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Abstract of the Dissertation

Cavity-Enhanced Ultrafast Spectroscopy

by

Yuning Chen

Doctor of Philosophy

in

Chemistry

(Physical Chemistry)

Stony Brook University

2018

Ultrafast optical spectroscopy methods, such as transient absorption spec-
troscopy and 2D spectroscopy, are typically restricted to optically thick
samples, such as solids and liquid solutions. We have developed an all-
optical technique, Cavity-Enhanced Ultrafast Spectroscopy, to study dynam-
ics in molecular beams with femtosecond temporal resolution. By coupling
frequency comb lasers into optical cavities, we have demonstrated ultra-
fast transient absorption measurements with a detection limit of ∆OD =
2×10−10(1×10−9

√
Hz), where ∆OD is the change of optical density. Such a

high sensitivity enables one to take all-optical ultrafast spectroscopy measure-
ments in samples with column densities less than 1010 molecules/cm2. I will
present the signal enhancement principle, the technical details and the per-
formance of this spectroscopy method and the proof-of-concept experiment
in molecular iodine and iodine-argon clusters in a supersonic expansion.

To apply cavity-enhanced ultrafast spectroscopy to various molecules of
interest, we have extended the operating spectral range of this method to be
widely tunable. In this thesis, I will present the spectrometer with ultraviolet
pump and tunable visible probe. I will discuss key technical achievements

iii



including the high power tunable visible frequency comb laser generation
and stabilization, the sample delivery in a molecular beam, technical details
of the tunable visible spectrometer and its application to the dynamics of
excited state intramolecular proton transfer (ESIPT) in jet-cooled molecules
and clusters.
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Chapter 1

Introduction

Ultrafast spectroscopies are used to study dynamics on nanoseconds to tens of
attoseconds timescales in chemistry, physics, biological and material science.
The basic concept is the pump-probe method. The pump pulses excite the
sample molecules and generate short-lived species. The probe pulses monitor
the molecules at excited states at different time delays after the absorption of
pump pulses. The ultrafast dynamics of the excited molecules are encoded
in the time delay dependent signals. Depending on the specific detection
techniques, there are many different methods based on this pump-probe con-
cept. The detection could be done in photons [1, 2, 3], photoelectrons [4],
and ions [5]. With multiple pump pulses instead of one in each pump-probe
pulse pair, ultrafast spectroscopies could be extended to multidimensional
spectroscopies, such as 2D spectroscopies [6, 7].

Among the various ultrafast time-resolved spectroscopy techniques, tran-
sient absorption is one of the most widely used method in many research dis-
ciplines. The principle of transient absorption spectroscopy (TAS) is shown
in Figure 1.1. The temporal evolution of molecules in excited states are
recorded by changes in the transmitted probe light intensity or spectrum as
a function of the pump-probe delays.

Study of ultrafast dynamics in dilute samples or samples that must be
excited weakly to probe the desired physics [8, 9, 10, 11, 12] requires sensi-
tive ultrafast spectroscopy methods. While a wealth of information has been
gained from measuring the static spectra of these systems using a variety of
methods [13, 14, 15, 16], studies recording dynamics are much more limited.
Transient absorption spectroscopy is mostly limited to solution and solid
samples due to the sensitivity. A typical sample concentration in TAS is 1
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Figure 1.1: Basic components of transient absorption spectroscopy. The
pump pulses excite the sample molecules. The probe pulses detect the change
of absorption induced by the pump pulses at variable time delays. Transmis-
sion of the probe is recorded.

mmol/L, or a number density of 1018 molecules/cm3. In molecular beams,
the number density of molecules is less than 1014 molecules/cm3, or 1.5×10-4

mmol/L [17]. Due to the orders of magnitude lower densities compared to so-
lutions, application of transient absorption spectroscopy to isolated molecules
in molecular beams is only feasible in some special cases before the work in
this thesis.

To overcome the sensitivity problem, some ultrafast methods record the
dynamics by detecting the photoelectrons and ions in molecules ionized by
UV pulses and strong fields [4, 18]. These methods could be extremely sen-
sitive due to the capabilities of single particle detection and background free
signals. However, ionization projects the molecular state of interest onto a
very different manifold of final states than optical measurements, and this
can make the comparison of experimental data from gas phase and condensed
phase highly non-trivial [19, 20]. Furthermore, while dynamics of electron-
ically excited states can be probed by ionization, there exist no ionization-
based methods for probing purely vibrational dynamics analogous to the
powerful tools of ultrafast infrared spectroscopy [7].

1.1 Molecular beams

Work in this thesis in motivated by studying ultrafast dynamics in gas phase,
specifically, in samples generated from molecular beams. A brief description

2



of molecular beams is included here. The mean free path of gas molecules is
the average travel distance taken by a moving particle before the molecule
collides with another particle.

λ =
1√

2πd2n
(1.1)

λ is the mean free path, d is the particle diameter and n is the number density
of particle. For Helium, at 300 K, the mean free path in terms of the pressure
is given by

λHe [cm] =
0.0147

P [Torr]
=

1.1× 10−4

P [Pa]
(1.2)

P is the gas pressure in unit of torr or pascal. At a pressure of 1000 torr,
the mean free path of He is 1.5×10−5 cm, and at 0.1 torr, λ is 0.15 cm.
When molecules expand from 1000 torr to 100 mTorr through an orifice with
an opening size of 100 µm, the molecules experience frequent collisions dur-
ing the expansion process. The kinetic energy of the molecules exchange
with the internal energy. As a result, the atoms and molecules travel at
higher speeds with a narrower velocity distribution and cool down. Dur-
ing supersonic expansion, the total number of binary collisions experienced
by a molecule is about 102 - 103. For diatomics, vibrational states remain
unchanged during expansion since 104 collisions are required for vibrational
relaxation. However, the vibrational relaxation of larger molecules and the
rotational relaxation of diatomics requires only 10 - 100 collisions. These are
the modes participating in the internal energy relaxation during expansion
[21]. The speed of molecule traveling could surpass speed of sound, namely
forming supersonic expansion, or free jet expansion since the molecules are
traveling in a “free” way in the vacuum environment before the shock wave
occurs. The distance of the shock wave from the orifice is dictated by the
pressure ratio of the backing pressure and the vacuum pressure. If a skimmer
is placed in the free expansion zone, a molecular beam could be guided by
the skimmer and isolated from the shock wave.

Supersonic expansion is a rather simple way to generate isolated cold
molecules at a temperature of a few to tens of Kelvins [21]. For example, for
expansion of Ar from 300 K, the temperature of Ar could reach about 2 K
with a Mach number of 22. Of course one could study the ultrafast dynamics
of gas phase samples in hot vapor, we would argue that for studying the
dynamics of electronically excited molecules, the starting vibrational states

3



may not alter the dynamics significantly, however, for vibrationally excited
molecules, the initial vibrational states of the sample molecules are critical.
This is one of the reasons that we choose to study ultrafast dynamics of gas
phase samples in molecular beams instead of studying vapors in sample cells.

Another reason that physical chemists use supersonic expansions is that
some jet-cooled molecules form clusters in the expansion. The size of clusters
N ranges from dimer to 104 [22]. Study of clusters bridges the gap between
the gas phase and liquid phase studies. One example is to understand the
role of solvent molecules in ultrafast dynamics such as excited state pro-
ton transfer (ESPT). ESPT is an ultrafast photo-induced process, and the
dynamics have a strong dependence on the environment, namely, the tem-
perature, the solvent, etc. We could take measurements in isolated molecules
first, then study the molecule-solvent clusters of different sizes. This allows
us to compare the clean measurements from the molecules free from distur-
bance of the chemical environment and the molecules surrounded by solvent
molecules generated in a controlled way. A description of ultrafast dynamics
of excited state intramolecular proton transfer as an example system, and
the subsequent processes is included in Chapter 7 in details.

1.2 Cavity-enhancement for ultrasensitive spec-

troscopies

To enhance the optical signals from gas-phase samples and performing ultra-
sensitive measurements [23], enhancement cavities are used in linear spectro-
scopies [24] and nonlinear spectroscopy, such as Saturated-Absorption Cavity
Ring-Down Spectroscopy [25]. The intracavity light passes through the sam-
ple many times and the signal is increased by a factor proportional to the
cavity finesse.

The most common cavity configuration for small signal enhancement in
spectroscopies is a two mirror cavity. We employ a bow-tie configuration
for both pump and probe cavities for a few reasons. Besides the practical
consideration of physically fitting the ∼ 3 meters long cavities in the vacuum
chamber, this configuration also allows independent control of the cavity
length and the beam size at focus. The bow-tie cavity geometry also makes it
convenient to separate probe and reference beams for cavity noise subtraction
as shown in Figure 3.2 in Chapter 3.
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1.2.1 Energy relations in optical ring cavities

All the signal enhancement cavities included in this thesis have bow-tie con-
figurations. Here we briefly introduce the fields and intensities calculation in
ring cavity. The incident light field is E0 and the total reflected field is Er.
The field transmission and reflection coefficients at the input coupler are t1
and r1. Using the convention in [26], rm is related to the round trip power
loss, excluding the input coupling t1 via

rm =
√

1− L (1.3)

M1

M2M3

M4
Input coupler

t1, r1

rm

E0

Er

Ec

Figure 1.2: A schematic of ring-cavity to show the fields and intensities.

The total phase shift of one round trip is ψ. The total reflected field Er
is a sum of the reflected field and the transmitted field through the input
coupler from different round-trips.

Er = −E0r1 + E0rmt
2
1e
−iψ + E0r1r

2
mt

2
1e
−2iψ + . . .

= E0
rme

−iψ − r1

1− r1rme−iψ

(1.4)

The field circulating the cavity is

Ec = E0t1 + E0r1rmt1e
−iψ + E0r

2
1r

2
mt1e

−2iψ + . . .

= E0
t1

1− r1rme−iψ
(1.5)

Using cosψ = 1 − 2 sin2 ψ
2
, we get the intensities of the reflected and circu-

lating light.

Ir = I0
(r1 − rm)2 + 4r1rm sin2 ψ/2

(1− r1rm)2 + 4r1rm sin2 ψ/2

Ic = I0
t21

(1− r1rm)2 + 4r1rm sin2 ψ/2

(1.6)
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The circulating intensity is maximum when the round-trip phase shift ψ is
an integer multiple of π. The optical resonance frequencies are related to the
phase ψ via

ψ =
ω

(1.7)

The cavity finesse is defined as the ratio of free spectral range and cavity
linewidth ∆ν1/2.

F ≡ free spectral range

∆ν1/2

=
π
√
r1rm

1− r1rm
(1.8)

Using equation 1.6, the highest achievable power buildup is when the round-
trip phase shift ψ is an integer multiple of π.

Ic
I0

=
t21

(1− r1rm)2
=

1− r2
1

(1− r1rm)2
(1.9)

When r1 = rm, the cavity is impedance matched. For a ring cavity operat-
ing at impedance matched condition, and also with r2

1 + t21 = 1, the power
enhancement factor is

Ic
I0

=
t21

(1− r1rm)2
=

1

t21
=
F
π

(1.10)

When the loss of the round-trip is dominated by the input coupler mirror,
which is an over-coupled cavity, the highest power buildup one could get is
2F
π

instead of F/π.

1.2.2 Absorption sensitivity enhancement in ring cav-
ities

To calculate the enhancement factor for absorption sensitivity in an optical
cavity, we start with a system without a cavity. According to Beer’s law, the
transmitted light intensity Itrans after passing through an absorbing medium
with incident light intensity I0 can be described by

Itrans = I0e
−αl (1.11)

α is the absorption intensity coefficient and l is the interaction length. The
sensitivity of light intensity to the small absorption can be expressed as

dItrans
d(αl)

= −I0le
−αl = −Itrans (1.12)
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The change in transmitted light intensity is experimentally measured and
can be expressed as

dItrans
d(αl)

= −d(αl) (1.13)

When the absorption is in a ring-cavity, and αl is much smaller than the loss
in the cavity mirrors, we can rewrite the intensity of light circulating in the
cavity as

Ic = I0
t21

(1− g)2

g ≡ r1rme
−α

2
·l

(1.14)

For a two-mirror standing-wave cavity, g = r1rme
−α

2
·2l. The sensitivity in the

ring-cavity can be derived as

dIc
d(αl)

=
∂Ic
∂g
· ∂g

∂(αl)

= I0t
2
1 ·

(−2)

(1− g)3
· ∂g

∂(αl)

= I0t
2
1 ·

(−2)

(1− g)3
· (−1

2
r1rme

−αl
2 )

= Ic ·
(−2)

(1− g)
· (−1

2
g)

= Ic ·
g

1− g

(1.15)

Since the absorption is small, g ≈ r1rm. Also both r1 and rm are close to 1,
g ≈ √g.

F
π

=

√
r1rm

1− r1rm

≈
√
g

1− g
≈ g

1− g

(1.16)

The change in the intracavity light intensity due to the absorption is

dIc
Ic

=
F
π
· d(αl) (1.17)
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Compared to the case without an optical cavity, the sensitivity to small ab-
sorption is enhanced by a factor of F/π in a ring-cavity. It’s straightforward
to see that this enhancement factor in a two-mirror cavity is 2F/π mathe-
matically since ∂g

∂α
is twice. This is also consistent with the intuitive picture

that the light passes through the sample two times in one round-trip in a
two mirror cavity while one time in a ring-cavity configuration.

1.3 Frequency comb cavity coupling

Frequency comb lasers have achieved tremendous success in many disciplines
in the past few decades. Frequency combs can be understood in both time
and frequency domain. In the frequency domain picture, the comb consists of
evenly spaced comb teeth across the whole spectral range. In time domain, a
frequency comb consists of a train of short pulses separated by the round-trip
time in the laser cavity. A schematic of frequency combs is shown in Figure
1.3

Frequency domain:

frepfo
νn = n*frep + fo

≀≀

-5 0 5
10-5

-1

0

1

-5 0 5
10-5

-1

0

1

-5 0 5
10-5

-1

0

1

Time domain:

t = 1/frep

φCE 2*φCE

≀≀ ≀≀

Figure 1.3: A simplified illustration of frequency combs in both time and
frequency domain.
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Some applications, such as frequency metrology and optical clocks, benefit
from the high frequency precision that combs could provide [27, 28]. Some
are utilizing frequency combs as many stable continuous lasers over a broad
frequency span [29, 30]. This feature is used for fast data acquisition in linear
spectroscopies, such as dual-comb spectroscopy [31].

Using an optical frequency comb as “a million stable lasers at once”,
several groups have employed the cavity-enhancement of frequency combs for
performing linear spectroscopy that is simultaneously sensitive, broad-band,
and high-resolution [32, 33, 34]. These techniques, called “Cavity-Enhanced
Direct Frequency Comb Spectroscopy” (CE-DFCS), have now been applied
to rapid trace gas detection [35, 36], breath analysis [35, 37], and microsecond
time-resolved kinetics [38]. However, when frequency combs are coupled to
cavities, the intracavity light can be short pulses that could be used for the
sensitive detection of ultrafast time-resolved signals [39, 40].

The coupling between a frequency comb and a cavity could be understood
in both frequency domain and temporal domain. In the frequency domain, a
frequency comb has many comb teeth that are evenly separated by the comb’s
repetition rate. A cavity has transverse modes separated by the cavity’s free
spectral range, which can be adjusted to match the laser repetition rate or
vise versa. The cavity also has a carrier-envelope offset frequency fo as well
as the frequency comb and fo of the cavity and comb need to be matched.
In the time domain, a frequency comb is a train of short pulses with an
interval of 1/frep. At the input coupler mirror, which is a partial reflecting
mirror, the pulses transmit and circulate in the cavity. If we adjust timing
and phase evolution of the pulses from the laser to match those of the cavity,
the transmitted incident pulses constructively interfere with the laser pulses.
This coherently enhances the femtosecond pulses in the cavity.
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Time domain:

Frequency domain:

frep,comb = FSRcavity
fo ,comb = fo,cavity

Cavity modes

frepfoνn = n*frep + fo
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Figure 1.4: The figure shows the coupling of frequency combs to optical
cavities.

1.4 Cavity-Enhanced Ultrafast Spectroscopy

By coupling optical frequency combs to pump and probe cavities, we have de-
veloped Cavity-Enhanced Ultrafast Spectroscopy to study ultrafast dynam-
ics in samples from supersonic expansion. An extremely simplified schematic
of Cavity-Enhanced Transient Absorption Spectroscopy (CE-TAS) layout is
shown in Figure 1.5.
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Figure 1.5: The schematic of Cavity-Enhanced Ultrafast Spectroscopy. Gen-
erated with one fiber frequency comb laser, the pump and probe comb lasers
are converted to the desired spectral range and coupled into corresponding
cavities. The pump and probe cavities overlap at the focal plane, where the
sample molecules are introduced to by a molecular beam generated from a
nozzle. The intensity of probe cavity transmission is recorded as a function
of pump-probe delay.

1.5 Principle of Ultrafast Signal Enhancement

The fundamental mechanism for ultrafast signal enhancement is the same
as in CE-DFCS and other cavity-enhanced spectroscopies. In CE-DFCS,
an intracavity pulse traverses a sample of molecules, identical each round
trip in the limit of weak excitation, many times. The signal is enhanced
by Fprobe/π for the case of an impedance matched ring cavity, where Fprobe
is the cavity finesse. In cavity-enhanced transient absorption spectroscopy
(CE-TAS), the probe pulse also traverses a sample of molecules many times,
but now we prepare this sample in an excited state using a pump pulse. This
excitation, done at a repetition rate equal to the cavity’s free spectral range,
is identical every round trip, so from the point of view of the probe pulse
absorption, there is no difference between CE-DFCS and CE-TAS, and the
resulting signal enhancement is the same. Time resolution comes from the
time dependence of the excited state of the molecules, as in a normal pump-
probe experiment, and the time-resolved signal is recorded by simply varying
the pump-probe delay with an external translation stage.

Viewed in the frequency domain, CE-TAS uses both the intracavity comb’s
spectral amplitude and spectral phase, which encodes the pulse shape and
delay, whereas CE-DFCS uses only the amplitude. The recorded transient
absorption signal can be viewed as a third-order wavemixing process between
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the pump and the probe pulses and thus depends on the spectral phase [7].
The fractional change in the probe light intensity (∆I/I), scales as the prod-
uct of the pump power and the probe cavity finesse. Resonant enhancement
of the pump pulses, with a separate cavity of finesse Fpump, can provide
passive amplification of the pump power so in principle the signal scales as
FpumpFprobe. However, in practice the pump power cannot be arbitrarily in-
creased because it is desirable to perform the experiment in the perturbative
limit to avoid multi-photon excitation of the sample by the pump pulse alone.
A good rule of thumb for transient absorption spectroscopy is approximately
1% excitation [41].

The pump cavities we use in the thesis are all in an over-coupled config-
uration to have the highest ratio of intensity enhancement (power buildup)
to finesse. The round-trip loss in pump cavities are dominated by the input
coupler mirror transmission. For the probe cavity, we use a configuration
close to impedance-matched, and the probe cavity enhancement is F/π as
we derived earlier.

1.6 Technical challenges in cavity-enhanced

ultrafast spectroscopy

While using enhancement cavities benefit the signal size, they also introduce
technical challenges. A few major ones are discussed here. One is the gener-
ation and stabilization of high power and narrow linewidth frequency comb
lasers. We use a near zero dispersion Yb:fiber oscillator and chirped pulse
amplification, which produces a high power and narrow linewidth frequency
comb laser. This work is described in detail in Chapter 2. The widely tunable
visible frequency comb laser generation is included in Chapter 6. Another
technical difficulty is the enhancement cavity mirror design, particularly the
cavity for coupling a tunable visible frequency comb laser. A brief discussion
of how dispersion affects the pulse duration is included in the following sub-
section. The mirror design for tunable visible frequency comb is included in
Chapter 5.
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1.6.1 Generation and stabilization of high power, widely
tunable and narrow linewidth frequency comb
lasers

For cavity-enhanced ultrafast spectroscopy, the frequency comb laser needs
to satisfy the several following conditions and the reasons for each are listed
here. The repetition rate of the frequency comb lasers in this thesis are
between 87 MHz and 100 MHz. This corresponds to a cavity length of about
3 meters and the time interval between pulses is about 10 ns. A lower rep rate
means a longer cavity, which will be harder to physically fit in the vacuum
chamber. Another problem of a much lower rep rate is the narrower cavity
linewidth. Since the linewidth of an optical cavity is the free spectral range
(FSR) divided by the cavity finesse, F .

ν1/2 =
FSR

F
=
c

l

1

F
(1.18)

For cavities with the same finesse, the smaller rep rate (frep = FSR) cavity has
a much smaller linewidth. This increases the difficulty in coupling the comb
efficiently and achieving low noise. But a much higher rep rate limits the
dynamics we could study. If the excited state dynamics persist for longer than
1/frep, the next pair of pump probe pulses will sample the excited molecules
left from the previous experiment. A higher repetition rate also means the
pulse energy is lower, which makes the nonlinear optics and pump-probe
more difficult.

Compared to Ti:Sapphire lasers with a rep rate of 1 kHz, this high repe-
tition rate means the pulse energy of our comb laser is 5 orders of magnitude
smaller than a Ti:Sapphire laser assuming they have the same average power
and this means the frequency conversion is more challenging. To generate
a widely tunable frequency comb, a high average power laser is preferred.
The probe signal enhancement cavities in this thesis are designed to have a
finesse of a few hundred or 1000, which corresponds to a cavity linewidth of
about 90 kHz. To efficiently couple the laser to the cavity with low noise,
the frequency comb laser linewidth should be much narrower. Frequency
comb generation and stabilizations are described in detail in Chapter 2 and
Chapter 6.
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1.6.2 Group delay dispersion control

When a pulse is circulating in the cavity, the round-trip spectral phase in
the cavity can be expressed as

ψ(ω) = ψ(ω0) +
∂ψ

∂ω
(ω − ω0) +

1

2

∂2ψ

∂ω2
(ω − ω0)2 +

1

6

∂3ψ

∂ω3
(ω − ω0)3 + · · ·

= ψ0 + ψ1(ω − ω0) +
1

2
ψ2(ω − ω0)2 +

1

6
ψ3(ω − ω0)3 + · · ·

(1.19)

The ψ2 = ∂2ψ
∂ω2 is the group delay dispersion (GDD). Due to the GDD in

the cavity, the free spectral range of the cavity is not evenly spaced over
the whole spectral range while the frequency comb teeth are evenly spaced
[42, 43] as illustrated in Figure 1.6.
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Figure 1.6: The cavity modes are not evenly spaced due to dispersion while
the frequency comb teeth are evenly spaced. The mismatch between the
cavity modes and the comb teeth limits the bandwidth can be coupled into
the cavity.

As a result, how many comb teeth can be coupled into the cavity trans-
verse modes strongly depends on the round-trip GDD and cavity finesse. In
other words, the GDD and finesse could set an upper limit on the bandwidth
one could couple into the cavity. If we rewrite intracavity light intensity in
equation 1.6 with finesse

Ic = I0
t21

(1− r1rm)2 + 4r1rm sin2 δ/2

= I0
t21

(1− r1rm)2
· 1

1 + 4(F/π)2(δ/2)2

(1.20)
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Using the two degrees of freedom frep and fo of a frequency comb, the comb
can be locked to a cavity at the center frequency ω0 with both the zeroth
and first order of δ to be zero. There is a resulting minimum phase error of
δ, which is the second order component of δ

δ =
1

2
ψ2(ω − ω0)2

= 2π2ψ2(∆ν)2
(1.21)

The intracavity light can be rewritten as

Ic = I0
t21

(1− r1rm)2
· 1

1 + 4π2F2ψ2
2∆ν4

(1.22)

∆ν is the bandwidth of pulse. The cavity acts as a spectral filter according
to eqn. 1.22.

In the time domain, as a result of the narrower bandwidth the intracavity
pulses possess, the pulses are longer. Therefore, we need to control the GDD
in the cavity very well to maintain the femtosecond pulse durations for the
ultrafast experiments. For the cavities used in this thesis, since the mirrors
are housed in a vacuum environment, the GDD from gas is negligible. The
GDD from mirror coatings is the dominant source of dispersion.

In our work, the pulses generated in the Yb:fiber laser are about 100 fs
long and this has been the target time resolution for cavity-enhanced ultrafast
spectroscopy. The finesses of the enhancement probe cavities are designed to
be about 1000. When coupling femtosecond pulses to high-finesse optical cav-
ities, the pulse broadening is determined by the cavity finesse and the GDD
in cavity mirrors. With 100 fs input pulses, the intracavity pulse durations
calculated with a few example cavities of different finesse and round-trip
GDDs are included in Figure 1.7. In a cavity with a finesse of 1000 and
round-trip group delay dispersion of 100 fs2, the intracavity pulse duration is
calculated to be 220 fs with 100 fs input pulses. For comparison, in conven-
tional ultrafast spectroscopy experiments, 100 fs2 of dispersion would only
broaden a 100 fs pulse to 100.04 fs. Therefore, the cavity mirror coatings
require very careful designs to keep the GDD low. As the cavity finesse gets
higher, the control of cavity mirror GDD becomes more demanding. Details
of cavity mirror coatings for each experiment are included in later chapters.
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Figure 1.7: Calculated intracavity pulse durations in cavities of different
finesse and round-trip GDDs.
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Chapter 2

High-power low-noise Yb:fiber
frequency comb laser

In this chapter, we present a homebuilt high-power low noise Yb:fiber fre-
quency comb laser. A detailed description of the oscillator, the amplifier and
the laser system characterization are included.

2.1 Yb:fiber oscillator

Mode-locked fiber lasers can be broadly classified by their net cavity GDD
and the saturable loss mechanism by which they are mode locked [44, 45].
With large anomalous GDD, soliton-like pulse shaping produces nearly chirp-
free pulses, but with limited power [46, 44]. Lasers working with large nor-
mal GDD, even with all normal dispersion elements,[45] can support wave-
breaking free pulses of very large energy. For example, Baumgartl et al.[47]
have even demonstrated 66 W of average power and µJ pulses directly from
an oscillator without subsequent amplification. However, for the quietest
operation, with both the lowest phase and amplitude noise most suitable for
comb applications, it is desirable to operate the laser near net zero cavity
GDD [48, 49, 50, 51, 52]. Unlike Er-doped fiber lasers operating at 1.5 µm,
where it is easy to make fibers with normal or anomalous dispersion, silica
fibers predominantly have normal dispersion in the 1.0-1.1 µm range ampli-
fied by Yb, so that dispersion compensation is usually done with a free-space
dispersive delay line [48, 53, 54] or fiber Bragg gratings [52, 51]. Fiber Bragg
gratings can allow for all-fiber designs, but require very careful design before
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assembly, as the dispersion is not adjustable. Oscillators with a free-space
dispersive delay line allow tuning to find zero dispersion. As we show in sec-
tion 2.1.4, with transmission gratings, fine-tuning of the grating separation
in such a delay line using piezo-electric actuators can also be used to control
the comb’s carrier-envelope offset frequency.

As an intense pulse propagates in the non polarization-maintaining fiber,
the intensity of the pulse induces Kerr effect, e.g. an intensity-dependent
nonlinear change in the refractive of index. The polarization of pulse rotates
and experiences self-phase modulation, cross-phase modulation and birefrin-
gence of the fiber. For mode locking, nonlinear polarization evolution (NPE)
in fiber [55, 56, 57] provides a fast artificial saturable absorber [58] that does
not require any special components, but is sensitive to temperature or hu-
midity changes. On the other hand, lasers based on real saturable absorbers,
such as semiconductor saturable absorber mirrors (SESAM), can be made
very environmentally stable, but typically have larger phase and amplitude
noise [59, 60].1 In our laser, we use NPE mode locking, and have observed
free-running comb-tooth linewidth less than 30 kHz and residual intensity
noise less than -130 dBc/Hz for frequencies above 10 kHz. We have also
observed reasonable long-term stability in a laboratory setting (more details
below).

2.1.1 Oscillator Construction

The basic layout for our Yb:fiber oscillator is shown in Figure 2.1. The fiber
section provides gain and nonlinearity while the components in the free space
section compensate the dispersion of the fiber, manipulate the polarization,
and actuate on the pulse’s round-trip group delay and carrier-envelope offset
phase. An example mode-locked spectrum of the oscillator is shown in Figure
2.2.

1The quiet Yb-oscillators described in references [52] and [61] actually use a combina-
tion of both NPE and the SESAM
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Figure 2.1: The block diagram shows the optical layout of the Yb:fiber os-
cillator. EOM: electro-optic modulator, G: grating, M: mirror, HWP: half
waveplate, QWP: quarter waveplate. The beam displacement from the prism
is vertical.
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Figure 2.2: Mode-locked Yb:fiber oscillator spectrum.
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The pump laser is a fiber Bragg grating stabilized diode laser operating at
976 nm (Oclaro LC96L76P-20R). Basic current and temperature controllers
from Thorlabs (LDC210C and TED200C) are used to drive the pump laser.
The noise specifications of this diode current controller are sufficient to obtain
low-noise operation because the effect of high-frequency pump power fluctu-
ations is suppressed by the low-frequency roll-off of the pump-modulation
transfer function observed for this Yb:fiber oscillator, shown in Figure 2.5.
Although the pump laser’s fiber is polarization maintaining (PM), we simply
splice this onto non-PM fiber for injection into the oscillator cavity with a
fused wavelength division multiplexer (WDM). In addition to the WDM, a
polarization insensitive isolator (Isolator 1) is used to isolate the pump laser
from the oscillator light.

The fiber assembly is terminated on each end with anti-reflection (AR)
coated angled FC/APC connectors which are then plugged into a fiber cou-
pler lens assembly (Thorlabs PAF-X-5-C). These AR coated fiber tips are
obtained simply by splicing the ends of AR coated patch cables (Thorlabs
P4-980AR-2) to the ends of the gain fiber and WDM fiber pigtail. The use
of connectorized fiber tips enables replacing the fiber assembly with minimal
realignment and also allows for the rough alignment of the cavity using an-
other fiber coupled laser, if desired. For the gain fiber, we have used either
YB1200-4/125 or YB1200-6/125DC from Thorlabs with similar results. The
fiber assembly is spliced together with a basic optical fiber fusion splicer. In
our lab, we use a refurbished Ericsson FSU 995FA.

The specifics of the fiber lengths are important for a few reasons, and can
be found in the appendix material. The first is that mode locking depends
upon the amount of nonlinearity in the fiber [62] and the more fiber there
is, particularly following the gain fiber, the easier it is to mode lock. Sec-
ond, if the AR coated fiber tips become damaged, this is usually due to the
gain fiber being too long, and is not remedied simply by reducing the pump
power. However, the overall length of the assembly and the relative lengths
of the different sections do not have to be controlled with high precision.
By changing the fiber assembly, we have operated oscillators with repetition
rates from 70 MHz to 97 MHz with the same free-space section and obtained
similar performance.

In the free-space section, zeroth-order waveplates are used for polariza-
tion control and tuning of the laser, a Faraday isolator ensures uni-directional
operation, an EOM enables fast actuation on the effective cavity length, and
a pair of transmission gratings is used for dispersion compensation. A po-
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larization beam splitter cube (PBS) is used as an output coupler, reflecting
vertically polarized light out of the cavity. The first diffraction grating is
mounted on a manual translation stage for finding zero dispersion, and a
piezo-electric transducer (PZT) for fine-tuning the comb’s carrier-envelope
offset frequency. A right angle prism with an AR coated hypotenuse (Thor-
labs PS908H-C) serves as the retroreflector in the dispersive delay line, chang-
ing the beam height by 5 mm and allowing the beam which initially crossed
above to be reflected by D-shaped mirror (M1, which has a straight edge). In
section 2.1.3, we describe the PZT and EOM actuators more carefully using
fixed-point analysis [59, 63].

For suppression of acoustic noise and mechanical vibration, both oscilla-
tors are enclosed in aluminum sheet metal boxes sided with “egg-crate” style
sound damping foam and built on honeycomb optical breadboards that are
supported on the optical table with a 5/8” thick piece of sorbothane rubber.
Light is coupled from the oscillator to the amplifier chain via the single-mode
fiber pigtail of the stretcher fiber module.

2.1.2 Alignment, mode locking, and long-term stabil-
ity

Since the stress-induced birefringence of the coiled fiber assembly is unknown,
finding the correct positions of the waveplates for NPE mode locking is a
somewhat random process. If one simply randomly rotates the three wave-
plates, this amounts to searching a three-dimensional space. We have instead
developed a reliable procedure for finding mode locking that simplifies the
search considerably. First, the oscillator is aligned with the goal of min-
imizing the pump power necessary for lasing, minimizing the CW lasing
threshold, which includes optimizing beam alignment and iterative rotation
of polarizers. The pump power is then increased to around 200 mW, well
above the minimum pump power that can maintain mode locking, which is
about 100 mW. The quarter-wave plate just before the input fiber coupler
(QWP2) is rapidly rotated a few degrees back and forth. If mode locking is
not achieved, the half-wave plate (HWP) should be stepped a few degrees
and then the QWP2 rotation repeated. This process should be repeated
until mode locking is achieved, usually within a few iterations. Once the
first quarter-wave plate (QWP1) is set for lowest CW lasing threshold, it is
generally not necessary to rotate it to find mode locking.
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A major problem with NPE Yb:fiber oscillators is that they are prone
to multi-pulsing,[64] or the production of more than one pulse circulating
in the cavity. The separation between pulses can occur on many different
time scales, and thus one needs a range of instruments to detect it. Unlike
a Ti:sapphire oscillator, we have frequently observed multi-pulsing to occur
with the particularly troublesome separation of 1-500 ps: too short to mea-
sure with a typical oscilloscope, but too long to observe easily as interference
fringes in the optical spectrum. To be able to detect multi-pulsing at all
separations, we employ a combination of three instruments: (1) a low res-
olution USB optical spectrometer for small pulse separations <3 ps, (2) a
simple scanning autocorrelator using a GaAsP two-photon photodiode [65]
for the 1-50 ps range, and (3) a fast photodiode (Electro Optics Technology
Inc. ET-3010) and sampling oscilloscope (Tektronix 11801C with an SD-
26 sampling head, 20 GHz equivalent bandwidth) for longer timescales. A
collinear, interferometric autocorrelator is preferred so that one can align it
well enough to have confidence in the alignment for longer stage travels, and
a two-photon photodiode simplifies the nonlinear signal detection.

Once stable mode locking is found, one can search for the lowest noise.
The grating spacing for net zero GDD can in principle be calculated using the
material parameters for the fibers and other optical elements in the cavity,
and this is a good place to start, but it is generally necessary to fine tune this
spacing once mode locked. The GDD can be measured using the technique
of Knox,[66] changing the center wavelength either by inserting a knife edge
into the dispersed beam or rotating QWP2 slightly (or both). Figure 2.3
shows the different oscillator spectra with a knife edge partially blocking the
beam between the grating and the prism.
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Figure 2.3: Yb:fiber oscillator spectra with a knife edge in the dispersive
beam. The spectrum centroid shifted from 1033 nm to 1046 nm while the
corresponding repetition rate is 89.61684 MHz and 89.61333 MHz for these
two spectra. The total oscillator GDD is anomalous. The frequency comb’s
repetition rate is measured with a counter.

The net-group GDD is calculated by differentiating the group delay T =
1/frep, versus the center frequency of the optical spectra calculated with the
optical spectrum centroid. For the measurements as shown in Figure 2.3, the
oscillator’s net GDD is obtained from the slope of the linear fit as shown in
Figure 2.4 as -0.026 ps2.
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Figure 2.4: Yb:fiber oscillator round-trip GDD measurement. The red dots
are the round-trip time with different spectra. The black line is a linear fit
obtained with the least squares fitting. The slope gives a total round-trip
GDD of -0.026 ps2.

While tuning the grating separation, we monitor oscillator performance
using two metrics that can be evaluated quickly: (1) The oscillator relative
intensity noise (RIN), measured on a low noise, high bandwidth photodiode,
and (2) the free-running heterodyne beat between the oscillator and a nar-
row linewidth (<1 kHz) CW Nd:YAG laser (Innolight Mephisto). Cingöz
et al. [67] showed that the phase noise and the RIN are correlated, and
as reported by Nugent-Glandorf et al. [48] the laser comb-tooth linewidth
depends strongly on the net cavity GDD. Indeed, we have observed optical
linewidths ranging between 2 MHz and less than 30 kHz this way, depending
on the grating separation.

Once satisfactory mode-locked performance is found, we leave the oscil-
lator on indefinitely, and have enjoyed stable hands-free operation for many
months at a time in a laboratory setting with reasonable temperature and
humidity control (±1 ◦C, 20-60% relative humidity). The parts of the laser
that in principle have finite lifetimes, the pump diode and the gain fiber,
are inexpensive. We have not observed significant degradation of the pump
diode performance over five years of nearly continuous operation. However,
we have observed that the gain fibers can fail after about one year of contin-
uous operation. The main symptom of this is that the laser just won’t mode
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lock. Lasing thresholds and output powers are similar, but stable mode-
locked operation is not re-attained until the gain fiber is replaced, or a new
fiber assembly with a fresh gain fiber is installed in the oscillator.

2.1.3 Comb Stabilization

The key element defining an optical frequency comb is that its comb teeth
are evenly spaced to an extraordinary precision [42, 43]. This occurs nat-
urally in mode-locked lasers and can also occur in other comb-generating
systems such as microresonators [68] and broad-band electro-optically mod-
ulated light fields [69]. Once even spacing is established, the comb has two
degrees of freedom that determine the frequencies of the comb teeth. Usually
this is expressed in terms of the electronically countable repetition rate frep

and carrier-envelope offset frequency f0 via the familiar comb formula

νn = nfrep + f0 (2.1)

where n is an integer and the νn are the optical frequencies. Indeed, for
self-referenced combs this may be the most sensible parameterization, as it
is frep and f0 that are actively controlled. However, for optically referenced
combs, combs coupled to cavities, or when discussing the effects of actuators
or noise sources, the discussion is often simplified by using a fixed point
analysis, [70, 63, 59] writing the comb’s optical frequencies as

νn = (n− n∗)frep + νn∗ (2.2)

where n∗ is an integer representing a fixed point of the frequency comb that
does not change due to a particular perturbation such as noise or intentional
actuation on the laser. In the fixed point picture, one considers the comb
teeth simply expanding and contracting around the fixed point via changes
in frep. The larger the frequency difference is between the fixed point and a
particular comb tooth, the more the frequency of that comb tooth changes
due to the perturbation.

Since the frequency comb has two degrees of freedom, one needs two
feedback loops and two actuators to stabilize the comb. Ideally, these two
feedback loops would have zero cross-talk. For example, if one directly sta-
bilizes frep and f0, ideally one actuator would actuate only on frep and the
other only on f0. In practice, this goal is almost never reached exactly, which
is acceptable as long as one feedback loop can be significantly slower than
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the other, such that the faster loop can adiabatically track and correct for
the cross-talk from the competing loop.

For coupling a frequency comb to an optical cavity, or locking the fre-
quency comb to another optical reference, it is desirable to have one fast
actuator with its fixed point far from the optical frequency and another
actuator with fixed point near the optical frequency. This allows the fast
actuator to have large travel at optical frequencies that are being stabilized,
and the second actuator to simply cause the comb to breathe around this
locked point.

2.1.4 Transducer transfer functions

A commonly used combination of actuators to accomplish this is a fast intra-
cavity EOM [71, 72, 73, 74, 75, 76, 77] for cavity length changes, with fixed
point near DC (n∗ ∼ 0), and the pump laser power for changing the intra-
cavity pulse’s round trip phase shift, with fixed point near the optical carrier
frequency [59, 63, 78]. While fast bandwidth can be obtained via actuating on
the pump current in some laser designs [67], the bandwidth attainable with
this actuator depends on the details of the laser and population inversion
dynamics [79]. In the current ring cavity design with lower loss and smaller
gain than the laser in reference [67], and thus lower relaxation oscillation
frequency, we have observed the bandwidth of pump power modulation to be
quite limited, as shown in Figure 2.5. To record this data, we modulate the
pump diode current sinusoidally and record the amplitude modulation on the
comb light with a photodiode and a spectrum analyzer. The pump current
to pump power transfer function (not shown) was independently verified to
be flat out past 1 MHz modulation frequencies with this setup, confirming
that the roll-off is due to the transfer function of the Yb laser.

26



Pump Modulation Frequency [kHz]
0 50 100 150 200

N
or

m
al

iz
ed

R
es

po
ns

e 
[d

B]

-30
-25
-20
-15
-10

-5
0 1070 nm

1044 nm
1040 nm

Figure 2.5: Pump amplitude to laser amplitude modulation transfer function.
The different data are taken with mode-locked spectra centered at different
wavelength. The spectrum tuning is achieved by moving a knife edge in the
dispersive beam.

We use a bulk EOM for fast (multi-MHz bandwidth) actuation with a
fixed point near DC, and instead of the pump power we use µm-scale piezo-
electric adjustments of the grating spacing, which we show below has a fixed
point near the optical frequency. Previous authors [76] have used short (few
mm) EOM crystals due to concern over higher order dispersion. However,
short crystals require multi-kV voltages to produce substantial phase shifts,
and this is challenging to provide with high bandwidth. We have found that
the remarkable tolerance of Yb:fiber oscillators to uncompensated higher-
order dispersion [80] enables the use of longer crystals with correspondingly
lower voltage requirements. The EOM is a commercial phase modulator
(Thorlabs EO-PM-NR-C2) with a 40 mm MgO doped Lithium Niobate crys-
tal and a Vπ of 250 V. As shown in Figure 2.6), the EOM allows phase modu-
lation with multi-MHz bandwidth without piezo-elastic resonances that have
limited previous efforts [76]. To record this data, we drive the EOM with a
sinusoidal voltage and record the amplitude of phase-modulation side bands
on the heterodyne beat with the CW Nd:YAG laser, taking care of the fact
that the intracavity EOM modulates the laser’s frequency but the sidebands
on the beat report on the phase modulation depth.
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Figure 2.6: Voltage to phase modulation transfer function for the intracavity
EOM.

We supply a 2 MHz sinusoidal voltage to the EOM to put frequency mod-
ulation (FM) sidebands on the comb that enable Pound-Drever-Hall (PDH)
locking of the comb to passive optical cavities [81, 82, 83]. We measured the
residual amplitude modulation (RAM) on the output light of the oscillator
to be less than -90 dBc when driving the EOM with a 20 V (peak to peak)
sine wave (more than what is typically required for PDH locking). The EOM
alignment can be fine-tuned in situ by minimizing this RAM.

For actuation on the grating spacing, the first grating is glued to a ring
PZT (Noliac NAC2125) using Loctite Hysol 1C-LV epoxy (also sold under
the trade name Torr-seal), and this allows > 10 kHz of bandwidth before en-
countering mechanical resonances. Shifting the carrier-envelope offset phase
of a pulse by actuation on the grating separation of a pulse compressor
has been employed for carrier-envelope offset phase stabilization in ampli-
fied Ti:sapphire lasers (after the amplifier chain), [84] but to our knowledge
this is first report of doing this inside a laser cavity. Here we derive the result-
ing frequency shifts for a transmission grating geometry and show that for
transmission gratings operated in Littrow condition, the fixed point is at the
optical carrier frequency νoptical, such that the change in f0 is approximately
νoptical/frep larger than the change in frep.

For the parallel grating pulse compressor illustrated in figure 2.7, the total
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phase shift for one pass through the grating pair is given by:[85]

φg(ω) =
ω

c
p(ω)− 2π

d
G tan(β) (2.3)

where ω = 2πν is the angular frequency, φg(ω) is the spectral phase, p(ω)
is the frequency dependent optical path length through the compressor, β
is the angle of diffraction determined from the grating equation, sin(α) +
sin(β) = λ/d, with α the angle of incidence measured from normal, d is
the grating pitch, λ is the wavelength, and G is the distance between the
gratings measured perpendicular to the grating surfaces. The second term
in equation (2.3) accounts for the 2π phase shift encountered by the light for
each grating groove traversed and must be included to obtain correct results
[85]. Careful inspection of the angle-dependent path length shows that

dφg
dG

=
ω

c

(
1

cos(β)
− cos(α + β)

cos(β)

)
− 2π

d
tan(β) (2.4)

Now one is tempted to locate the fixed point, ω∗, by setting equation (2.4)
equal to zero and solving for ω, but this is not generally correct because
mode locking demands that the comb teeth remain evenly spaced, and thus
the differential phase shift between comb tooth n+1 and n must be the same
as the differential phase shift between comb tooth n+2 and comb tooth n+1.
Enforcing this fact that the comb has only two degrees of freedom amounts
to linearizing the spectral phase using the phase shifts obtained near the
optical carrier frequency, viz.

dφcomb
dG

=
dφg
dG

∣∣∣∣
ω0

+
dτ

dG

∣∣∣∣
ω0

(ω − ω0) (2.5)

where τ = dφg/dω is the frequency dependent group delay, which is evaluated
at the optical carrier frequency ω0 in equation (2.5). The fixed point is then
given by

ω∗ = ω0 −

(
dφg
dG

∣∣∣∣
ω0

)(
dτ

dG

∣∣∣∣
ω0

)−1

(2.6)

At the Littrow condition, α = β(ω0) = sin−1(πc/ω0d), one can show that
the phase shift due to changing the grating separation, dφg/dG, is identi-
cally zero and the fixed point is thus at the optical carrier frequency. For
the more realistic scenario that the gratings end up slightly off-Littrow, one
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can use equations (2.2), (2.4), and (2.6) along with the relation dfrep/dG =
−f 2

rep dτ/dG|ω0
in order to determine the changes in comb tooth frequencies.

One can also derive relations for the changes in frep and f0. For two passes
through the grating pair, under Littrow conditions, the result is:
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Figure 2.7: Illustration of the notation for the intracavity grating compressor.
The grating spacing is adjusted slightly (∆G) using a PZT to control the
comb’s carrier-envelope offset frequency. The arrow indicates the direction
of positive ∆G.

dfrep
dG

= −
4πf 2

rep

ωod
tan(α). (2.7)

df0

dG
= −n∗dfrep

dG
=

2frep
d

tan(α). (2.8)

We have experimentally verified this analysis by recording changes in the
comb repetition frequency and an optical comb tooth near 1064 nm when
a voltage is applied to the grating PZT. The data are shown in Figure 2.8.
The repetition rate changes are measured using a photodiode and a frequency
counter. The changes in the optical frequency are measured by recording the
beat frequency of an unstabilized heterodyne beat between the comb and the
CW Nd:YAG laser. Linear fits to the data give slopes of dνrep

dV
= 0.14 MHz/V

and dfrep
dV

= 0.39 Hz/V. The number of comb teeth between 1064 nm and
the fixed point can then be simply calculated from the ratio ∆νbeat/∆frep =
3.3 × 105. So the fixed point lies only approximately 30 THz away from
the optical carrier frequency of 283 THz. This is consistent with the above
equations and α deviating from the Littrow angle by approximately 4 degrees,
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which is realistic given our ability to initially set the grating angle in the laser
and the α dependence of the grating’s diffraction efficiency.
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Figure 2.8: Grating actuations. a) 1064 nm beat frequency change with
grating separation. b) Repetition rate change with grating separation. The
data indicate that the fixed point is near the optical frequency.

The grating can also be used to make a shift purely in f0, if the grating
is moved parallel to its surface, similar to the motion of a sound wave in an
acousto-optic frequency shifter. Here the phase shift is simply 2π per grating
pitch moved,[86] and the fixed point is at ν = ∞. Using both parallel and
perpendicular motions, in principle one could completely control the comb
with only µm-scale motions of the grating alone, as the two motions have
different fixed points.
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2.2 Dispersive wave shifted Er:fiber frequency

comb laser

One desired operating spectral range of cavity-enhanced ultrafast spectroscopy
is in the mid-infrared, particularly in the 3 - 5 µm for studying hydrogen
bonding networks. For the convenience of generating mid-infrared frequency
combs, we replaced the homebuilt Yb:fiber oscillator with a commercial
Er:fiber frequency comb laser. Generation of widely tunable pulses have
been reviewed by Brida et al. [87] An overview of mid-infrared generation
setup with Er:fiber frequency comb laser is shown in Figure 2.9.

Er:fiber
amplifier

HNLF

Yb:fiber 
amplifier

tunable 1.1-1.4 μm

Difference Frequency Generation

Er:fiber
Oscillator 

3-5 μm 

tunable 1.1-1.4 μm

3-5 μm 

1.06 μm

HNLF

Probe

Pump

Figure 2.9: Overview of generating mid-IR frequency combs with Er:fiber
oscillator. HNLF: highly nonlinear fiber.

The mode-locked Er:fiber frequency comb laser has three outputs with
similar optical powers and spectra centered around 1550 nm. All three
branches are amplified in homebuilt Er:fiber amplifiers to a few hundreds
of miliWatts and the power could be tuned by tuning the pump power of
the amplifier. In fused silica, the dispersion is anomalous at 1550 nm. As
a result, the pulses are compressed to 30 - 50 fs in an undoped patch cable
fiber before going into the highly nonlinear fiber (HNLF). The pulse dura-
tion could be optimized via changing the patch cable fiber length. In a 2
- 5 cm long highly dispersive fiber with a small core size, the femtosecond
pulses form soliton at longer wavelengths. At the same time, the pulses gen-
erate phase-matched dispersive waves at shorter frequencies. By adjusting
the pulse energy and pulse duration in the HNLF, the spectrum of dispersive
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wave is tunable between 1.1 - 1.4 µm.
The proposed pathway of generating the mid-IR frequency combs is via

difference frequency generation in optical parametric amplifiers (OPAs). One
branch of Er:fiber frequency comb laser is dispersive wave shifted to 1060 nm
to seed the large mode area Yb:fiber amplifier described in the following
section. The amplified 1060 nm light are split to pump two OPAs. The
tunable pulses at 1.1 - 1.4 µm generated with the other two branches are
used as the seed for the OPAs. The difference frequency is generated at 3 - 5
µm and these mid-IR pulses are coupled to pump and probe cavities for the
spectroscopy experiment.

At the time of writing, the Yb:fiber amplifier seeding branch is in op-
eration and the two tunable branches are proposed setups. The mid-IR
frequency comb generation using dispersive wave shifted Er:fiber comb lasers
have been demonstrated [88, 89].

To seed the chirped pulse amplifier, the 1060 nm pulses generated from
HNLF is amplified in a homebuilt Yb:fiber amplifier before the fiber stretcher
as is shown in Figure 2.10.

Er:fiber
amplifier

To fiber 
stretcher

Er:fiber
Oscillator 

1.06 μm

HNLF Yb:fiber 
amplifier

Figure 2.10: Dispersive wave shifted Er:fiber frequency comb laser. HNLF:
highly nonlinear fiber.

To briefly summarize the chirped pulse amplification seeding laser sources,
there are two different oscillators used for work included in this thesis. The
homebuilt Yb:fiber oscillator is depicted in Chapter 2. The light from the
amplifier seeded with Yb laser is used for the experiments in I2 and I2 Ar
clusters in Chapter 3 and Chapter 4 and the supercontinuum generation in
Chapter 6. The amplifier seeded with the Er laser is used in the tunable
spectrometer development included in Chapter 5 and Chapter 6.
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2.3 Chirped pulse amplification in Yb:doped

photonic crystal fiber amplifier

Amplification of continuous wave lasers to high average power in Yb:fiber is
straightforward, but amplification of femtosecond pulses presents additional
complications. The long length of fiber presents a large amount of disper-
sion even for large mode area (LMA) fibers, and it is much more difficult
to avoid accumulated nonlinear phase shifts than in bulk solid-state lasers.
Designers of ultrafast fiber lasers usually take one of two approaches: em-
brace nonlinearity [90, 91, 92, 93, 94] or use stretchers and compressors with
very large GDD to avoid it [61, 95, 96, 97, 98]. For comb applications, linear
amplification, in which the B-integral, or accumulated nonlinear phase shift
throughout the amplifier chain, is less than one, is generally preferred because
then the amplified comb’s coherence properties are determined mainly by the
oscillator. In nonlinear amplification, amplitude noise from the high-power
pump diodes in the amplifier chain could write phase noise on the amplified
comb [99, 44], although we are aware of some recent efforts using high-power
nonlinear fiber amplification for comb applications.[100, 101]

We have used linear chirped pulse amplification, but have strived to main-
tain modest stretcher/compressor dispersion by (1) seeding the amplifiers
with very broad spectra, (2) maximizing the mode area of the seed light
throughout the amplifier chain, even if this means seeding amplifiers below
saturation, and (3) running the Yb amplifier to the red of the gain maximum
at 1030 nm, to reduce gain narrowing, as shown by [51]. For simplicity and
low-cost, we make use of a fiber stretcher based on anomalous third-order
dispersion depressed cladding fibers (OFS) and grating compressor based on
inexpensive polymer transmission gratings (Wasatch Photonics). While we
do not quite reach transform limited pulses, the benefits of the simplicity of
this scheme have outweighed the slightly reduced performance.

2.3.1 Photonic crystal fiber amplifier optical layout

A schematic of the chirped pulse amplifier scheme is shown in Figure 2.11.
The oscillator light is coupled into a stretcher fiber module custom made
by OFS Specialty Photonics Division with FC/APC connectorized SMF-980
fiber pigtails. Between the stretcher and the following Faraday isolator (I1),
about half the seed power is lost. After the dichroic mirror (D1), which

34



is used to isolate the pump light and seed (or signal) light, 15-20 mW is
launched into the 5 m amplifier fiber. The amplifier fiber is a doped, LMA
(760 µm2) PCF terminated with sealed ends and copper SMA 905 connec-
tors, purchased from NKT Photonics (aerogain Flex 5.0). This fiber is end
pumped with a 30 W, 915 nm pump diode (nLight Element). After the sec-
ond dichroic mirror (D2), the beam is expanded to 4.2 mm (1/e2 diameter),
sent through another Faraday isolator, and compressed using a pair of poly-
mer transmission gratings (Wasatch Photonics) and a roof reflector (RM, or
retroreflector, two mirrors with a 90 degree angle, to change the beam hight
by two reflections). Below, we discuss these features in more detail and the
design decision processes behind them.

The coiled amplifier fiber is supported on a circular aluminum plate.
The pump end, where the optical power is the highest, is mounted in a
water-cooled copper clamshell assembly. Detailed drawings of the copper
clamshell can be found in the appendix. The seed end of the amplifier fiber
is screwed into an SMA connector (Thorlabs HFB001) mounted on a flexure
stage (Thorlabs MicroBlock MBT616D). The heavy copper mode-stripper as-
sembly of the fiber is further supported by shims placed on the flexure stage.
The output of the stretcher fiber and pump diode fiber are mounted on flex-
ure stages in similar fashion. For delivering the pump light, the pump diode
fiber pigtail is spliced onto the end of an AR coated multimode patch cable
(Thorlabs M105L02S-B). The pump light is launched counter-propagating
to the amplified seed light to reduce the accumulated nonlinear phase shift
(B-integral) in the amplifier fiber. Despite not being “all-fiber”, we have ob-
served consistent performance from this mechanical setup without alignment
for more than three years of operation.
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Figure 2.11: Photonic crystal fiber amplifier layout. Pulses from the oscillator
are stretched and amplified in a 5 m flexible PCF amplifier up to 11.3 W
average power without pre-amplification. Component lists can be found in
the appendix material. PC: polarization controller. D: dichroic mirror. L:
lens. PD: photodiode. RM: roof reflecting mirror. LPF: low pass filter. Vref

= reference voltage. G: grating. M: mirror. I: Faraday isolator. HWP:
half-wave plate
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2.3.2 Chirped pulse amplification results

The saturation power for the LMA PCF amplifier is more than 200 mW, and
many previously reported amplifier systems using these PCF amplifiers have
employed a fiber pre-amplifier with smaller mode area between the oscillator
and the PCF amplifier [61, 98, 96, 100, 101] in order to seed the power ampli-
fier at saturation. Since we are seeding the amplifier well below the saturation
power, a threshold-like behavior is observed in the amplified power vs. pump
power curves shown in Figure 2.12a), reducing the efficiency of the amplifier.
While this one-stage amplification scheme is less efficient, it is much simpler
because (1) there are no pre-amplifier components and (2) the pulses do not
have to be stretched as much to avoid nonlinearity, since all the high power
propagation is done in LMA fiber. A smaller stretching/compression ratio
allows for looser tolerances on matching the higher-order dispersion of the
stretcher and compressor. The 5 Watts of pump power wasted before the
amplifier reaches saturation are not really of consequence, due to the low
cost of high-power pump diodes.
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Figure 2.12: The chirped pulse amplification efficiency. The blue curve cor-
responds to the power measured before the grating compressor. The red and
yellow curve are powers measured with two different seed spectra and powers.

Two concerns with underseeding the amplifier are (1) noise due to am-
plified spontaneous emission (ASE), [55] and (2) catastrophic damage to the
amplifier fiber due to self-lasing and Q-switching. Regarding (1), despite the
expectation of increased ASE, the measured RIN spectrum of the amplified

37



light indicates that the main source of noise on the amplified light is due
to the pump diode RIN, not ASE. Regarding (2), while we do not know
what the lowest necessary seed power is to avoid catastrophic damage, we
can say that we have run this PCF amplifiers at 1060 nm for many hours
with seed powers as low as 10 mW without observing damage. We contin-
uously monitor the seed light with a fast (100 MHz bandwidth) photodiode
(PD) and a simple interlock circuit, shown in Figure 2.11, which immedi-
ately shuts off the pump diode in the event that the RF power from the
photodiode drops below a set threshold, indicating reduced power or loss of
mode locking. Pump diode drivers from VueMetrix Inc. shut off in less than
50 microseconds upon receiving an electronic signal, much shorter than the
energy storage time in Yb of approximately 1 ms [102].

Another feature of this amplifier system to note is the operating wave-
lengths. The amplified light is at 1060 nm and the pump light is at 915 nm,
whereas most ultrafast Yb amplifiers are pumped at 975 nm and amplify
light at 1030-1040 nm, where the absorption and emission cross sections are
largest [102]. We use 915 nm for the pump wavelength because the absorp-
tion feature at 975 nm is narrow, requiring tight control over the pump diode
wavelength for efficient pumping. While the absorption cross section at 915
nm is three times lower, the absorption maximum there is also much broader,
which loosens the requirements for controlling the pump diode wavelength,
and thus temperature, considerably. With the long 5 m PCF, more than
90% of the pump light is still absorbed. For the amplified wavelength, we
operate this laser at 1060 nm, far to the red of the Yb emission maximum,
because one can amplify with considerably less gain narrowing, and this has
also been employed in a few other linear CPA designs [61, 52]. Figure 2.13
shows the output spectrum of the amplified laser with more than 30 nm of
bandwidth.
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Figure 2.13: Comparison between the Yb: fiber oscillator spectrum and the
amplified light spectrum after the compressor.

A dispersion budget for the CPA system following the oscillator is shown
in table 2.1. The oscillator pulses are stretched to approximately 100 ps du-
ration in the fiber stretcher module and compressed to <100 fs after ampli-
fication using a Treacy-style compressor with 1250 groove/mm transmission
gratings (Wasatch Photonics). We measure an overall compressor efficiency
of 77%, corresponding to a diffraction efficiency of (77%)1/4 = 94%.

Component GDD (ps2) TOD (fs3) notes
Stretcher 1.65 -7.9×106

Amplifier 0.095 2.06×105 FS, Ltot=5 m
Isolators 0.011 6.6×103 TGG, Ltot=8 cm

Compressor -1.76 7.63×107

Table 2.1: Dispersion budget for the 1060 nm laser. FS = fused silica. TGG
= Terbium Gallium Garnet.

Figure 2.14 shows a second harmonic generation (SHG) frequency re-
solved optical gating (FROG) trace taken with the laser at full power using
a commercial FROG system (Mesa Photonics FROGscan Ultra). While a
free-space Offner-type stretcher [103] would allow for more tunability than
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the fiber stretcher module, and perhaps better compensation of higher order
dispersion, [104] it would also add substantial mechanical complexity and
cost. The fiber stretcher module is alignment-free, and we have observed
nearly transform-limited performance.
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Figure 2.14: The raw FROG trace and the retrieved pulse shape of the com-
pressed pulses compared to the transform limit calculated from the spectrum
in 2.13.

2.4 Phase coherence of Yb:fiber laser

An important judge of the laser performance is the intensity noise and, for
frequency combs, comb tooth linewidth. The linewidth of the heterodyned
beat is analyzed with an RF spectrum analyzer and found to be between 10
and 30 kHz as shown in 2.15. This is just a rough estimate of the comb tooth
linewidth from the beat of free-running Yb:fiber frequency comb laser and a
continuous Nd:YAG laser with 1 kHz linewidth. The beat intensity decreases
by about 3 dB when the RF spectrum analyzer resolution bandwidth is
decreased from 30 kHz to 10 kHz.
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Figure 2.15: The beat signal between the free-running Yb:fiber frequency
comb laser and a narrow linewidth cw Nd:YAG laser. The signal is measured
with different resolution bandwidth of RF spectrum analyzer.

The relative intensity noise spectrum of the amplified light and the oscil-
lator light are included in Figure 2.16.
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Chapter 3

Cavity-enhanced ultrafast
spectroscopy

The principle of pump-probe signal enhancement is described in chapter 1.
This chapter is dedicated to the technical details of cavity-enhanced ultrafast
spectroscopy.

3.1 Overview of CE-TAS experimental setup

A diagram of the CE-TAS setup is shown in Fig. 3.1. The foci of two
femtosecond enhancement cavities (fsEC’s) cross at an angle of ∼ 20 mrad
above a nozzle where sample molecules are introduced in a supersonic expan-
sion. Pump and probe pulses traverse the sample in the same direction to
avoid broadening of the temporal resolution due to the transit time through
the sample. High frequency modulation/demodulation techniques can still
be employed for signal recovery without penalty as long as the modulation
frequency is substantially lower than the cavity linewidths, but two compli-
cations arise in detecting the signal on the intracavity probe light. The first
is that while the probe cavity enhances the signal, it also increases the am-
plitude noise on the transmitted light since the probe cavity turns the laser’s
frequency noise into amplitude noise [105]. This is commonly encountered in
cavity-enhanced spectroscopy [23]. The second is that the supersonic expan-
sion flow speed is not fast enough to replenish the sample within one cavity
round trip, so that the sample is reused for approximately 3-10 pump-probe
sequences, and the probe pulse measures not only femtosecond signals from
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the excited population immediately preceding it, but also nanosecond signals
from several preceding pump pulses. This problem is unique to CE-TAS.
Coherent molecular motion can be suppressed on nanosecond time scales by
collisions with carrier gas [106] or the natural decay of the excited state (the
likely case for most molecules of interest to ultrafast spectroscopy), but still
a large ground-state bleach signal is expected to persist.

Yb:�ber laser

delay path

Function 
Generator

+
-

Autobalancing
Detector

Fast EOM
Servo

Slow f
Servo

0

Lock-In
Ampli�er

PZT 
Servo

Molecular Beam

PZT

Probe
Pump

Reference

Vacuum Chamber

Frequency conversion

Translation 
Stage

3.2 kHz

Figure 3.1: Schematic of the CE-TAS system. Ultrafast transient absorption
experiments are performed in a molecular beam at the common focus of
two optical resonators, one for the pump pulses and another for the probe
pulses. Delayed counter-propagating reference pulses are used for common
mode noise subtraction. The beams are color coded for clarity. More details
are described in the main text.

We solve both of these problems by coupling a counter-propagating ref-
erence pulse train to the probe cavity and recording the difference between
probe and reference pulses using an autobalance detector (Nirvana 2007,
Newport, Inc.). The pulse sequence at the molecular sample is illustrated in
Fig. 3.2a. The probe and reference pulses share common mode noise, but
different signals. The probe pulse arrives shortly after the pump and records
the femtosecond signal of interest, while the reference pulse arrives 6 ns later
and samples the persistent bleach signal. Counter-propagation allows the
reference beam to be easily separated from the probe beam in the ring cavity
geometry and also reduces the concern for any parasitic coherent excitation it
might produce, since this is effectively smeared out in time. Noise reduction
is shown in Fig. 3.2b, where subtraction of the reference pulse reduces the
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relative intensity noise (RIN) on the intracavity light by more than 40 dB at
the modulation frequency, allowing small signals to be recovered.
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Figure 3.2: Noise subtraction. (a), Pulse sequence at the molecular sample.
The probe and reference share common mode noise but sample different
molecular signals. (b), Intracavity relative intensity noise (RIN) spectrum
with and without subtraction of the reference pulse train. More than 40 dB
of RIN can be suppressed. With the introduction of sample molecules, the
signal at the pump modulation frequency of 3.2 kHz is observed.
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3.2 Two cavity operation

3.2.1 Coupling one frequency comb to two cavities

In cavity-enhanced ultrafast spectroscopy experiments, we have one cavity
for the pump and another cavity for the probe. It is highly unlikely that the
carrier-envelope offset frequencies of the two cavities are the same since the
f0 is determined by the dispersion of the cavity mirrors. Moreover, in the
ultraviolet pump and tunable visible probe experiments described in Chap-
ter 5 - 7, the probe cavity dispersion is not constant across the whole tuning
range. However, the pump and probe combs originate from the same fre-
quency comb laser, which has only one fo. We could tune the fo of laser by
tuning the laser oscillator intracavity dispersion to match either the pump
or the probe cavity. To match the frequency comb laser’s fo to both cavities,
we use different strategies in different experiments. The frep of all cavities
can be done by matching the cavity lengths.

In the cavity-enhanced transient absorption experiment in iodine, both
the pump and probe cavity are resonant for 529 nm. The cavity mirrors
are simple quarter-wave stacks for this wavelength, which has low GDD at
the design wavelength but a small available tuning range. The f0 matching
problem is solved by insertion of a ∼ 150 µm fused silica microscope cover slip
at Brewster’s angle in the pump cavity. Different cover slips were tried until
one with the correct thickness was found. The fo problem in the uv/tunable
visible experiment is solved by using an optical parametric oscillator and the
details are included in Chapter 5.

Both pump and probe cavities are mounted on an optical platform housed
in a 2 ft. by 4 ft. rectangular vacuum chamber. The geometrical parameters
of the pump and probe cavities (e.g., focal lengths, spot sizes) were chosen
considering ease of alignment, interaction length in the sample, and the con-
straint that the cavities fit in this chamber. Overlap of pump and probe
beams at the sample is obtained by aligning both cavity modes through a
100 µm diameter pinhole placed near the plane of the nozzle. This align-
ment cannot be optimized in-situ with the current mechanical design, but
this could be accomplished by motorizing the pump cavity mirrors. Once
the alignment of the two cavities are set, the pump-probe signal size is re-
producible. However, the absolute signal size has a strong dependence on
the pump-probe overlap, so realigning the pump and probe cavities usually
results in a different absolute signal size.
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3.3 Locking the pump and probe cavities

To keep pump and probe cavities on resonance for the experiment, we lock
both cavities to the frequency comb laser. They are stabilized in different
ways and schematically shown here.

3.3.1 “frep lock” of probe cavity

We use a two-point Pound-Drever-Hall (PDH) technique [107, 108] to lock
the comb to the probe cavity. A schematic is shown in 3.3. The laser light is
phase modulated at 2 MHz with an Electric-Optical Modulator (EOM) in the
oscillator cavity at a modulation depth of 0.0074π. The modulation depth is
calculated using the ratio of the modulation signal voltage sent to the EOM
to the half-wave voltage of this EOM. The oscillator light is amplified and
frequency converted to the desired wavelength, then sent to the probe cavity.
The reflection from the cavity is the interference between the reflection from
cavity input coupler and the transmission of intracavity light. The beam is
dispersed by a grating onto two photodiodes, one for the “frep lock” and the
other for “fo lock”. The photodiode (PD1) signal is mixed with 2 MHz sine
wave in mixer 2, and this is the same frequency and waveform as the phase
modulation signal sent to the EOM in the oscillator cavity. After passing
two 1.9 MHz low pass filters (low pass filter 4), the 90 MHz laser repetition
rate and the 4 MHz image frequency are eliminated, and this signal is used
as the error signal for PDH lock. An example PDH error signal is shown in
Figure 3.4. The error signal is sent to a PI2D style loop filter (D2-125 Vescent
Photonics), which has adjustable corner frequencies for the integrators and
differential circuit. The servo output signal (Servo Out) is amplified in a
high voltage amplifier and then combined with the 2 MHz modulation sine
wave in a bias tee circuit. The combined signal is sent to the EOM in the
oscillator cavity. The other output of the loop filter is the auxiliary output,
which is an integrated servo output signal. This signal voltage is amplified in
a homebuilt Piezoelectric transducer (PZT) driver circuit then sent to a PZT
mounted in the manual stage for a plane probe cavity mirror. The feedback
to EOM is fast but has limited travel, so the PZT is used to correct the slow
drift of the probe cavity length.

This lock could also be done by locking the probe cavity to the frequency
comb. One of the probe cavity mirrors was glued to a bullet style copper
mount adapter as in [109]. A 2 mm thick PZT is glued to the back of one
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cavity mirror and the servo output signal is sent to the 2 mm thick PZT
instead of the EOM. More servo bandwidth could be obtained using the
EOM, allowing a higher gain at lower frequency. Using the PZT in the probe
cavity locks the cavity but the intracavity noise is higher than locking the
comb to the cavity.
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Figure 3.3: The schematic of “frep lock” of probe cavity. EOM: electrical
optical modulator. PD: photodiode. PID: proportional-integral-derivative.
Aux out: auxiliary servo output.
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Figure 3.4: An example PDH error signal (blue trace) and cavity transmission
signal (yellow trace) recorded by an oscilloscope.

3.3.2 “fo lock” of probe cavity

The fo is locked in a different way from frep. As we mentioned earlier, the
dispersed probe cavity reflection beam are split by a D-shaped mirror. We
record the reflected beam off the D-shaped mirror with another silicon photo-
diode PD2 and filter with a 1.9 MHz low pass filter to remove the repetition
rate of the laser and the image frequency at 4 MHz. The filtered detector
signal is mixed with the EOM modulation sine wave in mixer 1. This error
signal has a similar waveform as the “frep lock” error signal. The error sig-
nal is integrated with a homebuilt integrator and amplified by a homebuilt
piezo electric actuator driver to drive a ring shaped piezo transducer glued
to the back of a transmission grating in the oscillator. The fixed points of
the grating actuation is near the optical frequency whereas the fixed point
for a pure fo shift is at infinity. Changing the grating separation effectively
changes the fo while it has a much smaller influence on the repetition rate as
discussed in section 2.1.4. This transducer characterization for tuning fo and
frep is shown in Chapter 2.
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Figure 3.5: The schematic of “fo lock” of probe cavity.

3.3.3 “Side-of-line” lock for pump cavity

In the spectroscopy experiment, we modulate the pump cavity at a few kHz
for lock-in detection of the pump-probe signal. One way to do this could
be to modulate the light incident on the pump cavity, for example with a
mechanical chopper. However, this would make locking the pump cavity to
the pump comb difficult since the intensity of the incident light is changing (or
even vanishing in the case of a chopper). Instead, we intentionally detune the
comb/cavity coupling for the pump cavity and use this detuning to modulate
the intracavity pump power. This is done with a “side-of-line” lock method
illustrated in Figure 3.6. Here the pump cavity transmitted light is used as
the error signal and the servo feeds back on the cavity length to maintain an
intracavity power set by a DC offset in the servo loop. By modulating this
DC offset the intracavity power is modulated.
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Figure 3.6: “Side-of-line” lock for pump cavity. The red trace represents the
cavity transmission signal on a photodiode. The “lock point” is modulated
with a 3.2 kHz sine wave.

Figure 3.7 includes a more detailed setup for this modulated pump cavity
lock. The pump cavity transmission light is recorded with a silicon photodi-
ode. This detector signal is used as the error signal, which is sent to a laser
servo loop filter that’s identical to the one employed in the probe lock. By
sending a 3.2 kHz sine wave signal into the DC offset port, we modulate the
cavity lock point with a sine wave, as discussed above. To minimize the effort
required of the servo-loop, a “feed forward” sine wave of the same frequency
is also sent from the function generator and added to the servo output in the
line driver amplifier circuit. The relative phase of the two sine waves is set
to minimize the amplitude of the 3.2 kHz signal at servo out. The servo-out
signal is further integrated and sent to a slow PZT to keep the fast PZT in
range in the same fashion as the probe cavity.
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Figure 3.7: Pump cavity lock schematic.

3.4 Sample delivery pumping system

3.4.1 An overview of the molecular beam setup

The pump and probe cavities overlap at the focus and the angle in between
is minimized to ∼ 1.5◦ to maximize the overlap interaction length at focus.
The molecule-of-interest is delivered to the overlap of pump and probe cav-
ities in a molecular beam. The supersonic expansion is formed by flowing
about 300 to 1000 Torr of carrier gas to the vacuum chamber through a noz-
zle. Different nozzles and pumping setups are used in different experiments.
For the experiment in I2 described in the following chapter 4, a schematic
of the vacuum setup is shown in Figure 3.8. The sample molecules in the
reservoir cell is picked-up by the carrier gas and delivered to the overlap of
pump and probe cavities through a small nozzle. The roots pump EH1200
and the roughing pump E2M80 (Edwards, Inc), generously provided by Pro-
fessor Trevor Sears, handles the gas throughput from the molecular beam
jet. The pressure in the chamber is maintained at a few mTorr by the turbo
pump (OSAKA, TG900) attached to the chamber. A home-designed dry ice
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cold trap is used to effectively pump the I2 in the chamber to mitigate the
contamination of cavity mirrors without pumping the carrier gas.
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Figure 3.8: Sample delivery setup. Pump: pump cavity. Probe: probe cavity.

To apply cavity-enhanced ultrafast spectroscopy to neutral clusters formed
in molecular beams, we need to have higher throughput than the setup used
in the I2 experiment. Multiple changes are implemented to the vacuum setup
and a brief sketch of current vacuum setup is shown in Figure 3.9. The turbo
pump that was attached to the vacuum chamber is removed from this setup.
In the carrier gas line, a mass flow controller is installed to keep the flow
rate constant so the supersonic expansion is reproducible. The supersonic
expansion is pumped out by the roots pump EH4200 (Edwards, Inc). The
smaller roots pump EH1200 and the roughing pump E2M80 (Edwards, Inc)
are used as the backing pump for EH4200. For running a UV cavity in the
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chamber, we also continuously flow oxygen to the mirrors and backfill the
chamber with argon to eliminate contamination problem of the cavity mir-
rors. A more detailed vacuum setup for the UV cavity is included in Chapter
5. A residual gas analyzer is installed to analyze the molecules in the su-
personic expansion. The details about the gas detection using the RGA is
included in a later subsection.
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Figure 3.9: Sample delivery setup. Pump: pump cavity. Probe: probe cavity.
RGA: residual gas analyzer.

3.4.2 Vacuum pumping calculation

Roots pumps are used for this vacuum setup to maintain operation of a
continuous nozzle. Since the pump-probe experiment is done at the repetition
rate of the frequency comb laser, which is between 87 MHz to 100 MHz in
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this thesis, we use a continuous nozzle since this is a too high frequency for
a mechanically pulsed nozzle. Using pulse nozzles could reduce the gas load
but also reduces the duty cycle of the experiment. All nozzles in this thesis
are continuous. Therefore, the vacuum pumps are designed to handle a high
throughput but we do not need high vacuum levels. The molecules experience
supersonic expansion from carrier gas backing pressure P0 to the vacuum
chamber Pb. The chamber pressure Pb will limit how cold the molecules
could get and how far from the nozzle we reach the shock wave boundary
condition. The mach disk location can be calculated with Eqn. 7.6, where
xm is the mach disk location and d is the diameter of a round nozzle or the
width for a slit nozzle [110]. In the work described in this thesis, we have
nozzles of different sizes and shapes for different experiments. The smallest
round nozzle used for the experiments has a diameter of 500 µm and the
narrowest slit nozzle has a width of 200 µm. With a backing pressure at
760 Torr, to get a mach disk at 5 mm away from the slit nozzle, the highest
chamber pressure is calculated to be 546 mTorr.

xm
d

= 0.67 · (P0

Pb
)1/2 (3.1)

The lowest chamber pressure we could achieve depends on the throughput
from the continuous nozzle and the pumping speed. To calculate the ultimate
chamber pressure we could get with these pumps, we need the throughput
from the nozzle and the effective pumping speed. The throughput in a free
jet source is expressed as Eqn. 3.2. [111]

Q = C(
Tc
T0

)

√
300

T0

(P0d)d (3.2)

Tc is the vacuum chamber temperature in K, T0 is the nozzle temperature
in K, P0 is the backing pressure in torr, d is the nozzle diameter for round
nozzles in cm. Numerical values of C depend on the gas species. CHe is 45
L/cm2/s and CAr is 14 L/cm2/s. The d2 is equal to 4A2/π and A is the
nozzle area. For the 200 µm wide and 5 mm long slit nozzle, A is 0.01 cm2.
Assuming the chamber temperature is 300 K, backing pressure P0 is 760 Torr,
we could get the throughput QHe is 435 Torr·L/s and QAr is 135 Torr·L/s.

The pumping speed of EH4200 is 2935 cubic foot per minute (cfm), or
1386 Liters/s. EH1200 pumping speed is 845 cfm, or 399 L/s. E2M80 pump-
ing speed is 56.5 cfm = 27 L/s. The effective pumping speed of EH4200 with
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a backing pump of E2M275 (pumping speed: 206 cfm) is 1825 cfm. We use
the EH1200 and E2M80 together as the backing pump, which has a backing
speed of 495 cfm. Thus, it is reasonable to assume the effective pumping
speed of EH4200 to be 2120 cfm (1000 L/s). Without including the conduc-
tance of the pipe connecting the vacuum chamber to the pumps, we get the
pipe pressure as

Pb =
Q

Spump
(3.3)

The pipe pressure is 435 mTorr for He and 135 mTorr for Ar. However, we
need to verify the pipe conductance does not have a significant effect on this
pressure.

Before we calculate the pipe conductance, we need to determine the flow
regime in the pipe. The carrier gas we use is He or Ar. The mean free path
can be calculated by Eqn. 3.4.

λ =
1√

2πd2
0n

=
kT√

2πd2
0P

(3.4)

d0 is the diameter of the molecule, n is number density, k is Boltzmann
constant, T is temperature and P is pressure. Diameter of He is 0.218 nm
and of Ar is 0.364 nm. [112] The mean free path could be simplified to the
following equations.

λHe =
0.014 [cm]

P [Torr]

λAr =
0.0053 [cm]

P [Torr]

(3.5)

At the pipe pressure of 100 mTorr, λHe is 0.15 cm and λAr is 0.053 cm.
The Knudsen’s number Kn is calculated with the mean free path and the
pipe inner diameter D. Kn-He is 0.15 cm/25.4 cm = 0.0059 and Kn-Ar is 0.053
cm/25.4 cm = 0.0021. For Kn < 0.01, the flow is continuous and the gas-gas
collision is the dominant collision. [112]

Kn =
λ

D
(3.6)

In continuum flow regime, the conductance of long round pipes are expressed
as Hagen-Poiseuille equation3.7. P1 is the upstream pressure, P2 is the down-
stream pressure, D is the pipe diameter, η is viscosity and Q is throughput.

C =
Q

P1 − P2

=
πD4

128ηl
· P1 + P2

2
(3.7)
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For Helium at 300 K, η is 19.9×10-6 Pascal·s. QHe is 435 Torr·L/s, pipe
length l is 5 meters, pipe diameter D is 25.4 cm. Assuming the P1 and P1

are the same, e.g. 435 mTorr for the sum term to begin, we could get P1-P2

= 1 Pascal = 7.5 mTorr. This verifies that the upstream and downstream
pressures are very similar. The conductance of the pipe is calculated to be
5.9×104 L/s.

The effective pumping speed Seff is then calculated using Eqn. 3.8

1

Seff
=

1

S
+

1

C
(3.8)

The effective pumping speed is 983 L/s. The pipe pressure is then 443 mTorr,
so reduction of pumping speed from the pipe conductance is negligible. At
this pressure, the mach disk location is 5.6 mm away from the nozzle. This
still sufficient for forming clusters in a supersonic expansion for some exper-
iments explained in Chapter 7.

We experimentally measured the pipe pressure with supersonic expansion
of He from the slit nozzle with this pumping setup. With a backing pressure
of 660 Torr, the pipe pressure is 178 mTorr. This is measured without the
mass flow controller installed in the line. The discrepancy with theory could
be caused by several reasons, such as the pressure measurement is off since the
pressure gauges are not calibrated, the actual nozzle opening is smaller than
the design, or the pumping speed is higher than the calculation considering
the estimation for EH4200 pumping speed is conservative.

3.4.3 Sample molecule detection with the residual gas
analyzer

One diagnostic we have for the sample delivery in the supersonic expansion
is a mass spectrometer in an residual gas analyzer (RGA). A 2 inches long
stainless steel tubing with 1/8” inner diameter is used to sample the su-
personic expansion exhaust line in the pipe. The pressure in the RGA is
maintained to be lower than 10-6 torr for operating the electron multiplier
in the RGA. A turbo pump (Leybold 90i) is used here to pump out the
RGA. An example mass spectrum of 1-hydroxy-2-acetonaphthone molecule
3.10 is included. The signal drops to below the noise floor when the carrier
gas for the supersonic expansion is closed. With this diagnostic, we are able
to confirm the presence of sample molecules. This becomes a critical index
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particularly when we are setting up a new experiment and searching for the
pump-probe signal.
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Figure 3.10: Mass spectrum of 1-hydroxy-2-acetonaphthone measured with
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Chapter 4

CETAS on I2 and I2:Ar clusters

To demonstrate cavity-enhanced ultrafast spectroscopy, we chose to study
gas-phase molecular iodine (I2) excited to the B 3Π0+u

state. The B state of I2

has been extensively studied using both time-resolved and static spectroscopy
[106, 113, 114] and thus is a good candidate for testing this new technique.
A representative pump spectrum is included in Figure 4.1 with transition
energies to vibrational states onB-state fromX-state highlighted. Excitation
to the bound B-state potential energy surface launches a vibrational wave-
packet. In our experiment with pump and probe at the same wavelength,
we expect to observe a bleach of the ground state absorption along with
stimulated emission occurring when the wavepacket returns to the Franck-
Condon region, as shown in Fig. 4.2a.
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Figure 4.1: A representative optical spectrum of pump intracavity light.
Each vertical line corresponds to an energy difference between a vibrationally
excited state on the B-state and the zero point energy on X-state of I2.
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(a) The potential energy diagram of iodine. For simplicity, only the zero point
energy and ν = 33 vibrational states on the B-state are labeled in this figure.
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(b) The B-state potential energy curve with relevant vibrational states represented
by horizontal lines. The pump spectrum is centered at 529 nm and primarily
excites I2 to three states around ν = 33 state.

Figure 4.2: The potential energy diagram of I2 [115, 116] with arrows illus-
trating the pump and probe measurement.

Vibrational energies between ν=31 state and ν=35 are listed in Fig. 4.3
below. [117] The beat frequencies and corresponding periods are calculated
and included in Fig. 4.3b.
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ν’ Wavenumber [cm-1] Wavelength [nm] Frequency [×1014 Hz]

31 18766.8672 532.8540 5.6262

32 18833.9309 530.9566 5.6463

33 18898.8899 529.1316 5.6675

34 18961.7422 527.3777 5.6846

35 19022.4879 525.6936 5.7028

(a) Selected vibrational energies of I2.

Beating states Beat frequency [THz] Period [fs]

ν’=34 & ν’=35 1.8211 549.1

ν’=33 & ν’=34 1.8843 530.7

ν’=32 & ν’=33 1.9474 513.5

ν’=31 & ν’=32 2.0105 497.4

ν’=33 & ν’=35 3.7054 269.9

ν’=32 & ν’=34 3.8317 261.0

ν’=31 & ν’=33 3.9579 252.7

ν’=32 & ν’=35 5.6528 176.9

ν’=31 & ν’=34 5.8422 171.2

ν’=31 & ν’=35 7.6633 130.5

(b) Calculated beat frequencies and oscillation periods.

Figure 4.3: Tabulated vibrational energies between ν=31 and ν=35 on the
B-state and the calculated beat frequencies.

4.1 Experimental setup

4.1.1 Frequency comb laser

Experiments are performed with the home-built 87 MHz Yb:fiber laser sys-
tem described in Chapter 2. The oscillator’s net cavity group delay dispersion
(GDD) is tuned to near zero GDD, but slightly anomalous, to give the qui-
etist operation with a roughly 30 kHz free-running comb-tooth linewidth.
The 9 W of 1060 nm frequency comb laser described in Chapter 2 is fre-
quency doubled in a BBO crystal of 0.5 mm thickness. The crystal has a
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cut angle of 22.8◦ for type I phase matching of second harmonic generation
at 1064 nm. The measured frequency doubling efficiency is 20%. The green
beam goes through a beam splitter and about 80% of the power is sent to
the pump cavity and the 20% goes the probe and reference.

4.1.2 Pump and probe cavities

The probe cavity is a nominally impedance matched four-mirror bow-tie ring
cavity with two 50 cm radius of curvature concave mirrors. The two curved
mirrors are ion beam sputtered high reflectors and the two plane mirrors
are magnetron sputtered high reflectors that have a higher scattering loss
than the curved mirrors. We measured the probe cavity finesse using a ring-
down technique, as described in [37]. The result is shown in Figure 4.4. The
measurement is taken by sweeping the cavity length over resonance faster
than the cavity recovery time and recording the cavity transmission light
with a fast photodiode. Using Eqn. 4.1, where l is the cavity length and P
is optical power on the detector, the cavity finesse could be derived from the
ring-down trace [26].

P (t)

P0

= e−
2πc
lF t (4.1)

Our cavity length matches the frequency comb laser repetition rate of 87.4
MHz. The ring-down times based on the fitting of these measurements spread
between 0.64 µs and 0.70 µs. The cavity finesse is calculated to be between
353 and 384 with a mean value of 370. The absorption enhancement factor of
approximately 120. The intracavity focus is calculated to be 70 µm FWHM.
The cavity is locked with the two point Pound-Drever-Hall method described
in Chapter 3.
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(a) Multiple ring-down measurements of the probe cavity.

-4 -3 -2 -1 0 1 2 3 4
t [us]

0

0.2

0.4

0.6

Ph
ot

od
io

de
 v

ol
ta

ge
 [V

]

0 0.5 1 1.5 2
t [us]

-4

-3

-2

-1

0

lo
g(

V)

Data
Fit

(b) One example ring-down. The bottom figure shows the natural logarithm of
photodiode signal in the time interval labeled by black vertical lines in the middle
figure. The linear fit is acquired using least squares fitting. The ring-down time
for this measurement is 0.67 µs and a resulting cavity finesse is 367.

Figure 4.4: The figure shows the ring-down measurements of probe cavity.
The cavity finesse concluded with these measurements is 370 ± 12.
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The pump cavity is a four-mirror bow-tie ring cavity with a 110 µm
focus formed by 75 cm radius of curvature mirrors. The pump cavity is
strongly overcoupled [26], with the loss dominated by the 3% transmission
of the input coupler. Calculations indicate that for the low finesse (∼ 200)
employed here, when the pump cavity’s f0 is the same as the laser’s, changes
in the intracavity pulse shape and delay are negligible as the intracavity
pump power is modulated in this way. The pump cavity’s f0 is matched to
the probe cavity by inserting a ∼ 150 µm thick cover slip at Brewster’s angle
in the pump cavity. The pump beam polarization is rotated by inserting a
wave plate in the pump beam and re-orienting the intracavity cover slip.

4.2 Transient absorption measurement results

and analysis

For introducing the I2 sample, He or Ar carrier gas is passed through a room-
temperature teflon pick-up cell containing glass wool coated in solid iodine
powder and then expanded into vacuum through a 700 µm diameter nozzle.
To decrease the amount of I2 in the experiment, we merge this flow with a
separate stream of pure carrier gas that bypasses the pickup cell, diluting the
I2 concentration. All components in the gas handling system downstream of
the pickup cell, including the nozzle, are made of teflon to prevent undesired
chemistry. The stagnation pressure was varied between 200 Torr and 760
Torr and the laser beams cross approximately 1 mm above the nozzle. The
molecular beam is directed into a roots pumping system while the chamber
pressure is maintained below 7 mTorr by a turbo-molecular pump and dry
ice-cooled cold trap as shown in Figure 3.8.

Data is recorded by scanning the external delay stage and recording the
subtracted signal (probe−reference) with a lock-in amplifier (SR830, SRS
Inc.), generously provided by Professor Michael White. Typical pump-probe
traces from a He-seeded expansion for both parallel and perpendicular po-
larizations are shown in Figure 4.5. Coherent oscillations of the B-state
wavepacket are observed on top of a ground state bleach signal. A difference
between parallel and perpendicular signals is observed near time zero and
also at long delays around ∼110 ps. The rotational constant B in equilib-
rium position of I2 at B state is 0.037 cm-1. The revival time is T = 1/(2Bc)
= 450 ps and 110 ps is about a quarter of the revival time. The ground
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state bleach and vibrational beat pattern slowly decay at long delays. The
pressure broadening of I2 has been measured to be 3.6 MHz/Torr for half-
width at half maximum in He [118]. With a He carrier gas pressure of ∼
500 Torr, the excited I2 has a lifetime of about ∼ 44 ps. Since the pressure
in the interaction region is lower than the backing pressure, the excited I2

population decay due to the He pressure is longer than the estimated 44 ps
and this is roughly consistent with the timescale at which the ground state
bleach and vibrational beats decay in the measurement.
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Figure 4.5: Measurements of a molecular wavepacket in theB 3Π0+u
state of I2.

Stimulated emission occurs when the molecule returns to the Franck-Condon
region. Three vibrational states near v = 33 on the B-state surface are pre-
dominantly excited, giving rise to the observed vibrational beating pattern.
Rotational motion causes a rapid decay of the polarization anisotropy. The
perpendicular polarization data was taken under different conditions for the
pump cavity and has been multiplied by 3.2.

The pump-probe trace with parallel polarizations in Figure 4.5 is Fourier
transformed to a power spectrum shown in Figure 4.6. The vertical lines in
all these spectra represent calculated quantum beat frequencies. Since the
spectroscopy of I2 has been done to very high precision, the beat frequency
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can be used to calibrate the step accuracy of the pump-probe delay stage
actuator. A factor of 0.9965 is multiplied to the time-delay of pump-probe
measurements to overlap the power spectrum peaks with the calculation.
This is within the specifications of the step motor manufacturer’s quoted
step size uncertainty.
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Figure 4.6: Fourier transform of the transient absorption measurement of I2.
Each vertical line corresponds to a vibrational beat frequency included in
Fig. 4.3.

The enlarged views of the power spectrum density in Figure 4.7 show that
the Fourier transform of measured transient absorption spectrum aligns well
with the expected oscillation frequencies [114, 106].
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Figure 4.7: Detailed power spectra near the expected beat frequencies.
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Since the pump spectrum is centered around 529 nm, excitation to ν=32,
33 and 34 are predominant. The vibrational dephasing period is calculated
with Eqn. 4.2 using beat frequencies from Fig. 4.3 to be 15.8 ps, which is
consistent with the measurement in Figure 4.5.

T =
1

fν32&ν33 − fν34&ν33

(4.2)

The right y-axis of the transient absorption spectrum in Figure 4.5 shows
the fractional change in the transmitted light intensity (∆I/I) determined
from the DC photocurrent at the autobalance detector (Nirvana 2007, New-
port Inc.) and the calibrated lock-in gain. According to the manual of the
lock-in amplifier (SR830, SRS Inc.) The lock-in amplifier output voltage is

Lock-in output = (Signal/Lock-in sensitivity−Offset)×Expand×10V (4.3)

With Expand = 1 and offset = 0, the change in the probe cavity transmission
intensity is calculated with

∆I = Lock-in output× Lock-in sensitivity

10
×Lock-in overlap integral (4.4)

Since the lock-in multiplies the signal with a pure sine wave at lock-in ref-
erence frequency and measures the single Fourier component (sine) of the
signal, the lock-in overlap integral term is included in calculating ∆I. For
example, if the signal is a peak-to-peak 2V square wave S(t), the square wave
can be rewritten as a composition of many sine waves.

S(t) = 1.273sin(ωt) + 0.4244sin(3ωt) + 0.2546sin(5ωt) + . . . (4.5)

ω = 2πf , where f is the reference lock-in frequency. The measured signal is
1.273sin(ωt). ∆I/I is calculated with

∆I

I
=

∆I

DC
(4.6)

The left y-axis shows the change in the molecular ensemble’s optical density
(∆OD), calculated from ∆I/I and the measured cavity finesse via

∆OD = − log10(e)
π

Fprobe
∆I

I
(4.7)
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Systematic uncertainty regarding these quantities is estimated to con-
tribute less than 20% error to the y-axis calibration. The uncertainty in
the probe cavity finesse measurement as shown in Figure 4.4 is only about
∼ 3%. The largest uncertainty contribution is from whether the cavity is
impedance matched or not. This probe cavity mirrors include two partial
reflectors and two high reflectors. The cavity had a finesse of ∼ 700 and
operated in the impedance matched configuration before the experiments of
I2. At the time of taking the measurements on I2 reported here, the cavity
finesse decreased significantly to about 370. The decrease in cavity finesse
is a result of I2 contamination of the mirror coatings. With the ring-down
measurements, it is unclear if the reflectivity decrease of partial reflectors and
high reflectors are equivalent. In other words, we are not able to conclude
if the cavity is still impedance matched for these measurements. However,
the signal enhancement factor is rather insensitive when the cavity is close
to impedance matched and we conservatively estimate a 20% uncertainty in
the cavity enhancement factor.

For long delay scans, CE-TAS enjoys a practical convenience that pump/probe
overlap is determined solely by the spatial modes of the pump and probe
fsEC’s, and is therefore insensitive to the translation stage position or align-
ment. If high-pressure argon is used as the carrier gas, a large coherent
transient with a FWHM of 120 fs is observed before the oscillatory signal
as shown in Figure 4.9 and this is used to estimate the temporal resolution.
This is consistent with the observed rise time of the ground state bleach sig-
nal as shown in Figure 4.16 (a), where the pump-probe delay step size is 50
fs.
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Figure 4.8: Transient signal at timezero of I2 in Ar-seeded supersonic expan-
sion. The two arrows indicating 120 fs apart at FWHM in the figure is for
eye-guiding.

The I2 in Ar measurement is also used to determine the zero of the delay
axis by using the large transient signal from I2 and Ar. This large transient
timezero signal is only observed with Ar as the carrier gas, but not with He.
Depending on the alignment, this transient signal with both positive and
negative signs have been observed. The temporal spacing between the first
peak and the time-zero transient is 530.7 fs, corresponding to the strongest
beat between ν=33 and ν=34.
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Figure 4.9: Time zero calibration with the transient absorption signal of I2

in Ar-seeded supersonic expansion.

An additional concern with the CE-TAS scheme arises from the potential
distortion of the intra-cavity pulse shape due to absorption from background
gas in the vacuum chamber. This is particularly true for a molecule like
I2, with sharp spectral features that can cause the probe pulse to develop
a wake. Indeed, when flowing large amounts of I2 gas, we observe a small
oscillatory signal before time zero due to this wake. The appearance of
this signal coincides with the onset of I2 absorption lines becoming barely
visible in the intracavity light optical spectrum (Fig. 4.10(c)). This artifact
becomes negligible when the I2 flow is reduced, as shown in Fig. 4.10(b). As
in other forms of cavity-enhanced spectroscopy, the total absorption of the
analyte should be kept small with respect to the cavity mirror losses to avoid
distortions of the signal.
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Figure 4.10: (a), Cavity-enhanced transient absorption measurements in I2.
The parallel polarization and perpendicular polarization traces are the same
as in Fig. 4.5. The blue trace is measured with less iodine by diluting the
I2 concentration in the beam by merging the flow from the pickup cell with
pure carrier gas. If the partial pressure of I2 in the vacuum chamber gets
too high, an artifact of the CE-TAS scheme is visible before time zero due to
distortion of the intracavity pulses. This artifact is effectively eliminated by
reducing the gas flow. (b), A zoom-in view of the traces in (a) before time
zero. (c), The intracavity light spectrum is also visibly distorted when the
artifact appears.

Another potential issue with CE-TAS instrument is that the molecular
beam flow speed is not high enough to replenish the sample at 90 MHz. In
the molecular beam setup with He as the carrier gas, the maximum flow
speed of He can be calculated with [111]

V =

√
2R

W
(

γ

γ − 1
)T0 (4.8)

R is the gas constant, W is the molecule’s molecular weight, γ is 5/3 for
He in a supersonic expansion from a round nozzle and T0 is the carrier gas
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temperature. For He, the highest flow speed can be 1766 m/s. If we assume
the I2 flow speed is 1000 m/s, it takes 110 ns for the molecular beam to flow
through the pump cavity focus (w is 95 µm). For pulses at a repetition rate of
87.4 MHz, the time interval between pulses is about 11.5 ns. In other words,
the molecules are estimated to get excitations from 10 pulses on average.

Here we include an estimation of the pump excitation ratio in I2 with
10 W pump power at 87.4 MHz repetition rate. The pump peak fluence in
photons/cm2 is

J =
2Ppump

πw2frephν
(4.9)

The pump cavity is focused to a beam radius of w = 95 µm. When excited
at 530 nm, the absorption cross-section of I2 is 3 × 10−18 cm2. [119] The
excitation ratio is calculated to be η = Jσ = 0.65%. At the highest pump
powers (∼ 50 W), we estimate that the pump pulse excites about 3.2 percent
of the I2 molecules.

As mentioned in Chapter 3, the light in pump cavity is modulated by
modulating the lock point with a sine wave. The modulation depth is not
100% and the pump cavity transmission is a slightly distorted sine wave
as shown in Figure 4.11. Each time the pump cavity re-locks, the pump
cavity transmission has a slightly different waveform. As a result, the overlap
integral between the pump power and a sine wave requires calibration each
time the pump cavity locks. A second lock-in amplifier is now installed to
record the pump cavity transmission to eliminate this problem for future
experiments.

Figure 4.11: Two example pump cavity transmission waveforms. The blue
traces are the pump cavity transmission signals recorded by a silicon photo-
diode. The yellow traces are the error signals for the pump cavity lock.
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We took a series of measurements on I2 in He-seeded supersonic expan-
sion with an average pump intracavity power between 1.0 W and 20.3 W and
all traces are shown in Figure 4.12. The average pump intracavity power was
adjusted by sliding a neutral density filter in the cavity transmission beam
for the lock error signal. All the other conditions, such as the pump modu-
lation depth, are kept close to be the same with our best effort. The ground
state bleach signal size shows no significant increase for pump powers higher
than ∼ 10 W. The ground state bleach signals between 5.5 ps and 7.5 ps are
averaged and included in Figure 4.13. As we calculated earlier, 10 W pump
power corresponds to a single pass excitation fraction of 0.65%. The mea-
surements are taken at 1 mm above the supersonic expansion nozzle, where
the flow speed of gas is slower than V given by eqn. 4.8. The I2 molecules can
potentially excited by more than 10 pulses to a resulting excitation fraction
higher than 6.5%. Still, the saturation of signal at this excitation ratio is sur-
prising and these measurements should be repeated. Further investigation,
varying the nozzle position, carrier gas, etc., should also be done.
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Figure 4.12: Transient absorption measurements with intracavity pump
power ranging from 1.0 W to 20.3 W.
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Figure 4.13: The mean of ground state bleach signal size between 5.5 ps and
7.5 ps pump-probe delay shows saturation of transient absorption at around
10 W pump power.

As shown in Figure 4.14, over this wide range of average pump intracavity
power, the shape of pump-probe signal remains unchanged.
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Figure 4.14: Transient absorption measurements with intracavity pump
power ranging from 1.0 W to 20.3 W. All traces are scaled to overlap.
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Another test of how the transient absorption signal size scales with the
pump power is measured with the probe light is coupled to the probe cavity
while the pump is not coupled to the pump cavity. In the pump beam path,
a chopper is used instead to modulate the pump power and the resulting
pump power has a square wave form.
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Figure 4.15: a). Transient absorption spectrum of I2 in He-seeded supersonic
expansion at pump powers from 301 mW to 700 mW. b). The height of the
peak at 0.5 ps pump-probe delay and the linear fit of the peak heights. These
data are taken with a chopper in the pump beam and no pump cavity.

By varying the pump power over a factor of 2, we verified that the pump-
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probe signal is linear to the pump power in this range. one thing to note when
comparing data taken with different setups is that I2 actually represents a
pathological case for this setup, in that the vibrational beat pattern depends
very sensitively on the pump and probe light spectrum and the vibrational
states probed.

4.3 Noise performance of cavity enhanced ul-

trafast spectroscopy

The noise performance of cavity-enhanced ultrafast spectroscopy is evaluated
in two independent ways. One is using the RIN measurement as presented
in Chapter 3 Figure 3.2. The probe light RIN data shown in Figure 3.2 is at
-125 dBc/Hz and the lock-in detection only detects the in-phase component,
so the noise is 3 dB lower. This gives a noise level in ∆I/I of 10−128/20/

√
Hz =

3.9 × 10−7/
√
Hz. Using equation 4.7 with F/π = 120, we get the noise in

terms of ∆OD is 1.4×10−9/
√
Hz, assuming white noise limited performance.

The other way we examined the noise performance of CE-TAS is as follow-
ing. We reduced the I2 flow as low as we stably could with the gas-handling
system of that time and recorded 60 consecutive scans over a 1 hour period.
Each scan, the data are taken for 0.5 s per delay point with perpendicular
polarizations and 50 fs step size, for a total accumulation of 30 s per point.
Figure 4.16(a) shows every 10th scan along with the average of the complete
data set. The error bars in Fig. 4.16(a) are the uncertainty in the mean, cal-
culated simply as the standard deviation of the 60 consecutive measurements
divided by

√
60. The error bars have a mean size of ∆OD = 2.0×10−10 aver-

aged over all delays with a standard deviation of 2× 10−11. White noise per-
formance is supported by an Allan deviation analysis, shown in Fig. 4.16(b)
with the slope of -1/2 on the log-log plot [26]. This then indicates a sensitivity
integration time of 2.0× 10−10 ×

√
30 s = 1.1× 10−9/

√
Hz. Considering the

very different ways these measurements are taken, this is excellent agreement.
We report the sensitivity to one significant figure as ∆OD = 1× 10−9/

√
Hz,

and our demonstrated detection limit in a practical transient absorption ex-
periment, where averaging time must be distributed over many pump-probe
delays, as ∆OD = 2× 10−10.
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Figure 4.16: Noise performance of CE-TAS. (a), Transient absorption mea-
surements taken with reduced gas flow and perpendicular polarizations. The
red dots represent the average of 60 consecutive scans taken over a 1 hour
period. Black curves are every 10th scan from the data set. Inset: Zoom-in
around 0.8 ps delay. Error bars represent the uncertainty in the mean. (b),
The green squares show the average of the Allan deviations obtained inde-
pendently for each delay point. Error bars here are the standard deviation
(not the uncertainty in the mean) of this ensemble, to represent the spread
in the data. The blue diamond is the average of the error bars of (a), along
with their standard deviation. The grey line has a slope of -1/2 on the log-log
plot, the expected slope for white noise performance.
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4.4 CE-TAS measurement of I2:Argon clus-

ters

The cavity-enhanced ultrafast spectroscopy is motivated with studying dy-
namics in neutral clusters in molecular beams. To experimentally verify that
cavity-enhanced ultrafast spectroscopy can be applied to clusters, we replaced
the round nozzle with a slit nozzle and seeded the expansion with Argon in-
stead of Helium to to obtain clusters [120]. The nozzle is a 5 mm long ×
200 µm wide slit nozzle 3D printed with PEEK plastic for compatibility with
I2. With many Ar atoms to collide with, the vibrations of the excited iodine
molecules are rapidly quenched [120, 121], as a result, the vibrational beat
pattern seen in He-seeded expansions is expected to be suppressed. Figure
4.17 shows the transient absorption measurements in I2 formed in an Ar-
seeded supersonic expansion. The pump and probe beams are 6 mm above
the nozzle and the backing pressure of Argon is increased from 260 Torr
to 460 Torr. As the Ar pressure increases, the coherent transient peak at
timezero increases and subsequent oscillations decreases. This is showing the
clustering between I2 and Argon and demonstrating we have the sensitiv-
ity to perform ultrafast transient absorption measurements in dilute cluster
beams.
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Figure 4.17: CE-TAS measurement of I2-Ar clusters in a supersonic expan-
sion from a slit nozzle. The Ar backing pressure is increased from 260 Torr
to 460 Torr. The traces are offset for clarity.
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Chapter 5

Towards widely tunable
cavity-enhanced ultrafast
spectroscopy

The CETAS experiments on iodine and iodine-argon clusters in supersonic
expansions have shown the sensitivity of the technique is sufficient for study-
ing ultrafast dynamics in molecular beams. To map out the energy distribu-
tion and structure changes in more complex molecules, we need to take pump-
probe measurements at multiple different wavelengths. The exact spectral
range depends on the energy for the transition and the molecules of inter-
est. This thesis describes the development for a spectrometer at ultraviolet
and tunable visible. More specifically, this chapter summarizes work on the
instrument advances, including generation of UV light, the UV enhance-
ment cavity, the visible enhancement cavity, the molecular beam setup, and
technical details of the widely tunable spectrometer, etc. Demonstration of
tunable visible frequency comb generation and stabilization are included in
next chapter.

5.1 Seeding the Yb:fiber amplifier

As introduced in Chapter 2, there are two different oscillators used for work
included in this thesis. One is the homebuilt Yb:fiber oscillator depicted in
Chapter 2. The oscillator output is sent to the fiber stretcher then used to
seed the Yb:fiber LMA fiber amplifier. This is used for the supercontinuum
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generation in Chapter 6. The other oscillator is the commercial mode-locked
Er:fiber frequency comb laser (Menlo ULN, Menlo, GmbH). The Er:fiber
comb is amplified in a home-built Er:fiber amplifier and shifted in dispersive
wave to 1060 nm in a highly nonlinear fiber assembly. The light is amplified
in a homebuilt Yb:fiber amplifier to seed the large mode area fiber amplifier
and achieves 11.3 Watts of 1060 nm light after the compressor.

5.2 SHG and THG of Yb:fiber comb at 1060

nm

Using the 11 Watts Yb:fiber frequency comb, we generate high power ultra-
violet light at 353 nm by sum frequency generation of 1060 nm light and the
second harmonic at 530 nm. A schematic of the setup is included in Fig-
ure 5.1. The Er:fiber frequency comb is dispersive wave shifted to 1060 nm
in a highly nonlinear fiber assembly. The light is amplified in the photonic
crystal fiber amplifier described in Chapter 2 to 11 Watts. The fundamental
gaussian beam diameter 2w is 4.2 mm, which is measured with a knife edge
on a linear manual stage. The result is consistent with another measurement
using a CCD camera.

The beam is focused into a 2 mm thick LBO cut for type I phase matching
for second harmonic generation of 1064 nm. The LBO crystal has antireflec-
tion coating for 1064 nm and 532 nm on both sides. The fundamental and
second harmonic are collimated by a concave silver mirror then sent through
a Calcite time delay compensator (TDC12301-AR, Newlight Photonics Inc.)
and a dual waveplate (WPD03-H1030-F515-SP, Newlight Photonics Inc.).
The time delay between the fundamental and the second harmonic comes
from the group velocity mismatch of the two pulses in the LBO. In type I
phase matching, i.e. ooe phase matching, we calculate the group velocity mis-
match between 1064 nm and 532 nm to be 43 fs/mm in LBO using the optical
constants in [122]. The second harmonic’s polarization is orthogonal to the
fundamental’s. The dual waveplate rotates the polarization of the fundamen-
tal pulse to match the second harmonic. Then the sum frequency generation
is done within a 0.3 mm thick BBO cut for type I third harmonic generation
of 1056 nm (BTC5030-THG1056(I)-AR, Newlight Photonics, Inc.).

The focal length of both concave silver mirrors M1 and M2 and the two
lenses L1 and L2 are all 10 cm. Both LBO and BBO are mounted in rotational
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mounts on manual stages for alignment. The L2 is mounted on a 3-axis stage
for collimating the output beams.

Er: fiber 
comb Yb fiber 

amplifier

1060 nm

SHG

BBO
THG

530 nm

353 nm

LBOHighly 
nonlinear
fiber

1060 nm

L1

L2

M1

M2 M3 M4

DCWP

Figure 5.1: The optical layout of second harmonic generation and third har-
monic generation with Yb:fiber laser. L1, L2: lenses, f = 10 cm; DC: delay
compensator; WP: dual waveplate; M1, M2: concave silver mirror, f = 10
cm; M3, M4: harmonic separation dichroic mirror

Two different beamsplitters are used to separate the different harmonics.
Figure 5.2 contains the harmonic generation efficiency curve at different fun-
damental powers. The pump power is tuned by running the pump diode for
Yb:fiber amplifier with different currents. Without the sum frequency gen-
eration BBO crystal in the setup, the SHG conversion efficiency is as high as
36%, which yields 4.22 W of 530 nm light when pumped by 11.5 W of 1060
nm. When the phase matching of both second harmonic and third harmonic
generation are optimized, the overall SHG and THG conversion efficiency is
25% and 6%, respectively.
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Figure 5.2: The conversion efficiency of SHG and THG of 1060 nm light.
The blue curve represents the third harmonic generation efficiency. The
red and yellow curves are the second harmonic generation efficiency with
the UV power optimized and without the third harmonic generation setup,
respectively.

5.3 UV cavity

5.3.1 UV cavity mirror coating

The UV frequency comb is coupled into a 3 meters long bow-tie cavity for
power enhancement as depicted in Figure 5.3.

M1

M2M3

M4

Yb:fiber 
comb THG

Telescope
UV cavity Molecular beam

Figure 5.3: The optical layout of coupling the UV comb to the pump cavity.
M1 is an input coupler with 97% reflectivity at 350 nm. M2, M3, M4 are
all mirrors with reflectivity higher than 99.8%. M2 and M3 have a radius of
curvature of 75 cm.
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The cavity consists of an input coupler with 97% reflectivity at 350 nm
and three mirrors with a minimum reflectivity of 99.8% at 350 nm. The
mirror coatings are designed with an incident angle of 0◦. The finesse of the
UV cavity is calculated using equation 1.8 to be ∼172.

For this cavity, we set the distance between the curved mirrors M2 and
M3 to be 79.8 cm. The total cavity length is 3 m to match the 100 MHz
repetition rate. The maximum incident angle on all cavity mirrors is 4.5◦

and the minimum incident angle is 2.4◦. Using the ABCD matrix method,
we calculated the beam radius at focus is 80 µm both horizontally and ver-
tically. The UV cavity buildup is measured to be 21, which is lower than
the estimation using the pump cavity mirrors’ reflectivity. This could be due
to the astigmatism of the UV beam and the mode-matching of UV beam to
the pump cavity. Further investigation is needed for higher buildup, but the
intracavity UV power is sufficient for the experiments. The buildup measure-
ment is taken with the method described in [26]. The locking and modulation
of this cavity is done in the way as described in Chapter 3.

5.3.2 UV cavity contamination and solution

One issue with simultaneously running a molecular beam of small organic
molecules and an optical cavity containing high power UV light in the same
vacuum chamber is contamination of the cavity mirrors. It takes only seconds
to occur. When the cavity mirror is contaminated by the sample molecules,
the cavity beam mode jumps to higher order modes, the intracavity power
drops and the comb cavity lock becomes too unstable to keep the UV cavity
on resonance.

To solve this problem, we designed a different molecular beam jet and
modified the vacuum pumping strategy. There are several concerns for de-
signing the molecular beam jet. One, the setup should allow alignment of the
slit nozzle in XYZ axis, rotation and tip/tilt to match the probe beam path.
Second, the beam height is 2.5 inches above the breadboard, so the setup has
to be compact so that the distance between the nozzle and the beam could
be adjustable from zero to 15 mm for experiments on clusters. Third, the
assembly should isolate the molecular beam from the cavity mirrors. Fourth,
for some experiments, the molecule of interest is heated to up to 150◦ C for
a higher vapor pressure, which means the assembly should be heated as well.
A schematic is shown in Figure 5.5. The mechanical drawings of these parts
are included in the Appendix.
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Figure 5.4: The schematic of the molecular beam jet setup. The holder of
the nozzle isolates the molecular beam from the vacuum chamber. With the
”sealed” operation of the supersonic expansion, the inert purge gas, and the
mirror purging O2, we are able to run the supersonic expansion of organic
molecules and the high power UV cavity in the same vacuum chamber.

Photos of the molecular beam jet parts and the assembly are included
here.

HolderNozzleBeam

Figure 5.5: Photos of the molecular beam jet. See the main text for details.

The 200 µm wide and 5 mm long continuous slit nozzle is held in an
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aluminum holder. The 2 inches diameter holder is used to position the slit
nozzle relative to the pump and probe beams, heat the nozzle, and isolate
the molecular beam from the vacuum chamber. A wide ring-shaped piece
mounted on the holder, which is indicated in black in the figure, have two of
2 mm diameter holes for the beams’ passage. The assembly seals well enough
such that with 20 Torr of Argon purging the chamber, the pressure in the
holder is below 50 mTorr. In addition, we purge all cavity mirrors with
oxygen to maintain the stable operation of the UV cavity in the presence
of organic molecules. Eight pieces of stainless steel tubings with an inner
diameter of 1/8 inches are set up as the O2 purging nozzles pointing at
the highly reflective surfaces of all cavity mirrors. The chamber pressure
measured with a manometer pressure gauge increases by 1-2 Torrs with O2

compared to without O2. The O2 dosing puts additional constrains on the
cavity mirrors. For this setup, all mirrors have a SiO2 top layer to resist
further oxidation. To guide the supersonic expansion to the vacuum pumps,
a 3D printed acrylonitrile butadiene styrene (ABS) cone is pushed on to the
jet holder. A short piece of polyethlene hose is clamped to the cone on one
end and attached to the lid of the chamber on the other end. The molecules
escape from the nozzle are isolated from the chamber and guided to the
exhaust line.

The sample pick-up cell, the molecules delivery lines, the supersonic jet
holder and the nozzle are all heated. The pick-up cell and the stainless steel
tubings are heated by wrapping heat tapes around them. For the tubing in
the chamber, we use heater wires covered by heat conducting ceramic beads.
2-4 pieces of 15 Watts 1/8 diameter cartridge heaters are glued in the jet
holder for heating. All temperatures are measured with thermo-couples and
controlled with PID temperature controllers. The nozzle temperature is set
20◦C higher than the cell. From cell to nozzle, the sample delivery line is
heated with increasing temperatures to avoid sample condensation.

5.3.3 fo tuning with gas pressure

This new molecular beam setup not only eliminates the contamination prob-
lem, but also provides a way to tune the fo difference between the pump and
probe cavities. The fo tuning curve is in Figure 5.6. The measurement is
taken in the following way. In the vacuum chamber, the pump and probe
cavity lengths are set to match the frequency comb’s repetition rate of 91
MHz. The UV light from the third harmonic generation is coupled to the
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pump cavity and the green light from the second harmonic generation is cou-
pled to the probe cavity, which was used in the I2 experiment as described in
earlier chapters. Both pump and probe cavities are locked to the frequency
comb laser. At each Argon pressure, the oscillator’s fo is tuned to optimize
the pump cavity intracavity power. The ratio of probe intracavity power
compared to highest probe intracavity power is recorded.

Figure 5.6: Tuning of fo with Argon pressure. The data is fitted with a sine
wave using least square fitting.

Using the Sellmeier equation coefficients of Argon reported in [123], the
index of refraction of 1 atmosphere of Argon at 15◦C can be described as
eqn. 5.1. Here n is the index of refractive and λ is wavelength in unit of µm.

(n− 1) · 107 = 643.2135 +
286060.21

144− 1
λ2

(5.1)

The carrier-envelope phase shift induced by Argon is expressed in eqn. 5.2.
∆φCE is the carrier envelop phase shift, ω is the angular frequency, and L is
the length of the beam path in the gas.

∆φCE = ω2
0

dn

dω

L

c
(5.2)
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In our case, L is the cavity length minus the 2 inches molecular beam holder
diameter, where the Argon pressure is less than 100 mTorr. 1 Torr of Argon
is calculated to give a 0.62π phase shift at 350 nm and 0.17π phase shift at
530 nm. Therefore, 4.4 Torr of Argon gives 2π phase shift between these two
wavelengths. The fitting of measurement gives 5.3 Torr of Argon for a phase
shift of 2π. With 10 Torr of Argon, we calculate the group delay dispersion
to be 6.7 × 10−4 fs2/cm at 350 nm. The total GDD with 10 Torr of Argon
in the cavity is 2.2 fs2. The pulse broadening is negligible for 100 fs pulses
in the cavity.

5.4 Enhancement cavity for the tunable visi-

ble frequency comb

5.4.1 Visible cavity mirror coating

In the widely tunable spectroscopy, we use a tunable visible frequency comb
as the probe. Since the pump-probe signal enhancement scales with product
of the pump and probe cavity finesse, we designed the probe cavity to achieve
a finesse of ∼ 1000 at 450 - 700 nm. At one particular wavelength, off-
shelf quarter-wave stacks mirrors could satisfy both high reflectivity and
low group delay dispersion. However, broadband high reflectors tend to
have high dispersion that’s not appropriate for cavities to coherently enhance
femtosecond pulses. Mirrors with high reflectivity, low dispersion in such a
broad spectral range are not standard. Therefore, we designed custom cavity
mirror coatings so that the enhancement of tunable visible femtosecond pulses
is achievable with one set of mirrors. Figure 5.7 shows the optical layout of
the visible cavity and the coating curves of the partial reflector and high
reflector. The high reflector and partial reflector have opposite chirps.
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Figure 5.7: a). The optical layout of the tunable visible frequency comb
enhancement cavity. The input coupler M1 and the output coupler M4 have
99.7% reflectivity at 450 - 700 nm. M2 and M3 are high reflectors with
reflectivity higher than 99.9%. M2 and M3 have a radius of curvature of 50
cm. b). The mirror coating transmission curves calculated by the coating
company. c). The calculated group delay in both high reflectors and partial
reflectors provided by the coating company.

The lower plot in Figure 5.8 shows the group delay dispersion of the
partial reflector and the high reflector are low and they have opposite signs
so the absolute total round-trip GDD is less than 100 fs2. The intracavity
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pulse durations are calculated with the GDD data and assuming 100 fs pulse
duration input pulses. This set of mirrors supports pulses less than 200 fs
over the whole range at 450 - 700 nm. In the upper figure, the cavity finesse
is calculated with the mirror transmission data in Figure 5.7(b).
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Figure 5.8: The visible cavity mirrors are pairs of chirped mirrors. The
upper plot shows the cavity finesse is between 750 and 1150 at all different
wavelength. The lower plot shows the GDD of the mirror coatings and the
total round trip GDD is smaller than 100 fs2 at 450 - 700 nm. With such
well controlled GDD, the intracavity pulse duration is below 200 fs across
the whole visible spectral range when seeded with 100 fs pulses.
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5.4.2 Tunable visible frequency comb coupled to en-
hancement cavity

The visible enhancement cavity is aligned with the second harmonic of the
Yb:fiber laser. The distance between the two concave mirror M2 and M3
is set to 51.8 cm and the total cavity length is 3 meters. The maximum
incident angle on the cavity mirrors is 3◦. The beam radius at the cavity
focus is calculated to be 56 µm for 450 nm and 70 µm for 700 nm. Using the
tunable visible frequency comb generated from a femtosecond optical para-
metric oscillator, which is discussed in detail in the next chapter, we locked
the laser to the cavity. A schematic of locking the tunable visible frequency
comb to the cavity is shown in Figure 6.12. A few intracavity spectra are
recorded and exhibited in Figure 5.9. The full-width-half-maximum of the
two spectra at 567.5 nm and 587.5 nm are 4.9 nm and 3.5 nm, respectively.
Fourier transform limited pulse durations are calculated to be 97 fs and 146
fs.
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Figure 5.9: The figure shows the two intracavity spectra at different visible
wavelength. The tunable visible frequency comb is generated in a optical
parametric oscillator. The bandwidth of both spectra are able to support
pulses less than 150 fs.
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Chapter 6

Tunable visible frequency comb
generation and stabilization

6.1 Introduction

By coupling frequency combs into optical resonators, we have demonstrated
a new ultrafast spectroscopy method to study ultrafast chemical dynamics in
molecular beams. This method is taking advantage of the fact that frequency
combs consist of evenly spaced comb ”teeth” in the frequency domain while
simultaneously frequency combs are femtosecond pulses in the time domain.
To unravel more complex photo-induced molecular dynamics with cavity-
enhanced ultrafast spectroscopy, we are extending the operating range of
this method to be widely tunable since the samples of interest tend to have
broad absorption features.

Widely tunable femtosecond pulses, especially at a high repetition rate,
are also needed for various biophotonics applications, particularly imaging
experiments, such as Coherent anti-Stokes Raman Scattering imaging [124]
and multiphoton microscopy [125]. In two-photon microscopy, widely tunable
pulses allow the excitation of different specimen and stronger fluorescence
signals benefit from the femtosecond pulse durations due to the high peak
intensity.

Using Ti:Sapphire lasers as the pump lasers, tunable femtosecond lasers in
near-infrared and visible spectral range are commercially available. However,
with pump lasers at 1 µm, such as Yb:fiber lasers, which are more compact,
cost-saving and low-maintenance, frequency conversion to tunable visible is
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less developed. One earlier work [126] showed dispersive wave generation
with 170 fs pulses at 1020 nm in a series of photonic crystal fibers with the
dispersion profile well engineered. This method produced less than 10 mW
of 347 - 680 nm pulses. But to cover the whole tuning range, the authors
needed to replace the photonic crystal fibers with different core sizes for
each wavelength. Another demonstrated setup for tunable visible pulses is
reported in [127]. The authors pumped a highly nonlinear fiber with 60 fs
pulses at 1.55 µm at 108 MHz. By varying the amount of chirp in the pump
pulses in the nonlinear fiber, the dispersion wave generation is tuned between
1.05 and 1.40 µm. The dispersive wave is frequency doubled in three fan-out
MgO:LiNbO3 crystals with different polling periods. This setup generated
less than 10 mW of 520 - 700 nm pulses with 600 fs to 1 ps pulse durations.

For tunable near-infrared, optical parametric oscillators pumped by the
second harmonic of Yb lasers exhibit excellent tunability [128, 129]. The
OPO reported in ref. [130] outputs hundreds of mW in 688 - 1050 nm and
1150 - 1900 nm using a 1 mm thick BiBO as the nonlinear crystal. Vengeli
et al.[131] compared two OPOs based on BBO and LBO crystals pumped
by second harmonic of Yb:KGW laser. The two OPOs have rather similar
performance in terms of tuning range and parametric conversion efficiency.
In both articles, the output pulses were compressed in a pair of grating
compressor to reach about 100 fs pulse durations. None of these previous light
sources is phase-stabilized for frequency comb applications, but stabilization
of OPOs for comb applications has been achieved in other contexts [132, 133].

6.2 Tunable visible comb generation via spec-

tral broadening in all-normal dispersion

photonic crystal fiber

The pulse energy of our Yb:fiber frequency comb laser is 110 nJ per pulse
with the average power of 11 Watts and the repetition rate of 100 MHz. We
have explored several ways to generate widely tunable frequency combs with
this low pulse energy. Mainly we employ fibers or cavities to increase the
interaction length of pulses in the medium to realize nonlinear optics. The
all-normal photonic crystal fiber based setup is described in this section. The
work of using a cavity, which is an optical parametric oscillator in this case,
is included in later sections.
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6.2.1 Layout of supercontinuum generation of Yb:fiber
laser

The optical layout is shown in Figure 6.1. The Yb:fiber oscillator and am-
plifier are described in Chapter 2. Less than 1 W of light is sent to a 18
cm long photonic crystal fiber (NL-1050-NEG-PM-1, NKT Photonics). A
half waveplate and a polarizer are used to rotate the polarization of 1060 nm
light in a half waveplate to align with the slow axis of the fiber. Both ends
of the fiber are mounted on a precision manual stage. The PCF has a mode
field diameter of 2.2 µm and a numerical aperture of 0.37 at 1064 nm, so an
aspherical lens is used to focus the beam into the fiber. The highest coupling
efficiency observed with this setup is 29%. This could be due to the poor
surface flatness caused by the hand cleaving process of this fiber.

Aspheric lens Stage

NL-1050-NEG-PM-1
18 cm fiber 

BBO

Yb: fiber 
oscillator Yb fiber amplifier

91 MHz, 90 mW

1 W, 110 fs

Supercontinuum SHG

Tunable 
visibleλ/2

Polarizer

Figure 6.1: The optical layout of supercontinuum generation of Yb:fiber laser
in a photonic crystal fiber. λ/2: half waveplate.

Spectrally broadening of near-IR pulses has been demonstrated in various
types of fibers [126, 134, 135, 136]. The advantage of this supercontinuum
generation fiber is that the dispersion is normal for all the wavelength between
600 nm to 1400 nm. The spectrum of the input pulses is broadened via self-
phase modulation. In more common hybrid anomalous-normal dispersion
fibers, the soliton dynamics arise from the anomalous dispersion corrupt the
temporal profile by producing many pulses. In this all-normal dispersion
fiber, the output pulses can still consist of a single pulse, which is crucial for
applying pulses to ultrafast spectroscopy.
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6.2.2 Frequency doubling of supercontinuum spectrum
in near-IR

The input and output spectrum from the supercontinuum generation PCF
are included in Figure 6.2. The whole spectrum contains 495 mW power with
1.97 W input. Higher input power does not broaden the spectrum further or
increase the output power. This spectrum is very similar to the observation
reported in [137].

Figure 6.2: Supercontinuum generation spectrum of Yb:fiber laser in a pho-
tonic crystal fiber.

The supercontinuum spectrum is frequency doubled in a 0.5 mm thick
BBO cut for type I phase-matching for second harmonic generation of 1064
nm. Both sides of the BBO are coated with antireflection coating for 1064
nm and 532 nm. The tunable visible spectra are included in Figure 6.3. The
spectrum is tunable between 460 and 640 nm. All these tunable visible spec-
tra contain about 0.5 mW power. The average power of the second harmonic
of the supercontinuum could be improved by using a different nonlinear crys-
tal. One or two pieces of periodically-polled MgO:LiN3O5 could cover the
phase-matching conditions for the near-IR spectrum. However, the group
delay dispersion in MgO:PPLN is much higher than BBO, so the frequency
doubled light spectrum bandwidth and pulse duration could be a concern for
the ultrafast experiments.
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Figure 6.3: Tunable visible pulses generation by frequency doubling the su-
percontinuum spectrum.

To examine the suitability of the tunable visible light for cavity-enhanced
ultrafast spectroscopy, we measured the relative intensity noise of the tunable
pulses under several different BBO phase matching angles. A typical noise
spectrum up to 6 kHz is presented in Figure 6.4. The relative intensity noise
in the visible light is very similar to RIN of the 1060 nm frequency comb
laser as shown in Figure 2.16. The supercontinuum generation based on self
phase modulation does not add noise significantly.
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Figure 6.4: Relative intensity noise of tunable visible pulses generated with
the supercontinuum spectrum.

The performance of this supercontinuum fiber setup in terms of spectrum
tunability and intensity noise meets the requirement for cavity-enhanced ul-
trafast spectroscopy experiments. However, the tunable visible powers are
low for the experiment. The optical power required by the autobalance detec-
tor for efficient common mode noise subtraction performance is about 1 mW.
Considering the 1:2 power splitting ratio of probe/reference recommended for
optimal performance of the autobalance detector, the loss from the grating
in the PDH error signal generation setup, tunable visible pulses with higher
powers are desired. The more critical reason that we did not perform the
UV/vis cavity-enhanced ultrafast spectroscopy experiments with the fiber
setup is that we observed decays of this fiber over a time period of a few
hours and the decay were not reversible.

6.3 Green pumped femtosecond optical para-

metric oscillator

We present a femtosecond optical parametric oscillator that generates tunable
near-infrared and visible frequency comb at 420 - 1470 nm with 10 to 265 mW
in the visible. The OPO is synchronously pumped by the second harmonic
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of a 11 Watts Yb:fiber frequency comb laser operating at 1060 nm with 100
MHz repetition rate. A noncritical phase matching LBO crystal is used as the
nonlinear crystal for parametric oscillation. The resonant signal is tunable
between 835 - 970 nm by changing the LBO crystal temperature and the idler
covers 1175 - 1470 nm. Using one piece of thin BBO crystal for intracavity
doubling both signal and idler, we achieve tunable visible pulses by simply
adjusting the phase-matching angle of the BBO and the OPO cavity length.

6.3.1 Nonlinear crystals selection

A few nonlinear crystals are considered for the optical parametric process
including Lithium triborate (LBO), Beta barium borate (BBO), BiB3O6

(BiBO), MgO doped periodically-poled Lithium niobate(MgO:PPLN) and
Periodically Poled Stoichiometric Lithium tantalite (PPSLT). The selection
of nonlinear crystal is based on the single-pass parametric gain, the phase-
matching tuning method and range, the material dispersion and the damage
threshold. Figure 6.5 included a comparison of these above mentioned crys-
tals.
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Crystal BBO LBO BIBO MgO:PPLN PPSLT

Category Negative Uniaxial Biaxial Biaxial Negative Uniaxial

Phase-matching Type I eàoo Type I eàoo Type I oàee Type 0 oàoo Type 0 oàoo

Cut angle 22.7 theta,phi  = 90, 0 theta,phi  =40.5 0 Poling period 
6.8-7 μm

Poling period
7.5-8.0 μm

Group velocity mismatch 
[fs/mm] 530 nm pump 
signal 900

70 37 190 846-866 (25-200°C) 
700 (HC)

627 (200°C)
600(HC)

Interaction length [mm] 1.57 3.0 0.58 0.13 0.18

Nonlinearity coefficients 
[pm/V]

d22 = 2.3, d31 = -
0.16

d31 = -0.95, d32 = 
1.02, d33 = 0.057

d12 = 3.2, d13 = -
1.76, d14 = 1.66

deff [pm/V] d31sin(Θ)-
d22cos(Θ)sin(2φ)
2.02 (SNLO)

0.85(SNLO) 
-d12cos(Θ)2-
d13sin(Θ)2+d14sin(2
Θ)  -2.28(SNLO)

14 (typical)
G&H, Covesion

7(HC)

Γ [1/mm] 2w = 50 um 1.50 0.66 1.47 6.61 3.54

Parametric gain 27.8 13.1 1.37 1.37 0.86

Damage threshold 
[GW/cm2]

9.9  at 1053 nm 2.2 (10 ns); 45 (100 
ps) at 532 nm 

4 Higher than PPLN

Tuning for phase-matching Angle tuning Temperature tuning Angle tuning
YZ plane

Temperature and 
polling period

Temperature and 
polling period

Figure 6.5: A comparison of LBO, BBO, BiBO, MgO:PPLN and PPSLT
as the OPO crystals. The group velocity mismatch is calculated with the
group velocities at 530 nm (pump) and 900 nm. The interaction length is
calculated using ratio of pump pulse duration (110fs) and the group velocity
mismatch. Γ and parametric gain are calculated using eqn. 6.1 and eqn. 6.2.

Since the pump pulse duration is about 100 fs, the group velocity walk-off
limits how long the pump pulse and the generated pulse can overlap in the
crystal. The parametric gain G is calculated using the following equations
[138].

Γ2 =
8π2d2

effIp

npnsniλsλiε0c
(ΓL� 1) (6.1)

Here deff is the nonlinear coefficient, Ip is the pump intensity, L is the crystal
length.

G =
1

4
e2L
√

Γ2−(∆k/2)2 (6.2)

The calculated single pass parametric gain of different crystals are included
in Figure 6.6.
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Figure 6.6: The comparison of calculated parametric gain of four different
crystals including a 3 mm long LBO, a 2 mm long BBO, a 1 mm long BiBO
and a 0.5 mm long MgO:PPLN. The pump intensity is calculated using 0-4
W average power, 110 fs pulse duration and a focused beam size of 2w = 50
µm.

The 3 mm long LBO is selected as the OPO crystal with several rea-
sons. One is that the single-pass parametric gain is higher than BBO and
BiBO. Second is that the tuning of phase-matching is by tuning the crystal
temperature, where the crystal misalignment is minimal compared to the
phase-matching angle tuning way. In addition, LBO’s group velocity dis-
persion is low, so the generated pulse can still have enough bandwidth to
support short pulses for the ultrafast spectroscopy experiments.

6.3.2 Optical layout of OPO

The optical layout of OPO is shown in Figure 6.7. The second harmonic of
the frequency comb shown in Figure 5.1 is taken to pump the OPO.
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Figure 6.7: The schematic of the synchronously pumped optical parametric
oscillator. A frequency comb laser centered at 1060 nm is frequency doubled
in a LBO crystal to 530 nm. This pumps a synchronously pumped optical
parametric oscillator. The tunable visible light is generated by frequency
doubling both the signal and idler. L1, L2: focal length = 10 cm; DM:
dichroic mirror; HR: high reflector; HWP: half waveplate; L3: convex lens,
focal length = 15 cm; M: mirror.

The OPO crystal is a 3 mm long LBO cut for type I noncritical phase-
matching OPO pumped by 532 nm. A phase-matching tuning curve of LBO
pumped with 534 nm light is included in Figure 6.8.
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Figure 6.8: The calculated phase-matching signal wavelength vs. the LBO
crystal temperature when pumped by 534 nm light using SNLO.

The crystal has an angle of θ=90◦ and φ=0◦.[122] Both sides have an-
tireflection coatings at 532 nm and 850 - 1064 nm for the pump and signal
respectively. The crystal is housed in a home-built oven for controlling the
crystal temperature between 25◦C and 200◦C. The compact oven design mini-
mizes the incident angle on the cavity mirrors for minimum astigmatism. The
oven is mounted on a tip, tilt and rotation stage for alignment of the LBO.
With the pump wavelength at 530 nm, the phase-matching temperature is
measured to be 127◦C to 144◦C to phase match to 834 nm to 969 nm in the
signal and 1452 nm to 1169 nm in the idler.

The intracavity second harmonic generation of signal and idler are achieved
by tuning the phase-matching angle of the BBO crystal. We select BBO for
the broad phase-matching tunability and moderately high nonlinear coeffi-
cient. Using SNLO [139], we calculate the phase-matching angle for type I
SHG of 850 nm is θ of 27.6◦ and SHG of 1400 nm is 20.0◦. The 2 mm long
BBO crystal has a cut angle of θ=23.2◦ and φ=90◦ for type I SHG of 1040
nm and is AR coated for 1040 and 520 nm. The tuning of phase-matching
can be achieved via rotating the BBO phase-matching angle θ and OPO cav-
ity length. A tuning curve of type I SHG phase-matching angle in BBO is
included in Figure 6.9.
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Figure 6.9: The calculated type I SHG phase-matching angle of BBO using
SNLO.

6.3.3 OPO cavity mirror coatings

To obtain stable operation, the OPO is only resonant with the signal. How-
ever, we need both the signal and idler for intracavity doubling to cover the
whole visible spectral range. At the same time, we need the net round-trip
group delay dispersion to be small so the OPO supports ultrashort pulses. So
even though the OPO cavity finesse is low, to meet all constrains over such
a broad range we need to customize the cavity mirror coatings. We design
the mirror coatings as following. M1, M6 has > 99.9% reflectivity at 850 -
1064 nm and < 5% reflectivity for 450 - 700 nm and the group delay disper-
sion (GDD) is smaller than 100 fs2 for 850 - 1064 nm. This allows efficient
transmission of the visible pulses at the output coupler M6 and passage of
green pump laser at input coupler mirror M1. All of M2, M3, M4 and M5 are
protected silver mirrors with a reflectivity higher than 98% at 850 - 1400 nm
and GDD less than 2 fs2. A representative coating is coating 113833 from
Layertec, GmbH. The round trip loss of the signal power caused by the optics
is calculated to be 16% at 850 nm giving a cavity photon lifetime of 57 ns.
The coating of input coupler M1 and output coupler M6 allows transmission
of idler so the cavity is only resonant with the signal.
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6.3.4 OPO cavity mirror layout

The total OPO cavity optical length is 3 meters, which matches the pump
laser’s repetition rate of 100 MHz for synchronous pumping. M1, M2, M4 and
M5 are curved mirrors with a radius of curvature of 20 cm. The separation
between M1 and M2 is 21.0 cm and between M4 and M5 is 20.6 cm. Using
the cavity’s ABCD matrix, we calculate the beam radius at the two focal
planes are 30 µm and 70 µm respectively. Since the stability of the cavity
strongly depends on the curved mirror separations, M2 and M5 are mounted
on translation stages for ease of fine adjustment. The 1/2 inch diameter
planar mirror M3 is mounted on a copper bullet style PZT as described
by Briles et al. [140] This stage is used to get the cavity length close to
cavity resonant length and the PZT is for active stabilization of cavity length
adjustment. Another piezo actuator (AE0203D08F, Thorlabs, Inc.), which
has a lower resonance frequency but longer travel, is mounted in the same
stage for fine tuning of cavity length. The incident angle on this mirror is
set to be 1.5◦, so that the cavity misalignment is negligible when changing
the cavity length. This geometry not only collimates the residual pump, the
frequency doubled signal, and doubled idler output beam, but also allows
all these beams to propagate collinearly with roughly the same optical path
length to the experiment, which minimizes any extra alignment effort when
changing the output wavelength for the following experiment.

6.3.5 Intracavity Brewster’s plates

Three pieces of 500 µm thick undoped YAG wafers are inserted in the OPO
cavity and solved multiple issues for practical operation and diagnostics of
the OPO. Firstly, the pump of the OPO is 4 Watts of 530 nm light, and this
high power green light propagates collinearly with the signal, idler, and the
tunable visible light. Without careful attenuation, the Watts of green causes
trouble in the alignment process, complicates the spectrum separation setup
and could induce thermal and optics damaging issues. So the first two pieces
are aligned at Brewster’s angle to reflect 29% of s-polarized pump at each
surface using YAG’s Sellmeier equation coefficients reported in [141] while
introducing minimal loss for the signal and idler since they are generated in
the p polarization. The residual light left after the Brewster’s plates is 225
mW, which is comparable to the doubled signal. Secondly, As mentioned
previously, the SPOPO is singly resonant with the signal and all cavity mir-
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ror are either high reflectors for signal or silver mirrors. Therefore, to access
the intracavity signal without interrupting the cavity, the diagnostics are set
up with the reflection from the third YAG wafer that’s used in an angle
0.5◦ off from the Brewster’s angle for a reflection of less than 0.01%. This
reflection is sent to two switchable diagnostics that either records the intra-
cavity signal and idler spectrum on an optical spectrum analyzer MS9740A,
Anritsu, Inc. or measures the signal and idler power with two calibrated Ge
detectors. Thirdly, adding Brewster’s plates in the OPO cavity allows us to
add dispersion for a more stable near degeneracy and to tune the cavity loss
in a well-controlled manner by tuning the alignment of YAG wafers.

6.4 SPOPO results

6.4.1 Alignment procedure of the OPO

The LBO crystal is aligned by overlapping the reflection with the incident
pump beam and minimizing the distortion on the polarization of pump beam.
The OPO cavity is initially aligned with the green pump laser without the
SHG BBO crystal in the cavity and the cavity length is set close to 3 meters
to match the repetition rate of the pump. Once the first two roundtrips are
overlapped, the parametric oscillation could be found by carefully tuning the
position of M3 so the cavity is on resonance. The alignment is then optimized
by maximizing the intracavity signal power and minimizing the oscillation
threshold. The second harmonic generation BBO crystal is then inserted to
the middle of M4 and M5. The resonance is found again by moving M3 to
meet the synchronously pumping condition.

6.4.2 Near-infrared and visible light characterization

The spectrum and power of the signal and idler are shown in Figure 6.10.
By varying the LBO temperature from 127◦C to 144◦C and adjusting the
OPO cavity length, the signal is tuned between 835 nm to 970 nm and the
corresponding idler is from 1469 nm to 1175 nm. Tuning towards shorter
signal wavelengths is limited by the OPO cavity mirror coating range. Tun-
ing towards longer signal wavelengths is limited by stability as the OPO
approaches degeneracy. With the SHG BBO crystal tuned away from the
phase-matching angles, the intracavity signal power is over 2.5 Watts and
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the non-resonant idler is over 300 mW in all the tuning range. For the intra-
cavity doubling, we tried several BBO crystals of different thicknesses. With
a 2 mm thick BBO, the second harmonic of the signal is over 125 mW in
all stable oscillation configurations and achieves 265 mW at 451 nm. The
doubled idler is over 9 mW across 580 nm to 680 nm and reaches 25 mW at
581 nm. All visible spectra have bandwidth to support pulses shorter than
150 fs. The spectrum and power of the OPO output is in Figure 6.10. A
zoom-in for the spectra and powers of the visible pulses is shown in Figure
6.11.
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Figure 6.10: The intracavity signal and idler spectra and power at different
phase-matching temperatures of LBO in the synchronously pumped optical
parametric oscillator. The spectra and power of tunable visible pulses output
of the OPO at different phase-matching conditions. The spectrum centered
around 530 nm is the residual pump. Optical powers are represented with
diamond symbols.
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Figure 6.11: The spectra and power of tunable visible generated in the OPO
under different phase-matching conditions. The spectrum centered around
530 nm is the residual pump. All powers are represented with diamond
symbols.

To verify the tunable visible pulses are still short enough for an ultra-
fast spectroscopy experiment, we measured the visible pulse durations with
a home-built two-photon photodiode autocorrelator. The all-reflective auto-
correlator design is similar to the one reported in [142]. The incident beam
is split by two D-shaped mirrors with a very narrow gap then arrive a home-
built two-photon detector with a SiC photodiode.

Since intracavity frequency doubling significantly lowers the signal and
idler powers, the conversion efficiency of parametric oscillation should be
measured under two different conditions, e.g., with the 2 mm thick SHG BBO
detuned from the phase-matching angle and with the BBO phase-matching
angle optimized.

6.5 Locking the OPO to the cavity

The tunable visible pulses are coupled to the visible cavity described in Chap-
ter 5. Locking the OPO to the cavity is achieved using the two-point Pound-
Drever-Hall (PDH) lock method [143]. A brief schematic with key compo-
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nents is included in figure 6.12. The reflection from the spectroscopy cavity
is used to generate the error signal for the PDH lock in the same fashion as
described in section 3.3. The correction signal is generated in a servo loop
filter (D2-125, Vescent Photonics, Inc.) and feeds back to an electro-optical-
modulator (EOM) in the Er:fiber oscillator laser. The servo also outputs an
integrated correction signal, which feeds back to the longer travel piezo in
the OPO cavity to correct the slow drift of the OPO cavity length. This is
the lock configuration used in measuring the intracavity spectrum shown in
Figure 5.9. However, this locking configuration does not work for locking the
frequency doubled signal since the phase modulation sidebands transfer to
the frequency doubled idler only. The “frep feedback” signal is sent to the
copper bullet style PZT instead of the EOM in the oscillator. Work for fully
stabilizing the OPO to the cavity over all tunable visible spectral range is
ongoing.

Fiber frequency 
comb laser

SHG

Tunable visible
450 – 700 nm

530 nm OPO

1060 nm

Spectroscopy cavity

Locking
electronics

fo feedback

frep feedback

EOM

Figure 6.12: A brief schematic of the tunable visible frequency comb sta-
bilization. The error signal for the PDH phase lock is generated with the
spectroscopy reflection. The frep feedback signal is sent to the EOM in the
Er:fiber oscillator laser to match the oscillator cavity length to the spec-
troscopy experiment cavity. The fo feedbacks to a piezo in the OPO cavity.

6.6 Summary

We present a high power femtosecond tunable visible frequency comb gen-
erated in a synchronously pumped optical parametric oscillator pumped by
second harmonic of a 11 Watts Yb:fiber frequency comb at 100 MHz repe-
tition rate. The signal and idler cover 830 - 980 nm and 1154 - 1466 nm.
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A simple frequency doubling crystal in the OPO converts both the signal
and idler to collinear tunable visible across 450 to 700 nm. The application
of this light source to widely tunable cavity-enhanced ultrafast spectroscopy
to study ultrafast dynamics is currently underway. With over 100 mW of
power in some spectral regions, the light source can also be used as a tunable
visible pump source for 100 MHz angle-resolved photoemission spectroscopy
(ARPES) measurements also going on in the Allison lab.
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Chapter 7

Towards ultrafast dynamics of
excited state intramolecular
proton transfer

Cavity-enhanced ultrafast spectroscopy has been demonstrated to study the
electronically excited molecule I2. The widely tunable spectrometer in UV
and visible described in earlier chapter will also focus on the dynamics of
electronically excited molecules. In principle, this method could be ex-
tended to much broader spectral ranges as long as the low-noise and narrow-
linewidth ultrafast frequency comb laser and the low-loss and high-finesse
cavity mirrors are achievable in the target frequency. Development towards
a mid-infrared version of this spectrometer for studying vibrationally excited
molecules and clusters is ongoing in the Allison lab using the infrastructure
described in section 2.2. However, this thesis only includes the widely tunable
spectrometer operating in the UV and tunable visible. In this broad spectral
range, transient absorption measurement with 100 fs temporal resolution in
jet-cooled molecules and clusters could benefit understanding of ultrafast dy-
namics of numerous molecules. Here, we present an example application of
widely-tunable cavity-enhanced ultrafast spectroscopy to study the ultrafast
dynamics of excited state intramolecular proton transfer.
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7.1 Excited-State Intramolecular Proton Trans-

fer dynamics

The dynamics of ESIPT, or excited state hydrogen transfer, has been stud-
ied extensively since proton transfer represents an elementary photo-induced
reaction in chemistry and biology. ESIPT has been revealed in a wide variety
of molecules [144, 145, 146, 147, 148]. A representative molecule of ESIPT is
2-(2’-hydroxyphenyl)benzothiazole, or HBT. A consensus has been reached
for the structural changes in the proton transfer process in this molecule, as
is shown in the schematic in Figure 7.1.
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Figure 7.1: The schematic of excited state intramolecular proton transfer in
HBT. The atoms directly involved in structural changes are highlighted.

The ground state HBT molecule is stable in the enol form. Upon absorp-
tion of a UV photon, the O-H bond breaks and the hydrogen transfers to the
nearby nitrogen in the adjacent five-member ring in the same molecule. Fol-
lowing the ultrafast proton transfer, the cis-keto form molecule goes through
isomerization, and the trans-keto molecule transfers the hydrogen from the
nitrogen back to the oxygen atom [147]. The electronically excited keto
formed molecule could dissipate excessive energy via fluorescence and radi-
ationless ways. Both cis and trans keto could emit fluorescence. The trans-
keto form molecules produce fluorescence in the visible with a strong Stoke
shift from the UV pump wavelength. Figure 7.2 taken from [149] shows the
absorption and emission spectrum of HBT in cyclohexane solution. The ab-
sorption peak is around 340 nm and the fluorescence of the enol form and
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keto form peaked at 380 nm and 525 nm, respectively. The strong Stoke’s
shift is commonly observed in ESIPT molecules and used as an indication
for the occurrence of ESIPT.

 - 2 -

Steady State Spectra and Mechanism of Oscillatory Signal Contributions 
 

For 2-(2’-hydroxyphenyl)benzothiazole (HBT) in the electronic ground state the enol-form 
with the hydrogen atom bound to the donor oxygen of the H-chelate ring is the stable 
tautomer. The cis-form is stabilized by an intramolecular hydrogen bond. If the molecule is 
promoted to the S1 electronic state, the hydrogen atom of the hydroxy group is transferred to 
the nitrogen atom. The excited state intramolecular proton transfer (ESIPT) leads to a strong 
Stokes shift between the UV absorption of the S0 enol-form and the S1 keto fluorescence 
peaked at ~ 525 nm. (see Fig. 1S). In protic solvents like ethanol, hydrogen bonds to the 
solvent can be formed, and the H-chelate ring is broken. The intermolecular hydrogen bond 
inhibits the ESIPT and leads to a stabilization of the S1 enol form and to S1 enol fluorescence 
at ~380 nm [1]. The traces of D2O in cyclohexane that are needed to stabilize the deuteration 
of DBT lead in a small fraction of DBT molecules to this effect (see Fig.1S). Assuming 
fluorescence quantum yields for the S1 enol ( eφ =0.02) and keto ( kφ =0.002) tautomer as 
reported for ethanol solution [1], we estimate the fraction of molecules with a hydrogen bond 
to the solvent to < 2 %. Hence, their influence on the transient spectra can be neglected. 
 

 
 

Fig. 1S: ESIPT scheme and steady state absorption (dashed line) and fluorescence spectrum of HBT 
in cyclohexane (dash-dotted line) and fluorescence spectrum of DBT in D2O saturated 
cyclohexane (solid line) 

 
The keto peak of the DBT fluorescence spectrum is slightly red shifted with respect to the 

HBT spectrum by ~ 4 nm. This could be caused by the deuteration itself or the differing 
polarity of the D2O saturated cyclohexane. In time resolved measurements at a certain probe 
wavelength, the shift of the fluorescence spectrum results in somewhat different contributions 

Figure 7.2: Steady state absorption and fluorescence spectra of HBT and
DBT. DBT is the deuterated HBT. The figure is taken from the supple-
mental materials of [149]. Red dashed curve: HBT and DBT absorption
spectrum; solid blue curve: fluorescence spectrum of DBT in D2O saturated
cyclohexane; dashed black curve: fluorescence spectrum of HBT in cyclohex-
ane.

There are a few aspects that make ESIPT molecules interesting models
for studying dynamics. The proton transfer reactions are mostly ultrafast
and the chemical environment does not dramatically affect the reaction rate
if the proton transfer is not fully shut off. For instance, the proton transfer of
HBT in cyclohexane solution has been measured with transient absorption
spectroscopy to be shorter than 50 fs [150]. A time resolved fluorescence
measurement reported a time constant of 60 fs in cyclohexane solution [151].
Both time constants are very similar to a transient absorption measurement
taken in hot HBT vapor [152]. Though most ESIPT molecules share some
common characteristics in the ultrafast proton transfer, the dynamics follow-
ing the proton transfer strongly depend on the detail of the molecules and
the surrounding chemical environment including solvent type, temperature,
etc. [153, 154, 155, 156]. A previous transient absorption measurement in
hot HBT vapor showed that the internal conversion in hot vapor is 40 times
faster than that in the cyclohexane solution [147]. This is explained by the
authors that the skeleton torsion is slowed down by the friction from solvent
molecules, which is absent in the hot vapor.
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7.2 Studying ESIPT with widely tunable cav-

ity enhanced ultrafast spectroscopy

With our tunable UV/visible cavity-enhanced ultrafast spectroscopy, we could
measure the internal conversion rate of ESIPT molecules in a supersonic ex-
pansion. A comparison between our jet-cooled molecule measurement and
the hot vapor transient absorption measurement could provide information
about the influence of initial thermally populated vibrational states. Our re-
sults could also be compared with theoretical simulations done for gas phase
molecules [157].

Another proposed experiment is applying UV pump and mid-IR probe to
ESIPT molecules. In this way, we could initiate the proton transfer process
with the femtosecond UV light then probe some of the vibrational modes.
We could probe the OH stretch modes to directly probe the potential along
the proton transfer coordinate, or probe the C=O stretch to measure the
internal conversion time constant.

Since all these above measurements could be taken in a supersonic ex-
pansion, we are able to do the experiments in cold and isolated molecules
free from perturbation from the environment as well as in clusters of ES-
IPT molecules with solvent molecules. Hydrogen bonding has been shown
to alter the ESIPT in a significant way. A picosecond time resolved fluo-
rescence measurement in jet-cooled 3-hydroxyflavone(3-HF) shows that the
fluorescence lifetime in 3-HF methanol clusters is 16 ns instead of 150 ps in
isolated 3-HF [158]. While another measurement using different supersonic
expansion conditions and excitation wavelength concluded the prohibition
of ESIPT in 3-hydroxyflavone methanol clusters. [156] The effect of hydro-
gen bonding on the ESIPT dynamics has been theoretically investigated for
HBT [157], 1-hydroxy-2-acetonaphthone [159] using calculations in clusters.
The UV pump and mid-IR probe measurement with fs temporal resolution in
clusters of ESIPT molecules and protonic solvents allows probing of hydrogen
bonding effect on ESIPT.

Besides the benefits for fundamental understanding in this very basic
and common photoinduced reaction, more comprehensive knowledge in the
ESIPT dynamics could also provide insights for the development of ESIPT
based functional materials, such as luminescence emitters [160, 161, 162],
white light generation materials [163, 164], and molecular probe [165] .etc.
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7.3 UV-vis cavity enhanced ultrafast spec-

troscopy signal estimation

The UV and tunable visible frequency comb generation and experimental
setup are described in earlier chapters. A signal estimation for the UV pump
and tunable visible probe experiment on 1-hydroxy-2-acetonaphthone (HAN)
in a molecular beam is shown here. A schematic of ESIPT in HAN is shown in
Figure 7.3. Here, we calculate the fraction of molecules excited by the pump,
the molecule number density in our molecular beam jet, the probe absorbance
enhancement factor and then estimate the pump-probe absorption signal
based on these numbers.
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Figure 7.3: The schematic of ESIPT in 1-hydroxy-2-acetonaphthone. The
atoms directly involved in structural changes are highlighted.

7.3.1 UV photon density

For the pump beam photon density, the power in the pump cavity has been
demonstrated to be up to 11 Watts. However, we keep the excitation ratio
to 1% or less to avoid multiphoton excitation of the molecules. The pump
beam waist radius at the focus of the cavity is calculated to be 80 µm using
ABCD matrix, so the beam area A is ∼ 2.0× 10−4 cm2. With average power
of 11 W, the repetition rate frep of 100 MHz and the center wavelength λ at
350 nm, the photon density is calculated with Equation 7.1 to be 9.6× 1014

photons/cm2.

photon density ≈ P

frephνA
(7.1)

7.3.2 UV absorption cross-section

To calculate the excitation fraction of molecules with this photon density,
we also need the cross-section of molecules at the pump wavelength. Ma
et al. [166] reported a static absorption spectrum of HBT in toluene at
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20◦C, the absorbance is ∼ 0.15 at 350 nm when measured with a commercial
spectrometer, the standard cuvette of which is 1 cm long. According to Beer’s
law in Eqn. 7.2 and absorbance in Eqn. 7.3, here path length l is 1 cm and
number density is 6.0×1015 molecules/cm3, the cross-section σ is 5.7×10−17

cm2/molecule. In another paper reported by Dharia et al., the cross-section
of 3-HF in tetrahydrofuran solvent at 350 nm calculated in similar fashion is
surprisingly also 5.7 × 10−17 cm2/molecule. This is the cross-section we use
for this signal estimation calculation.

I = I0e
−nlσ (7.2)

Absorbance = log10
I0

I
(7.3)

The product of photon density and the cross-section gives the excitation
fraction of molecules, as in 7.4. In this calculation, the excitation ratio is
4.8%. To have 1% excitation ratio, we only need 2.3 W of UV light in the
cavity at focus.

ε = σ × photon density (7.4)

7.3.3 ESIPT molecule vapor pressure

The ESIPT molecules that we use for are all powders at room temperature.
To increase the vapor pressures, we heat up the aluminum sample pick-up cell
and the sample delivery lines downstream. The cell temperature is stabilized
to a temperature between 50◦C and 130◦C depending on the molecule. The
vapor pressure database [167] reported a vapor pressure of 0.75 Torr at 107◦C.
This is roughly consistent with estimation by Arthen-Engeland et al. [168]
that the vapor pressure of 3-HF is less than 1 Torr at 126◦C. Based on these
vapor pressures, we assume a 0.5 Torr as the molecule vapor pressure in the
following calculation.

7.3.4 ESIPT molecule number density

Since the molecule is introduced to the overlap of the pump and probe cavity
focus in a supersonic expansion, the nozzle opening shape, size and position
could influence the molecule’s number density. For the ESIPT experiment,
we use a slit nozzle that’s 200 µm wide and 5 mm long. The nozzle is placed
1 mm below the pump and probe beams. The backing pressure P0 is mostly
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300 Torr to 1000 Torr. The molecules expand from this backing pressure to
a pressure P0 of tens of mTorr. The pressure ratio P0/Pb exceeds a critical
value of G = 2.1 [111], where γ in Equation 7.5 is the specific heat of the gas
under expansion.

G = ((γ + 1)/2)γ/(γ−1) (7.5)

Being 1 mm away from the 0.2 mm wide slit nozzle, the Mach number is 3.56.
Using the expansion condition and a 0.5 Torr of vapor pressure and 400 K
as the gas temperature, we calculate the number density of the molecule is
2×1015/cm3. To ensure the pump probe experiment is in the quiet expansion
zone, the Mach disk location, where the shock wave appears, is calculated
with Eqn. 7.6. With a P0 of 100 mTorr and Pb of 760 Torr, the Mach disk
is 11.7 mm away from the nozzle.

xm
d

= 0.67 · (P0

Pb
)1/2 (7.6)

7.3.5 The pump-probe signal

With the numbers we calculated above, the pump-probe signal could be
derived as in Eqn. 7.7. The nε is the number density of molecules excited
by the pump pulses, F/π is the enhancement factor introduced by the probe
cavity, l is the interaction length, and σprobe is the cross-section of excited
molecules in the visible.

∆OD = − log10(e)(nεlσprobe) (7.7)

The angle between the pump and probe beam is set to be smaller than 3◦,
so the lower limit of interaction length is 1.5 mm, as the nozzle opening
length. Assuming the absorption cross-section at visible probe wavelength is
an order of magnitude smaller than the pump absorption cross-section, we
get the single pass ∆OD is 7×10−6. The signal is higher than the noise level
of the instrument by orders of magnitude.

7.4 Discussion of cavity-enhanced ultrafast spec-

troscopy

The ability to average for long times, due to high frequency modulation/demodulation
and the noise canceling scheme unique to cavity-enhanced ultrafast spec-
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troscopy, is remarkable when compared to the performance of other cavity-
enhanced spectroscopies, which often reach a flicker noise floor within a few
minutes. Still, the current measurement remains technical noise limited.
Based on previous work in suppressing noise in CE-DFCS [108, 169], achiev-
ing shot-noise limited detection should be possible, which would reduce the
detection limit of the current system by one order of magnitude. Further-
more, the probe cavity finesse of 370 used in the demonstration experiment
is quite modest for cavity-enhanced spectroscopy, and this can also be im-
proved along with the time-resolution and probe pulse bandwidths that can
be achieved [170, 171]. There will likely be trade-offs between the cavity
finesse and the bandwidth and tunability of the probe light due to cavity-
mirror dispersion [172]. We are also extending this technique to UV, tunable
visible and infrared. The probe light can be spectrally resolved as in conven-
tional transient absorption spectroscopy, and multidimensional spectroscopy
can be performed via phase cycling methods [173].

Even with the current performance, cavity-enhanced ultrafast spectroscopy
easily extends all-optical ultrafast spectroscopy to a vast array of interesting
systems that can only be produced in supersonic expansions. Assuming that
pump-induced changes in the absorption are on the same order of magnitude
of the ground state absorption, exciting 2% of the molecules, one can study
samples with optical density as small as 10−8. For I2, with an absorption
cross section of 3× 10−18 cm2 [119], this translates to a column density less
than 1010 molecules/cm2. As an example system of interest, consider the
small gas-phase water clusters (H2O)n, which can be produced via molec-
ular beam methods with column densities and optical densities larger than
our detection limit [16]. Linear spectroscopy has been performed on these
systems using cavity ring-down methods and action spectroscopy [16, 174],
but the small clusters are expected to dissociate in 10’s of ps upon vibra-
tional excitation [175], necessitating ultrafast techniques to record fleeting
vibrational coherences. The application of ultrafast infrared spectroscopy
to small water clusters, where one can assemble the liquid ”one molecule at
a time” [176], could allow systematic studies of the dynamics of hydrogen
bond networks with unprecedented detail. Reducing the detection limit fur-
ther, as discussed above, and increasing the interaction length by using a slit
nozzle, could potentially allow for measurements on trapped mass-selected
ion clusters [177, 178], where an even higher degree of control over cluster
composition and temperature is attainable.

Cavity-enhanced ultrafast spectroscopy with only a probe cavity could
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also benefit other optical measurements. For example, correlated electron
systems in condensed matter at low temperature [11, 12] must be excited
very weakly to avoid undesired thermal effects, and this has limited efforts
to study the dynamics of complex materials [179]. It is in principle possible
to incorporate a solid sample into the probe cavity either as a component of
a mirror coating or as a wafer at Brewster’s angle to perform ultrasensitive
time-resolved measurements on solids as well.

Other researchers have also applied frequency combs to nonlinear spec-
troscopy, mostly with the goal of high resolution. For instance, Ideguchi et
al. have demonstrated high-resolution Coherent anti-Stokes Raman spec-
troscopy (CARS) using frequency comb methods [180] and recently Lom-
sadze and Cundiff have demonstrated high-resolution multidimensional spec-
troscopy [181]. Implementing the cavity-enhancement developed here could
also benefit these other comb-based nonlinear spectroscopies, particularly
since as the resolution is improved, the power per spectral element, and thus
nonlinear signal size, is inherently reduced.
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Appendix 8

Appendix

8.A Mechanical drawings

8.A.1 Slit nozzle jet

The molecular beam drawing is included here.
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8.B Electronics circuit diagram

8.B.1 Ultralow noise Si detector
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8.B.2 Integrator
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8.B.3 Bias Tee
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