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Thinking
If you think you are beaten, you are;
If you think you dare not, you don't.
If you'd like to win, but you think you can't,
It is almost a cinch you won't.

If you think you'll lose, you've lost;
For out in this world we find
Success begins with a person's will
It's all in the state of mind.

If you think you're outclassed, you are;
You've got to think high to rise.
You've got to be sure of yourself before
You can ever win the prize.

Life's battles don't always go
To the stronger or faster man;
But sooner or later the person who wins
Is the one who thinks he can!
-Walter D. Wintle

To all of those who think they can
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SUMMARY

Two important frontiers in the field of ultrashort pulse measurement are the
complete temporal measurement of low-intensity picosecond pulses in the near-infrared
(NIR) and intense ultrashort pulses in the ultraviolet (UV) and extreme ultraviolet (EUV).
The former are projected to find great use in the field of optical telecommunications, while
the latter are the result of the relatively recent development of bright, coherent light sources
in this wavelength range. The challenge in measuring weak pulses in the NIR is that many
measurement techniques require expensive electronics and/or are complicated and difficult
to align. UV pulse measurement on the other hand, due to the higher photon energies
involved, is primarily hindered by slow light-matter interactions such as absorption or
photoionization.

In this thesis, we develop and present two novel pulse-measurement techniques
based on the widely-used method of Frequency-Resolved Optical Gating (FROG) which
are aimed at addressing these challenges. The first technique, called Collinear
GRENOUILLE, is an experimentally-simple and sensitive device which tests the
sensitivity of second harmonic generation to measure low-intensity, picosecond pulses in
the NIR. The measurement capabilities of Collinear GRENOUILLE are experimentally
demonstrated by the successful measurement moderately complex pulses with femtojoule
pulse energies at 800 nm. A similar measurement is also presented at 1030 nm where more
efficient nonlinear crystals exist. The second technique, known as Induced-Grating Cross-
correlation FROG, is designed to measure intense laser pulses in the UV and EUV. To

demonstrate this technique, we first perform measurements of chirped 400 nm pulses in a

XVi



fast-responding nonlinear medium. We show that the resulting traces contain the complete
electric field of the UV pulse we intended to measure. We further confirm these
measurement by developing a modified phase-retrieval algorithm to reconstruct the pulse
from the measured traces. Next, we performed similar measurements in a slowly-
responding medium. FROG typically requires a fast nonlinear-optical processes to measure
pulses, however once the response of the medium in accounted for, the measurements made
using the 1IG XFROG technique indicate that accurate measurements of the pulse can still
be made using a slow light-matter interaction. In the case of slow media, the IG XFROG
technique is first demonstrated using absorption from amplified pulses at 400 nm and
267 nm. After establishing feasibility at these wavelengths, we applied this technique to
EUV laser pulses from the FERMI free-electron laser at 31.3 nm, for which the dominant

light-matter interaction is photoionization.
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CHAPTER 1.

INTRODUCTION

1.1 Ultrashort laser pulses

Ultrashort laser pulses are extremely short bursts of light whose durations span
from tens of picoseconds (1 picosecond = 1072 seconds) to tens of attoseconds (1
attosecond = 107 seconds) [1]. Since the uncertainty principle dictates that short pulses in
time must be broad in frequency, ultrashort pulses naturally have broad spectra.
Additionally, due to their short durations, these pulses can be made to have very high peak
intensities (~10*2W/cm?). Such short bursts of light are not only scientific marvels in their
own right, but also facilitate the production and study of other fascinating scientific
phenomena.

Typically femtoseconds (1 femtosecond = 10*® seconds) long, ultrashort pulses
provide an “ultrafast camera” that enables the study and even manipulation of dynamic
processes in materials on their own natural timescales. The field of Femtochemistry, for
example, uses ultrashort laser pulses to study the dynamics of chemical reactions, processes
which naturally occur on such ultrafast timescales [2]. Moreover, using temporally-shaped
femtosecond laser pulses, the outcome of a chemical reactions can also be manipulated, in
a process known as Coherent Control, to optimize the yield of one product and suppress
the yield another [3]. In addition to chemical reactions, combinations of ultrashort laser
pulses are also used in ultrafast spectroscopy techniques to study light-induced dynamics

in a variety of other media [4].



Due to their high peak intensities, ultrashort laser pulses are also well-suited for
other applications. For example, nonlinear optical processes such as second- and third-
harmonic generation, and two- and three-photon fluorescence require the high intensities
that are easily achieved with ultrashort pulses. Such nonlinear optical effects have not only
been used to generate pulses at new frequencies [5], but have also been used to improve
the resolution and depth in ultrafast microscopy, even allowing real-time imaging of
biological processes in live specimen [6]. Another example is precision micromachining.
When using ultrashort pulses, the optical breakdown threshold of many materials becomes
well-defined. By focusing the pulse such that the intensity at the center of the focus is just
above this threshold, energy deposition onto the material is more localized both in time and
space when compared to conventional methods, resulting in smaller, more precise cuts and
holes [7]. Additionally, such high intensity pulses can also be focused into gas jets to
produce even shorter pulses, with even higher photon energies in a process known as high
harmonic generation [1, 8-10].

While ultrashort pulses also find use in a great deal of other applications beyond
those mentioned above, hopefully it is already clear to see that these pulses are versatile
and vital tools in the advancement of scientific knowledge. Moreover, | hope to convey
that optimizing the generation and characteristics of ultrashort laser pulses directly
improves all of the application in which they are involved. As a result, inasmuch as it is
important to develop better light sources, it is also important to develop techniques to
characterize the pulses they emit. Thus, in this Chapter, a background knowledge of

ultrafast lasers, ultrashort pulses, nonlinear optics, and ultrashort-pulse measurement is



established. Subsequent chapters will build upon this knowledge to introduce novel
techniques for measuring low-intensity pulses in the near-infrared (NIR) and high-

frequency pulses in the ultraviolet (UV) and extreme ultraviolet (EUV).

1.1.1 Generation

In the simplest case, a laser is a pumped cavity consisting of a gain medium
surrounded by two mirrors: one highly reflective and one partially reflective. Indeed, the
very first laser [11] was comprised of a ruby crystal with two parallel sides coated in silver
and pumped with a high-powered flash lamp. Since then, several modifications to this
simple design have been introduced in order to generate shorter and shorter pulses of light.

Starting with a continuous-wave laser, relatively shorter laser pulses can be
generated by introducing a fast shutter into the laser cavity. Lasers lase when the total
amount of gain is greater than that of the losses in the laser cavity. When a fast shutter is
used in the cavity, the losses are first maximized, so that the laser does not lase and energy
can build up in the gain medium. The losses are then suddenly minimized allowing the
laser to lase and to generate significantly amplified, or “giant” laser pulses. When this
modulation of the losses in the cavity, known as “Q-Switching” [12, 13], is repeated
periodically, it can generate a train of such pulses. Fast Q-Switching can be achieved using
a device known as a Pockels Cell and typically generates pulses ~10—100 ns long.

Even shorter pulses can be generated by introducing a light-absorbing medium,
known as a saturable absorber into the laser cavity. As its name suggests, a saturable
absorber exhibits an intensity—dependent absorption whereby light below its saturation
intensity is heavily attenuated (i.e. absorbed) while light above the saturation intensity is

3



transmitted. Thus, during each trip around the laser cavity, the wings of the pulse, which
are less intense, get attenuated, while the center of the pulse is transmitted and amplified.
Attenuating the wings of the pulse has the effect of shortening the pulse on each trip around
the laser. Using saturable absorbers, ultrashort pulses on the order of a picosecond have
been generated [14].

Still shorter pulses have been generated by using a lasing medium with a high
nonlinear refractive index, n2. An intense beam of light, with a Gaussian beam profile for
example, incident on such a medium experiences a refractive index change that depends
on the local beam intensity. Larger intensities produce a larger change in the medium’s
index of refraction. As a result, the medium effectively acts as a lens that tightly focuses
intense light, and loosely focuses weak light. This phenomenon is known as the optical
Kerr effect, or Kerr-lensing [15]. By introducing optics to account for the additional
focusing caused by the optical Kerr effect, the laser cavity can be aligned to collimate and
amplify the intense portion of the beam while supressing the weak portion of the beam.
Kerr-lensing, like saturable absorption, acts to intensify and shorten the pulse on each
round trip. Pulse shortening is limited, however, by the dispersion caused by passing
through the lasing medium and other optics in the cavity. Thus, a two prism pulse
compressor [16] is also typically used to compensate for this dispersion. Lasers based on
Kerr-lensing in a Titanium-doped Sapphire medium (Ti:Sapphire) [17] are a staple in the
field of Ultrafast Optics. Very short pulses can be generated using Ti:Sapphire lasers [18],
though they typically produce 1-10 nJ pulses ~10—200 fs long at 800 nm. Once generated,

the energy of these femtosecond pulses can then be significantly increased via pulse



amplification techniques (see for example [19, 20]). Both unamplified and regeneratively
unamplified pulses from Kerr-lens mode-locked Ti:Sapphire lasers were used throughout

the work presented in this thesis.

1.1.2 A brief introduction to free-electron lasers

Since the first demonstration of a laser [11], the goal of many laser scientists has
been to develop laser sources that emit light in the EUV and X-ray regimes. To reach this
goal, significant effort has been devoted to the development of devices known as Free-
Electron Lasers (FELS) [21, 22]. Recently, with the advent of FEL facilities like those in
Germany [23], the U.S [24] and Italy [25], the goal of laser-like radiation in the EUV and
X-ray has been realized. During this work, | was granted the exciting opportunity to
perform measurements at the Free Electron laser Radiation for Multidisciplinary
Investigations (FERMI) facility in Trieste, Italy. Since these measurements will be
presented later in this thesis, it is potentially useful to understand (if only somewhat) how
these laser systems work as well.

Due to limitations in the reflectivity of optics in the EUV and X-ray range, FELS
emitting light in this wavelength range do not rely on cavities, but instead generate their
light via a single-pass though the laser. This process begins with generating an electron
bunch and accelerating it to speeds nearly approaching the speed of light via a linear
accelerator. Once the electron bunch has been accelerated to the desired speed, it is then
sent through a series of alternating magnets, known and as an undulator. For FELs that
operate under Self-Amplified Spontaneous Emission (SASE) [26-28], as the electron

bunch propagates through the undulator, the electrons in the bunch begin to spontaneously
5



emit light at a wavelength given by Au ~ Lu/(2y%), where Ly is the period of the undulator,
and y is the relativistic Lorentz factor. As the electron bunch and this new wave continue
to propagate, the emitted wave begins to “slice” the electron bunch into smaller bunches
each separated by a distance equal to the wavelength of the emitted wave. This effect is
known as microbunching. As the microbunched electrons continue to propagate through
the undulator they continue to emit light at wavelength Au, but since they are more localized,
they now do so in a more synchronized way [29]. This, in turn, leads to more
microbunching (i.e. thinner, more localized slices still separated by As) and significant
amplification of the emitted wave. Proper choice of Lu and y can readily yield light in the
X-ray spectral range, while proper choice of the length of the electron bunch (in addition
to other factors) can yield pulse durations in the fs range. Due to the spontaneous and noisy
nature of the SASE process (the process starts from noise), SASE FELSs typically exhibit
considerable temporal instability from pulse to pulse. Approaches to reduce these
fluctuations have been proposed [30] and recently implemented yielding significant
improvements [31].

Alternatively, instead of relying on the spontaneous emission of the electron beam
to kick-start the microbunching process, one could seed the process using coherent light
from an external light source. Although coherent external light sources do not currently
exist in the EUV/X-ray wavelength range, seeding is still possible via a process known as
High-Gain Harmonic-Generation (HGHG) [32]. In an HGHG single-pass FEL, two
undulators separated by a dispersive section are used to convert light at wavelength, 1s, of

the external source into light at one of its harmonics, As/n, where n is an integer greater than



1 [33]. In the first undulator, the seed laser is used to modulate the energy of the electron
beam. The dispersive section, usually comprised of four dipoles known collectively as a
magnetic chicane, is then used to associate the energy of an electron to a longitudinal (i.e.
temporal) position within the bunch. This causes the electrons to bunch up in a way similar
to that of the SASE case. In this case however, the resulting microbunches carry spectral
content at the harmonics of the seed laser. The pre-microbunched electrons are then sent
through a second undulator which is tuned to amplify the light emitted at one of the
harmonic wavelengths.

HGHG FELs are usually seeded with coherent light in the UV and are typically
able to produce harmonics up to n ~ 10 (i.e. in the EUV). Even shorter wavelengths (soft
X-ray) can be reached by allowing the output of an initial HGHG process to seed a second
process [34]. Using a coherent light source to seed the FEL like in HGHG, provides the
FEL with significantly improved temporal coherence and reduced power fluctuations when
compared to SASE FELs. To date, FERMI is the only user facility to provide an FEL based
on HGHG [35], and as such it provided an excellent temporally-coherent light source for

the measurements provided later in this thesis.

1.1.3 Mathematical description of ultrashort laser pulses

Throughout this thesis, our goal will always be to develop a technique to measure
the complete electric field of an ultrashort laser pulse. To do this, we start by first
identifying the quantities we are trying to measure. Assuming the scalar approximation in
which the light is considered to be linearly polarized, the electric field of a light pulse vs.

time is given as



@ () o« 2 JI(D) exp(ilwot — p(O)]) + C.C . (1.1)

In Equation 1.1, and throughout this thesis, I(t) refers to the pulse’s temporal intensity, o,
refers to the carrier frequency, ¢@(t) refers to the pulse’s temporal phase and “C.C” stands
for the complex conjugate. In practice, the factor of Y2, the factor containing the carrier
frequency, and the complex conjugate are often dropped, and Equation 1.1is reduced to the

following,

E(t) « \/I(t) exp(—igp(t)) . (1.2)

The quantity E(t) is known as the complex amplitude and is sufficient (and convenient) for
doing calculations involving the electric field of a laser pulse.

We can also describe the pulse in the frequency domain. Taking the Fourier
transform of E(t) and shifting it to the pulse’s central frequency yields the following

expression:

E(w) x /S(w) exp(—ip(w)) . (1.3)

Much like in the time domain, an ultrashort laser pulse can be described in the frequency
domain by its spectral intensity (i.e. spectrum), S(w ), and its spectral phase ¢(w). Since
pulse propagation effects are more easily modelled by multiplication in the frequency
domain, it is common to work with ¢(w) and to express it as the following Taylor series

expansion:



(w—wy)
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Although higher order phase terms are possible, the first three terms shown here are often

sufficient to describe relatively simple ultrashort pulses. The quantity ¢, in Equation 1.4,

is given by Z—"’| and is known as the group delay which is directly related to the pulse’s
w wg

arrival time. The quantity ¢ is given by % and is known as linear chirp or group delay
o
dispersion (GDD) which describes how the arrival time changes with frequency. A pulse
can easily acquire positive GDD simply by propagating through a transparent medium like
glass. Positive GDD causes higher wavelengths to precede lower wavelengths in the pulse
while negative GDD has the opposite effect. An example of a positively linearly chirped
Gaussian pulse is shown in Figure 1.1. As we can see from the plot of E(t), the wavelength
of the pulse is longer at negative times than it is at positive times. GDD is also clearly
represented by the quadratic phase curves in the plots of I(t) and S(w). Notice here that
without knowing the phase of the pulse, it would be unclear how the pulse differed from
its transform limit. Clearly the phase provides additional information about the pulse that

is not obvious from a plot of the pulse’s intensity alone. Thus, to completely measure a

pulse we will seek to measure both its intensity and its phase.
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Figure 1.1 a) The electric field, b) temporal intensity and c) spectral intensity of a
positively linearly chirped Gaussian pulse.

1.2 Brief discussion of relevant nonlinear-optical interactions

Nonlinear optics plays an important role in ultrafast optical science. Not only does it
describe the phenomena through which ultrashort laser pulses are generated, but it also
supplies a means to temporally and spectrally shape pulses, create pulses at new
frequencies, and to measure the very pulses that it is used to create. In this Section, we will
briefly discuss a few of the nonlinear optical processes central to the research presented in

this thesis.
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Very interesting optical effects can occur when a medium to responds to the strength
of an external electric field in a nonlinear way. These effects can be described
mathematically by accounting for higher-order contributions to an induced polarization in

a the nonlinear medium. In Equation 1.5, the induced polarization, 22, has been written as

a power series expansion of an external electric field, <, up to third order.

7= gxPe @+ x@P @) + xP <3 @)] (1.5)

1.2.1 Second-order effects

To visualize the nonlinear effects produced by the 2"%-order contribution to the
nonlinear polarization, we simply multiply out the second term in Equation 1.5. If we allow
the two factors of the field to come from two pulses with different frequencies, the result
would contain terms with the following frequency components: 2@, 2a2, @ + ar, and
a— ax [5, 36]. The first two components result from each pulse interacting with itself to
produce light with twice the input frequency. This nonlinear optical process is known as
second harmonic generation (SHG). The third and fourth components result from the pulses
interacting with each other to produce components equal to either the sum or difference of
the two input frequencies. These interactions are appropriately named sum (SFG) and
difference (DFG) frequency generation. Notice that frequency components of 2@ will also
result from SFG when the frequencies of both pulses are the same. This result is also
referred to as SHG and it will be fundamental to most of the research presented later in this

thesis.

11



The efficiency, n, of an SHG process can roughly be described by the following

proportionality [5, 36],
Nsue & dopplimL?sinc?(AkL/2) (1.6)

where deff is known as the effective nonlinear coefficient of the medium, linis the irradiance
of the fundamental input field, L is the thickness of the nonlinear medium, and Ak is the
wavevector mismatch. From the above expression we see that choosing a medium with a
large nonlinear coefficient, increasing the irradiance of the input field, increasing the
thickness of the medium, and minimizing the wavevector mismatch are the main ways to
optimize SHG conversion efficiency.

The wavevector mismatch, in SHG is given by Ak = 2 Kpoi — ksig, where Kpol and Ksig
are the wavevectors for the fundamental and second harmonic light respectively. When Ak
is equal to zero, the process is said to be phase-matched and the sinc? factor in Equation
1.6 is maximized. Although perfect phase-matching, i.e. Ak =0, is only precisely achieved
for one wavelength, approximate phase-matching can also be achieved for other nearby
wavelengths. The range of wavelengths that achieve approximate phase-matching is
known as the phase-matching bandwidth. Since ultrashort pulses have relatively broad
spectra, broad phase-matching bandwidths are typically preferred to ensure that the entire
spectrum of the pulse is phase-matched. Sufficiently broad phase-matching bandwidths are
obtained in SHG by minimizing the product GVM x L, where GVM is a quantity known as
group-velocity mismatch and represents the difference in group velocity between the

fundamental and second harmonic light in the medium. Minimizing this product is
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achieved either by choosing a medium with small GVM and/or by making the medium
very thin. In practice, phase-matching an SHG process is routinely achieved using thin
birefringent nonlinear crystals such as Beta Barium Borate (BBO).

Indeed, thin crystals are most commonly used to perform SHG using ultrashort
pulses, and as we have discussed, this will limit the efficiency of the SHG process. Later,
however, there will be instances where thicker SHG crystals can be used without
sacrificing phase-matching bandwidth. Though, as the crystal length increases, the SHG
process will become more susceptible to another effect known as Poynting vector walk-
off. Poynting vector walk-off, often called spatial walk-off, is a property of birefringent
crystals which causes the energy of one beam (i.e. its Pointing vector) to propagate at an
angle with respect to its wavevector. The angle between these two vectors is known as the
walk-off angle and is given by Equation 1.8, where ne is refractive index of the
extraordinary polarized beam in the SHG crystal.

1 dn,
n, 00

p = (1.7)

spatial walk-off acts to reduce the quadratic dependence on the crystal thickness in
Equation 1.6 to a power less than two and thus reduce the overall efficiency of the SHG
process [37]. We will consider this effect later on in this thesis when we investigate ways

to maximize the SHG conversion efficiency and to measure very weak pulses.

1.2.2 3-order effects

If we again allow the three factors of the field to come from three different pulses

and multiply out the 3™-order term in Equation 1.5, we would find terms which carry a
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variety of frequency components. Several components will be of the form, w1 — ar + ws,
where one of the input frequencies is subtracted. Terms containing frequency components
like this one are responsible for a variety of nonlinear effects, and particularly nonlinear-
optically induced grating effects [38]. Induced grating effects are useful for a number of
applications [39], and as we will see, they will be of particular interest for measuring
ultrashort pulses. Later on, we will use an induced grating effect, known as a transient

grating, to completely measure the electric field of ultrashort pulses in the UV and EUV.

1.3 Ultrashort laser pulse measurement

Ultrashort laser pulses are the shortest phenomena mankind has ever created.
Because of this, their complete measurement has been a considerably challenging
endeavor. The challenge can be described by a fundamental dilemma which is: to measure
an event in time you need a shorter event. But if the event you are trying to measure is the
shortest event around, then what do you use?

To solve this dilemma, we will make use of the nonlinear optical effects discussed
in the previous Section and we will use the pulse to measure itself. In this Section, three
pulse measurement techniques are discussed. The first two techniques are known as the
intensity AutoCorrelation and Interferometric AutoCorrelation, which are not only
important milestones in the field of ultrashort pulse measurement, but were critical to the
development of the third technique known as Frequency-Resolved Optical Gating (FROG)

upon which all of the novel research presented in this thesis is based.
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1.3.1 Intensity Autocorrelation

In the early days of ultrashort pulse measurement, researchers had at their disposal
two measures of the pulse. One was the spectrum of the pulse, and the other was its
intensity autocorrelation. Since this is the only type of autocorrelation discussed throughout
this thesis, the intensity autocorrelation will be referred to simply as the autocorrelation.
Using the 2"%- and 3"-order nonlinear-optical effects discussed in the previous Section, 2"-
and 3™-order autocorrelations can be obtained. An experimental autocorrelation setup
using SHG from two copies of the same pulse is provided in Figure 1.2. In an
autocorrelation measurement, the pulse to be measured is first split into two copies using a
beamsplitter. One copy of the pulse is then variably delayed with respect to the other using
a translation stage. By spatially separating the beams as they pass through a lens, the two
copies of the pulse are then simultaneously made to cross with a small angle, spatially

overlap, and focus on to an SHG crystal.
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Figure 1.2 Exprimental setup for an Intensity Autocorrelator. Figure adapted from
[36].

When the delay between the two copies of the pulse is large enough that the copies do not
overlap in time, no SHG signal will be observed. Only when the copies temporally overlap
will there be an SHG signal. Furthermore, the strength of the SHG signal will vary with
the amount of temporal overlap between the two copies: the strongest signal occurring
when the copies perfectly overlap in time, and weaker signals occurring when only the
wings of the copies overlap. In autocorrelation measurements, the energy of the nonlinear
signal is measured as a function of delay, rz, between the two copies of the pulse. This

autocorrelation measurement is described mathematically by,

[oe)

ACPA(7) = f |E(t)E(t — 7)|?dt = f I(O)I(t — 1)dt (1.8)

where the superscript “(2)” on the left side of the equation indicates the autocorrelation is

of 2"%-order. As you can see from Equation 1.8, autocorrelation measurements only depend
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on I(t) and so do not contain phase information. Thus, if you are trying to measure the
phase of your pulse, an intensity autocorrelation will not give you the information you are
looking for. Additionally, if you are interested in obtaining the intensity, 1(t), of your pulse,
this measurement cannot to provide that information either. Indeed, retrieving I(t) from
AC® is equivalent to the one-dimensional phase retrieval problem [38], and thus many
different temporal intensities can produce the same autocorrelation. Moreover, as the pulse
becomes more complicated, the autocorrelation of the pulse becomes simpler [38]. This
quality of autocorrelation measurements has resulted in severe ambiguities and
misinterpretations. Thus, at best, an autocorrelation measurement can only roughly

approximate the duration of the pulse after a typical pulse shape is assumed.

1.3.2 Interferometric Autocorrelation

< Input
pulse
SHG
Lens crystal Filter Slow
detector
o EQ AV\N
Mirror /a \ >
" E(t-
Ci)rppensation (=9 E()+E(t—1)
plate
Beam- Dela
splitter ml Y

Figure 1.3 Experimental setup for an Interferometric Autocorrelator. Figure adapted
from [36].
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If we instead use a Michelson Interferometer to split and delay our pulses, we can
allow the two arms of an autocorrelator to propagate collinearly as shown in Figure 1.3.
This setup is known as an Interferometric AutoCorrelation (IAC), or Fringe-Resolved
AutoCorrelation, arrangement. The particular IAC arrangement shown in Figure 1.3 could
be called a “balanced” IAC since a compensation plate has been included to balance out
the different amounts of dispersion caused by the beam passing through the glass of the
beamsplitter once in one arm of the Michelson interferometer and thrice in the other. As in
standard autocorrelation, interferometric autocorrelation also measures the energy of the
nonlinear signal as a function of delay, . An IAC measurement is described

mathematically by Equation 1.9.
IAC(7) = f|[E(t) T E(t - D] [2dt (L.9)

To further investigate what information is provided by an IAC measurement we
can expand Equation 1.9. This expansion yields the four quantities provided in Equation
1.10. Quantity a) is constant a background term resulting from the second harmonic of each
individual pulse; quantity b) is the familiar form of the intensity autocorrelation from the
previous Section; quantity c) is an interferogram of the pulse’s electric field weighted by
the sum of the intensities of the two copies of the pulse; and quantity d) is an interferogram
of the second harmonic field, which after Fourier transform would yield the second
harmonic spectrum provided that the measurement was made with sufficient resolution.

Notice here that quantities a) and b) will not have an oscillatory term, while quantities c)
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and d) will oscillate at @ and 2w respectively. That fact that these terms oscillate with

different frequencies will prove useful as we will later see.

IAC(7) = a) f 12(t) + I?(t — 1)dt

o)

b) +4 fl(t)](t—r)dt

— 00

(1.10)

[ee)

¢ +2 f (1) + I(t — D]EE(t — D)dt + c..c

—00

o

d) + f E2()E**(t —T)dt + c.c

A simulated IAC measurement of an 800 nm 20 fs zero-phase Gaussian pulse is
shown in Figure 1.4. Inspection of Figure 1.4(c) shows that an IAC trace has a couple of
characteristic properties. The most obvious characteristic is that, as one of its names
suggests, the trace has many finely-spaced fringes which carry the interferograms of
Equation 1.10. The second noticeable feature is that the IAC trace has an 8:1 peak-to-
background ratio. This 8:1 ratio is a direct result of the terms in Equation 1.10. Thus, in
practice, an 8:1 ratio in an IAC measurement is a good indication that the measurement
was performed correctly. Achieving an 8:1 ratio in the lab however, can be rather
challenging because IAC requires careful alignment and thus can be difficult to align

perfectly.
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Figure 1.4 The a) the electric field b) Intensity and c) Interferometric Autocorrelation
measurement of an 800 nm 20 fs zero-phase Gaussian pulse.

IAC was first demonstrated as a measurement technique for ultrashort pulses by
Diels et. al in 1979 [40, 41]. Diels showed that IAC could provide some information about
the chirp (i.e. phase) of the pulse via characteristic changes in the shape of the upper
envelope of the IAC trace [41]. Early on it was thought that the pulse shape could be
uniquely determined (up to the direction of time) using the information provided by the
IAC together with the fundamental pulse’ spectrum [42]. However is was later shown that
even simple, clearly-distinguishable pulses yielded IACs that were so similar as to be

effectively indistinguishable in practical situations [43]. And, like autocorrelation
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measurements, as the complexity of the pulse increases, the IAC measurement of the pulse

get simpler, making it impossible to reliably obtain I(t) from a pulse’s IAC.

1.3.3 Frequency-Resolved Optical Gating (FROG)

In the early 1990°s the technique known as Frequency-Resolved Optical Gating
(FROG) was first introduced [44]. An experimental setup for FROG based on SHG is
shown in Figure 1.5. The experimental setup for FROG mimics that of the autocorrelator
except for one key difference; the slow detector in the autocorrelator has been replaced by
a spectrometer. Instead of measuring the energy of the signal as a function of delay, FROG
measures the spectrum of the signal as a function of delay. Thus we can say that FROG, in

its simplest and most general description, is any spectrally-resolved autocorrelation.
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Figure 1.5 Experimental setup for Second-Harmonic Generation (SHG) FROG.
Figure adapted from [36].
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The SHG version of FROG shown in Figure 1.5 is the most sensitive and most commonly
used version of FROG, but as the description given above suggests, FROG is a general
technique, which can use also 2"- and 3"-order nonlinear processes [38]. Likewise,
interferometric FROG has also been demonstrated [45, 46]. Simply put, FROG can use any
fast (and even slow) nonlinear-optical process that produces a spectrally-resolvable signal.

Measuring the spectrum of the signal as a function of delay yields a frequency vs.
delay plot of the pulse which is known as a spectrogram, or FROG trace. Mathematically,

a FROG trace, is generally described by Equation 1.11.

oo 2

f E(0)E, (¢ — 1) exp(—iwt) dt (1.11)

—00

IrroG (w,7) =

From Equation 1.11, we see that the FROG trace is given as the square magnitude
of the Fourier transform of the pulse, E(t), times a delayed gate function, Eg(t—7). As
mentioned, FROG works for a variety of nonlinear interactions and the gate function
Eq(t—7) depends on the nonlinear interaction being used. Since the product of E(t) and
Eq(t—7) describes the signal field produced during a given nonlinear interaction, this
product is typically referred to as Esig. The signal fields, Esig, for the SHG, Polarization-
Gate (PG), and Self-Diffraction (SD) variations of FROG are provided in Equation 1.12.

SHG: E(t)E(t — 1)
Egg(t, 1) =4 PGEM®)|E(t—1)|? (1.12)
SD: E(t)?E*(t — 1)
PG and SD FROG are two examples of FROG variations based on the 3-order

effects alluded to earlier in Section 1.2.2. A third induced grating effect known as a
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transient grating is also commonly used in FROG. This variation is appropriately named
Transient-Grating (TG) FROG. Depending on which pulse gets delayed however, standard
TG FROGs can also be described by either the PG or SD signal field [38].

Once a spectrogram has been measured, FROG then employs an iterative phase-
retrieval algorithm to reconstruct the intensity and phase of the pulse from the measured
FROG Trace. This can be done because, unlike retrieval in the previously mentioned
techniques, which equated to the ill-posed one-dimensional phase retrieval problem,
retrieving the pulse from its spectrogram, i.e. FROG trace, is related to the two-dimensional
phase retrieval problem for which an essentially unique solution exists [38]. Since we will
undergo the process of adapting the FROG algorithm to suit a new signal field later in this
thesis, it is beneficial to take some time now to describe the algorithm in some detail.

A general iteration in the algorithm works as follows: Using an initial guess for the
pulse, we first generate Esig(t,7) for our nonlinear interaction according to Equation 1.12.
We then take a 1D Fourier transform of this signal field to yield Esig(e, 7), where the tilde
indicates that we have taken a Fourier transform. Next, we enforce what is known as the
data constraint on our guess. This step involves replacing the magnitude of our guess trace
with the square root of the measured trace. Once this step is completed the guess trace is
then inverse Fourier transformed to yield E'sig(t, 7), where the prime indicates the magnitude
replacement. This updated signal field is then used to make a better guess for the pulse and
the process renews, ideally improving upon the guess for the pulse on each iteration.

In the generalized projections (GP) version of the FROG algorithm, the next guess

E(k+1).

for the pulse is generated by minimizing Equation 1.13 with respect to £,
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2
S (6 1) — ESoP (8 7)))| (1.13)

N
i,j=1

The minimization of Equation 1.13 is achieved using steepest decent minimization. First
we calculate the negative gradient of Z with respect to £ **1(z,). To do this we compute
the following:

0Z

vZEK = —
aE(k"'l)*(tk)

E®D (£)=E® (1)) (1.14)

Next, using this derivative, we then update the field according to the method of steepest

decent (where the negative sign has been included in Equation 1.14):

E®+D(¢) = E®(g,) + x® - vZO(¢t,) (1.15)

From Equation 1.15 we see that in order to update the field we must first solve for x®. To
do this we begin by substituting Equation 1.15 into Equation 1.13 for the given signal

field. In the case of SHG FROG, for example, Equation 1.13 becomes:

ES(t,17) — [E@ () + x® - vZO[EO(t; — 1) + 20 - vZO(¢; - r,-)]|2 (1.16)

N
2= ).
i,j=1

In this case, after fully expanding out Equation 1.16 we find that this equation becomes a
4™-order polynomial in x®. The value of x% that minimizes Z can then be easily
calculated by finding the global minimum of this polynomial. A similar process can be

carried out for the other signal fields in Equation 1.12.
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Finally, to assess the convergence of the algorithm, FROG then computes the rms.
difference between the measured and retrieved traces. This error measure is called the

“FROG?” error, or “G” error and is defined as [38]:

N
G = % Z |1FROG(‘Ui:Tj) - MIIE"}?OG (wi’fj)r (117
i,j=1
Since 1991, FROG has developed into an accurate, and highly reliable technique
for measuring ultrashort pulses. Moreover, it has proven to be very general and capable
of measuring pulses from the simple to the complex [47] and from the EUV [48] through

the IR [49]. In the next two Sections we will discuss the two versions of FROG most

relevant to the research presented in this thesis.

1.3.4 GRENOUILLE

After first showing that it was possible to measure the complete electric field of
ultrashort laser pulses, one of the next steps for FROG was to make pulse measurement
easy. In 2001, an experimentally simpler version of SHG FROG was introduced [50]. This
version of FROG is known as GRating Eliminated No-Nonsense Observation of Ultrafast
Incident Laser Light E-Fields, or GRENOUILLE, which means “frog” in French.

To simplify the experimental setup for SHG FROG, GRENOUILLE made two key
innovations. The first innovation was the use of a Fresnel Biprism. A Fresnel biprism is

simply a prism with a very large apex angle, the function of which is shown in Figure 1.6.
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Figure 1.6 Simultaneously splitting and crossing two beams using a Fresnel biprism.
Figure adapted from [36].

Sending a wide beam through a Fresnel biprism naturally splits the beam into two
halves and crosses them at an angle. What’s more, as the beams cross, they also create a
range of delays as shown in Figure 1.6. Splitting, crossing, and variably delaying two
copies of a pulse is exactly what is done in a standard SHG FROG. Thus, the beamsplitter,
mirrors, and delay stage in standard SHG FROG can all be replaced by a single optic, the
Fresnel biprism.

The second innovation in GRENOUILLE is the use of a thick SHG crystal. As we
have discussed before, GVM limits phase-matching bandwidth, so the SHG crystals used
in FROGs are typically kept thin. However, if we allow the crystal to be thick, very narrow
phase-matching bandwidth results. Since phase matching in SHG depends on the angle of
the input beam with respect to the crystal’s optic axis, this means that for a given input

angle we only get a very narrow portion of the SH spectrum at that particular angle. Thus,
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if we increase the range of divergence angles in the beam by focusing tightly into the SHG
crystal, it is easy to envision that we will get range of different exit angles and hence
different wavelengths exiting the crystal at these different angles [50, 51]. Placing a lens
one focal length after the crystal then allows us to map crystal exit angle (i.e. wavelength)
to position on a detector and spectrally resolve the SH light. Spectrally resolving the SHG
signal is exactly what the spectrometer does in the standard SHG FROG! Thus, a
sufficiently thick crystal can naturally be used to replace the spectrometer in SHG FROG.

So how does GRENOUILLE’s thick crystal work? Well, since the crystal’s phase-
matching bandwidth determines GRENOUILLE’s spectral resolution, the following

condition must be satisfied:

GVM X L > 1, (1.18)

where 7p is the pulse length. This expression ensures that the phase-matching bandwidth
of the crystal is smaller than (and hence able to resolve) the bandwidth of the pulse. It is
worth noting that this is opposite of the condition typically used in FROG, where we would
want the phase-matching bandwidth to be broader than the pulse’s spectrum. In addition to
having sufficient resolution in GRENOUILLE, we would also like to make ensure that the
crystal does not significantly broaden the pulse and wash out any of its fine temporal

structure. To ensure this, the following condition must also be satisfied:

GVD XL K 71,. (1.19)

27



In Equation 1.19, GVD is known as the group velocity difference and is given by

1 1

, - where 64 represents the bandwidth of the pulse, and zc represents the pulse
vol(lg-01/2)  vg(Agto2/2)

coherence time, which describes the shortest temporal feature in the pulse.

With as few as four optics: a cylindrical focusing lens, a biprism, a thick crystal and
another lens, GRENOUILLE is very simple device able to measure ultrashort laser pulses
on a single-shot. GRENOUILLE works well for measuring moderately complex fs pulses
with pulse energies in the nJ to pJ range. In later Chapters, we will seek to extend
GRENOUILLE’s capabilities to be able to measure ps pulses with pulse energies in the fJ
range.

1.3.5 Transient-Grating FROG
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Figure 1.7 An experimental setup for Transient Grating FROG.

A schematic of a TG FROG apparatus is shown in Figure 1.7. In a standard TG
FROG measurement, two copies of an unknown pulse are used to generate an interference

pattern (i.e. grating) in the nonlinear-optical medium, while a third copy of the pulse is
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variably delayed and diffracted from this grating. And as usual the spectrum of the
diffracted beam is measured as a function of delay.

Transient Gratings are also a phase-matched nonlinear-optical effect. Here,
considering the case where all three pulses have distinct frequencies Ak can be written as
Ak = ki— ko + ks—Ksig, Where ki represents the wavevector of the i input beam and ksig is
the wavevector of the signal beam (dashed line in Figure 1.7). In the case of degenerate
beams, where two pulses of wavelength Zexcite Create the grating, and a pulse of wavelength

Jprobe diffracts, it can be shown that achieving Ak = 0, is equivalent to satisfying a condition

known as the Bragg Condition which states that sin 8,,,,.= j””’bf Sin ...z - Here, Gprobe and

excite

Oexcite are the half-crossing angles of the probe and excite beams. From the Bragg condition,
we can see that phase-matching can be directly achieved via proper choice of beam
geometry. In the case of fully degenerate beams, a beam geometry known as the
BOXCARS geometry [52] is usually used. Here, the three input beams are aligned so that
they are co-parallel and form three corners of a square at the lens. After the nonlinear
medium, the signal beam emerges at the fourth corner of the square. Using the BOXCARS
geometry, it is easy to show that the beam whose wavevector gets subtracted in the
expression for Ak given above is the beam diagonally opposite the signal beam. This
subtraction in the phase matching equation results in a complex conjugation in the signal
field. Thus generally, the Transient Grating signal field is given by: E,;; = E;E;E5. In the
fully degenerate case it is easy to show that depending on which pulse is delayed, either

the PG or SD signal field will be obtain obtained.
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1.3.6 Cross-Correlation FROG

In the previously mentioned FROG techniques, the unknown pulse is used to measure
itself, in what is known as a self-referenced measurement. However, once a pulse has been
measured, if it is relatively simple, it can be used to measure a more complex pulse. In this
case, the previously measured simple pulse acts as the reference pulse for the more complex
pulse. This technique is known as Cross-Correlation FROG [53]. Cross-Correlation FROG
or “X” FROG has been used extensively to measure a wide variety of pulses. Indeed,
XFROG has been demonstrated using DFG [53], SFG [54], PG [55], TG [56] and other
nonlinearities [57, 58]. The methods discussed in Chapters 3-5 make use of a novel
combination of Transient Grating and Cross-Correlation FROG which we have called

Induced-Grating XFROG.

30



CHAPTER 2.

Content in this Chapter originally appeared as two papers:
Travis Jones, Peter guénjar, Rok Petkovsek, Rick Trebino, "High-Sensitivity, Simple
Frequency-Resolved-Optical-Gating Device," IEEE Journal of Quantum Electronics, 56,
3, 1-6, (2020).[59]
and
Peter Susnjar, Travis Jones, Rick Trebino and Rok Petkovsek, "Crystal-Configuration
Considerations for Higher-Sensitivity Picosecond-Pulse SHG FROG," in IEEE Journal of

Quantum Electronics, vol. 56, 2, 1-8, (2020).[60]

2.1 Motivation

Ultrashort laser pulses require detailed intensity-and-phase measurement in order to
achieve the required degree of control over the pulse. Such measurement techniques are
now readily available. However, an important frontier in this field is the measurement of
low-intensity light pulses with energies of ~10 fJ, especially those with relatively long
pulse lengths of ~10 ps. For example, such pulses will likely play key roles in next-
generation optical telecommunications. Weak pulses can also occur when only a small
fraction of the power is available for measurement in a continuous monitoring arrangement
in which the bulk of the pulse energy is required for an application. Also, fiber lasers, which
necessarily have small beam areas, often emit low-energy ps pulses that are too weak to
measure with current pulse-measurement techniques. Finally, a common approach for

many additional applications of short-pulse laser systems is to begin with a low-pulse
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energy oscillator, whose characteristics can be manipulated with ease, and then amplify the
resulting pulses to high energies in one or more amplifier stages (so called MOPA —master
oscillator, power amplifier configuration). For flexible operation, a gain-switched diode
can also be implemented as the oscillator, which is typically highly chirped and therefore
requires custom chirp compensation to reach the desired shorter pulse duration [61].
However, if the oscillator pulse cannot be measured, it is difficult to know what to do when
the measurable high-energy pulse lacks the desired properties: which device is at fault, the
oscillator or the amplifier? Measuring pulses directly from a laser requires a self-referenced
technique, and a reliable and general such technique is frequency-resolved optical gating
(FROG) [38, 62-64]. FROG, like essentially all other pulse-measurement techniques,
however, was designed for measuring pulses from relatively high-power fs lasers. These
methods typically require the use of thin nonlinear-optical crystals and so cannot measure
weak pulses.

A practical self-referenced technique for the complete measurement of weak ps
pulses has been a long-standing unsolved problem that has attracted numerous extremely
clever, yet only partial, solutions. For example, fast detectors and ultrahigh-bandwidth
oscilloscopes are common, but such oscilloscopes are extremely expensive (>$100,000),
fragile, and complex; they yield only the pulse intensity and not the phase; and they lack
the temporal resolution to measure pulses shorter than ~50 ps, far too slow for many
applications. In addition, many techniques can measure very weak pulses [65, 66], but they
require a previously measured reference pulse. One self-referenced method, a version of

FROG, has been shown capable of measuring extremely weak (~1 fJ), fs pulses, but it
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requires an aperiodically poled LiNbO3s waveguide in order to achieve a long interaction
length in the nonlinear medium for greater sensitivity, which is difficult to work with,
expensive, and not readily available [67, 68]. Another version of FROG has achieved pJ
sensitivity using an optical fiber as the nonlinear medium, but it is difficult to align and
involves detection at the input wavelength (typically 1.5 pm), which requires an expensive
IR camera [38, 69]. Others use high-speed modulators or other ultrahigh-bandwidth
electronics, which are also very expensive [70-77]. Still others involve very complex
apparatuses, such as tomography [78]. Some involve techniques that only measure the
coherent artifact and so cannot distinguish a stable train of short simple pulses from an
unstable train of longer more complex pulses [79].

Thus, it has simply not been possible to measure the complete intensity and phase of
weak laser pulses in a way that is both reliable and practical. The lack of such a technique
discourages laser-system monitoring and severely complicates potential new
telecommunications approaches, in which details of the pulse’s intensity and phase (e.g.,
phase-shift-keying) often play key roles. In this Chapter we present two practical, self-
referenced, and highly sensitive FROG techniques for measuring weak fs and ps pulses in

time.

2.2 Asensitive GRENOUILLE Device for weak pulses at 800 nm

In this section we introduce the Collinear GRENOUILLE (CG), to be distinguished
herein from Standard GRENOUILLE (SG). Like SG, CG also uses the natural angular
phase-matching dispersion of a thick crystal to provide the necessary spectral resolution to

measure a pulse [50, 51]. Sufficient spectral resolution is still achieved by ensuring that the
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product of the group-velocity mismatch (GVM) between the fundamental and SH light,
and the interaction length of the crystal, L, is much larger than the temporal length of the
measured pulse, tp : GVM X L > 1p. The length of the crystal is instead limited by the
much less stringent condition involving group-velocity dispersion (GVD) between the
extreme wavelengths in the bandwidth of the fundamental pulse. As a result, we ensure
that GVD x L « 1¢, where tc is the coherence time (the duration of the shortest temporal
structure) of the input pulse, as in SG.

To enable the measurement of such long, weak pulses, we replace SG’s Fresnel
biprism and line-focus beam geometry with a collinear point-focus beam geometry and
optimal focal-spot size. This improves the device efficiency by increasing the intensity of
the input pulse at the nonlinear crystal. We note that using a collinear geometry and
scanning the relative delay with a traditional translation stage sacrifices SG’s single-shot
functionality, but for the high-rep-rate (up to 100 GHz) trains of weak pulses typically
encountered, single-shot operation is inappropriate and is always sacrificed for improved
sensitivity. Indeed, even without its single-shot capability, GRENOUILLE, like other
FROG variations, can still tell whether a given pulse train is stable and provide the best
available measurement of the typical pulse in that case [62-64]. Furthermore, when using
a collinear geometry, one could generate an “interferometric FROG” (IFROG) trace [46].
Such fringe-filled traces have been used for few-fs pulses and have some advantages for
such extremely short pulses. However, collecting such a fringe-filled trace for, say, a ~10
ps pulse, increases the data collection time, and is not necessary since a standard SHG

FROG trace already yields a complete temporal measurement of the pulse without the
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fringes. For these reasons, we believe these fringes should be removed, and they can be,
by carefully under-sampling the IFROG trace [45], Fourier filtering [45], or dithering one
arm of the interferometer [67]. To demonstrate, in the two measurements reported here, we
performed one fringe-resolved measurement, where we used Fourier filtering to remove
the fringes and extract the SHG FROG trace as in [45], and one where the fringes were
washed out by dithering the fixed arm of the interferometer as in [67].

We also note that measuring pulses also requires efficient conversion of the complete
spectrum of the pulse. In birefringent nonlinear crystals, phase-matching is fulfilled for a
single wavelength at a single angle relative to the crystal’s optical axis due to angular
variation of the extraordinary refractive index. By focusing the beam tightly into a
nonlinear crystal, sufficient divergence of the beam can be used to cover all of the phase-
matching angles within the spectrum of the pulse. However, the same angular variation
also produces spatial walk-off between the fundamental and second-harmonic beams and
consequently reduces conversion efficiency. Thus, when selecting the focusing conditions
there is a trade-off between the shortest measurable pulse and the weakest measurable
pulse. Simply put, the tighter the focusing, the shorter the pulse (i.e. the more broadband a
pulse) that can be measured, while focusing more loosely provides a longer interaction
length and better conversion efficiency, enabling the measurement of weaker pulses.

This tradeoff was investigated in [60] and an optimal focusing condition, provided
in Equation 2.1, was obtained, where wo is the spot size, p is the walk-off angle and dw is

the pulse bandwidth in angular frequency.
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2.2.1 Experimental Setup
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Figure 2.1 Experimental setup used in proof-of-principle demonstration of Collinear
GRENOUILLE (CG).

To test our device, we performed two experiments using the output of a KM Labs
Ti:Sapphire oscillator, which emitted ~7.5 nJ pulses with 30 nm bandwidth FWHM at a
repetition rate of 90 MHz. In the first experiment, we tested our device’s ability to measure
complex pulses at relatively high pulse energies and compared it to an SG device. The

experimental setup is shown in Figure 2.1. We generated a complex pulse by sending the
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output of our oscillator through a 23.8 um-spaced etalon with 50% reflectivity on both
surfaces. This created a pulse consisting of a series of pulses each separated by 159 fs. A
Swamp Optics BOA compressor was then used to compensate for the group delay
dispersion in the setup.

In this first experiment, the input pulse energy was relatively high, around 550 pJ.
This first experiment serves as a proof-of-principle measurement of the CG technique. Our
CG used a balanced Michelson interferometer in which the beams were split and
recombined using a 3-mm-thick 50/50 plate beam-splitter made of N-BK7 glass.
Dispersion between the arms of the Michelson was balanced using a 3-mm-thick anti-
reflection coated compensation plate of the same material. A Newport MFN25PP
translation stage was used to vary the length of the delay arm of the Michelson
interferometer. A flip mirror was placed after the beam-splitter of the Michelson to allow
for easy transition between CG and SG measurements. For the 30 nm bandwidth pulses
measured in this initial demonstration, the task of ensuring complete phase-matching was
given priority over conversion efficiency, so a relatively tight focus was used to cover the
relatively large range of phase-matching angles involved. Thus, when the flip mirror was
out of the beam path, the beams were focused relatively tightly using a 50 mm spherical
lens onto an 8 mm Type-I BBO. The unconverted fundamental light was removed using a
bandpass colored glass filter (Thorlabs, FGS900-A) while the frequency-resolved SH light
was mapped onto a Pixelink PI-A741 camera using a 15 cm spherical lens. A CG trace was
captured by scanning the delay arm of the Michelson 5000 steps at the finest step size

which was 0.49 fs. This measurement took roughly 85 min to complete. A pause of ~0.7 s
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was used to let the stage settle before acquiring the spectrum at each delay. It is worth
noting here that this acquisition time could be significantly reduced if a fast camera and
stage combination similar to that in [46] is used. Later, a conventional SHG FROG trace
was extracted from the CG trace using Fourier filtering and background subtraction [45].
After the CG measurement, the delay mirror was placed near zero delay, the flip mirror
was placed in the beam path, and the fundamental light was then measured using a standard
Swamp Optics GRENOUILLE (8-50).

In the second experiment, we tested the measurement sensitivity of our device by
measuring a weak double-pulse with 1.3 ps separation. The setup is shown in Figure 2.2.
In this experiment, the output of our oscillator was sent through a 5 nm bandpass filter and
an additional Michelson interferometer, which was used to generate the double pulse. The
pulse was attenuated using a pair of variable attenuators, such that the measured average
power before entering the measurement apparatus was reduced to 4.3 uW. Given our 90
MHz repetition rate, this yields an average double-pulse total energy of nearly 48 fJ and

thus a measurement sensitivity of ~24 fJ per pulse.
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Figure 2.2 Experimental setup used in second (more sensitive) demonstration of CG.

Due to its higher nonlinear coefficient, higher GVM, and lower Poynting vector
walk-off angle near 810 nm compared to BBO [80], in this measurement, we used a 15 mm
BiBO crystal as the SHG crystal. We also used a 100 mm lens to focus the beams into the
crystal. As mentioned, the size of the beam at the focus is an important parameter to
consider, because it impacts both phase matching and conversion efficiency. Although we
did not measure the profile of the focused beam using the 100 mm lens, we did make two
such measurements using a 150 mm and 125 mm focusing lens which yielded FWHM
beam diameters of 38.3 um and 32.8 pm, respectively. Based on these measurements, we

estimate the spot size using the 100 mm lens to be 27 um+2 pum. Using the methods
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discussed in [81] and [60] we estimate in Figure 2.3(a) the spectral resolution and in Figure
2.3 (b) the phase-matched SH bandwidth vs. focused beam diameter. Specifically, we
estimate that our 27 um spot size should yield a spectral resolution of ~0.077 nm and
support ~1.6 nm of SH bandwidth—an SH bandwidth close to that expected from our
spectrally narrowed pulse (~1.7 nm). Furthermore, this spot size yields a confocal
parameter, b = 2nnwo?/Ao, of 10.3 mm and an L/b ratio of ~1.46 which is should also be
close to the theoretical value for optimal conversion efficiency according to [82], where
our A and B are approximately 40 and 14 respectively.

Second Harmonic

Spectral resolution Spectral Bandwidth

0.084 2.5
2.25
0.082 |
2 L
0.08 | ] 1751
T 0.078 | T 13
= -51 25
’<
< 0.076 | 3 41
0.074 | ] 0.75
0.5
0.072 |
0.25|
0.07 0

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Dewhm [#ml] Dewhm [#m]

Figure 2.3 Theoretical plots of (a) spectral resolution and (b) phase-matched second
harmonic (SH) spectral bandwidth (FWHM) vs. focused beam diameter using a
15mm BIBO crystal. A spot size of 27 um phase matches ~1.6 nm of SH bandwidth.

Following the crystal, vertical and horizontal cylindrical lenses—with 100 mm and
50 mm focal lengths respectively—were also introduced to form a makeshift anamorphic

lens placed 10 cm after the focus. The vertical lens, placed one focal length away, mapped
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wavelength onto position on a detector, while the horizontal lens imaged the second
harmonic light from the crystal onto only 4-5 pixels of our sensor in the non-critical
dimension thus improving our signal to noise ratio. To remove the interferometric fringes
in this measurement, we dithered the fixed arm of the measurement apparatus by attaching
a piezo chip to the fixed mirror and driving it with a frequency of 50 Hz and an amplitude
corresponding to nearly half the fundamental wavelength. Although much more sensitive
cameras exist, such as the I-CCD used in [67], we again used our modest Pixelink camera
to record the trace. However, notably, this time a 0.5 s integration time was used and 10
frames were averaged at each delay for an effective integration time of nearly 5 s. The trace
was measured using 160 delay steps at 27 fs per step. This measurement took
approximately 15 min. We compared this measurement to a high-resolution spectrometer,

as this pulse was outside the measurement range of our available GRENOUILLE.
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2.2.2 Results and Discussion
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Figure 2.4 (a) Measured SHG IFROG trace and (b) normalized Interferometric
Autocorrelation.

In Figure 2.4(a), we plot our measured CG trace from the first experiment. By
summing over the vertical dimension of the CG trace, we can obtain the interferometric
autocorrelation (IAC) which we plot, normalized relative to the background, in Figure
2.4(b). Similar to [45], we performed a 2D Fourier-filtering and subtracted a background
equal to the average of 70 delays at the end of the trace to extract the standard SHG FROG
trace from the CG trace. All experimental CG traces were calibrated using the characteristic
peaks in the traces and a curve-fitting scheme as described in [83].

In Figure 2.5, we plot the measured and retrieved results obtained using both CG and
SG from the first experiment. The measured CG (Figure 2.5(a)) and SG (Figure 2.5(c))
traces were binned to a 256x256 array. We retrieved each pulse using the newly developed
and highly reliable RANA Approach for SHG FROG [84, 85]. The FROG errors for the
SG and CG traces were 0.0068 and 0.0062 respectively. Figure 2.5(e) and Figure 2.5(f)

attest to the excellent agreement achieved between the CG and SG retrieved results.
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Figure 2.5 Results from the first, proof-of-principle Collinear GRENOUILLE (CG)

experiment.
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Figure 2.6 Results of the second, high-sensitivity Collinear GRENOUILLE
experiment.

In Figure 2.6, we plot the results from the second, more sensitive measurement of a
double pulse. After light Fourier-filtering and background subtraction, this trace was also
binned to a 256x256 array. Since our focal spot size phase-matched an SH bandwidth
slightly narrower than the expected SH bandwidth from our pulse, we then performed a
standard frequency marginal correction to the measured trace [38]. Alternatively, a tighter
focusing lens could have been used, which would yield a smaller spot size and would

phase-match a broader SH bandwidth, more easily capturing the entire bandwidth of our
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pulse. We again retrieved the pulse using the RANA Approach for SHG FROG. The FROG
error for this CG measurement was 0.0066. Upon close inspection of the trace, residual
spectral fringes can be seen in the side lobes of the trace, which should not be present after
background subtraction. We believe these residual fringes are a result of either instability
in the Michelson that generates the double pulse or more likely a stray reflection. Despite
this, very good agreement was still achieved between CG and the high-resolution

spectrometer.

2.2.3 Conclusions

To summarize, we have developed a practical, self-referenced pulse-measurement
technique for weak picosecond pulses based on GRENOUILLE. To enhance
GRENOUILLE’s sensitivity, we traded its crossed-beam line-focus geometry and single-
shot functionality for a point-focus collinear-beam geometry and a delay line. Using
GRENOUILLE’s thick crystal, along with a collinear beam geometry, maximizes SHG
efficiency and makes Collinear GRENOUILLE substantially more sensitive than current
GRENOQUILLEs and FROGs. Our demonstration of the Collinear GRENOUILLE
technique involved measuring two complex pulses: one consisting of a relatively high-
energy train of multiple pulses produced by an etalon and a 48 fJ double pulse from a
Michelson interferometer. We confirmed the results of our measurements with a standard
GRENOUILLE and a high-resolution spectrometer, respectively, achieving excellent
agreement in both cases. Sensitivity can be further improved using a more sensitive camera
and/or by accepting a lower signal-to-noise ratio in the measured trace, the latter of which

is readily handled by the FROG algorithm [38] in conjunction with the RANA approach.
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These modifications should take the sensitivity to sub-fJ levels. Also, as the repetition rate
of lasers increases, for example, to the nearly 100 GHz rep rates expected of next-
generation telecommunication systems, even weaker and/or longer pulses should be

measurable using this device.

2.3 A sensitive FROG Device for weak pulses at 1030 nm

2.3.1 Experimental Setup

For our highly sensitive SHG FROG for measuring pulses at 1030 nm we chose a
PPLN crystal as it proved to be the best nonlinear crystal in terms of conversion efficiency
among those compared [60]. A collinear geometry was applied with a pulse and its delayed
replica propagating along the same path. The SHG is more efficient in that way, because
the tightly focused beams fully overlap within the entire length of the crystal. The collinear
geometry also allowed us to use the same, standard PPLN crystal with a period of 6.26 um,
optimal for SHG around 1030 nm, while we would need a custom one to achieve QPM in
a non-collinear geometry. We washed out interferometric fringes between a pulse and its
replica to the level of noise by dithering a mirror in one arm of the Michelson interferometer
used for generation of delayed replica. The mirror was mounted on a linear translation stage
with a piezo actuator that was driven by a triangular voltage signal with a frequency of 20
Hz. The amplitude of the signal was precisely chosen, such that the stage would move over
exactly two interferometric fringes. Guided by our previous tests on conversion efficiency,
we tightly focused the beam into a crystal to a focal spot of about 5 um. The focal spot
served as an entrance slit of a spectrometer, which was built right after the crystal. In

addition to high SHG conversion efficiency, this is an important contribution to increased
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sensitivity of this FROG system as no signal light is lost due to coupling in a spectrometer.
Spherical mirrors with 250-mm and 500-mm focal lengths were used for re-collimation
and focusing, and a 25-mm-wide reflective diffraction grating with a ruling of 1800
lines/mm was used for dispersing a SH light. They were placed in an asymmetric Czerny-
Turner geometry with angles optimized for minimal aberrations. The SH light was detected
by a standard monochromatic CMOS industrial camera. The spectrometer was calibrated
with a double pulse with a known delay between the pulses. A spectral fringe depth above

60 % was achieved for the delay of 27 ps giving a rough approximation of spectral

resolution of 33 pm.

2.3.2 Experimental Results
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Figure 2.7 Measured SHG FROG trace of a 20 fJ at 1030 pulse before trace
processing. Figure taken from [60].
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Figure 2.8 SHG FROG measurement of an internally-built mode-locked fiber
oscillator. Figure taken from [60].

2.3.3 Discussion

We performed an SHG FROG measurement of an in-house built SESAM-mode
locked fiber oscillator with a central wavelength of 1029.8 nm and a repetition rate of 37
MHz. The FROG trace shown in Figure 2.7 was recorded with an average power of 750
nW, corresponding to a pulse energy of 20 fJ. With an integration time of the camera set
to 1 s, the measurement took about 3 minutes. The delay marginal of the measured FROG
trace had a ratio of background vs. peak of 1:2.96, very close to the expected 1:3 (for an
intensity autocorrelation with background to which it corresponds). We also evaluated the
presence of background noise from the edges of the trace to be 1/568 of the peak value at
zero delay. To prepare the trace for retrieval, we subtracted the background which was
calculated as an average over the first and the last five delay points. After that, a mild high

frequency noise Fourier filtering was performed to yield a trace shown in Figure 2.8(a).
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For the retrieval we used the RANA algorithm [7]. A low G error of 0.0084 and a good
agreement between the retrieved and measured spectrum of the pulse (see Figure 2.8(d))
confirm the successful retrieval of a 7.6-ps-long pulse with an accompanying, weak

satellite pulse(s). A sensitivity of the SHG FROG setup given in terms of product of

average and peak power of the weakest detectable pulse can be therefore estimated to 2 x

103 (mw)2.
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CHAPTER 3.

This Chapter originally appeared as a paper by the author:

Travis Jones, William K. Peters, Anatoly Efimov, Richard L. Sandberg, Dmitry
Yarotski, Rick Trebino, and Pamela Bowlan, "Encoding the complete electric field of an
ultraviolet ultrashort laser pulse in a near-infrared nonlinear-optical signal,” Opt. Express

28, 26850-26860 (2020) [86]

3.1 Motivation

Ultrashort laser pulses in the UV spectral range provide access to higher-energy
electronic transitions and achieve a tighter focus than visible or near-infrared (NIR) pulses
and so play important roles in time-resolved spectroscopy [87-90], nanolithography [91]
and micromachining [92, 93]. Of course, any application of UV ultrashort pulses requires
measuring their complete electric field for optimizing and confirming the characteristics of
the light source. UV pulse measurement can also serve as a phase and amplitude sensitive
detector for measuring the complex response of a sample, as in multidimensional
spectroscopies [94, 95].

One of the main challenges in measuring UV pulses is detection, since wavelengths
below about 200 nm are outside of the range of standard silicon detectors and so require
more expensive, specialized UV cameras. It can also be challenging to find a nonlinear
medium that is transparent in the UV and has the required nonlinear-optical phase-
matching characteristics. Deeper in the UV, optical components such as lenses and mirrors

also become less available. FROG has been applied to measure 400 nm femtosecond pulses
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by difference frequency generation with an 800 nm pulse, which conveniently produces a
nonlinear signal in the NIR [53]. However, finding an appropriate medium that is
transparent and has the birefringence required for phase matching at wavelengths shorter
than 400 nm in a second-order nonlinear optical process is challenging.

Therefore, measurement of UV pulses most commonly uses third-order nonlinear
optical signals such as PG [96, 97], SD [98-102], and TG [52, 103-106], which can often
be accomplished in any transparent medium. Still, most of these methods require detecting
a nonlinear signal at the UV pulse wavelength. FROG spectrograms can be measured for
deeper UV pulses which are absorbed by or ionize the nonlinear medium using methods
based on spectrally resolved photoemission [48, 107], or reflection by plasma mirrors
produced by intense NIR pulses [108].

In this Chapter, a variation of TG XFROG is demonstrated in which the transient
grating is induced by two copies of the unknown UV pulse. This grating is then probed by
a known NIR reference pulse, yielding a signal pulse at the same wavelength as the probe
pulse, which can then be easily detected. Importantly, this technique involves scanning the
delay between the UV pulses, rather than the reference-pulse delay as in standard TG FROG
[52, 56, 104]. This allows the retrieval of the UV-pulse phase information, which would
otherwise not be available. This variation on TG XFROG is referred to as Induced-Grating
XFROG (IG XFROG). Proof-of-principle measurements of pulses centered at 400 nm with
an 800 nm reference pulse are presented. The measurements presented show that IG

XFROG spectrograms contain the 400 nm pulse phase information. A novel generalized
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projections algorithm is also discussed and used to reconstruct the 400 nm pulse’s intensity

and phase.

3.2 Using NIR nonlinear-optical signals to measure UV pulses

The IG XFROG technique is based on standard TG FROG [52, 104]. Compared to
the other 3"-order FROG geometries, TG FROG has several advantages for UV pulse
measurement: it uses a nonlinear process that can be phase-matched by satisfying the Bragg
condition, Sin(Bprobe) = (Aprobe / Aexcite) SIN(Pexcite); 1ts signal is spatially separated from the
input beams and so is background-free; and polarizers, which introduce dispersion, are not
needed.

In a typical TG FROG measurement, the pulse to be characterized is split into three
parallel beams that cross and spatially overlap at the focus of a lens at the nonlinear medium
[52, 104]. Two of the beams temporally overlap and interfere, inducing the transient
grating, while the third beam diffracts from it forming the nonlinear signal. A TG FROG
trace is the spectrum of the diffracted pulse versus the delay between the diffracted pulse
and the transient grating. In TG cross-correlation FROG, or TG XFROG, a characterized
reference pulse is available, and it induces the grating and the diffracted unknown pulse
forms the nonlinear signal [100, 101]. In standard TG XFROG, the spectrogram contains
phase information only of the pulse that diffracts from the grating, and not of the pulses
that induce it. As a result, when measuring a UV pulse, the UV pulse must probe the
grating, not induce it, and the nonlinear signal will necessarily be at the same UV

wavelength, thus requiring UV detection.
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IG XFROG uses a similar ¥ process, but instead produces a nonlinear signal at the
reference pulse wavelength, in the visible or NIR, avoiding the need for UV light detection.
Instead of diffracting the unknown pulse from the transient grating, two copies of the
unknown UV pulse induce the transient grating, as shown in Figure 3.1. Then the longer-
wavelength reference pulse diffracts from the grating to form an easily detectable nonlinear
signal centered at the reference pulse wavelength. The key to measuring a spectrogram that
contains the UV pulse’s phase information is to vary the delay between the UV pulse
replicas, maintaining the reference probe pulse at zero delay. Intuitively, one can consider
that the UV pulse-pair only induce a grating when they temporally overlap, so the contrast
or grating fringe depth is best at zero delay and the instantaneous wavelength of the UV
pulse determines the periodicity of the grating. Thus, the transient grating contrast and
phase versus delay between the UV pulses contains both the intensity and phase
information about the UV pulse, which is probed and read-out by the longer-wavelength,
diffracted reference pulse. More precisely, each UV pulse generates a coherence in the
nonlinear-optical medium that lives for the dephasing time, usually referred to as T.. But
this time is generally very short for condensed phases and in this work we consider the

coherent response to be instantaneous and representable by a delta function.

53



Eg (1) () J\

E unk (t-‘[) '
N 1
E unk (t) ) %
E (@) *

Figure 3.1 Schematic of the beam geometry used in IG XFROG. Bragg condition: sin
Oret = (Aref  Aunk) SIN Bunk, Where Erer is the probe pulse and Eunk is the excite pulse. Ores
and @unk represent the half-crossing angles for the reference and unknown pulses.

3.3 Generalized-projections phase-retrieval algorithm for IG XFROG

The IG XFROG technique discussed above results in the following nonlinear signal:

Esig (tr T) = Eref (t)E;nk(t)Eunk (t - T) (3 1)

The reference, unknown, and signal fields are Erer, Eunk, and Esig, respectively, with the
delay, 7 in one of the unknown fields. Measuring the spectrum of this nonlinear signal

versus 7 results in a FROG trace, lsig(w, 7), given by,

%) 2

f Eref (t)Elink (t)Eunk (t - T) eXp(_l(Ut) dt (32)

—00

ISig (Cl), T) =

Using Equations 3.1-3.2, the generalized-projections phase-retrieval algorithm can be
applied to extract Eunk(t) from the FROG trace [38]. Following the usual procedure, the

first step is to make an initial guess for Eunk(t), which is usually taken to be random noise.
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This guess and the known reference field Eref(t) are then used to calculate Esig(t,7) from
Equation 3.1. Next, Esig(t,7) is Fourier transformed to the frequency domain and its
magnitude is replaced by the square root of the measured trace yielding £'sig(w, 7). £'sig(w,7)
is then inverse Fourier transformed to the (t,z) domain where it is used to update the next

guess for the unknown pulse. In order to obtain Eunk(t) for the next iteration, we minimize

the following functional distance:

N
2
K *(k K
Z(k) = Z Es(ig)(ti’ Tj) - ErEf(ti)Euglk-Fl)(ti)Ez(u’l-ltl) (ti'Tj)| (33)
i,j=1

where superscripts k and k + 1 denote the current and next iteration respectively.
Equation 3.3 takes into account the functional form of the nonlinear signal field, Esig(t, 7),
for the Induced Grating XFROG trace, and is otherwise known as the mathematical form
constraint. Again, following the approached discussed in [38], to find an updated guess for
the unknown field, Equation 3.3 is minimized with respect to the unknown field via the
method of steepest descent in which the equation for updating the field is given by
Equation 3.4 where x® is a scalar multiplier. The expressions for derivatives are given by
Equation 3.5 and Equation 3.6 where the k and k + 1 superscripts have been suppressed for
simplicity,

F&FD _ EST?R — x®yzE (3.4)

unk
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+Eunk(tk)|Eref(tk + Tj)Eunk(tk + Tj)lz
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oz N _iEunk (tk)|Eref (tk)Eunk(tk - Tj)lz

alm{Eunk(tk)}z +iEsig (tx + 1,1 Erep (ti + ) Euni (ti +77) | (30)
j=1

_iEunk(tk)|Eref(tk + Tj)Eunk(tk + Tj)|2
+c.c

Note, that in writing these equations, it is necessary to know which of the two unknown
pulses is delayed, due to the complex conjugate in Equation 3.1. Placing the delay in the

other copy of the unknown pulse slightly changes the equations above.

3.4 Experimental setup

Figure 3.2 shows a schematic of the experimental setup used for proof-of-principle
demonstrations of the IG XFROG method discussed above. For the light source, we used
a regenerative Ti:Sapphire amplifier with pulses centered near 800 nm at a 1 KHz repetition
rate. The laser beam was first split (BS1 in Figure 3.2) into two replicas. A less intense
replica (~10%) of the pulse energy was used for the reference pulse, which was
characterized with a commercial GRENOUILLE device [50] by introducing a flip mirror
(FM). The reference pulse used in the measurements provided in the next Section was
approximately 160 fs long with a small amount of predominantly quadratic spectral phase

(chirp). The temporal intensity and phase of this pulse is shown in the inset in Figure 3.2.
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Figure 3.2 Experimental setup for IG XFROG.

To generate the unknown UV pulses, the more intense replica of the beam (~90%)
was converted to 400 nm in a 0.5 mm-thick BBO SHG crystal. A half-wave plate (HWP)
is used before the second harmonic generation (SHG) crystal so that the resulting 400 nm
pulses have the same polarization as the reference pulse. To produce the transient grating,
a 50/50 beam splitter (BS2) was used to generate two replicas of the 400 nm pulse. All
three beams propagated parallel and along a horizontal line to a 250 mm focal length lens,
so that they spatially overlapped and focused at the sample. The spot size of the 400 nm
beams at the focus was approximately 40 pum FWHM. Phase matching in these experiments
simply requires satisfying the Bragg condition for the input beams, or that
Sin(Bret) = (Aref /Aunk) Sin(Bunk). To satisfy this, we wused half-crossing-angles of
approximately 1.72° and 3.43° for the unknown (excite) and reference (probe) beams,
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respectively. The nonlinear medium was UV fused silica. The 800 nm nonlinear signal was
detected with a homemade imaging spectrometer. To collect the FROG traces, a motorized
delay stage was used to vary the delay of one 400 nm pulse, and the spectrum of the

diffracted NIR reference pulse was measured as a function of delay.

3.5 Results

Two sets of measurements were performed to test the performance of IG XFROG.
In the first one, the 400 nm pulse was intentionally chirped by a known amount using 0
mm, 20 mm, and 50 mm pieces of SF11 glass (the “test optic” in Figure 3.2). The top row
in Figure 3.3 shows the results of these measurements. To extract Eunk(t) from the measured

traces, we applied the GP algorithm discussed in Section 3.3.
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Figure 3.3 Measurements of chirped 400 nm pulses using an 800 nm reference pulse.

The accuracy of the reconstruction is typically quantified by the G error. As usual,

the G error on each iteration is defined as [38]:

GH =

1

NZ

N

2
Z |IFROG (wi15) = MIF('I}C'\’)OG ((‘)i’Tj)|

ij=1
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where the index k indicates the k™ iteration and 4 is a real normalization constant used to
minimize G®. And G (without a superscript) is the resulting rms error when the algorithm
is finished running. G errors of about 1% or less indicate convergence and a good
measurement for the types of pulses and traces considered here.

The reconstructed traces along with their G errors (rms differences between the
measured and retrieved traces) are provided in Figure 3.3(d)-Figure 3.3(f). The
reconstructed pulse shapes in the time and frequency domains are shown in Figure 3.3(g)—
Figure 3.3(i) and Figure 3.3(j)— Figure 3.3(l) respectively. Independently measured spectra
(light green) are overlaid for comparison, as well as the calculated spectral phases (black,
dashed lines).

As a second test of this method, double pulses, produced by a Michelson
interferometer (the “test optic” in Figure 3.2), were measured. These measurements are
shown in Figure 3.4 for three different double pulse separations, again showing the
measured traces, the reconstructed traces from the GP algorithm, G errors, and the

reconstructed pulses in the time and frequency domains.
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3.6 Discussion

The measurements in Figure 3.3 demonstrate that IG XFROG spectrograms contain
the 400 nm pulse phase and amplitude information. A convenient feature of these
spectrograms, similar to other types of FROG based on third-order nonlinear optical effects
[38], is that the pulse shape can often be intuitively read directly from the FROG trace.
Figure 3.3 shows that chirp in the 400 nm pulse results in a tilted FROG trace where the
amount of tilt depends on the amount of chirp. Similarly, the FROG traces for the double
pulses in Figure 3.4 have an intensity profile vs. delay that follows that of the double pulses’
temporal intensity. As is the case with other third-order FROG variations, these traces also
indicate the absence of a direction-of-time ambiguity. Note that the appearance of the traces
depends on the pulse duration of the NIR reference pulse relative to the 400 nm pulses.
Figure 3.4 is an example of this. Here, the NIR and 400 nm pulses (before the “test optic™)
have similar pulse durations. Thus, as we varied the double pulse separation, the reference
pulse was only long enough in time to maintain sufficient temporal overlap with one of the
pulses in the double pulse. If the reference pulse were instead long enough to maintain
temporal overlap with both pulses in the double pulse, then the Induced Grating XFROG
trace would look more similar to a typical self-referenced double-pulse FROG trace [38],
with a three-lobed structure (see Appendix A).

Prior to their retrieval, each of the measured traces in Figure 3.3 and Figure 3.4 were
binned to 128x128 arrays except for the trace in Figure 3.3(c) which was binned to a
256%256 array. The second row of Figure 3.3—Figure 3.4 shows the results of the GP phase

retrieval algorithm. The G error for each retrieval is provided at the bottom right of each
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retrieved trace. Convergence was typically achieved within a few minutes. In the second
set of measurements, we suspect that instabilities in the Michelson interferometer used to
generate the double pulse may be responsible for a higher G error, particularly in the trace
with the smallest double pulse separation. Still, these measurements demonstrate that this
method works for measuring more complex pulse shapes with larger time-bandwidth
products.

The chirped pulses allow for another test of the measurements and reconstruction.
Figure 3.3(j)-Figure 3.3(l) show the retrieved spectra compared with independently
measured spectra using an Ocean Optics spectrometer. The spectra are in good agreement.
Furthermore, since the shape of the spectral phase in the 400 nm pulses in Fig. 3 comes
primarily from the dispersive glass that we introduced, we can also compare the retrieved
spectral phases with that calculated from the Sellmeier equations for SF11 [109]. The
expected GDD from the 20 mm and 50 mm pieces of SF11 was calculated to be 17721.3
fs? and 44257.0 fs?, respectively. These values correspond to second-order spectral phase
coefficients of 8860.7 fs2 and 22128.5 fs2. Curves corresponding to these values are shown
as black dashed lines in Figure 3.3(j)—Figure 3.3(l) and are in good agreement with the
measured spectral phases. Together these checks on the spectra and spectral phase prove
that the correct spectral (or equivalently temporal) electric fields were retrieved.

Measurements like those of the approximately 125 fs pulse in the first column of
Figure 3.3 were obtained with a total 400 nm pulse energy of approximately 140 nJ and a
20 ms integration time on the camera. Combined with the 40 pm spot size mentioned

above, this results in a fluence of ~10 mJ/cm? at the sample. In addition to the integration
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time on the camera, the required amount of UV pulse fluence also depends on the reference
pulse energy. Thus, by reducing the UV pulse energy and compensating this reduction with
an increase in the reference pulse energy and/or camera integration time, UV pulses with
considerably less pulse energy should be measurable. In this case, one should also take care
not to increase the reference pulse energy too much as this could lead to increased scattered
light at the signal wavelength. Furthermore, since the input polarization used is not
restricted by the nonlinear interaction involved, this technique should also be applicable in
instances where the measured pulse varies differently along different polarization
components.

Previous work using TG XFROG has shown that the phase-matching bandwidth of
a transient grating process can be very broadband [105]. The phase-matching bandwidth in
these experiments is estimated to be greater than 100 nm. This could be increased, if
necessary, by choosing different focusing conditions. However, even if the phase-matching
bandwidth becomes limiting, for example if measuring single-cycle UV pulses, FROG
spectrograms can be corrected for insufficient phase-matching bandwidth [110]. Thus there
is no known strict lower limit on the duration of the unknown pulse that can be measured
with IG XFROG. However, when attempting to measure extremely short pulses other
challenges arise. These are the detection of the very broadband nonlinear signal, accounting
for material dispersion in the nonlinear medium and other optical components [111],
geometrical smearing (for multi-shot measurements), and the breakdown of the slowly-

varying envelope approximation, all of which are typically solvable problems [38].
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Additionally, there are no known strict requirements on the duration or complexity
of the reference pulse required for Induced-Grating XFROG, provided that its intensity and
phase are well characterized. Shorter or longer references pulses can in principle be used.
However, to avoid unnecessarily complicating the measurement, choosing the simplest
available reference pulse at the desired center wavelength is recommended (typically the
NIR pulse directly out of the laser system makes a good reference pulse). Also, as in
standard XFROG, for simultaneously achieving good spectral and temporal resolutions it
is best to aim for equally distributing information in the measured trace between both

domains of the trace (time and frequency) [38].

3.7 Conclusions

In this Chapter we introduced the IG XFROG technique for encoding the intensity
and phase of a 400 nm pulse in a NIR nonlinear-optical signal. We applied a modified GP
phase retrieval algorithm to reconstruct the pulse’s electric field from the measured
spectrogram. To test this method, we demonstrated accurate measurement of chirped 400
nm pulses and also the measurement of more complex double pulses. While the proof-of-
principle tests done here were at 400 nm, this approach should be extendable deeper into
the UV and potentially even into the extreme UV [112] or x-ray range, since phase
matching only requires satisfying the Bragg condition. As we will see in the next Chapter,
another advantage of detecting the nonlinear signal at the reference pulse wavelength is
that the medium does not necessarily have to be transparent at the unknown pulse
wavelength as long as the functional form of nonlinear signal is still known. Single-shot

implementation of IG XFROG should also be straightforward following the approach used
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for other single-shot FROG implementations [38] (see for example [105]). In conclusion,
IG XFROG represents a first step towards developing an all-optical FROG method for

measuring UV and possibly even higher-photon-energy femtosecond laser pulses.
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CHAPTER 4.

4.1 Introduction

The recent development of bright, coherent sources of UV to EUV femtosecond pulses
from optical parametric amplifiers, harmonic generation [113], or Free Electron Lasers
[114, 115] allows for completely new types of time resolved spectroscopy at higher energy
transitions (e.g. [116-118]), and for pushing any technique to higher spatial and temporal
resolutions (e.g. [116, 119]). To successfully use any light source, whether it’s to optimize
the light source, or for data collection and interpretation, it’s necessary to characterize it,
or to unambiguously measure the amplitude and phase of the pulses.

Because ultrashort laser pulses are too fast to time-resolve with electronics, they are
typically measured using a nonlinear optical interaction as the fast “time-gate” or shutter,
since the light-matter interaction can be as fast as attoseconds. This concept is employed
in the widely used method of characterizing ultrashort pulses, Frequency-Resolved Optical
Gating (FROG) [38]. The FROG technique is quite flexible and has been applied in a wide
frequency range, from the infrared to the UV, since almost any instantaneous (and some
non-instantaneous [120]) nonlinear optical effects can be used as the time-gate [38]. Still,
extension deeper into the UV beyond 300 nm comes with a major obstacle: in the deep UV
the light-matter interaction in almost any material is dominated by absorption from
photoexcitation of electrons across the bandgap or photoionization, a process that lasts for

picoseconds to nanoseconds [121], significantly longer than the pulse itself. As a result,
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most applications of FROG in the deep and extreme UV have relied on the detection of
photoelectrons (e.g. [48, 122]) rather than having an optical-readout.

In this Chapter, we will see that an instantaneous medium is not required and that
absorption can be used as the nonlinear optical time-gate. To do this we use the novel
version of FROG discussed in the previous Chapter entitled IG XFROG [86]. In the
previous Chapter, IG XFROG was introduced as a convenient method for encoding a UV
pulse shape into an easily detectable NIR nonlinear optical signal, avoiding the need for
specialized and expensive UV detectors. In that case, the nonlinear medium was optically
transparent at the unknown pulse wavelength and had an instantaneous response.

In this Chapter, we will see that IG XFROG can also be done in an absorbing
medium. The key advance, is that varying the delay between the UV pulse-pair making the
grating, time-gates the nonlinear signal with the faster part of the material response, the
creation of the electron-hole pairs, and separates out the very slow (picoseconds or longer)
recovery of the excited state. This results in what is approximately a cross correlation of
the reference and unknown UV pulses, similar to that achieved in a non-absorbing medium.
The nonlinear signal still contains both an instantaneous phase-containing contribution and
a non-instantaneous, non-phase-containing contribution, but these are distinguishable and
can be accounted for in the phase retrieval. This is demonstrated by measuring 400 nm and
266 nm pulses in the medium ZnS. Because of the generic nature of absorption, and that
all absorptive process contain an initial, coherent contribution, this technique should be

extendable into the vacuum UV, EUV, and even the x-ray range.
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4.2 Experimental setup

To demonstrate that femtosecond pulses using can be measured in an absorbing medium
using IG XFROG, the experiment shown in Figure 4.1 was constructed. The light source
was a regenerative Ti:Sapphire amplifier at a 1 KHz repetition rate and a center wavelength
of 800 nm. A beam splitter (BS1) formed a NIR reference field, Eret and the UV unknown
field, Ew. The unknown UV pulses were centered at 400 nm or 267 nm and generated by
second or third harmonic generation of the 800 nm pulses in BBO crystals. BS2 formed a
pair of beams from Ewv for generating the transient grating. All three beams were directed
to a 250 mm focal length lens which focused and spatially overlapped the beams at the
sample, a 1.5 mm thick ZnS crystal. The FROG trace was measured as the spectrum of the
nonlinear signal versus the delay between the pair of UV pulses, or zw. For comparison, or
to find O-delay, the reference pulse delay, zref was also scanned. Phase matching was
achieved by satisfying the Bragg condition: sin@ref = (Aref / Auv) Sinfuv. Crossing angles Guy
and Orer were approximately 1.72° and 3.43° for 400 nm and at 0.747° and 2.24° when
measuring the 267 nm pulse.

To make interpretation of the measured FROG traces more intuitive, spectrally
narrowing the reference pulse using a 3 nm bandpass filter (BPF) was found to be helpful.
This made the reference pulse distinctly narrower than the bandwidth of the nonlinear
signal. As with any version of XFROG [38, 86], the reference pulse should be known and
Erer (t) is used as an input into the phase retrieval algorithm. The reference pulse was
obtained using a reference scan in an instantaneous medium and confirmed using a

GRENOUILLE device. The resulting pulse was approximately 432 fs long. As noted later,
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these measurements also indicated that the reference pulse had a weak post pulse that was
~850 fs after the main pulses. This weak post pulse was accounted for in Erer (t) by adding

a second delayed, weaker replica of the main pulse, which made our results more accurate.
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Figure 4.1 Experimental setup for Induced-Grating XFROG using a slow medium.

4.3 Results

4.3.1 Isolating the instantaneous contribution to the nonlinear signal

Figure 4.2(a) shows a schematic of the beam geometry used in IG XFROG to measure
UV pules where two copies of the unknown UV pulse (shown in blue) overlap in space

and time such that they induce an interference pattern which modulates the optical
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properties of the medium, producing a transient grating. There are two major differences
here compared to typical transient grating experiments [38, 105, 123]. One is that the
unknown pulse generates the grating rather than the reference pulse. This has the major
advantage of producing an NIR nonlinear signal, as we pointed out in past work [86]. The
second difference is that we scan the delay between the two interfering pulses, z, rather
than the delay of the reference pulse, zer. As was shown in the previous chapter [86],
varying v preserves the phase information of the UV pulses, while the nonlinear signal
versus zref Would only contain the UV pulse intensity.

Another major advantage of scanning zwv in an absorptive medium is illustrated in
Figure 4.2(b). Here we used ZnS as the nonlinear medium which has a bandgap of ~3.5
eV, but becomes absorptive at around 400 nm [5]. Figure 4.2(b) and Figure 4.2(c) show the
spectrally resolved nonlinear signals versus the two different delays. Figure 4.2(b), shows
two distinct features: a spectrally broader component near zero delay, and a narrower-band
long-lived component. The spectrally broader component is indicative of the coherent
FWM process that occurs when all three pulses temporally overlap in the nonlinear medium
or the initial part of photoexcitation of the electrons when they are still coherent with the
light (the relevant timescale being the dephasing time [37]). The longer-lived component,
which persists after the pulses no longer temporally overlap is the time-scale for relaxation
of the photoexcited electrons back to their ground state (i.e., the lifetime).

In contrast, a trace versus zuv in ZnS is shown in Figure 4.2(c), which does not show
the long-lived response seen in Figure 4.2(b). This is because the induced grating, and

hence the nonlinear signal, only exist while the UV pulse pair temporally overlap. Thus,
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the duration of the nonlinear signal is approximately reduced to the length of a cross-
correlation and the new frequencies generated during the coherent FWM process are still
present. This can be seen by comparison to Figure 4.2(d), which shows the same
measurement made in an instantaneous medium, fused silica [86]. Still, some dephasing
happens within the UV pulse duration and Figure 4.2(c) contains both a phase-containing
contribution that looks like that in Figure 4.2(d) and non-phase containing contribution, the

round, central portion not seen in the fused silica measurement.
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Figure 4.2 (a) A schematic of the beam geometry used in Induced-Grating XFROG.
The amplitudes of raw traces generated by varying trr (b) and Ty (C) in an absorbing
medium (ZnS). (d) The intensity of the raw trace for the same measurement as (c),
but instead using an instantaneous medium.
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4.3.2 Generalized projections phase retrieval algorithm for slow media: Absorption

As illustrated above, the FROG trace in Figure 4.2(c) contains both an instantaneous and a
non-instantaneous contribution which needs to be accounted for in the phase retrieval. We
follow the approach first introduced by Delong et al. [120] where polarization gating
FROG was done in the visible near a Raman resonance, which made a non-instantaneous
contribution to the signal. The nonlinear signal Esig(t,7), is treated as a sum of the
instantaneous and noninstantaneous contributions. Using an empirical model for the signal

field we write:

Esig(t: T) = Eref(t - Tref) f_too at’ R(t - t’)E;w(t,)Euv(t’ - Tuv)- (4-1)

In the above expression, R(t) represents the response of the medium and is given by,

R(t) = 6(t) + cgO(2), (4.2)
where the instantaneous contribution is represented by the delta function, 4(t), the
noninstantaneous contribution is represented by a Heavyside step function, O(t), and ce is
an adjustable constant. We chose this constant empirically, finding that a value of ce =5,
typically fit our data sufficiently well. Figure 4.3 shows an example of a simulation we did
to determine R(t). The comparison suggests that the simple model sufficiently captures the

material response.
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Figure 4.3 Simulated trace amplitude (left) and measured trace amplitude (right) for
a chirped pulse. Simulation was generated using Eref(t) and R(t) as described in the
text above.

To retrieve the UV pulse from our spectrograms, the signal field given by Equation 4.1 and
Equation 4.2 was incorporated into a modified GP phase retrieval algorithm where the
FROG trace is given by Irroc (w,7) = |7 [Esig(t,2)]|%, where .7 indicates a Fourier
transformation. The algorithm that we used here follows the procedure outlined in [86],
where the reference field is known, and an input, and the derivatives for the nonlinear signal

given in Equation. 1 are used in the gradient minimization.

4.3.3 IGXFROG measurements of UV pulses using an absorbing medium

To illustrate the concept described above, that we can use absorption as the nonlinear
response in a FROG measurement, we performed two sets of measurements. First we used
20 mm and 50 mm rods of SF11 glass to add chirp to test pulses centered at 400 nm. These
measurements are shown in Figure 4.4(a)-(c). We used the modified GP algorithm

discussed in Section 4.3.2 to reconstruct Eu(t) from the measured traces. The reconstructed
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traces along with the retrieved pulses plotted vs. time and wavelength are shown in the 2",
3" and 4" rows of Figure 4.4 respectively. The second set of measurements were made on
pulses centered 267 nm using a 50 mm rod of UV-grade fused silica (UVFS) to introduce
chirp. These traces are shown in Figure 4.5 (a) and Figure 4.5(e). The reconstructed traces
along with the retrieved pulses plotted vs. time and wavelength are shown in the 2", 39,
and 4" rows of Figure 4.5 respectively. In the retrievals shown in Figure 4.4—Figure 4.5,
the G errors (rms difference between the measured and retrieved trace intensities) [38] for
each reconstruction were all below 1%. For each measurement, the raw trace was binned

to a 128x128 array.
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Figure 4.4 Measurements of chirped 400 nm pulses in an absorbing medium using an
800 nm reference pulse.

76



Measured Trace Amplitude Measured Trace Amplitude

1
705 EY) €) 0.8
0.6
(1] @ o
5 0.2

Retrieved Trace Amplitude Retrieved Trace Amplitude

Wavelength (nm)
oo (o]
& 8

o

E
= 0.8
=
= :? 0.6
[o)}
s 0.4
]
> 0.2
g G-error = 0.0035
0
-1000 0 1000 -1000 1] 1000
Delay (fs) Delay (fs)

1
= [0 ) 20 __
LS 3
205 Ret 0o @
£ = Intensi s s
‘E — Ret. v N / N 20 o
- 0 Phase | _ \

-1000 0 1000-1000 0 1000
Time (fs) Time (fs)

1 v [
z 9 h) 20
__ci Spec. . g
_-Ii\ 0.5 _Ret. | 0 ‘Q-;
% Intensity j:'@
= Ret. o0 &
= ~ Phase ™~ "Phase 20

0 " .

260 265 270 260 265 270

Wavelength (nm) Wavelength (nm)

Figure 4.5 Measurements of chirped 267 nm pulses in an absorbing medium using an
800 nm reference pulse.
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4.4 Discussion

The measurements presented above demonstrate that a femtosecond pulse can be
measured using absorption as the nonlinear optical interaction or time-gate. As discussed
in Section 4.3.1, although the absorption can take nanoseconds to recover, the fast, coherent
FWM component, or the initial creation of the photoexcited carriers before they lose their
coherence with the light, is an effectively instantaneous and phase-preserving process [37].
A key innovation here, is that by measuring the nonlinear signal versus the delay, z,
between the pulses making the grating, we significantly reduce the slower incoherent
contribution to the nonlinear signal. This can be understood intuitively by considering that
the transient grating is only present when the interfering UV pulses temporally overlap,
thus any component of the material response that lasts longer than their interference does
not contribute to the nonlinear signal. Figure 4.2 illustrates this. Figure 4.2(b) shows a
conventional TG measurement where the UV pulses temporally overlap and the reference
pulse delay is scanned, which primarily probes the lifetime of the grating, . The
nonlinear signal versus the grating pulse pair delay, zwv much more closely resembles the
measurement made in an instantaneous-responding medium which is shown for
comparison Figure 4.2(d) (as also seen in [112]). The initial rise in the reference scan in
Figure 4.2(b) contains the UV and NIR temporal profiles which could be extracted with a
deconvolution [124], however this signal does not contain the phase of the UV pulse, only
its amplitude.

The tilt seen in the measurements in Figure 4.4—Figure 4.5 clearly demonstrates that
the IG XFROG measurements made in ZnS are sensitive to the phase of the unknown UV
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pulses. The chirp, which was introduced with the glass rods, causes the redder colors to
arrive before the bluer colors. More chirp resulted in more tilt. On top of the tilted
component, there is a central region of the trace which remains unchanged when chirp is
added,; this is the non-phase containing contribution discussed in Sections 4.3.1 and 4.3.2
that was modeled with the step function, due to the fact that some decoherence happens
within the pulse duration [37]. Note that it was important to set the delay of the reference
pulse to 0-delay to maximize the relative contribution of the phase-containing contribution.
0-delay was found by performing a scan of zref as shown in Figure 4.2(b), and then selecting
the reference pulse delay which maximized the bandwidth of the nonlinear signal, was a
good approach for finding 0-delay.

Appling the phase retrieval algorithm discussed in Section 4.3.2 to the measured 1G
XFROG traces further confirms that the pulses can be measured in an absorbing medium,
and that the simple model in Equation 4.1 sufficiently captures the material response for
this purpose. The reconstructed traces from each retrieval are shown in the second row of
Figure 4.4—Figure 4.5. The G errors of < 1%, indicate convergence of the algorithm [38].
In Figure 4.4(j)—(1) and Figure 4.5(d) and Figure 4.5(h) we compare the retrieved pulse
spectrum (dark green) to an independent measurement of the pulse spectrum (light green)
made using an Ocean Optics spectrometer, showing relatively good agreement. We also
confirmed accurate retrievals by calculating the GDD introduced using the Sellmeier
equations for SF11 [109] and UVFS [125], plotted as dashed black lines in Figure 4.4(k)-
(1) and Figure 4.5(h). The calculated GDD is in good agreement with the retrieved spectral

phases (purple). We note that the modulation seen the FROG traces was confirmed to be
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from a weak post pulse in the reference pulse that came ~850 fs after the main pulse, as
mentioned in Section 4.2. The long-lived grating in ZnS results in contributions to the
nonlinear signal over a broad-time window, so that the weak post pulse in the reference
also contributes to the nonlinear signal. Since we were not able to experimentally remove
this artifact, incorporating the post pulse into our reference pulse shape as a weak replica
of the main pulse made the IG XFROG retrievals more accurate.

An interesting direction for future work could be to develop an algorithm which extracts
both the UV pulse and the medium’s response function, similar to the double blind-FROG
approach [38, 126]. Another option could be to extract the material response from a
reference scan [124, 127]. Nevertheless, the measurements provided here indicate that the
simple model in Equation 4.1 is sufficient, and this approach has the major advantage of

being easy and fast to implement in the phase retrieval algorithm.

45 Conclusion

In summary, proof-of-principle measurements which demonstrate IG XFROG’s ability
to measure UV pulses using band-gap absorption as the nonlinear optical time-gate we
demonstrated. We have seen that by scanning the delay between the two UV pulses, IG
XFROG selectively detects the instantaneous, phase-preserving contribution to the
nonlinear signal, the FWM part of the photoexcitation where the light remains coherent
with the photoexcited electrons. A simple model for the response of the medium was also
introduced and incorporated into a modified GP phase retrieval algorithm. This algorithm
was used to retrieve chirped UV pulses centered at 400 nm and 267 nm from

experimentally measured traces and showed that accurate measurements of the pulse’s
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spectral phase are obtained. While we demonstrated this method at 400 and 267 nm, the
process of absorption, whether it is across the bandgap or into the continuum, (i.e.
photoionization) is not strongly dependent on wavelength. Thus, these measurements
suggest that IG XFROG is applicable deeper into the UV. As we will see in the next
chapter, single-shot IG XFROG measurements should also be feasible [128] potentially
giving access to single-shot optical-read-out pulse measurement from the UV to the x-ray

range.
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CHAPTER 5.

5.1 Introduction

Recent advances in ultrafast EUV and X-ray light sources provide direct access to
fundamental time and length scales for biology, chemistry and materials physics [25, 129,
130]. However, such light pulses are challenging to measure due to the need for
femtosecond time resolution at difficult-to-detect wavelengths. Also single-shot
measurements are needed because severe pulse-to-pulse fluctuations are common. Here we
demonstrate single shot, complete field measurements by applying a novel version of
Frequency Resolved Optical Gating (FROG) [38]. An EUV FEL beam creates a transient
grating containing the pulse’s electric field information which is read out with a 400 nm
probe pulse. By varying the time delay between two copies of the EUV pump, rather than
between the pump and the probe, we separate the needed coherent wave-mixing from the
slow incoherent response. Because this approach uses photoionization, it should be

applicable from the vacuum ultraviolet to hard X-rays.

5.2 Motivation

Ultrafast EUV and X-ray FELs promise truly new insights by combining the
coherence of lasers with X-ray scattering and spectroscopy [25, 129, 130]. However, to
fully realize this potential, new diagnostics for complete field (amplitude and phase)
measurement of these pulses are needed [131-134]. Most FELs display significant jitter in

intensity, spectrum, and pulse duration, which limits signal-to-noise and resolution. Shot-
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by-shot measurements of the pulse shapes would ameliorate many of these limitations.
Also, more complete diagnostics can lead to better understanding and control, including
new capabilities to produce sub-femtosecond pulses [135] and two-color pulses [136].
Moreover, complete field measurements would extend broadband phase-sensitive
spectroscopies like 2D spectroscopy to shorter wavelengths [137].

Femtosecond pulses cannot be fully characterized with typical electronics, which are
far too slow. However, attosecond resolution is accessible with nonlinear optics, where the
light-matter interaction provides a fast “shutter”. This concept is widely used, for example
in FROG [38], which allows the electric field to be extracted from a spectrally resolved
nonlinear optical signal versus delay (the FROG trace). A wide variety of nonlinear
processes may be employed for FROG, although an instantaneous material response is
preferred.

Extending FROG to shorter wavelengths is problematic for several reasons: first,
short-wavelength spectrometers are low-throughput; second, nonlinear optics with EUV
and X-ray pulses is in its infancy, with few reports [138-140] demonstrating coherent
wave-mixing; and third, the dominant process is photoionization, with a slow material
recovery. These difficulties have led to the use of photoelectron-based techniques for
measuring EUV and X-ray pulses [48, 133, 134, 141-143].

In this paper we demonstrate an optically-detected measurement of short wavelength
femtosecond pulses, addressing each challenge. First, diffracting an optical probe from an
EUV-induced grating transfers the EUV pulse information to an optical field and allows

high-efficiency detection and a single-shot geometry. Transient gratings have long been
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used for FROG [38], but their potential to shift detection to a convenient wavelength was
only recently recognized [86]. Second, introducing pulse-front-tilt in the probe beam
allows sufficient time resolution [144], despite severe phase-matching angles, to identify
the coherent four-wave-mixing (FWM) response of interest. Third, scanning the EUV
pulse-pair separation uses the sub-femtosecond dephasing time of photoionization as an
instantaneous gate [37]. We present a first demonstration by measuring the intensity and

phase of 31.3 nm pulses at the FERMI FEL [25].

5.3 Experimental setup

Figure 5.1 summarizes our method. Two copies of the EUV beam (figure 1a) create
an interference pattern, causing a spatial modulation in the sample’s optical properties
known as a transient grating [39]. An optical probe diffracts from the perturbed sample,
gaining information about the material response and the EUV pulses. For optimal
efficiency, the probe incidence angle should satisfy the phase matching, or Bragg,
condition [39]; the large wavelength difference requires a steep probe angle (~45°).
Unfortunately, steep angles would decrease time resolution to more than a picosecond
because the probe averages over a time range ot = (w/c) tan Gopt, Wwhere w is the probe beam
width and c is the speed of light. Since the coherent FWM here is very short-lived, this
averaging can blur the needed information. We overcome this by using a grism to introduce
angular dispersion, so the optical pulse front impinges parallel to the sample surface [145,
146]. Figure 5.1(b) also shows how the crossing angle is used to map EUV pulse-pair delay
to position for single-shot measurements. Imaging the sample along the in-page direction

and spectrally resolving along the out-of-page direction yields the FROG trace. A novel
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phase retrieval algorithm, taking the material response into account, is applied to extract

the amplitude and phase of single EUV pulses from the FROG traces (Fig, 1c).
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Figure 5.1 A) Experimental setup used to measure EUV pulses from the FERMI FEL.
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5.4 FROG in the presence of Photoionozation

FROG almost always uses an instantaneous nonlinear response (with notable
exceptions [120, 147]); however, our signal arises from photoionization (Figure 5.2(a)),
causing a long recovery time [148]. Consequently, extracting the pump pulse from pump-
probe data (Figure 5.2(b)) would require a challenging deconvolution [124, 134, 149].
Instead, we use the transient grating to separate the coherent FWM interaction, here present
only near time zero, from the long-lived signal. A grating is only created if the material
polarization induced by the first copy of the pump survives until the second copy arrives;
this timescale is the dephasing time, and is related to the free induction decay [37]. By
choosing a sample with a featureless absorption spectrum at the pump wavelength, the
dephasing time will be nearly instantaneous. Consequently, even if the pump-excited
sample has a slow recovery (Figure 5.2(b)), a transient grating as a function of pump-pump
delay will roughly resemble a cross correlation made using an instantaneous medium [112]
(Figure 5.2(c)).

Physically, an ionized atom supports a material polarization until the outgoing wave-
packet loses spatial overlap with its hole. After that, the nonlinear signal contains only
frequencies already in the probe, has no phase relationship with the pump, and can be
considered an incoherent pump-probe signal. The difference between coherent FWM and
incoherent pump-probe is demonstrated in Figure 5.2(b) by the increase in bandwidth at
time zero compared to later times. By inspection of Figure 5.2(b) and Figure 5.2(c), we see
that this extra bandwidth is present in Figure 5.2(c), indicating the coherent FWM response
IS preserved.
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Figure 5.2 Isolating the coherent material response. A) An electron absorbs a single
photon from the EUV pulse pair: while the outgoing wave-packet overlaps the nascent
hole, a coherent polarization exists. B) The spectrally-resolved signal versus pump-
probe delay. C) Signal versus pump-pair.

5.5 Modeling the nonlinear signal field

Now that we have demonstrated that the spectrogram preserves the coherent FWM
process, we can implement FROG in the EUV using photoionization and scanning the
pump-pump delay. While this largely isolates the coherent FWM, there remains some
incoherent response that must be taken into account. The general theory for resonantly-
excited FWM involves a triple convolution with response functions describing material
evolution after each pulse and for each possible time-ordering [132]. Due to the iterative
nature of FROG phase retrievals, it seems highly desirable to seek a simplified treatment.

In general the FROG trace is given by,

Iprog(w,7) = |}\t (Esig(t: T))|2,
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where .7 indicates a Fourier transformation with respect to time. To write down the signal
field, Esig(t,7), we note that the timescale for an electron to leave an atom is known to be
on the order of tens of attoseconds, [150] which we take to be essentially instantaneous.
We therefore neglect the response function associated with material evolution between the
two copies of the pump pulse. We also neglect material evolution after the non-resonant

probe. This allows us to simplify the signal field to:

t
Esig(t' Toptr Teuv) = Eopt(t - Topt) f R(t— t,)Eeuv(t,)E:uv(t, - Teuv)dt’

where R(t) is a response function describing the material response to having absorbed one

EUV photon and is the material response function given by:

R(t) = 6(t) + cgO(1),
where &(t) is the Dirac delta function, representing the coherent FWM, 0(t) is the
Heaviside step function, representing the incoherent part of the response, and cgy is an
adjustable complex constant empirically chosen by comparing measured data to simulated
data under a wide variety of experimental conditions. This model describes an
instantaneous dephasing and assumes the ground-state recovery is slow compared to the
pulses. We find this simple model sufficient for applying phase retrieval to extract the EUV

field.
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5.6 A Derivative-Free Generalized-projections Phase Retrieval Algorithm

For pulse retrieval we developed a custom derivative-free generalized projections
algorithm, since derivatives are more difficult to compute when the response is not
instantaneous. The measured FROG trace is first binned onto a square N X N grid, with
N = 64. The trace is conditioned to minimize noise contribution in a standard way. In the
algorithm we use transform-limited pulse corresponding to an independently measured
spectrum to seed the initial guess for the electric field E,,,, (t) to be reconstructed. The
seed, along with the reference pulse E,,.(t) and the response function R(t) are then used
to compute the initial E; 4 (¢, 7) through the equation above. Fast Fourier transform (FFT)
is then applied on the t dimension to compute Xg;,(w, ) = .7 ¢[Esig(t, T)]. The X4 (w, T)
is now a square matrix of complex numbers. The so called “data projection” is then

implemented by replacing the magnitude of X;,(w,7) with experimentally measured

values, followed by an inverse .7, to obtain Eg;,

(t,7). On the first iteration of the
algorithm the extraction of the electric field from E; (¢, 7) is done using the simple

“vanilla” approach [38] as
Eppe(t) = [ Eg4(t, T)dT

This new field Ej,.(t) serves as the new seed for the next iteration. On the second and

subsequent iterations the “data projection” is implemented in exactly the same manner,
while the “vanilla” step is replaced with a “nonlinear projection” — a minimization of the

norm
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t 2
Eslig(t' T) - EOpt(t)J R(t - t,)Eeuv(t,)E;uv(t’ - T)dt’ dt dt

-

where the 2N individual real and imaginary values of the field E,,,,,(t) at each of N time

points comprise the vector of independent variables. To simplify implementation and avoid
potential derivation errors we employ a simple derivative-free simplex downhill
minimization routine in this step. This routine takes a set of 2N + 1 vectors, each of length
2N. Each vector in the set is formed by taking E;,,(t) from the previous iteration and
perturbing one of its 2N values (real or imaginary part of the electric field at one of N time
points) by a small amount. This procedure forms the initial simplex with 2N + 1 apexes.
The routine then allows the simplex to crawl in this space searching for a minimum of the
Z .- This minimization routine is fairly robust, but requires a large number of function
calls to compute E;,(t, 7). To accelerate these function evaluations we observe that the

integral in the expression for E;,(t,7) is a convolution of the response function and the

field product E,,,, (t")E;,, (t' — ), where 7 is a parameter, so that we can utilize .7 to

compute it, taking proper precautions against aliasing.
5.7 Experimental Results and Discussion

Figure 5.3 shows measured single-shot FROG traces along with the results of phase
retrieval. The left-side column shows a measurement under FERMI’s standard conditions
and represents a typical pulse. The measured spectrogram reveals a small amount of chirp

in the tilt, and the overall shape appears well-represented in the retrieved trace.
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Figure 5.3 Measurements of single EUV pulses.

Figure 5.3(c) shows the retrieved spectral intensity and phase compared to an
independently measured spectrum of the same pulse, showing a good match except for the
tails. Figure 5.3(d) shows the retrieved pulse as a function of time, which shows a main

pulse that is reasonably fit by a 71+6fs Gaussian, compared to 70fs predicted [134]. Gray
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lines are retrieved intensities for several other pulses, showing good pulse-to-pulse stability
as expected from a seeded FEL.

As a seeded FEL, FERMI uses an optical “seed” laser to manipulate its electron
bunch in order to control the emission of EUV light. There is much interest in shaping the
seed pulse to achieve more sophisticated control over the EUV pulse. The middle column
of Figure 5.3, therefore, shows a measurement while chirping the seed laser, which
produced more bandwidth. Interestingly, although the trace appears significantly narrowed
in time, the retrieved electric field is only modestly shorter (60 fs) than in the standard
configuration. This comes from the residual incoherent signal, which dominates the central
portion of the spectrogram and is not indicative of pulse shape. The right-side column
shows a measurement made with a low-temporal coherence FEL beam, which produced
structured pulses. For these two columns, despite low retrieval errors, there are
discrepancies remaining in the retrieved spectra compared to the reference spectra. It seems
likely this stems from signal-to-noise limitations in the dark-blue tails of the FROG traces,
which spread farther when the pump has more bandwidth, but may be due to an
insufficiently accurate model for the signal. Our signal-to-noise was limited by probe
scatter inside the EUV vacuum chamber, and is not indicative of the technique’s

limitations.

5.8 Conclusions

In summary, a novel, all-optical measurement of the pulse shape of short-wavelength
FEL pulses is described which is expected to be generally applicable across the EUV, soft-

and hard-x-ray spectral ranges, and also to table top EUV sources. Single-shot
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measurements were achieved, paving the way for online diagnostics of detailed pulse

shapes at XFEL facilities.
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APPENDIX A.

790
=
=
L
5 800
c
0
S
®© 810
=

820

-1000 0 1000
Delay (fs)

Figure A.1 Experimentally-measured IG XFROG trace of a double pulse with a
temporally broad reference pulse.
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