonics produced in argon 
with the LiSAF laser, a dramatic improvement over the spectrum observed in xenon. 



CHAPTER 3. OPTICAL HARMONIC GENERATION 

4 

9 

54 

400 450 500 !550 600 650 
Wavelength (angstroms) 

Figure 3.4: Harmonic spectrum produced in xenon with the dye laser operating at 
600 nm as the driver. The intensity is 6 x l O I 3  W/cm2. 

At an intensity of 3.5 x 1014 W/cm2 the highest order observable was thirty-third, 
corresponding to a wavelength of 25.0 nm, Here the conversion efficiency is - lo”, 
slightly lower than when xenon is utilized. The higher ionization potential of the 
atom (15.6 eV for argon compared to 12.1 €or xenon), is indicative of it being more 
tightly bound and thus more difficult to polarize, lowering the conversion efficiency 
slightly overall. 

The final gas studied was neon which has an ionization potential of 21.6 eV. Figure 
3.7 shows a spectm,m obtained in neon with the LiSAF driver. The highest observable 
harmonic in neon was the eighty-fifth, corresponding to a wavelength of 9.7 nm. Much 
lower conversion efficiencies are observed cokesponding to a peak of - 4 x lo-’’ for 
6 x lo6 harmonic photons detected at the twenty-third harmonic with 50 mJ incident 
laser energy and an f# = 24 focusing geometry. Utilizing higher energy drivers and 
larger focal volumes could readily increase this efficiency. Neon (or helium with an 
ionization potential of 24.6 eV) is the most attractive candidate for extremely short 
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Figure 3.5: Harmonic spectrum produced in xenon at 8 x 1013 W/cm2 with the LiSAF 
laser. 

wavelength production. 
A plot of the intensity dependence of the twenty-fifth harmonic driven by the 

LiSAF laser as a function of the incident laser intensity is presented in Figure 3.8. 
Three distinct slopes are discernible which can be assigned as follows. In the first 
region, the harmonic is detected at its appearance intensity and exhibits a very steep 
dependence on the laser intensity (1% - 1:;) corresponding to it being positioned in 
the cutofof the harmonic spectrum. In the second region the dependence is slightly 
weaker (Izsw - gw) and the harmonic has joined the plateau. Finally, the atom begins 
to ionize and the signal ceases increasing with increasing intensity since the number 
of atoms available to generate harmonics is beginning to be depleted. By examining 
the intensity dependence of a given harmonic in each of these regions, an effective 

. nonlinear order can be assigned to the process for a given intensity. In this case the 
effective order p is - 13 in the cutoff and - 9 in the plateau as opposed to the actual 
process order Q - 25 utilized in the LOPT expressions. By examining the position 
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Figure 3.6: Harmonic spectrum obtained in argon with the LiSAF laser. The intensity 
is - 1.1 x 1014 W/cm2. - 
of saturation due to ionization, the saturation intensity of argon for 130 fsec pulses 
can be estimated to be - 3.5 x IOl4 W/cm2. Since exactly calibrating the intensity 
at focus is extremely difEicult an error of up to a factor of 2 can be assumed. 

Figure 3.9 presents similar curves for the twenty-third, thirty-third, forty-third, 
fifty-third and sixty-third harmonics generated in neon with the LiSAF laser. In neon 
the behavior is very similar to that observed in argon. Three slopes are discernible 
with the steepest dependence occuring in the region just beyond the appearance 
intensity, the cutoff. The effective nonlinear order of the process still exhibits a change 
from slightly greater than 10 in the cutoff to slightly lower than 10 in the plateau with 
minor variances from order to order. The satura,tion intensity is - 8 x 1014 W/cm2. 
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Figure 3.8: The relative number of photons at the twenty-fifth harmonic produced as 
a function of incident laser intensity for argon driven by the LiSAF laser. The solid 
lines are used to indicate the positions of changing slope of the curve. 
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Figure 3.9: Relative number of harrbonic photons produced as a function of the 
incident laser intensity for neon utilizing the- LiSAF laser driver. 
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Chapter 4 

The Two-step Semiclassical Model 

4.1 Theoretical Approach 

Theory efforts based on the solution of the time-dependent Schrijdinger equation 
have provided a tremendous amount of insight into the physics underlying harmonic 
generation. It is, however, computationally complex and other alternatives have been 
explored. In an effort to provide a simple, intuitive model of harmonic generation, the 
so-called two-step semiclassical model has been proposed.[kulan93, schaf93, corku931 
The process is divided into two steps, (1) ionization and (2) radiative recombination. 
The first step is envisaged as follows. The binding potential of the atom is distorted 
by the presence of the oscillating electric field as depicted in Figure 4.1. An electron 
can ionize by tunneling through the suppressed barrier beldy65, ammos86, perry88, 
augst911 and the motion of the electron in the el&ric field of the laser is then studied 
classically. 

The first step is to determine the probability that an electron will ionize at a given 
point in the laser field. The ionization rate for a, static dc field is given by 

where w, = 4.1 x 10l6 sec-' is 'the atomic frequency, E is the ionization potential 

of the atom in question, EH = 13.6 eV, the ionization potential of hydrogen, E, = 
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Figure 4.1: Schematic of the unperturbed potential for a hydrogen atom as well as the 
effective potential created by the influence of the laser field. The solid line within the 
potential well denotes the ground state wave function which can ionize by tunneling 
through the suppressed barrier. 

5.1 x 10" V/m is the atomic field strength, and E ( t )  is the laser field at time t. The 
ionization rate of helium for a laser field with a peak intensity of 5 x lOI4 W/crn2 is 
shown in Figure 4.2. 
Once the electron has ionized it will be treated as a free particle moving under the 

influence of the oscillating electric field and the atomic potential, and the classical 
equations of motion will be solved. The trajectories of electrons born during the first 
half of one laser cycle will be followed for 10 optical cycles of the laser field. Electrons 
born in the second half of the cycle will be identical except that their trajectories will 
be oppositely directed to those of the first half since the field will be identical but 
reversed in direction. Since harmonic radiation is produced wheathe orbiting electron 
is driven periodically across the atomic potential, only trajectories which return to the 
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Figure 4.2: Ionization rate of helium (thick curve) as a function of the phase of the 
incident laser field (thin curve). The peak intensity of the laser field is 5 x lo1* W/cm*. 

nucleus need be considered. Trajectories which clo not return correspond to electrons 
ionizing. The electron's excursion from the nucleus caa be very large, 2 >> a,, while 
the position at which it is born will be on the order of a few Bohr radii near the peak 
of the laser field. Therefore, the electron will be assumed to be born at t - 0. 

Once the electron is born its motion is that of a free electron in an electric field 
where the force on it is given by 

F(t) = ma(t) = eE(t) + ev(t) x B(t) - VV,,~, (4-2) 
t 

where the v x B term is negligible in the nonrel.ativistic limit, v << c, and -VVatomic 
is the force due to the atomic potential. If the iduence of the atomic potential 
is included, this equation cannot be solved analytically. However, as a first ap- 
proximation this influence may be neglected and the impact of this approximation 
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will be examined. Using this approximation and applying an electric field given by 
E ( t )  = E, sin(ut) polarized along the x-axis yields, 

. eE, 
az(t) = -sin(ut) 

m (4-3) 

subject to the initial condition that the electron is born at z = 0 at t = to. Equation 
4.3 can be readily integrated giving, 

-eE, 
v&) = - [cos (ut) - cos (ut,)] mo (4.4) 

and 
-eE, 
7n.d 

z(t)  = - [sin (ut) - sin (ut,) - w (t - to) cos (ut,)] . (4-5) 

The instantaneous kinetic energy of the electron is then given by 

1 
2 ~ ( t )  = -mv . v = 2up [COS (ut) - COS (ut,)]’ (4-6) 

where Up = e2Ez/4n2w? is the ponderomotive potential or “quiver” energy of the 
electron in the field. 

This method may be readily applied to calculating the harmonic spectrum for a 
given incident laser field. First, the ionization probability is calculated as a function 
of the phase of the laser field over the first half of one optical cycle for approximately 
five hundred phases. For each phase the electron trajectory is followed over ten cycles 
of the optical field and tested to see if it returns to the nucleus (z(t) = 0). A phase 
space plot of a representative trajectory is shown in Figure 4.3. 

It is interesting to examine the energy of the electron each time it crosses the 
nucleus (or ion core). Figure 4.4 shows the energy of the electron at the time of return 
as a function of the phase of the field at which the electron was born. In the case where 
the influence of the atomic potential has been neglected the maximum kinetic energy 
of the electron corresponds to 3.1?Up7 the value predicted by the empirical cut-off law, 
and no trajectories from before ut, = a/2 return to the vicinity of the nucleus. Past 

, this maximum in the energy, all trajectories return only once and the energy trails off 
smoothly toward zero. Since the atomic potential is not included in this calculation 
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Figure 4.3: Phase space plot of an electron trajectory for phase wt, = 1.571 radians. 

the factor of Ip does not appear. The maximum energy occurs at 18" past ut, = a/2, 

the peak of the incident laser field. In the calculation where the influence of the atomic 
potential is included, essentially the same plot is obtained although now trajectories 
before ut, = a/2 do return. The major difference occurs after the electron energy 
has peaked at 3.17 Up. The energy no longer simply decreases but rather begins to 
increase again past ut, 37r/4 reaching a maximumof 8Up. However, this significant 
deviation in behavior occurs in a region of negligible ionization probability so these 
trajectories will not influence the electron energy spectrum. 

A harmonic "spectrum" can be generatea by producing a histogram of collision 
probabilities as a function of electron energy. This continuous electron energy distri- 
bution is the analog of a photon energy distribution. Each time the trajectory crosses 
the nucleus, the kinetic energy of the electron at the time of the "return" is calculated 
and given a weight corresponding to the ionization probability for this phase and put 
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Figure 4.4: The energy of the electron upon return to the nucleus as a function 'of 
the phase of the laser electric field at which the electron was born (a) without the 
influence of the atomic potential included and (b) with the influence of the atomic 
potential. 
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into a corresponding energy bin. After each return the electron is allowed to continue 
along its trajectory until five optical cycles of the laser field have been completed. 
The total weight in each energy bin is summed xnd plotted versus the energy of that 
bin. The probability for emitting a photon at each return is proportional to the dipole 
matrix element for the transition back to the ground state at the return energy of 
the electron. In the case of hydrogen at these energies, the dipole matrix element 
is decreasing by approximately ~-~.[bethe77] This effect is illustrated in Figure 4.5. 

The algorithm for these calculations is summarized below. 

0 .  20 40 60 80 100 120 
Electron Energy (eV) . 

Figure 4.5: Energy histogram for uncorrected returns (solid line) and weighted returns 
with the 0-3 dependence of the oscillator strength included (open symbols) for two 
intensities. 11 = 2.5 x 1014 W/cm2, Up1 = 15.88 eV; 12 = 5.0 x 1014 W/cm2, Up2 = 
31.75 eV. 

1. Calculate the ionization rate as a function of phase using equation 4.1. 

2. Calculate the classical trajectory for an electron born at a given phase of the 
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incident electric field using equation 4.5. 

3. Find the “returns” to the nucleus by calculating the zeros of equation 4.5. 

4. Calculate the kinetic energy of the electron at the time of return. 

5. Weight the return by the ionization probability for an electron born at this 
phase. 

6. Add this “probability of return” to the appropriate energy bin. 

7. Repeat for the next phase of the incident laser field. 

These %pectra” exhibit the features of a traditional harmonic spectrum. The 
.presence of an extended plateau is observed with an abrupt cut-off occurring at the 
predicted value. Even the relative magnitudes of the spectra for two intensities ase 

correct with the signal dropping off approximately two orders of magnitude for a factor 
of two decrease in intensity. Harmonics which are close to or below the ionization 
potential of the atom cannot be studied with this technique since all bound state 
effects are ignored and they will be very important in this regime. However, this 
simple model appears to capture the essence of the process of high-order harmonic 
generation. 

Now, if the problem is extended to two dimensions, €or example if the laser field is 
no longer linearly polarized, a very interesting test of this model is possible. Since the 
primary influence on the trajectory of the electron is the strong laser field, adding a 
perpendicular field component should readily perturb this motion, acting to push the 
electron away from the nucleus more quickly than in the case of a linearly polarized 
field. Therefore, it would be expected that harmonic generation would cease very 
rapidly as the eZZipticity of the laser field is increased. Here ellipticity is defined as 
the ratio of the y (minor axis) to the x (major axis) components of the laser field. In 
order to test this, the semiclassical model was extended to two dimensions with the 
iduence of the atomic potential retained and several trajectories were examined as 
a function of the ellipticity of the field. 
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Figure 4.6 shows a parametric plot of electron position, y vs x ,  as well as a plot 
of its position as a function of phase, r vs wt, for the case of an incident laser electric 
field magnitude equal to 0.5 that of the atomic field and an ellipticity of .1. The 
electron is born at a' phase of 1.55 radians where, in the case of linearly polarized 
light, it experiences many returns. Since the influence of the atomic potential is 
now included, the electron can no longer be assu.med to be born at x = 0 or else it 
will simply remain bound to the nucleus. The h e r  field will only be able to drive 
electrons born some distance away from the origin since the strength of the potential 
is maximum at this point. For this calculation the position of the electron at birth 
is 1 . 1 ~ ~ ~  so the energy the electron has when it crosses the nucleus immediately after 
ionization is very small. Even with this relatively small value of ellipticity, the electron 
rapidly leaves the vicinity of the nucleus and never returns. Other trajectories for 
phases where the ionization probability is significant yield similar results. This lends 
weight to the argument that an experiment which allows for the variation of the 
degree of ellipticity of the incident laser could be used as a very sensitive test of this 
semiclassical interpretation.[budi193] Unfortunately, calculating the spectrum in the 
case of elliptical polarization is a very cumbersome calculation and beyond the scope 
of this work. 

A second aspect of the process is accessible experimentally. This picture relies 
on the atom ionizing via tunneling where the electron very rapidly tunnels through 
the potentia3 barrier and leaves the vicinity of the nucleus. By correct choice of 
the incident laser intensity and target gas, experiments can be conducted in the 
regime where multiphoton ionization is the dominant mechanism.[perry88] Here, the 
charge density remains very localized around the nucleus and the electron sequentially 
absorbs photons until its energy exceeds the ionization potential of the atom. These 
two regimes are defined by use of the Keldysh tunneling parameter, 

where for 7 < 1 tunneling will dominate and for'7 > 1 multiphoton ionization is 
dominant.[keldy65] Table 4.1 lists values of 7 for a variety of incident wavelengths 
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Figure 4.6: An example of a trajectory generated for the case where the polarization 
of the incident laser has an ellipticity of .l. (a) Plot of y vs E and (b) plot of r vs t . 
where the influence of the atomic potential has been included. 
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825 nm 
5 x 1013 W/cm' 1.68 eV 1.90 
5 x 1013 W/cm' 3.18 eV 2.18 
1 x 1014 W/cm' 6.35 eV 0.98 
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Table 4.1: Values of the Keldysh tunneling parameter for various experimental con- 
ditions. 

and target gases. In either case harmonic generation is forbidden with a circularly 
polarized laser driver due to dipole selection rules. 

4.2 The Influence of Ellipticity 
In order to test the validity of the semiclassical model of high-order harmonic genera- 
tion, an experiment was undertaken to examine the effect of ellipticity of the incident 
laser field. Several issues had to be resolved in order for this experiment to pro- 
vide a meaningful test of the semiclassical model. Most important was the fact that 
the efficiency of the diffraction grating in the spectrometer is a function of polar- 
ization, having a maximum for vertically polarized light (light polarized parallel to 
the grooves). This was investigated by recording the magnitude of the signal for a 

given harmonic for both horizontal and vertical polarizations of the incident radiation 
and comparing these two values. This was repeated for several harmonics and the 
discrepancy was never greater than a factor of two, well within the error bar for the 
measurement of the number of harmonic photons produced. 
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Second, the polarization of each laser utilized was checked using a thin film polar- 
izer to ensure that pure linear polarization was present initially. The polarization of 
the incident laser was varied from linear to circular continuously by passing the beam 
through a broad-band (zero-order) quarter waveplate for the appropriate wavelength 
(600 nm for the dye laser and 825 nm for the Cr:LiSAF laser), By utilizing an elec- 
tron multiplier to detect the harmonic signal more than four orders of magnitude in 
dynamic range were achievable. In order to minimize phase matching effects a focal 
geometry was utilized which ensured that the confocal parameter was much greater 
than the length of the gas medium. These values were checked by recording the har- 
monic intensity as a function of the position of the focus within the jet. The focal 
spot was moved by translating the focusing lens along the axis of propagation and 
keeping the pulsed gas jet fixed. The position of the focus in the gas jet along the 
axis perpendicular to the direction of propagation was optimized by moving the jet 
transversely and again recording the harmonic signal. The final alignment of the lens 
was fixed at the center bf the confocal parameter and the jet was set for maximum 
signal corresponding to the center of the exit aperture for the gas. 

The first experiment utilized xenon as the target medium and the picosecond 
dye laser operating at 600 nm as the driver. A weak focusing geometry, f# = 30, 
was utilized for these experiments corresponding to a I cm diameter beam being 
focused by a 30 cm focal length lens. The dye laser can be focused to 1.5 times 
the diffraction limit yielding intensities 5 1014 W/cm2. Although harmonics were 
observed in argon, krypton, and xenon, the low conversion efficiencies made xenon 
the only medium utilized for these experiments as the goal was to study the signal 
over many orders of magnitude as it decreased. Figure 4.7 shows the ninth, eleventh, 
and thirteenth harmonics in xenon as a function of ellipticity. Each point corresponds 
to an average of 30 shots with a strict (f 15%) selection in energy. Here the intensity 
is - 6 x 1013 W/cm2, yielding a 7 N 1.7, in the multiphoton regime. E&h harmonic 
has been normalized to a peak value of one to aid in comparison. The number of 
photons produced for each harmonic €or all of the data presented herein is summarized 
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Figure 4.7: Harmonics in xenon as a function of ellipticity. The curves represent 
the LOPT predictions for the decrease in harmonic intensity as the ellipticity of the 
incident beam is increased with decreasing pro6.e width corresponding to increasing 
harmonic order. 
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. Table 4 .2  Maximum number of photons produced for each harmonic order and gen- 
erating medium presented herein. Intensity is presented in units of W/cm2. For the 
600 nm results, f# = 30, and for the 825 nm results, f# = 24. 

in Table 4.2. These data were compared to lowest-order perturbation theory (LOPT). 
The form of the nonlinear polarization of the qth harmonic produced by an elliptically 
polarized pump source has been shown to be [manak80] 

where x(q)(-qu) is the nonlinear susceptibility, D is the degree of linear polarization, 

and F is the pump field defined by 

F(r,t) = FSe [e'e-'("'-kz)] 

where 

(4.9) 

(4.10) 

defines tLe polarization of the incident laser field. The polarization can m y  from 
linear, E = 0, to circular', E = 1. Since the intensity of the qth harmonic is proportional 
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to J P ( p )  12, the intensity of the gth harmonic will vary as 

74 

(4.11) 

where E is the ellipticity as defined above. [liang94] The theoretical curves are de- 
creasing in width for increasing harmonic order. A relatively weak dependence on 
ellipticity is observed in the data in good agreement with the predictions of LOPT. 
To obtain a one order of magnitude decrease in the harmonic signal an ellipticity of 
nearly .4 is required. 

The remaining experiments were conducted with the Cr:LiSAF laser system op- 
erating at 825 nm. A comparable focal geometry, f# = 24, is constructed by using 
a 1 m focal length lens to focus the much larger LiSAF beam (d = 40 mm). Now 

' focused intensities of 2 10'' W/cm2 are readily achievable due to the much higher 
energies and shorter pulse widths which the LiSAF delivers. The first gas used as a 
generating medium was neon with an incident laser intensity - lo'' W/cm2. In this 
high intensity regime the laser field may no longer be treated as a small perturbation 
on the atomic potential. Particularly harmonics well above the ionization threshold 
of neon (21.6 eV) are,expected to be well described by the two-step semiclassical 
model. Tunneling is the dominant ionization mechanism here with 7 = 0.41. Figure 
4.8 presents harmonics obtained in neon. . 

As the harmonic order is increased, the distributions become narrower with a 

pronounced .transition occuring between the 17th and 19th harmonics. Above the 
19th order, the dependence of the harmonic intensity on ellipticity is quite strong 
and quite similar for all orders. The signal level has begun to drop off with less than 
0.1 ellipticity and has decreased by more than one order of magnitude for ah ellipticity 
of 0.2. The lower orders require 1.5 times th'e ellipticity to see the same decrease in 
signal. It is also interesting to note that the dependence here is i i ~  general not as 
steep as that predicted by LOPT for high orders. 

The next gas to be used as a generating medium was argon with the Cr:LiSAF 
laser again serving as the driver. Here the ionization potential is lower (15.6 eV) 
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Figure 4.8: Harmonics in neon as a function of ellipticity. The incident laser wave- 
length is 825 nm and the intensity is - 1 x lo1' W/cm2. 
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and fewer harmonics are observed. The fifteenth, seventeenth, nineteenth, twenty- 
first, and twenty-ninth harmonics are presented in Figure 4.9. Here 7 - 0.59. The 
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. Figure 4.9: Hasmonics in argon as a function of ellipticity. The intensity is 3.5 x 
1014 W/cm2 and X = 825nm. 

dependence observed here falls between those of the highest and lowest orders in neon. 
Figure 4.10 shows harmonics produced in xenon with the LiSAF laser system. The 

ionization potential is again lower (12.1 eV) so even fewer harmonics are observed 
due to the ease of ionization of the medium. The value of the tunneling parameter 
is 7 - 0.89. The decrease in harmonic intensity due to increasing ellipticity is only 
slightly sharper than when the dye laser was utilized. In contrast to the dye laser 
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Figure 4.10: Harmonics in xenon as a function of ellipticity. The intensity is 1.2 x 
io1* w lCm2. 

results, these data do not agree with the predictions of LOPT. 
The most interesting feature observed in these data is the abrupt transition be- 

tween the seventeenth and nineteenth harmonics observed in neon with the Cr:LiSAF 
laser. Figure 4.11 shows the harmonic spectrum obtained in neon as presented ear- 
lier where the nineteenth harmonic in neon appears at the beginning of’the plateau. 
Figure 4.12 shows the seventeenth, nineteenth, and twenty-first harmonics respec- 
tively for each of the gases studied with the LiSAF laser for similar intensities. The 
behavior of the seventeenth and twenty-first harmonics is very similar in each case 
with a slight steepening of the dependence on ellipticity for each increase of the ion- 
ization potential. However, there is a clear shift in neon at the nineteenth harmonic 
from the regime of weak dependence to that of strong dependence. In general LOPT 
predicts a steeper dependence for high orders than is observed experimentally. It is 
interestingto note that the dependence on ellipticity is fairly independent of harmonic 
order with the only shift being from the “weak dependence” or “low order” regime 
to the “strong dependence” or “high order” regime. 
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Figure 4.11: Harmonic spectrum obtained in neon at an intensity of 3.3 x 
with the Cr:LiSAF laser operating at $25 nm. 

W/crn2 

4.3 Simple Quantum Theory of Harmonic Gen- 

erat ion 

Since the two step semiclassical model becomes unwieldy when extended to two di- 
mensions, an alternate theory was applied to examine the data. This approach, 
developed by Lewenstein, et al. [lewen94], is fully quantum mechanical thereby easily 
incorporating the nonclassical elements of the process such as quantum diffusion of 

the wave packet and interferences. Its range of validity is determined by several as- 
sumptions. First, the contributions of all bound stat& excluding the ground state are 
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Figure 4.12: The 17th, 19th, and 21st harmonics as a function of ellipticity for neon, 
argon, and xenon. The 21st harmonic was not observed in xenon. 
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neglected which will be true if there are no intermediate resonances and when tun- 
neling ionization is dominant, -y < 1. The depletion of the ground state is neglected 
which assumes that the intensity is less than the saturation intensity. And finally, the 
electron is treated as a free particle moving in the laser field and the influence of the 
atomic potential is neglected. As discussed before, this assumption will hold if the 
driving electric field is very strong so that the electron will have a large kinetic energy 
as it passes the nucleus. Therefore, only harmonics above the ionization potential will 
be treated. 

4.3.1 Theoretical Approach 

The atom is considered to be under the influence of a laser field of arbitrary polariza- 

tion-and the Schrijdinger equation, in the length gauge, takes the form ( h  = m = 1) 
[lewen94] 

(4.12) i- I \E(Z,t) >= [ s V 2  + V(Z) - Ek(t )Z]  I Q(Z, t )  > 

and the system is initially in the ground state 1 0 >. If the influence of the atomic 
potential is neglected and the laser field has the form E h  = Ecos(t)  this becomes 

a 
at 2 

i- a I Q(5, t )  >= [ A V 2  - Ecos(t)?] I @(.',it) > . 
at 2 

The time-dependent wave function can then be expanded as 

(4.13) 

(4.14) 

where a(t)  N 1 is the ground state amplitude and b(V',t) are the amplitudes of the 
corresponding continuum states with momenta ij' and oscillations of the ground state 
with frequency Ip have been factored out. The S&rijd;nger equation for b(5, t )  is then 
given by 

= -i (g + Ip) b(5, t )  - E cos(t) ab(5, t )  + iEcos(t)d,(v') 
at avz 

(4.15) 

where d(5) =< 5 I Z I 0 > is the atomic dipole matrix element for the bound-free 
transition and &(G) is the component parallel to the polarization axis. Equation 4.15 





Lewenstein, et al.,[lewen94] also point out that the stationary point of the classical 
action corresponds to zero initial velocity for the electron, a second assumption of the 
two-step model. 

The Fourier components of z ( t )  may be calcalated by using a saddle point method 
to evaluate the integral over s i n  4.18 yielding 

where Do(r)  = (Up + 1p)r - 2Up(l  -cos(T))/T. The cut-off law is shown to have the 
form 

(2K + 1)- = 3.17Up 4- IpF(Ip/Up) (4.22) 

where F(Ip/Up) is slowly decreasing as its argvment increases and in the range 
Ip/Up - 1 - 4, F(Ip/Up) - 1.3 which is in good agreement with the phenomeno- 
logical law. The integration over r will be performed numerically utilizing a code 
[lewen94b] wherein the ground state s-wave function takes the form 

(4.23) 

where Q = 2Ip. 

4.3.2 Model Calculations 

The initial conditions for doing model calculatiom with this code are the intensity and 
wavelength of the driving laser (and thus the ponderomotive potential), the target 
species, and the order of the harmonic to be studied. As previously mentioned, this 

. calculation is optimd for harmonics which are a,bove the ionization potential of the 
gas being studied and reside in the plateau. The experimental data was used as a 
starting point and those harmonics which fit the above criterion were modeled using 
the actual experimental conditions as the initial conditions. 

Since neon provides the most extended plateau of the gases studied, it provides a 
good starting point for testing the model over a. broad range in wavelength. Figure 
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4.13 shows the results of the model calculation for the twenty-first and thirty-third 
harmonics and Figure 4.14 the forty-third and fifty-third harmonics produced in neon 
with the LiSAF laser. The calculated signal level has been normalized to one. While 
the model calculations show oscillations of up to one order of magnitude, in each case 
the drop off in harmonic signal as ellipticity is increased is in very good agreement 
with the experimental data. The oscillations seem to worsen with increasing harmonic 
order. Since the effective coherence length of the process of harmonic generation is a 
function of the order of the process, N (b/2) tan[?r/(q- l)] where b is the laser confocal 
parameter, higher order harmonics are effectively produced in the regime of tight 
focusing where phase matching effects will be very important.[lhuil92] It is possible 
that if propagation were added to this calculation, some of this oscillatory behavior 
would be eradicated by phase matching effects and averaging over the spatiotemporal 
intensity distribution. Alternatively, the oscillations may arise numerically so. that 
decreasing the time step should lead to diminishing error. The time step utilized here 
yielded the best results, however it was noted that the parameter of interest in these 

* 

calculations, the width of the distributions, did not vary significantly as a function of 
the time step. 

It is interesting to note that while perturbation theory predicts a steeper decrease 
than that observed experimentally, the quantum model produces essentially the same 
dependence on ellipticity as the experimental data. This model takes into account 
several aspects.of the process that are purely quantum mechanical, in particular, 
the quantum diffusion of the wave packet. Even though the electron is being driven 
away from the nucleus by the addition of a small y component of the laser-field, the 
wave packet is spreading as it moves through space. This increased spatial extent 
of the wave packet will alter the overlap between the electron and the ground state 
wave function of the atom, allowing for a finite dipole matrix element even when the 
electron, considered as a particle, is "far" from the nucleus. 

Figure 4.15 shows the results of calculations for the nineteenth and. twenty-first 
harmonics produced in argon by the LISAF laser; Here the oscillations are smaller 
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Figure 4.13: Harmonic signal ils a function of ellipticity for the 21st and 33rd har- 
monics produced in neon. The open symbols represent the experimental data from. 
the previous section and the solid line is the model calculation. 
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and the data are in very good agreement with the model predictions. 

87 

The final species studied wcis xenon. Figure 4.16 shows the seventeenth harmonic 
produced by the LiSAF laser. Because an extended plateau is not observed in xenon, 
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Figure 4.16: Harmonic signal as a function of ellipticity for the 17th harmonic in 
xenon. The open symbols are experimental data and the solid line is the model 
calculation. 

this was the only harmonic modeled. Here the oscillations have completely vanished 
and the dependence of the harmonic signal on ellipticity is well matched by the model 
calculation. 

Thus the quantum model described above provides good agreement with the ex- 
perimental results obtained in the investigation of the influence of ellipticity on hx- 
monic generation. Since this model recovers many of the conclusions of the two-step 
semiclassical model, the success of the quantum model tends to validate them both. 
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The quantum model has the advantage of a smaller calculation and the direct inclu- 
sion of quantum mechanical effects which will be important in the two-dimensional 
case and would have to be added on to the classical calculation. 



Chapter 5 

The Harmonic “Source” 

5.1 Background and Motivation 

Many areas of physics have long relied on spectroscopic techniques for investigat- 
ing the characteristics of physical systems. Light sources providing radiation in the 
vacuum ultraviolet (VUV) and extreme ultraviolet (XUV) regions of the spectrum 
have allowed these techn‘iques to be applied to an even larger class of problems. The 
construction of large synchrotron facilities has resulted in a renewed interest in VUV 
and XUV spectroscopy in studies of atomic and molecular states,[page88] molecu- 
lar dynamics,[n@l] and surface states.[haigh93] Low order harmonics, typically third 
through ninth, have been utilized as sources of coherent VUV with both dye [miyaz89] 
and excimer [bokor83, egger801 lasers serving as the driver and sometimes exploiting 
intermediate two photon resonances. Since these experiments were performed in the 
regime where perturbation theory is valid, the rapidly decreasing conversion efficiency 
did not allow for their extension to higher order hannonics. 

With the advent of high power l&rs and the subsequent extension of harmonic 
generation to very high orders (2 100 eV) interest in the applications of harmonic 
generation has been renewed. Optimization of the source for maximum imnversion 
efficiency and best quality of the spatial profile of the hannonics was required as well 
as a system to deliver the hamionic radiation to the target chamber. 
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5.2 Characterization of the Source 

While a great deal had been learned about methods for optimizing the conversion 
efficiency of the source (optimal target density, laser power, phase matching condi- 
tions) little effort had been directed at examining the quality of the spatial profile of 
the harmonic radiation.[tisch94, peatr931 The spatial coherence.of the harmonics is 
very important if they are to be utilized for holographic or lithographic purposes as 
well as any application where they will be focused. Therefore, a systematic study of 
the spatial coherence properties of high order harmonic radiation was undertaken. 

In order to examine the spatial profile of the harmonics an imaging detection 
system was placed at the exit of the flat-field spectrometer. An imaging microchannel 
plate detector (Galileo VUV-25) was utilized to record the spatial and spectral profile 

of the harmonic beam. This consists of a CsI coated microchannel plate placed in , 
chevron configuration with a second uncoated plate. The electrons leaving the back 
plate are incident upon a phosphorus screen. The image on the phosphorus screen is 
then read by an 8-bit CCD camera and recorded with a PC-based data acquisition 
system. The detector is placed 13 cm beyond the focal plane of the spectrometer 
to prevent damage. The experimental apparatus is shown in Figure 5.1. Because 
the spectrometer is designed to produce a spectrum focused onto a flat field, 'several 
harmonics could easily be imaged at once. The vertical axis of images obtained in this 
manner shows the purely spatial characteristics of the harmonic. The horizontal axis 
is a convolution of the spectral characteristics with the spatial information since the 
harmonic is allowed to diverge past the focal plane of the spectrometer. In order to 
eliminate questions regarding the shot-to-shot fluctuations of the laser, an averaging 
routine was added to the data acquisition softwase. This allowed several laser shots 
to be taken within a given energy window (typically &lo%) and the images thus 
obtained were averaged. Given good enough energy discrimination, however, the 
images are very reproducible on a shot-to-shot b4sis and the averging served only to 
enhance the signal-to-noise ratio. 

. 

A contour plot of an image of the twenty-first, twenty-third, and twenty-fifth 
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harmonics produced in argon with the LiSAF laser at an intensity of 1.2 x lOI4 W/crn2 
is shown in Figure 5.2. The ordinate contains.information on the spatial distribution 
while the abscissa represents the spectral distribution. A vertical lineout integrated 
along the full spectrd width of each harmonic was taken and is presented in Figure 
5.3. The central contour for each harmonic represents the highest photon flux with 
each successive contour being a slightly lower sibmal level. As this detector has not 
been calibrated for absolute photon yield, the images presented depict signal level in 
relative units. The absolute harmonic yields for each of'the rare gases are presented 
in Chapter 4. The peak signal has been normalized to one for all orders. The spatial 
profiles are symmetric and virtually without structure. A gaussian fit was applied to 
each of the profiles and shows good agreement with the experimental measurement. 
-The divergence, defined as the full width of the profile at the l/e2 point, decreases 
from approximately 10 mrad at the twenty-first harmonic to - 6 mrad at the twenty- 
fifth. 

The divergence of the LiSAF Iaser beam after focus was measured to be 55 mrad. 
[salie94] A simple estimate of the expected divergence ca.n be made by assuming a 

gaussian distribution and calculating the far-field divergence angle expected. If we 
further assume that the intensity of the qth harmonic vasies as the qth power of the 
incident laser intensity, the harmonic intensity profile is given by 

I,, - ISw - - p e - 2 9 T Z / 4  

where wo is the gaussian waist of the beam.[siegm86] In the far field (z  >> ZR) the 
divergence of a gaussian beam is given by 

Since the wavelength of the harmonic is given by A, = Xl,/q the divergence angle for 
the qth harmonic would be 

x 1 w  81, 
q'/2 = - nw, QR(W / ) q'/2' 

- x e , z - - a -  (5.3) 
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Figure 5.2: A contour plot of the 25th, 23rd and 21st harmonics produced in axgon 
with the LiSAF laser at 1.2 x 1014 W/cm*. 
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Figure 5.3: Integrated vertical lineouts for the 21st, 23rd, and 25th harmonics pro- 
duced in argon with the LiSAF laser. The solid line is the experimentally measured 
spatial profile and the dotted line is a gaussian fit to the profile. 
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However, it has already been established that the harmonic has associated with it an 
effective nonlinear order p which would make the intensity of the qth harmonic . 

Therefore, the divergence of the qth harmonic would be given by 

For the twenty-fifth harmonic in argon the effective nonlinear order is - 9 yielding 
an expected divergence of 6.6 mrad, in good agreement with the experimental mea- 
surment. By this simple argument, the angular divergence of a given harmonic will 
depend strongly upon whether it is in the plateau or cutoff since the nonlinear order 
changes sharply between these two regions. . 

An image of the spatial profiles of the twenty-ninth through thirty-ninth harmonics 
obtained in neon with the LiSAF laser at an intensity of 2.5 x 1014 W/cm2 is shown 
in Figure 5.4. The results are very similar to those obtained in axgon. The profiles 
are structureless and are well approximated by a gaussian fit. Lineouts of the spatial 
profiles of the twenty-ninth a d  thirty-ninth harmonics are shown in Figure 5.5 where 
the peak signal has been normalized to one. The full width of the profiles is narrowing 
as the wavelength gets shorter. The divergence predicted by the effective nonlinear 
order is - 5 mrad for the thirty-ninth harmonic which lies in the cutoff, p - 13, 
at this intensity. The predicted width for the twenty-ninth harmonic is - 7 mrad 
since is it positioned in the cutoff with a p - 9. These dues  are again in reasonable 
agreement with the experimental profiles. 

An interesting feature was observed when the intensity was increased to above 
the saturation intensity for ionization of the target gas and is illustrated in Figure 
5.6. The twenty-first harmonic produced in argon with the LiSAF laser is shown. 
The intensity was 8 x 1014 W/cm2, well above the saturation intensity of argon 
(Iat - 3 x 1014 W/cm2). The image is very distorted, exhibiting a crescent shape. 
The central portion of the harmonic (b, on-axis with the laser-beam) exhibits a blue 
shift (shift toward shorter wavelength). Slightly off-&is (a,c) a high intensity feature 
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Figure 5.4 Spatial profiles of the 29th through 39th harmonics produced in neon 
with the LiSAF laser at an intensity of 2.5 x 10l4 W/cm*. 

is observed at the unshifted wavelength. This is consistent with previous experiments 
which reported blueshifting of the harmonics a direct result of the blueshifting of 
the fundamental laser radiation in the plasma being formed.[lhuil93b] The creation 
of free electrons in the focal volume causes a change in the index of refraction of the 
plasma which results in a shifting toward shorter wavelengths. The lower intensity 
portions of the laser profile are not ionizing the medium so do not see this effect. 

In general, however, if the intensity of the incident laser is kept below the satura- 
tion intensity for ionization of the target gas then the spatial profiles of the harmonics 
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Figure 5.5: Spatial profiles of the 29th and 39th harmonics produced in neon. The 
solid line is the experimental profiles and the dotted line is a gaussian fit to the data. 
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Figure 5.6: Contour plot of the spatial profile of the 21st harmonic produced in argon 
with the LiSAF laser at an intensity of 8 x 1014 W/cm2. The field-free and blue- 
shifted positions of the harmonic are indicated. The contours labeled a, b, and c are 
of equal intensity. 

are well suited to  secondary applications. They exhibit virtually no structure and their 
divergence is well-approximated by the divergence of a gaussian beam which would 
indicate that they can be refocused. 

5.3 Application of High Orlder Harmonic Gener- 

ation to Spectroscopy 

One of the goals of this research was to demonstrate the feasability of a high order har- 
monic “source” by examining the singlephoton photoionization cross sections of the 
rare gases. Two primary features of this method-the high photon energy achievable 
and ’the ease of tunability of the sourcewere investigated.[balco93] The experimental 

apparatus is shown in Figure 5.7. The harmonic radiation is produced, as before, 
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by focusing the incident laser radiation at the output of a pulsed gas jet. The har- 
monics produced are spectrally dispersed by a 1 m flat-field monochromator and an 
exit slit selects the wavelength to be utilized. The chosen harmonic is refocused by a 
40 cm gold-coated toroidal mirror between 'the.extraction grids of a time-of-flight ion 
spectrometer. 

The target was provided by a second pulsed gas jet yielding atomic densities - 1OI8 particles/cm3 or a static pressure of gas which produced a target density of 
Torr. Any ions that are produced are accelerated toward the flight tube by an 

extraction field, typically 300 V/cm, produced by a plate kept at a positive voltage, 
600 V, and a grounded wire grid separated by 2 cm. The field-free region is 60 cm 
long with a microchannel plate detector at its end. The detector consists of two 
4 cm diameter microchannel plates in chevron configuration with a 50 C! anode for 
detecting the electron current leaving the rear plate. Residual harmonic radiation 
passes through the interaction region onto an electron multiplier for detection. The 
outputs of the anode a d  electron multiplier are sent to a digitizing oscilloscope 
where they are integrated and collected by a PC-based data acquisition system which 
bins the number of ions produced with respect to the number of harmonic photons 
detected. The data are averaged over many shots per bin, typically twenty or m0r.e. 
By plotting the number of ions produced as a function of the incident harmonic flux 
the product J Noadz may be extracted where a, is the photoabsorption cross section. 
Figure 5.8 shows the number of ions produced in krypton as a function of the number 
of harmonic photons incident for the seventh harmonic of the dye laser operating at 
604.5 nm. The solid line is a least squares fit to the data, the slope of which yields 
the product mentioned above. 

The first set of experiments performed utilized the picosecond dye laser system. 
Xenon was used as the generating medium due to its high efficiency. The photoioniza- 
tion of krypton was examined between 14 and 15 eV by tuning the seventh harmonic 
of the incident laser by .25 nm steps from 14.25 to 14.68 eV. The energy level structure 
of krypton in this region is shown in Figure 5.9. The ionization potentials of the 2P3/2 
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Figure 5.8: Number of ions produced in krypton as a function of number of harmonic 
photons produced by the seventh harmonic of the dye laser operating at 604.5 nm. 
The solid line is a least squares fit to the data. 

and 2Pl/2 cores are 14.0 and 14.67 eV respectively and there are strong autoionizing 
resonances in the energy region between them. The data are shown in Figure 5.10 and 
characteristic Beutler-Fano profiles corresponding to 4p6 - 4p5ns' and 4p6 - 4p5nd' 
autoionizing transitions are observed.[chan92] For the dye laser system, the spectral 
linewidth has been calculated to be 0.014 run at the seventh harmonic corresponding 
to a 6u/u = 1.6 x low4. The resolving power of the spectrometer, Su/u = 2 x 
is thus the limiting factor in the resolution of this scan. 

The second experiment performed was to examine the photoionization cross sec- 
tion of the rare gases utilizing the Cr:LiSAF laser system and much higher order 
harmonic radiation. Figure 5.1 1 shows the absolute photoionization cross section of 
neon as a function of photon energy.'The solid line represents the cross section mea- 
sured by a high resolution dipole (e,e) spectrometer [chan92b] and each experimental 
point is the value of the cross section for a specific harmonic. The agreement between 
this measurement and the previous measurement is quite good. This allows for a 
very accurate calibration of the spectrometer (via the exact wavelength of a given 

... - . 
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Figure 5.10: Relative photoionization cross section of krypton as a function of photon 
energy. 

harmonic) as well as a direct measure of the number of harmonic photons produced. 
There are several changes which could greatly improve the potential of this appa- 

ratus as a source of coherent XUV radiation. These experiments were performed at 
a 1-5 Hz repetition rate where the average power of the harmonic radiation is very 
low. However, by utilizing a higher repetition rate laser source, possibly 3 1 kHz, 
this limitation could be overcome. Better focusing optics could be used to. focus the 
harmonics to a much smaller spot, thus increasing the intensity. A laser could be 
used as a high power pump beam with.the harmonic beam acting as the low power 
probe for more sophisticated experiments and, in prin.ciple, the same laser could be 
used to generate the harmonics and to serve as the experimental pump. The many 
uses of this source are only beginning to be exploited. 

, 

- -. 
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Figure 5.11: Absolute photoionization cross section of neon as a function of photon 
' energy. The solid line is the cross section as measured by a dipole (e,e) spectrometer. 
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Chapter 6 

Summary 

The generation of short wavelength radiation has long been a topic of intense study. 
Recent experiments have demonstrated the production of harmonic radiation extend- 
ing below 70 &rane94] as well as conversion efficiencies in excess of for harmon- 
ics extending to 200 A[ditmi94b]. Harmonic generation provides the possibility of a 

compact; coherent, tunable source of XVV radiation with a very high peak brightness. 
Two primary goals have been addressed herein. The first was to extend the under- 
standing of the basic physics issues underlying the process of harmonic generation 
while the second focused on the development of this process as a usable “source”. 

6.1 Conclusions 

Theory efforts based on the solution of the timedependent Schrijdinger equation 
have provided a tremendous amount of insight into the physics underlying harmonic 
generation. In an effort to provide a simple, intuitive model of the process which 
requires less computational sophistication, a semiclassical theory has been put forth 
which appears to capture the essence of harmonic generation while providing a very 
physical motivation for its conclusions. In this theory the atom first ionizes via 
tunneling and its subsequent motion in the laser field is treated classically. If during 
the course of its trajectory the electron reencounters the nucleus, it may recombine 
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and emit a harmonic photon. Classically, the maximum energy an electron which is 
born at a phase where the ionization probability is significant may have when it passes 
the nucleus is 3.17Up, thus recovering the phenomenological law for the position of 
the cutoff. A simple experimental test of this theory was done whereby the trajectory 
of the electron was perturbed by utilizing an elliptically polarized laser field. The two- 
step model predicts that increasing this ellipticity will very rapidly turn off harmonic 
generation and this effect was observed experimentally. The data were modeled using 
a simple quantum model and good agreement between the experiments and model 
calculations was observed. 

The development of the harmonic "source" was the focus of the remaining experi- 
ments conducted. A systematic study of the spatial profiles of harmonic radiation was 
undertaken to investigate the potential of the source for applications requiring a high 
degree of spatial coherence. In contrast to earlier studies, the profiles were observed 
to be very smooth and structureless and to exhibit a divergence consistent with that 
expected from a calculation of the divergence of a gaussian beam with an effective 
nonlinear dependence of the driving field. The harmonics were then refocused into 
a secondary chamber containing a time-of-flight ion spectrometer and used to mea- 
sure the photoabsorption cross section of several target species. The tunability of the 
source was verified by observing autoionizing resonances in krypton utilizing the sev- 
enth harmonic of the dye laser system produced in xenon. Harmonics with energies 
up to 103 eV produced by the LiSAF laser system in neon were utilized to measure 
the photoabsorption cross section of neon. This measurement was in good agreement 
with previous measurements. These two experiments demonstrate the many exciting 
features which ~JI XUV source based on high order harmonic generation can provide. 

6.2 Future Work 
The use of the harmonic source as a research tool in many areas of physics shows 
a great deal of promise. Applications in atomic and molecular physics, holography, 
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microscopy, lithography, and x-ray laser research are just a few of the possibilities. 
With laser technology continually moving forward new areas of research will almost 
certainly be added to this list. Currently, kilohertz repetition rate lasers offer the 
opportunity to extend this source to the regime of high average power applications, 
instead of those requiring only high peak power. Titanium sapphire lasers provide a 
good combination of high repetition rates, tunability, and moderate energy delivery 
and are becoming more and more common in laboratory settings. 

* 

A second extension of-this work can be found in the two-step semiclassical model. 
This model has been extended to two dimensions to study the influence of ellipti- 
cally polarized light on the production of harmonics. However, instead of having 
two perpendicular components of the same field, two fields of diflerent frequencies, 

-polarized parallel or perpendicular to each other, could easily be studied by this 
method.[perry93] 
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