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ABSTRACT

CONTROLLING LASER HIGH-ORDER HARMONIC GENERATION

USING WEAK COUNTER-PROPAGATING LIGHT

Sergei L. Voronov

Department of Physics and Astronomy

Doctor of Philosophy

Laser high-order harmonic generation in the presence of relatively weak

interfering light is investigated. The interfering pulses intersect the primary harmonic-

generating laser pulse at the laser focus. The interfering light creates a standing intensity

and phase modulation on the field, which disrupts microscopic phase matching and shuts

down local high harmonic production. Suppression of the 23rd harmonic (by two orders of

magnitude) is observed when a counter-propagating interfering pulse of light is

introduced. A sequence of counter-propagating pulses can be used to shut down harmonic

production in out-of-phase zones of the generating volume to achieve quasi phase

matching. Harmonic emission is enhanced in this case.

A new high-power laser system with higher pulse energy has been constructed to

further investigate quasi phase matching of high-order harmonics generated in difficult-

to-ionize atomic gases (e.g., neon as opposed to argon). The new system can also be used



to study harmonic generation in ions. A new counter-propagating beam produces a train

of 5 pulses with regulated timing. In preliminary tests, the new system has produced high

harmonics up to the 65th order in neon. This should increase with additional adjustments

to the laser system. The high-order harmonics have also demonstrated to be useful for

polarized reflectometry measurements of optical surfaces in the extreme ultraviolet

(EUV) wavelength range.
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CHAPTER 1

PRINCIPLES OF HIGH HARMONIC GENERATION

1.1 INTRODUCTION TO HIGH-ORDER HARMONICS

Lasers capable of generating terawatt peak powers with pulse durations on the

order of few tens of femtoseconds, or even shorter, are now routinely available in small-

scale laboratories. Such lasers are capable of generating light intensities corresponding to

electric fields that easily exceed the fields binding valence electrons to atoms [1].

Electrons that experience these extreme conditions can radiate high-order harmonics of

the stimulating laser field. Over the past decade, there has been much interest in the

process of high-order harmonic generation because of many potential applications in

science and technology [2,3].

P.A. Franken et al. at the University of Michigan [4] reported the first observation

of harmonic generation in 1961. This was soon after the invention of the laser itself

(1960) and represents the first experiment in non-linear optics. They used a pulsed ruby

laser that produced electric field strength 105 V/cm (wavelength 694.2 nm, pulse energy

3-joule, millisecond duration). When the laser light was focused into a non-isotropic

material such as quartz, the second harmonic was emitted at 347.2 nm. The efficiency of

converting the laser energy into the second harmonic was only a small fraction of a

percent.

Since that time, non-linear frequency-conversion techniques have typically relied

on crystalline solids as nonlinear media. For efficient conversion, the electromagnetic

waves corresponding to the driving and the generated signal must be phase-matched.
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That is, the fundamental and the harmonic must have the same phase velocity as they

travel through the generating medium. In this case, the nonlinear polarization (described

in section 1.2) adds coherently as the waves co-propagate, resulting in a quadratic

increase in the signal intensity. Phase matching has generally been achieved in

birefringent materials with carefully chosen field polarization orientations, so that the

light of the fundamental and the harmonic frequencies travel with the same speed in the

material. Otherwise, the harmonic light produced up- and down-stream do not join in

phase.

The reliance on solid materials limits the application of nonlinear optical

techniques to wavelengths around 200 nm or longer [5]. In order to study high-order

harmonics, which have much shorter wavelengths, very high laser intensities must be

used. Solid materials are not suitable for this not only because they are opaque in the

extreme ultraviolet (EUV) range, but they also are unable to withstand the relatively high

intensities required for high-order processes. In contrast, many gases are transparent well

into EUV spectrum. Light at these shorter wavelengths propagates with only moderate

absorption in low-pressure gases. In addition, gases are “self-healing” which means that

extreme intensities can be used. However, because gases are isotropic, established phase-

matching techniques cannot be used, and thus, phase-matched frequency conversion

techniques are not well developed for the EUV and soft x-ray regions of the spectrum.

For many years, only second through fifth harmonics were studied. However, in

1987 McPherson et al. [6] from the University of Illinois at Chicago observed harmonics

as high as the seventeenth order produced in neon gas. Their ultraviolet (248-nm) laser

had the maximum pulse energy of 20mJ and pulse duration of 350 femtoseconds, creating
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1015-1016 W/cm2 focused intensity. Since then, many other researchers have studied High-

Order Harmonic Generation (HHG) in an effort to achieve the highest possible

conversion efficiency and maximum available order, using a variety of wavelengths,

pulse durations, focused intensities and different gases to generate high harmonics. Anne

L’Hullier et al. [7] studied high harmonic generation using a 1-picosecond Nd:Glass laser

with wavelength 1.054 microns. They observed the 29th harmonic in Xe, the 57th in Ar,

and at least up to the 135th harmonic in Ne. They also investigated the influence of gas

density and focal geometry on the conversion efficiency. Macklin et al. observed

harmonics up to the 109th order using 125 fs, 806 nm pulses in neon [8]. Preston et al.

obtained the 37th order of a 380 fs, 248 nm KrF laser from helium ions [9].

The highly nonlinear nature of the ionization process makes it possible to generate

and detect harmonics up to several hundred orders, which correspond to wavelengths

below 3 nm. Z. Chang et al. [10] reported such harmonics using 26 fs, 20 mJ, 800 nm

laser pulses with 1015 W/cm2 intensity at the focus. The pulse duration of the harmonics

they produced is expected to be less than 3 fs, since the high-harmonic emission is

believed to occur on the rising edge of the 26 fs pulses. At very short pulse durations, the

combination of enhanced single-atom harmonic response and the tendency for reduced

phase mismatches can lead to relatively efficient production of sub-femtosecond

(attosecond) x-ray pulses, the output being 100 times brighter for 5 fs laser pulses than

for 10 fs laser pulses [11]. Nevertheless, the efficiency of converting laser energy into

potentially useful high harmonic light is typically poor (< 10-7 conversion efficiency of

laser light into one high harmonic order). Despite the low efficiency of this process, the



4

photon flux generated is sufficient to be useful for some applications in time-resolved

ultrafast x-ray spectroscopy.

An attractive feature of HHG is that the harmonics emerge from the generating

region as coherent beams with polarization similar to that of the generating beam. The

harmonics are embedded in the residual laser beam but with a typically narrower beam

divergence [12-14]. Fig. 1.1 represents a typical setup to produce the high-order

harmonics in a jet of gas inside a vacuum chamber.

gas
jet

vacuum ~10-2 torr

incoming laser beam

gas atoms

out going laser
beam

harmonic
beams

Fig. 1.1 Typical setup for producing laser high-order harmonics in gas. The gas is

injected into the focus of the laser.

The low divergence of the high harmonic light may be useful for applications

such as the probing of dense plasmas, EUV lithography, ultrafast time-resolved

spectroscopy, EUV reflectometry or ellipsometry, or basic atomic physics research [1-

3,15]. Nevertheless, the harmonics generated in atomic gases (in particular the harmonics

of highest orders) have so little energy per pulse that their prospects of usefulness in

science and technology are limited. Geometrical, free-electron, and intensity-dependent
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phase mismatches (between the generated high harmonic light and the laser field) play a

dominant and quite undesirable role in limiting the harmonic emission.

In my dissertation, I present a model and experimental verification that phase

mismatches in high harmonic generation can be significantly counteracted with weak

interfering light. The remainder of this chapter provides additional background

information about the high-harmonic generation process and review methods for

enhancing the efficiency of converting laser light into high-order harmonics. Chapter 2

describes how weak counter-propagating laser pulses can be used to disrupt harmonic

generation in out-of-phase regions in the laser focus. Chapter 3 describes our first

experiments in laser high-order harmonic disruption and enhancement using interfering

weak light. Chapter 4 outlines the development of a compact polarized EUV

reflectometer utilizing high-order harmonics. This EUV reflectometer illustrates a

possible application of high harmonics. Chapter 5 describes a new laser system we

constructed for the purpose of extending the phase matching technique to laser pulses

with higher energy and, hence, to higher harmonic orders. The new system enables the

simultaneous disruption of harmonic generation in several out-of-phase emission zones

for an overall harmonic emission enhancement (quasi phase match). Chapter 6 outlines

the new experimental setup for high harmonic production with multiple counter-

propagating pulses. This setup will be used for future experiments that extend my

dissertation work.
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1.2 HARMONIC GENERATION AT THE ATOMIC LEVEL

When intense laser light interacts with an atom, the bound electrons undergo

violent and non-linear motions that can radiate high harmonics of the applied frequency.

The atomic potential is an even function because the medium is isotropic and

centrosymmetric [16]. As a result, the harmonics generated in gases are all odd order. In

the high-harmonic generation process, intense laser light with angular frequency w passes

through a non-linear medium and generates light with angular frequency Nw, where N is

the harmonic number. This is in contrast with the common situation for low-intensity

light where the polarization of the medium depends linearly on the electric field:

  P E= e c0 , (1.1)

where c  is the linear susceptibility. Hence, if light of angular frequency w passes

through the medium, a polarization also oscillating at w is produced. This is only an

approximation, which breaks down at high laser intensities when non-linear terms in the

electric field polarization become important. The polarization is often represented by an

expansion in terms of electric field:

  P E E E= + + +( ) ( ) ( )e c e c e c0
1

0
3 3

0
5 5 K . (1.2)

In this case, the polarization is composed of non-linear terms such as   e c0
3 3( ) E ,

  e c0
5 5( ) E , etc., as well as the linear term   e c0

1( ) E . These elements in the polarization

may oscillate at frequency 3w, 5w, etc., giving rise to harmonics. Because the higher

order terms in the susceptibility are small compared with the first term, non-linear optical
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effects were not observed [4] until the development of the laser. In order to achieve

harmonic generation, the generating laser light must be linearly polarized (or close to it).

Until the early work of McPherson et al. [6], HHG had been described within a

framework of perturbation theory [17-19]. Perturbation theory suggests that each

harmonic order depends on the order immediately below it and that each harmonic order

should be progressively much dimmer than the last. Nevertheless, high harmonics are

observed with a long “plateau” in the conversion efficiency as a function harmonic order,

where many orders have roughly the same strength. The plateau ends abruptly with a

sharp cutoff past which higher harmonics are not produced. A schematic representation

of this phenomenon is shown in Fig. 1.2 for krypton, argon and helium noble gases [7].

The occurrence of the long plateau is a departure from a major characteristic of

perturbation theory, which suggests that the strength of each harmonic order N should

scale as the input field to the Nth power. It has been shown experimentally that for

harmonics with photon energies above the ionization potential of the atom, the non-linear

polarization scales instead as the input field to an effectively lower power (e.g., ~5th) [20].

The plateau in the emission strength of different harmonic orders occurs because

each harmonic order not only depends on the previous order but also on the order after it

[21,22]. As an example, the 15th harmonic depends on the 13th and the 17th order which

are both coupled all the way back to the fundamental. The plateau of harmonic orders

decreases in intensity by typically only a factor of 2 or less between each order where in

the perturbation regime the decrease is typically several hundred times between each

successive order. This dependence on both higher and lower harmonics has a tendency to

flatten out the harmonic production up to a maximum harmonic order where a sharp cut-
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off occurs. As it is seen on Fig. 1.2, the plateau region is longer for He, than for Ar or Kr,

though the relative conversion efficiency is lower. The interpretation of these results is

not an easy task because it involves both the single-atom response to the laser interaction

and the collective coordination of many atoms, the capability of the medium to ensure

proper phase matching between the incident field (the driving field) and the generated

harmonics.

Fig. 1.2 A schematic representation of high harmonic emission cut-off seen in krypton,

argon, and helium noble gases (taken from Ref.[7]).
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Fig. 1.3 One-dimensional atomic potential well (solid line) and applied electric potential

(dashed line).

Traditionally, harmonic generation is described in terms of the non-linear

polarization induced in the medium by the high strength input electric field [16,23]. For

low-order harmonics, this polarization, described in Eq.(1.2), comes about from an

effective potential well wherein the electron resides, which varies from the parabolic

shape of a purely “harmonic” system. However, very strong external electric fields

change the dynamics of the interaction, especially when the field becomes comparable to

the Coulomb field (on the order of E=5*1011 N/C in hydrogen), which binds the electron

to the atom. As atomic electrons are driven strongly in a field, the potential that the
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electron sees is extremely anharmonic – to the point where the electron may leave the

atom and become ionized.

Fig. 1.3 depicts the potential of a commonly used model for strong field-atom

interactions. The figure shows a hydrogenic atomic potential well (solid line) and the

potential of an applied strong oscillating electric field E=E0cos(wt) (dashed line) at an

instant in time. The combined potentials become

  
V x

e
x

exE( ) = - -
2

04p e
, (1.3)

where e is the charge of the electron, and e0 is the permittivity constant.

Fig. 1.4 Potential of an atom distorted in a strong laser field at an instant in time.
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We can estimate the intensity at which the laser field becomes comparable to the

atomic field, in which case the electron may freely escape according to the Barrier

Suppression Ionization (BSI) model [24,25], which has proven to be remarkably accurate.

This provides a benchmark for the maximum intensity an atom can experience before

ionizing. If the field is strong enough, the coulomb barrier falls below the initial binding

energy of the electron. Fig. 1.4 shows the combined potentials of the atom and a field

sufficiently strong to allow the electron can escape over the barrier.

Of course, there can be quantum tunneling before the barrier is suppressed

completely to the level of the binding energy [26]. There can also be quantum wave

packet reflections from the barrier even when it is suppressed below the binding

potential. Nevertheless, we ignore these effects in this estimate.

To find the electric field E needed to allow the electron to escape, we find the

extremum of V(x) in Eq.(1.3) and  solve for x, which yields

  
x

e
E

=
4 0pe

. (1.4)

This is the position of the highest point on the barrier. We substitute this position back

into Eq. (1.3) and set the potential equal to the binding energy -V0:

  
V x

e
E

e
E V=

È

Î
Í

˘

˚
˙ = - = -

-

4 0

3 2

0
0pe pe

/

. (1.5)

From this, we see that the electric field needed to ionize the atom is

  
E

V
e

= pe0 0
2

3 . (1.6)

The corresponding intensity for linear polarized laser light is found to be

  
I

cE c
e

V= =e p e0
2 2

0
3

6 0
4

2 2
, (1.7)
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where c is the speed of light in vacuum. Table 1.1 shows the ionization potential in eV for

neutral atoms and ion states of the most commonly used noble gases [24,27].

Gas

Species

Neutral I II III IV V

Helium 24.6 54.4

Neon 21.6 41.0 63.4 97.1 126.2 157.9

Argon 15.8 27.6 40.7 59.8 75.0 91.0

Krypton 14.0 24.4 37.0 52.5 64.7 78.5

Xenon 12.0 21.2 32.1 47.6 59.0 72.0

Table 1.1 Ionization potentials in eV for neutrals and ions for the noble gases.

Table 1.2 shows the ionization intensities calculated with Eq. (1.7). In order to

achieve the intensities shown in the Table 1.2, a millijoule-class laser pulse with the

duration of a few tens of femtoseconds need only be focused to a diameter tens of

micrometers wide.  The peak intensity of a laser pulse may be estimated as follows:

  
Intensity

Power
Area

Energy
duration Area

= =
*

. (1.8)

For example, our first ultrafast laser setup at Brigham Young University designed

to produce high-order harmonics utilized 0.5-millijoule, 30-fs laser pulses focused onto a

spot of the radius of 25 microns (Gaussian profile). Under these conditions, the peak laser

intensity of the laser in focus was approximately I=2x1015 W/cm2. According to Eq.(1.7),

the electric field of the laser was on the order of 1011N/C. This electric field strength is
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comparable to the Coulomb field binding the electron in a hydrogen atom. Modern lasers

can routinely produce electric field strengths as high as 103 Volts per Angstrom (laser

intensity ~1019 W/cm2).

Gas Species Ionization intensity, W/cm2 Ion state I ionization

intensity, W/cm2

Helium 1.5x1015 3.5x1016

Neon 8.7x1014 1.1x1016

Argon 2.5x1014 2.3x1015

Krypton 1.5x1014 1.4x1015

Xenon 8.3x1013 8.1x1014

Table 1.2 Ionization intensities for some neutral noble gases and their ionization

state I.

A typical high-intensity laser produces 800 nm wavelength radiation (Ti:Sapphire

active medium, photon energy 1.55 eV). The ionization suggested by the above model is

often referred to as multiphoton ionization. For example, ~ 11 photons are needed to

ionize a neutral atom of argon gas.
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1.3 CLASSICAL AND QUANTUM MODELS FOR HIGH HARMONIC

GENERATION

A. Classical model

We now consider high harmonic emission by electrons undergoing the ionization

process described in the previous section. We can apply classical kinematics to estimate

the maximum energy available to an atomic electron in the applied oscillating electric

field, which might be emitted as a high-harmonic photon.

Kenneth Kulander et al. [28] and Paul Corkum [29] first suggested theoretically

that the maximum photon energy in harmonic generation follows the universal law:

K V Upmax .= +0 3 17 , (1.9)

where V0 is the energy needed to ionize the atom, and Up is the mean kinetic energy of a

free electron oscillating in the laser field (no drift velocity), called the ponderomotive

potential. According to the model, the electron acquires a maximum kinetic energy of

  3 17. U p  as it is pulled from the atom by the laser field (leaving the atom momentarily

ionized) and subsequently slammed back into the atom when the polarity of the laser field

reverses.

Applying classical kinematics, the equation of motion of a free (not influenced by

the atomic potential) electron under the applied laser field is

F mx eE t= = - +( )˙̇ cos0 w f , (1.10)

where m is the mass of the electron, w  is the angular frequency of the laser radiation, E0

is the electric field amplitude of the laser radiation, and f  determines the phase of the
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field at the moment the electron becomes free of the atom. The coordinate x indicates the

distance from the atomic center to the electron oscillating in the field.

Upon integration of Eq.(1.10), we get

˙ [sin sin( )]x
eE

m
t= - +( ) -0

w
w f f

,
(1.11)

assuming that the particle is at rest when t=0. If f is not zero, then we see from Eq.(1.11)

that there will be a net drift to the motion of the electron.

The mean kinetic energy of the electron in the case of no net drift, or the

ponderomotive potential, is

U K m X
e E

m
t

e E

mp = = = ( ) =
∑1

2
1
2

1
4

2
2

0
2

2
2

2
0
2

2w
w

w
sin , (1.12)

which is a useful energy benchmark.  In terms of the intensity of an applied linearly

polarized laser field,   I cE0 0 0
2 2= e , the ponderomotive potential may be written as

U
e I

m cp =
2

0
2

02 w e . (1.13)

Nucleus

electron

Fig. 1.5 Escape of an electron from the atom.



16

Fig. 1.5 shows a case when f in the Eq.(1.11) is some positive value. As the

electron oscillates in the electric field, it never returns again to the nucleus because of a

net drift, owing to the particular initial condition. On the other hand, if f is negative (even

slightly), the drift is such that the electron returns to the nucleus with considerable

velocity. Integrating Eq.(1.11) we obtain

x
eE

mw
t

eE

mw
t= +( ) - + ( )0

2
0[cos cos( )] sinw f f f

, (1.14)

assuming that the particle is at the origin when t=0.  The time when the particle returns to

the nucleus (i.e., to the position x=0) can be found by setting Eq.(1.14) equal to zero and

solving the following transcendental equation for   t > 0 :

[cos cos( )] sin( )w f f w ft t+( ) - = - . (1.15)

The kinetic energy of the electron upon return is

E mx
e E

m
t U tpmax ˙ sin sin( ) sin( ) sin( )= = +( ) -[ ] = + -[ ]1

2 2
2

2
0
2

2

2 2

w
w f f w f f , (1.16)

where the value for wt is found from Eq.(1.15).

Only those electrons that return to the nucleus and get reabsorbed can emit high

harmonics. Fig. 1.6 depicts the case when the electron returns to nucleus, which occurs if

the phase f  is negative.

Nucleus

electron

electron

Fig. 1.6 Return of an electron to the atomic center, positioned at x=0.
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We solve Eq.(1.15) and Eq.(1.16) simultaneously to find maximum kinetic energy

of the electron upon return, Eq.(1.9). In order to find the result Emax = 3.17 Up, we

should plot Eq. (1.16) as a function of the phase parameter f . Fig. 1.7 shows the kinetic

energy that the electron possesses upon return to the nucleus as a function of the phase of

release f. As is apparent, the maximum kinetic energy 3.17 Up occurs for f=-17∞ .
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.
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Fig. 1.7 Maximum electron kinetic energy of 3.17Up occurs for f=-17∞.
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Fig. 6.4 Snap-shot of the CCD camera 2 image; the height of the peaks shows the relative

brightness (arb. units) of the harmonics produced in neon gas.

A curious phenomenon we observed was that the harmonic yield improved

slightly when the aperture on the forward beam was closed slightly. This was done in the

absence of the counter-propagating beam (i.e., it was blocked). Closing the diaphragm

(aperture A1) placed just before the lens L9 means both a decrease in the laser energy and

an increase in the focal spot size. Thus the focal intensity should decrease. Nevertheless,

we observed a marked increase to the harmonic signal in neon gas (meaning an even
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stronger increase of the conversion efficiency).  Of course the harmonic production

eventually decreased if the aperture size became too small. Under our conditions, we

observed that the optimal aperture size was 15 mm in diameter. This effect was observed

at several research groups [8,53,93,94]. They used different laser parameters and gases.

We intend to do further study of this phenomenon.

Fig. 6.5 Train of five short counter-propagating pulses colliding with the forward pulse in

air (atmospheric pressure).
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We created a train of five counter-propagating pulses. The pulses were

compressed to ~80 fs duration and collided with the short forward pulse in the middle of

the air-filled interaction chamber. The pattern of the resulting five bright plasma dots was

observed using CCD camera 3. The image is shown on Fig. 6.5. The vertical axis

indicates the relative brightness. The other two dimensions indicate the positions of the

interacting pulses along the axis of the beam.

Pulse #5 occurs before pulses #4 through #1 in the train. Using the cross-

correlator, we set the distance between two neighboring pulses to be 0.5 mm, which

corresponds to a timing interval of 1.67 ps. Since the forward pulse and the counter-

propagating train of pulses collide with a relative speed of 2c, the distance between the

dots is 0.25 mm (timing 0.83 ps), which is also observed in the cross-correlation setup by

CCD camera 1. We blocked both beams and installed a millimeter-graded ruler at the

place where the beams collided, and confirmed the data obtained by cross-correlation.
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Fig. 6.6 Superposition of the total of five individual snap-shots of short counter-

propagating pulses (number 1 through 5) colliding with the short forward pulse in air

shows relative brightness of collision dots.

We also took five snap shots of individual pulses in the counter-propagating train

colliding with the forward beam. For this purpose, we blocked four pulses at the retro-

mirror set RM1-RM5 (see Fig. 5.14 in Chapter 5), leaving one of the mirrors unblocked

for each picture. We combined all five data arrays of the snap shots into one, represented

on Fig. 6.6. This figure suggests that each of the collision dots #5 through #1 has a

similar brightness, i.e., the energies of pulses #5 through #1 in the train are similar.

Nevertheless, each of the five dots in Fig. 6.5 has a different brightness. This can be
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explained by the fact that the forward pulse gets dispersed more and more as it produces

each plasma dot. Thus, it loses its energy before it has a chance to produce the final dots.

That is why the dot #1, the most intense one in the Fig. 6.6, happens to be the weakest

one in the Fig. 6.5.

If the pulses in the counter-propagating train overlap in time, we observe a “beat”

pattern (interference) using the cross-correlation setup. These “beats” occur when the

separation between two neighboring pulses is on the order of the pulse width. The

periodicity of the interference varies depending on the amount of overlap and the pulse

chirp. In the case where two counter-propagating pulses were nearly exactly overlapped

in time, we measured the energy of the output (Molectron detector). A significant

increase in pulse energy was observed, which may be explained by the high degree of

constructive interference between individual pulses. In this case when the pulse power is

high (10 mJ for each pulse in the train before entering the compressor), the optical

elements in the laser and compression setups can be seriously endangered. If these

“beats” are inadvertently formed while adjusting pulse timing during optimization scans

to maximize high harmonics, the experimental results might be misinterpreted. However,

there is a possibility of using the “beats” produced from a pair of pulses to create a rapid

pulse train with many peaks. This might be useful for dealing with severe phase

mismatches where a short period for quasi phase match would be ideal. The period of the

interference peaks could be chosen to align with the period of the “out-of-phase” zones.
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6.3 HIGH-ORDER HARMONIC GENERATION IN COLLIDING PULSES

We suppressed emission of the harmonic order 39 produced in neon. We collided

the short (~45 fs) forward pulse with a single 970 fs long counter-propagating pulse

(pulse #5 from the train). The other pulses in the train were blocked. The relative arrival

time of the counter-propagating pulse was scanned (plotted as a function of delay stage

shift).
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Fig. 6.7 Emission of the 39th harmonic produced in neon is suppressed with a weak

counter-propagating pulse of light.
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The intensity of the counter-propagating light is lower than the main generating pulse

intensity by roughly a factor of 60. Thus, its intensity is insufficient to ionize the medium

significantly. We checked that when the counter-propagating pulse arrived either well

before or after the main generating pulse, the harmonic production was the same with or

without the counter-propagating light.

As is evident in Fig. 6.7, the harmonic generation process is turned off in part.

The delay stage (13) displacement is correspondent to the relative arrival of forward

beam. The emission of 39th harmonic is reduced by a factor of 3. The figure shows the

emission of the 39th harmonic produced in neon with a jet backing pressure of 225 torr.

This is a relatively high backing pressure despite the use of the pulsing jet. This backing

pressure reveals the fact that the jet nozzle opening is much wider than that used in

former experiments (see Chapter 3).

6.4 INTERPRETATION OF EXPERIMENTAL RESULTS

Our new laser system does not require frequent re-alignment. The shot-to-shot

energy fluctuation of the laser system is ~10%. The forward and counter-propagating

beams are identically p-polarized with f/50 focusing. The measured forward beam waist

diameter is 70 mm (FWHM, measured from 1/e2 intensity) indicating 1.3 times the

diffraction limit. The energies of the forward and counter-propagating pulses before

entering the compressor setup are 21 mJ and 10 mJ, 4mJ and 1.8 mJ after the

compressors, respectively. The forward pulse can be compressed to a duration of 45±4 fs,
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reaching a focused intensity of 2.4¥1015 W/cm2 (see Eq.(1.8)). The error in the pulse

duration measurement is due to the resolution in our auto-correlator setup.

We can produce high harmonics up to the 65th order in neon. However, currently

we can reliably distinguish the harmonics up to the 45th order; our detection setup has to

be upgraded to accommodate higher orders. The laser intensity necessary to produce

harmonics from neon ions is around 1.1¥1016 W/cm2 (see Table 1.2). If the energy loss in

the main pulse re-compression stage was a factor of 2 instead of 5 and if it had a duration

of 25fs, we could, in principle, produce the harmonics from neon ions past the 119th

order. The gratings (Thermo-RGL) in the stretcher and in the main beam compressor are

the first objective of our future experiment optimization investigations.

We created a train of five counter-propagating pulses. The distance between

neighboring pulses in the train can be varied with sub-femtosecond precision (much more

accuracy than needed). The pulses in the counter-propagating train can be chirped all

together to any desired duration, so that they can be collided with the strong forward

harmonics-generating pulse throughout a wide jet of gas. We hope to control emission of

particular harmonic orders using several counter-propagating pulses through a trial-and-

error procedure in order to find particular “out-of-phase” zones in laser focus where

harmonic emission should be diminished. This technique should lead to overall

enhancement of high-harmonic production. A computer program running the translation

stages at the mirrors RM1-RM4, coupled with the CCD camera 2 (see Chapter 5) and

using a genetic algorithm [95] would be ideal for future experiments.

We suppressed harmonic emission produced in neon. The contrast for the 39th

harmonic is approximately 3 times. This is not a significant suppression compared with
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the cases discussed in Chapter 3. However, these trial runs represent an initial step

towards a series of new experiments at higher pulse energy. They demonstrate that the

necessary equipment is in place and functioning. The earlier proof-of-principle

experiments (see Chapter 3) give reason for optimism that it should be possible to

improve output of high-order harmonics by as much as two orders of magnitude.
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APPENDIX

A1. Auto- and cross-correlation techniques

The cross-correlation uses a CCD camera and a beam profile analyzer (Spiricon)

to view the second harmonic light (400 nm) generated by mixing of two crossing pulses

in the crystal. The path lengths of both beams must be matched so that the pulses arrive

simultaneously in the crystal. The crystal is installed on a rotation stage, which may tilt

the crystal to an arbitrary angle relative to the crossing beams. The crystal is a square

piece of KDP crystal with 0.1 mm thickness and 4.5x4.5 mm2 surface area. It is mounted

vertically in a 1-inch round holder that can rotate. The holder can be turned within this

mount around an axis normal to the crystal’s surface. The crystal surface plane stays

perpendicular to the optical table surface at all times. For cross-correlation, the

beamsplitterr BS11 must be removed from its kinematic mount and set away. The mirror

M23 must be installed in its place on the same kinematic mount. The image of the cross-

correlation stripe in the crystal is projected in 1:1 proportion onto the CCD camera 1

using the 20 cm focal length lens L7.

For auto-correlation, the beamsplitter BS11 must be installed on its magnetic

mount. The distances “BS11-M33-M34-crystal” and “BS11-M29-M30-M31-crystal”

must be equal to each other in order to cause an interaction between the pulses (making a

stripe of 400 nm light (blue color) from the crystal). The tilt of the crystal relative to the

auto-correlated beams directions is not necessarily similar to the cross-correlation case

tilt. Since the angle between the auto-correlated beams is different (usually, smaller) from

the cross-correlation case, the tilt must be adjusted to achieve the best phase match of the
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two correlated beams, i.e., the best second harmonic generation efficiency. The mirror

M22 shares the same magnetic mount with the mirror M23. Mirror M23 must be

substituted for the mirror M22 for auto-correlation.

A2. Timing sequencing in the system

A periodic signal of positive polarity with the threshold amplitude of 0.04-0.20 V

and frequency 100 MHz arrives at the SRS timing box from an avalanche photodiode

installed in the oscillator. The timing box triggers on one of these peaks after which it

ignores input until all timing delays have been executed. The signal gives a timing mark

to the rest of the delay channels in the box.

SRS delay box #1.

1. Channel C. Timing C=T+0.100000000 s. This is a “dummy” channel, which creates

the repetition rate of 10Hz for the rest of delay circuits. The SRS delay box is

triggered from one of the peaks in the signal arriving from an avalanche photodiode

(50 Ohm load). The channel C allows triggering of the rest of the delays in the system

only at the repetition rate set at C, i.e., at 10 Hz. The signal from channel C triggers

the flashlamps in the “Quanta Ray” pump laser.

2. Channels A and B. Timing A=T+181.800 ms and timing B=A+0.300 ms. These two

channels produce a rectangular signal at the “positive” AB output. This AB output is

coupled to the Q-switch trigger of the “Quanta Ray” laser. The Q-switch can release

the stored energy from that laser at the rising edge of the “positive” AB signal. The

12ns pulse from the “Quanta Ray” laser occurs at the repetition rate set at channel.
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The laser produces of up to 700 mW of average power. The timing B is necessary to

reset the triggering logic in the laser.

3. Channel D. Timing D=T+0.001 s. This channel is coupled with the pulsing gas jet

electronics. The jet starts opening at the time T for the duration 0.001 s.

The delay box #2 is triggered by positive signal of 1.9±0.1 V from box #1 output.

The two boxes work as if they were one, the repetition rate being directed by the channel

C of the box #1.

SRS delay box #2.

1. Channel A. Timing A=T+181.938 ms. This channel is the only channel that must

be adjusted ±5 ns or less at any start-up of the oscillator (the maximum value of

amplified pulse peak power is observed using a photodiode connected to an

oscilloscope and placed after the first amplification stage). The signal from A

arrives at trigger port #1 of Pockels cell #1. A 6-foot coaxial cable is connected

between trigger ports #1 and #2, providing a rectangular window of the 6ns

duration during which the cell is energized.

2. Channel B. Timing B=A+0.042 ms. The signal from B arrives at trigger port #1 of

Pockels cell #2. The 6-foot coaxial cable is connected between trigger ports #1

and #2 providing a window of the 6ns duration during which the cell is energized.
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3. Channel C. Timing C=A+0.043 ms. The signal from C arrives at trigger port #1 of

Pockels cell #3. A difference of 1 ns between B and C naturally corresponds to a

distance of 1 foot that light travels between Pockels cells #2 and #3.

4. Channel D. Timing D=A+0.059 ms. The signal from D arrives at trigger port #2 of

Pockels cell #3. The signals from C and D provide a 16 ns window during which

the cell is energized allowing the amplified pulse travel from amplifier stage #1 to

amplifier stage #2. By the time the cell later becomes de-energized, the counter-

propagating train returns (about 15ns later). The counter-propagating beam is

ejected from the plate polarizer towards periscope #4.


