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A noncollinear optical parametric amplifier (NOPA) can produce few-cycle femtosec-
ond laser pulses that are ideally suited for time-resolved optical spectroscopy mea-
surements. However, the nonlinear-optical process giving rise to ultrabroadband
pulses is susceptible to spatiotemporal dispersion problems. Here we detail refine-
ments, including chirped-pulse amplification (CPA) and pulse-front matching (PFM)
that minimize spatiotemporal dispersion and thereby improve the properties of ul-
trabroadband pulses produced by a NOPA. The description includes a rationale be-
hind the choices of optical and optomechanical components, as well as assessment
protocols. We demonstrate these techniques using a 1 kHz, second-harmonic of
Ti:sapphire pump configuration, which produces ~5-fs duration pulses that span from
about 500 to 800 nm, a bandwidth of about 200 THz. To demonstrate the utility
of the CPA-PFM-NOPA, we measure vibrational quantum beats in the transient—
absorption spectrum of methylene blue, a dye molecule that serves as a reference

standard.
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I. INTRODUCTION

Pioneering developments in nonlinear optics since the 1990s have led to the advance-
ment of the noncollinear optical parametric-amplifier (NOPA),"" a coherent light source
that can produce optical pulses in the visible spectral region having durations as short
as 5 femtoseconds. Because of the very short durations, these pulses are useful for time-
resolved spectroscopy measurements requiring the highest temporal resolution, in particular
measurements of quantum beats. In the spectral domain, these pulses have ultrabroad
(~200 THz) bandwidths and are, therefore, ideally suited to two-dimensional electronic
spectroscopy (2D ES) measurements of condensed-phase samples. Representative reports
that incorporated measurements conducted with NOPAs include transient—absorption stud-
ies of photoehemical reactions® ° and 2D ES studies aimed at understanding energy transfer

in-photosynthesis.!1 13

Because a NOPA can produce ultrabroadband laser pulses having very few optical cy-
cles, heterogeneity across the spectrum—*chirp’—for any of the spatial (z), angular (k),
temporal (¢), and spectral (w) variables limits the efficacy of the device for femtosecond
measurements because chirp can induce distortions ifrtaeasured spectra.!4 2! The dispersion
variables are coupled during the araplification process,?? which makes the task of producing
chirp-free pulses challenging. Researchers have studied how the dispersion variables can be
minimized by evaluating anamorphic focusing 'of the pump pulses,?® pulse-front matching,*

26,27

chitped pump pulses,? temporally and angularly dispetsed pump pulses, angularly dis-

persed seed pulses,?® ‘two-color pumping,?® dispersion compensation of the white-light seed

6:39 and improving focusing conditions and-parasitic processes.> 33 Review articles pro-

pulse,
vide guidance on NOPA design in terms of these dispersion variables.3*3% The wide range
of spatiotemporal dispersion issues that must be managed leads to many possible pitfalls,
which limits the wider adoption of the NOPA. This is unfortunate because NOPAs, such as
the one detailed in this report, can produce beams having an excellent spatial mode with

a shot-to-shot stability limited only by the source laser fluctuations, and NOPAs can be

implemented over wide wavelength ranges.

This contribution details a NOPA design that minimizes chirp to produce few-cycle pulses
that are ideal for femtosecond time-resolved spectroscopy measurements. A key aim is to

elaborate the design and implementation methods comprehensively. The NOPA detailed
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here is similar to one presented previously,®® with the following differences: dispersion com-
pensation in the pump arm to maximize power and stability, optics to optimize the spatial
profile of the seed, a prism in the pump arm to match the pulse-front tilt of the pump to the
seed, and optics to correlate input pointing changes for the pump and seed beams. Some
of these individual ideas have been reported, but never in this advantageous combination.
We provide protocols for assessment of the alignment and stability. Finally, we present
a measured femtosecond transient—absorption spectrum to demonstrate the utility of the

chirped-pulse amplification, pulse-front matched (CPA-PFM) NOPA.

II. THEORETICAL

Before addressing the practical details of design and optimization, it is helpful to elaborate
two theoretical aspects that give rise to many of the challenges associated with NOPAs. The
first is the pernicious problem of material dispersion compensation, and the second is the

coupled spatiotemporal dispersion arising from beam propagation through dispersive media.

A. Material Dispersion Compensation

The wavelength dependence of the index of refraction for a material can be quantified
by its Sellmeier equation, n()), which is ultimately responsible for many of the challenges
associated with the design and construction "ei-optical systems,?¢37 especially a NOPA.
Achieving a transform-limited pulse duration and concomitant flat spectral phase profile
requires an understanding of the various sources of dispersion in'the optical system.?® The
group velocity dispersion (GVD) and third-order dispersion (TOD) functions for a material

are given by

AP dn(\)

GVD(\) = 5 I (la)
A4 d’*n()\) d®*n(N\)
TOD(N) = oy <3 e T A e ) : (1b)

where we have retained the wavelength dependence of the index of refraction. Although it
is possible to carry out the diffdrentials in Eqns. (1) for a given phenomenological Sellmeier
equation to form lengthy analytic expressions, the differences between reported coefficient

values for a material under identical conditions indicate that the error of the Sellmeier co-
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efficients is similar to or larger than the error arising from a numeric approximation of
the derivatives. Therefore we compute the second-order and third-order derivatives using
central-difference approximation formulae® of order O(d\?). We display computed disper-
slon curves in FIG. 1 for six common materials including the ordinary axis of S-barium
borate (BBO), a birefringent crystal that serves as a common amplification medium. While
air seems insignificant because it has a GVD that is orders of magnitude less than other
materials, many NOPAs—and spectrometers that use NOPAs—have several meters of path-
length, which can make air the largest source of GVD.

It is useful to consider values at all relevant wavelengths because a common approach is to
use commercial dispersion-compensating mirror pairs (DCMPs) designed specifically for UV
fused silica to compensate for the dispersion induced by all of the materials in the NOPA and
subsequent time-resolved spectrometer. To evaluate the efficacy of thi hpproach, in FIG. 2
we present the dispersion ratios for four common materials—sapphire, air, SF10, and BBO—
by first normalizing each dispersion curve and then dividing by the dispersion curve for UV
fused silica. The results show that sapphire and UV fused silica have similar dispersive
properties, with a correspondence of 97% or better across the spectrum. By contrast, UV
fused silica has a distinct dispersion relative to BBO, SF10, and air, dipping to about 75%.
Hence, using DCMPs designed purely for UV fused silica may not adequately compensate
the dispersion of ultrabroad bandwidth pulses that propagate through many materials.

B. Spatiotemporal Dispersion During Amplification

The previous section describes the effect of material dispersion on a broadband pulse after
it propagates through a material, where the angle of incidence was ignored. If a broadband
pulse is incident on a material at a non-perpendicular angle, then Snell’s law needs to be

combined with the wavelength-dependent index of refraction to yield

f,(\) = sin~! (sin(&l)Z;Eii) , 2)

where now each wavelength of the transmitted beam has a distinct refraction angle. This

is known as angular dispersion and can introduce pulse front tilt and other distortions to
the spatiotemporal profile of the pulse. Managing angular dispersion is an important NOPA
design principle because in a NOPA | one or more beams has a non-normal angle of incidence

relative to the surface of the amplification crystal.
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FIG. 1: Second-order (GVD(A)) and third-order (TOD(\)) dispersion curves for six
common materials comﬂlted using Eqns. (1) with 6\ = 1 nm. The water temperature was

set to 21 °C. Air can be the largest source of GVD when pathlengths are several meters.

In an optical amplifier such as a collinear OPA or NOPA, the phase-matching condition
describes the portions of the supercontinuum spectrum that will be amplified by the pump
beam during the sum-frequency (x(®) process. The phase-matching-tondition states®**
that amplification will only occur with appreciable efficiency when Ak = |k, — ks — k;| = 0,

6
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FIG. 2: Ratio of normalized material dispersion relative to UV fused silica. Thick solid
(thin dashed) line represents GVD (TOD) ratios. While sapphire is approximated quite

well by UV fused silica, the other materials are approximated poorly.

where p, s, and 7 refer to the pump, signal, and idler beams, respectively. During the amplifi-
cation process, Ak explicitly relates to the wavevector of the electric field, and reformulating

the phase-matching condition in terms of frequency and refractive index yields
wp(n(wp) = n(ws)) + wi(n(ws) — n(w)) =0, (3)

where we used energy conservation, ws = w, — w;. Most isotropic materials have positive
dispersion, On(w)/0w > 0. For the typical condition of w; < wy < w,, then n(w,)—n(ws) > 0
and n(ws) — n(w;) > 0 and there exists no valifl|solution to Eqn. (3). Birefringent media—
such as the ubiquitous BBO crystal—have two distinct refractive indices, one for the ordinary
axis, n,(A), and the other for the extraordinary axis, n.(\). By aligning the polarization of
the pump beam such that it encounters the higher refractive index while the signal and idler
are polarized along the lower refractive index, the phase-matching condition can be satisfied.
Adding an extraordinary and ordinary refractive index for this type I phase matching to the

phase-matching condition yields
Ne(Wp)wp — N (ws )ws — Np(wi)w; = 0, (4)

and the correct matching of the pump and signal beams is dependent on the crystal cut
angle, .., because the overlap of the pump and supercontinuum inside the BBO crystal
depends on the projection of the pump pulse ontd:‘po. Due to Eqn. (2), it is important to

distinguish the external pump-tilt angle, 8, from the pump-tilt angle internal to the crystal,

7
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FIG. 3: (a) Representative noncollinear optical parametric amplifier (NOPA)
phase-matching curve. (b) Noncollinear geometry conditions. A, A,, and A indicate the
sapphire supercontinuum, pump, and signal spectra, respectively. The pump-tilt angle, 0y,
represents the external difference between the pump and supercontinuum pulses, which,
after refraction at the air/crystal interface, becomes the internal angle, ov. The
phase-matching angle, 6,,,, combines v and the crystal cut angle, Oy. P and S indicate

polarization of beams relative to plane of crystal surface. (¢) 3D view.

. For noncollinear beams, the total phaselmatching angle® is given by Opm = Oyal + <
such that
(Sin2<9pm> + COSQ(me))_l/2 ( ) ( ) + ( ) (ﬂ) (5)
w = ny(ws)ws cos(a) + ny(w;) cos(B),
g n2(wp) n2(wp)
where

(6)

Thasolution to Eqn. (5) can be found numerically for a given pump frequency and specific

3 = arcsin (sin(a)m> .

Mo (Wi )w;

crystfal-cut angle. FIG. 3 shows one such phase-matching curve; in this representative ex-
ample, the pump wavelength is 0.4 ym and o = 3.8° to yield phase matching from 555 nm
to 675 nm, a bandwidth of about 100 THz. This result accounts for the phase-matching
process, but it neglects several important physical effects arising from beam propagation
through a dispersive medium.

During an ideal amplification process, the pump and seed beams would have perfect
spatial and temporal overlap as the fields propagate through the amplification medium.
However, the wavelength dependence of the refractive index induces temporal walk-off be-

tween the seed and pump beams during the amplification process, even when beams are
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FIG. 4: Schematic illustrations comparing the geometry of a (a) collinear OPA, (b)
conventional NOPA, and (c) chirped-pulse amplification (CPA) and pulse-front matching
(PFM) NOPA. Each advancement improves the spatial and temporal overlap of the pump

(kp, purple, solid line), signal (k,, orange/multicolored, solid line), and idler (k;, purple,
dashed line) pulses inside the amplification crystal to maximize bandwidth and reduce

spatiotemporal dispersion.

collinear and the crystal thickness is 1[thm or less. FIG. 4 presents schematics depicting
the effects of temporal walk-off and spatiotemporal dispersion on the amplification process
in three cases by displaying timelines for each laser pulse as it propagates through the am-
plification material. In all panels, the box marked with y(® represents the amplification
medium, the small purple rectangle represents the pump, the larger rectangle that changes
between orange and a rainbow represents the seed/signal, and the purple rectangle with
dashed border represents the idler. Panel (a) depicts an OPA; in which the pump, signal,
and idler beams are collinear, and hence there are no spatial distortions, assuming perfect
alignment. However, there is a large mismatch in the group velocities of the signal (v),
pump (v,), and idler (vy;), and this mismatch causes rapid, substantial temporal walk-off
among the beams. The walk-off and the geometry limit the amplification bandwidth of the
OPA for crystal thicknesses that yield usable amount of gain.

The conventional NOPA design of panel (b) depicts that—when the pointing of the pump
beam is changed to have an internal angle « relative to the signal beam and a concomitant

internal angle €2 relative to the idler beam—there is less temporal walk-off. Furthermore,

9
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using Eqn. (5) shows that this design can produce broader phase matching relative to an
OPA. However, the angled pump beam induces spatial chirp on the signal beam from two
sources. The first source is that a focused pump beam necessarily contains multiple angles
of incidence, causing the amplification to be heterogeneous at the overlap of the pump and
seed pulses. Later in this work, we quantify the distribution of pump incidence angles such
that the higher and lower angles are o &= A, respectively. Whil¢ Jpanel (b) of FIG. 4 does
not depict this issue for simplicity, it does nevertheless occur in the laboratory and even
led one group to construct a NOPA in which the pump beam was not focused to the BBO
crystal.?! A second contribution to the spatial chirp—which is depicted in panel (b)—is that,
like the OPA case, the continuum seed pulse stretches temporally as it propagates through
the amplification medium. Because the pulse fronts-are not parallel,***3 there is a time and
spatial dependence to the amplification process. Pump pulses at higher incidence angles
only encounter a fraction of the overall seed bandwidth when both pulses overlap in space
and time. These two issues give rise to the spatial dependence of the amplification process
and strong observable spatiotemporal distortions. Finally, both panels (a) and (b) depict
a perfectly input seed pulse that has perfect temporal compression when first incident on
the amplification medium. This is generally not the case due to propagation through the
supercontinuum medium, air, and in many cases, lenses, whereas panel (c) shows a seed pulse
that has been intentionally chirped to pre-compensate for the dispersion it will experience

in the amplification medium, as described in greater detail below.

To minimize the spatiotemporal distortions of the amplification process while retaining
the noncollinear geometry that reduces the temporal walk-off, two adjustments are needed.
Panel (c¢) depicts the addition of chirped-pulse amplification (CPA) and pulse-front matching
(PFM). We note that the term OPCPA is typically used to describe parametric amplification
with a stretched signal pulse to improve the temporal overlap with a long pulse pump laser
for-high-power OPAs.** The intent here is similar—we modify the chirp of the signal pulse to
improve temporal overlap with the pump throughout the nonlinear crystal. Chirped-pulse
amplification involves pre-compression of the white-light seed pulse such that it has a much
shorter duration than the pump beam at the point of maximum overlap in the amplification
medium, roughly midway through the material. An alternative strategy to reduce temporal
walk-off that has proven successful is to chirp the pump pulse by adding material to the

pump-pulse arm.*> In our attempts, the UV fused silica material placed in the pump arm

10
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produced some self-phase modulation that negatively affected the amplification process and
stability. Perhaps other material types would have yielded more robust results. Both strate-
gies reduce the temporal walk-off significantly. Pulse-front matching refers to the action of
tilting the pulse front of the pump beam using a prism such that the wavefront is parallel
to the crystal. The tilted pulse front reduces the spatial dependence of the amplification
process and thereby allows for more homogeneous amplification. In our experience, these
enhancements also increase the amplification bandwidth and, furthermore, allow for coarse
spectral control. This, consequently, can yield a shorter pulse duration as well as enable
measurements of coupling between energy levels that are farther apart in the spectrum. In
this work, we demonstrate that the CPA-PFM NOPA can yield ultrabroadband pulses free

of the spatio-spectral distortions that are produced in a conventional NOPA.

II1. METHODS

In this section we detail the CPA-PFM NOPA design, assessment protocols for key prop-

erties, and guidance for how to maximize stability and minimize distortions.

A. CPA-PFM NOPA Design

FIG. 5 presents the laboratory implementation of the CPA-PFM NOPA, which is pumped
by a commercial 1-kHz Ti:sapphire amplified laser (~150 fs duration, Ay ~ 800 nm). Re-
flective optics used for the fundamental beam as well as the second-harmonic beam have
broadband dielectric coatings for appropriate polarization conditions, and all optics in the
seed beam after supercontinuum generation have a protected-silver or other metallic coat-
ing. Throughout the discussion, z indicates the propagation direction of a given beam. The
footprint of the enclosure is 48 cm by 99 cm. The first optic (BS) is a UV fused silica window
(17 diameter, 3 mm thickness, anti-reflection coated on the back surface) that reflects about
3% of the input beam to be used for supercontinuum generation. The input polarization
can be either horizontal or vertical because both the seed and pump arms have half-wave

plates. The transmitted beam will serve as the pump.

11
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1. Supercontinuum Arm

In the reflected arm, the beam transmits through a fixed neutral-density filter (ND) for
homogeneous intensity reduction and then a half-wave plate (HWP; Tower Optical Z-25.4-A-
.500-C-800) and an anti-reflection coated polarizer (Pol; Thorlabs GL15-B) for fine intensity
control. The polarizer is set to transmit vertical polarization so that the pump and seed
beams of the NOPA can be set to fixed heights and to intersect horizontally in the amplifi-
cation crystal. The waveplate/polarizer combination leads to a more homogeneous intensity
distribution relative to the more-commonly used-variable ND filter.>3° Having a spatially
homogeneous fundamental beam simplifies the generation of a spatially homogeneous su-
percontinuum seed beam. The attenuation amount of the ND filter is chosen to reduce the
beam intensity such that the optimum HWP rotation angle will be approximately midway
between a minimum and maximum, yielding the finest possible intensity control. The beam
transmits through an iris (TI; Thorlabs ID12) set to a diameter of approximately 4 mm.
The iris is fixed to a translating lens mount (Thorlabs LM05XY) for fine adjustment of
an optimal central region of the larger fundamental beam. The transmitted beam is then
focused by a lens (L1; f=50 mm; uncoated) mounted on a 2D manual translation stage
and focused to a 2-mm thick sapphire plate (saph) for continuum generation. The sapphire
window is held in a manual rotation mount (Thorlabs RSP1) with the focused beam set to
be off-center so that if the crystal becomes dirty or damaged, one can simply rotate to an

undamaged spot without having to perform any realignments.

Most prior NOPA designs incorporate a lens or a 0° spherical mirror used at a non-zero
angle to collimate the supercontinuum seed beam and then focus it to the amplification
crystal. These optics are straightforward to align, however, both will introduce undesirable
spatiotemporal distortions to the broadband beam, and in the case of the lens, additional
unwanted temporal dispersion. We use a 90° off-axis parabolic mirror (OAPM, f=20 mm,
Newport 50328AL) because it does not introduce aberrations to the spatial mode or tem-
poral dispersion. The short focal length keeps the beam as small as possible, which, as we
detail in a later section, is an important design consideration. The surface roughness of an
OAPM is the primary cause of scatter, and this specific optic has the smallest specification
value we could source commercially, 25 A. A potential disadvantage to using an OAPM is

alignment difficulty. OAPMs have 6 degrees of freedom that are coupled to each other and

12
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FIG. 5: Schematic of the CPA-PFM-NOPA, containing a beamsplitter (BS), a
neutral-density filter (ND), half-wave plates (HWP), a polarizer (Pol), a translatable iris
(TI), mirrors (M), lenses (L), a sapphire window (saph), an off-axis parabolic mirror
(OAPM), a dispersion-compensating mirror pair (DCMP), curved mirrors (CM), S-barium
borate crystals (BBO), a UV fused silica window (UVFS), a bandpass filter (F), iris (1),
beam blocks (BB), a prism (Pr), and a delay stage (DS). The fundamental input beam
(red) yields a weak supercontinuum beam (yellow) and a strong pump beam (blue).

Amplification in BBO2 yields the output signal beam (yellow).

therefore have a reputation as being difficult to align. To simplify alignment tremendously,
the positional and angular degrees of freedom can be decoupled from each other by introduc-
ing an additional flat mirror (M2) after OAPM. Our OAPM is fixed, using a custom adapter
plate, to a manual three-axis positioner (OptoSigma TAM-655SRLUU) that allows for fine
alignment of the location of the optic. We include a computer-aided design .step file for the
custom adapter plate as Supplementary Material. The angles of OAPM are aligned by hand
using the custom adapter plate; we estimate an angular tolerance of better than +2° can
be achieved by hand adjustments of the optic while examining the reflected beam in the far
field. After OAPM, the beam reflects off M2, which provides fine adjustment of the angular

degrees of freedom.

13
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Optimizing the supercontinuum generation process is a key requirement to obtain a stable
NOPA. Therefore we elaborate a procedure that typically is successful. The first step is to
remove optics L1, saph, and OAPM. We then set Tl to select the central region of the
fundamental beam, which must be directed by M1 along a row of holes on the optical
table and horizontally parallel to the surface of the optical table after mirror M1. We then
replace saph and ensure it retroreflects the fundamental beam; the optic should be mounted
securely without over-tightening. We then carefully block the beam directly before saph
and then insert and align carefully L1, which is not anti-reflection coated so that both back-
reflected beams are visible with an IR viewer. Eschewing threaded lens mounts because they
induce asymmetric forces that distort an optic, instead we use a nylon or nylon-tipped set-
screw—based lens mounts whenever possible. Again, the set screw should be snug without
overtightening. Lens L1 has two translational and two angular degrees of freedom. The
vertical angle can be optimized adequately by ensuring the optic is flat in the set-screw
mount (Thorlabs FMP1). Using the retroreflected beams, one can align both translational
and the horizontal angular degree of freedom. The rest of the alignment procedure involves
refining the z translation of L1, the setting of the compressor in the Ti:sapphire amplifier, and
the two transverse translation dimensions of Tl as well as small adjustments to its diameter.
The goal is to generate a spatially homogeneous supercontinuum beam at the lowest possible
fundamental power; a typical value is ~0.5 pJ /pulse, leading to a supercontinuum beam such
as the one displayed as a representative image as tlg top panel in FIG. 6. There will be some
radial dependence to the coloration of the beam, but there should be no localized blotches
or discolored regions. An overpumped supercontinuum beam is shown as the middle panel
in FIG. 6; this figure also shows the spectra of optimum and overpumped supercontinuum
beams in the bottom panel. Observing a red ring outside the main beam is indicative of
strong overpumping, which will generate undesired spectral fringes. In the ideal alignment,

there is just enough power in the fundamental to overcome the supercontinuum threshold.

Mirror M2 sends the beam into the DCMP, which provides the negative temporal dis-
persion needed for the CPA process. In a quest to maximize amplification bandwidth, we
have evaluated a number of different DCMPs for pre-compression of the supercontinuum
seed beam: DCMPs designed to compensate 1.2 mm UV fused silica per double bounce
(Laser Quantum - Novanta, formerly Venteon, DCM9) as well as DCMPs designed to com-
pensate 0.5 mm of UV fused silica per double bounce (Layertec 148545), compensate 1.5

14
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FIG. 6: Photograph of scatter from a white card for typical white-light supercontinuum
beam produced at optimum pump power (top) and overpumped (middle). The radial
symmetry and lack of red ring are important properties at optimum pump power.
(bottom) Spectra of supercontinuum beam produced at optimum (greenish yellow) and

overpumped (red) powers.

mm UV fused silica per double bounce (Layertec 174306), and compensate 1 mm of BBO
plus 1 mm of sapphire per three double bounces (Layertec 128921). After optimization, the
resulting amplified beams were essentially indistinguishable, indicating that coarse control
over the dispersion is adequate for optimizing the amplification process. We emphasize two
details. The first is that some DCMPs are very sensitive to the angle of incidence, having
a tolerance as low as +0.5°. The wrong angle of incidence can lead to undesired spectral
fringes and satellite pulses in the time domain. The second is that DCMPs having multiple
reflections are very sensitive to mechanical perturbations, and therefore it is important to
mount the DCMPs rigidly to the table without any adjustment knobs using the thickest
possible hardware, such as 1.5” diameter posts. Alignment can be accomplished by hand

with patience.
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After the DCMP, the supercontinuum seed beam is reflected by mirror M3 and sent to
an f=750 mm focal length 0° spherical mirror (CM1). Mirror M3 is positioned to make
the incidence angle on CM1 as close to zero as possible. At times, we have changed M3
from protected silver to have a protected aluminum or protected gold coating for additional
control of the seed spectrum. The long focal length of CM1 is intentional. Inspecting FIG.
4, one can envision that a tightly focused seed beam would lead to a distribution of nonzero
angles of incidence on BBC@ that, given Eqn. (2), would lead to significant angular dispersion
and subsequent spatio-spectral distortions during the amplification process. Minimizing this

potential problem is equivalent to maximizing the Rayleigh range, zr, which is given by

2

= 7
where D is the diameter of the beam incident on CM1 and F' is the focal length of CM1.
Therefore, to maximize zr and thereby minimize the distribution of angles incident on
BBO2, we use the very short focal length OAPM to minimize D and use a very long focal
length for CM1 to maximize F'. After testing CM1 focal lengths ranging from 250 mm to
2000 mm, we have found that a focal length of 750 mm is the shortest focal length that
eliminates detectable angular dispersion. This focal length, given that D ~5 mm, yields
zr ~2 cm. Amplification occurs in BBO2, which has a 1-mm thickness. The cut angle
of BBO2 is extremely sensitive to the input wavelength, and we discuss its optimization
in a later section. Finally, after amplification, the signal beam is recollimated by CM2 (0°
spherical mirror, f=500 mm) used at a small nonzero angle and then picked off by a final

mirror. The total propagation distance from saph to BBO2 is about 1.5 meters.

2. Pump Arm

Next, we discuss the pump arm of the CPA-PFM NOPA. The first optic in this arm is
a UV fused silica window (UVFS) that has anti-reflection coated surfaces. The thickness
is chosen to adjust the dispersion of the fundamental beam to maximize the amount of
second-harmonic generated by BBO1. Because the compressor of the Ti:sapphire amplifier
is adjusted to optimize the supercontinuum generation, without optic UVFS, the dispersion
would lead to sub-optimal SHG, lowering the average intensity and also increasing the shot-

to-shot fluctuations.
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FIG. 7: Photograph of scatter from a white card for typical NOPA beam to display the
near-TEMy, spatial mode routinely achieved by the CPA-PFM-NOPA.

Like the supercontinuum arm, the pump arm also contains a HWP for fine control over the
power, but no polarizer is needed because second-harmonic generation in BBO1 (7x7 mm
size, 1 mm thickness, anti-reflection coated, 6 ~ 29°) is polarization sensitive. The cut angle
tolerance is 0.1° and is specified according to the precise fundamental wavelength; a different
crystal is required when the central wavelength of the fundamental changes more than about
10 nm. A 1-mm crystal thickness will only phase match about 10 nm of bandwidth near 800
nm, which means that one must monitor the spectrum of the second-harmonic beam while
optimizing the phase-matching angle. A convenient method to obtain a spatially averaged
spectrum of the SHG beam without any focusing optics is to attach a small (~1 ¢cm?®) block of
white foam to the tip of an optical fiber that is set normal to the propagation direction. For
a well-aligned crystal, the highest powers will correspond to a symmetric second-harmonic
spectrum at a HWP angle that yields maximum power. A bandpass filter (F, Thorlabs
FBH400-40) separates the residual fundamental from the desired second-harmonic beam.
The residual fundamental is sent by F to a pick-off mirror (M4), which directs the beam to a
beam block (BB) that is placed outside the NOPA enclosure to reduce thermal effects that

cause drift. The NOPA enclosure minimizes dust, air currents, and thermal gradients.

The beam is then directed through a UV fused silica prism (Pr, 69.06° apex angle, New-
port 10SB10) for tilting the pulse front of the pump beam. The prism is set to the minimum-
deviation angle. Mirrors M5 and M6 then direct the beam to a pair of mirrors mounted on a
manual delay stage. The angular alignment of the two mirrors mounted on the delay stage
has a loose tolerance, and we can increase mechanical stability by affixing these mirrors in
a single bespoke machined mount, denoted the ‘chair’. We include a computer-aided de-

sign .step file for the chair as Supplementary Material. The second-harmonic beam then
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propagates through a telescope composed of two uncoated CaFy lenses (L2 and L3, each 1”
diameter, f=100 mm) separated by approximately 21 cm. Lens L3 is mounted on a manual
translation stage for fine control of the z translation to yield fine control of the focus into
the 1-mm thick amplification crystal, BBO2. Mirrors M7 and M8 control the pump overlap
angle, ~ 6° external to the crystal (yielding an approximate internal angle of ~3.7°), as well
as the overlap of the pump to the seed in the crystal. A key to obtaining an excellent spatial
mode is alignment of the two pump lenses using the retroreflected beams. The beam waist
at the plane of BBO2 is about 250 pm. Our NOPA uses two lenses as a slightly defocused
telescope, rather than a single lens, so that any pointing changes to the input beam due to
drift will yield a positive correlation of the pump and seed beams as they interact in BBO2,;
both beams will move in the same direction, allowing for an amplified output beam with
increased long-term stability. As we detail more in a later section, the cut angle of BBO2 is
about 27.5°, but must be tailored to the precise wavelength of the fundamental beam and
to the desired output spectrum. The BBO2 crystal is set to normal incidence of the seed to
eliminate that source of anguldy dispersion. FIG. 7 shows the output spatial mode that is

achieved daily with minimal adjustment.

Our use of a prism was motivated by Kobayashi and coworkers,** who, in 2002, used a
telescope to ensure the amplification crystal was in an image plane of the tip of the prism.
This imaging arrangement produced the desired pulse-front tilt following the sketch in FIG.
4(c). Our implementation of the prism in the Fourier (confocal) plane is complementary to

the prior report.

The prism creates angular dispersion %, where @ey(w) is the exit angle from the

prism. The initial angular dispersion can be determined from Snell’s law applied to the

prism interfaces,

2 .
d¢exit o )‘p dn SN (apex

dw e d_)\p €08 (exit ) COS (sirf1 (% sin ¢enter)) ’

(8)

where A, is the central pump wavelength. Including angular dispersion and allowing for
second-order temporal dispersion—assuming a Gaussian spatial and temporal profile—the

laser pulse electric-field profile at the exit of the prism can be described in position-frequency
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space (in the horizontal dimension) as

, 7'02 6 ) x/2
Eoism(w, ') = Epexp |— Z+Z§ (w—wp)”| exp —0—326 exp

where (3 is the total group delay dispersion, 7 is the transform-limited pulse duration, and
0, is the 1/e* beam intensity radius.

The lenses in the two-lens pump telescope are set such that the distance from the tip of
the prism to the first lens of the telescope is equal to the distance from the second lens of
the telescope to BBO2. However, the distance between the two lenses in the telescope is
deliberately set to a non-collimating value such that the pump pulse focuses near the surface
of BBO2. In this geometry, BBO2 is no longer in an image plane of the prism, but in a scaled

Fourier plane. In the Fourier plane, the electric field of the pulse can be written as

G el Chel)) ol B

2
0% FP

Erp(w, ) x Eyexp {— (%02 + Z§) (w— wO)Q} exp

where o, pp = % is the CW beam radius in the focal plane. The effective focal length of
the two-lens system is given by foy = —(d — f), where f is the focal length of each lens and
d is the distance from the prism to the first lens and the distance from the second lens to
the BBO. The minus sign corresponds to the inverted image of the Fourier plane relative to
a single lens system and not a negative focal length lens.

The angular dispersion at the prism plane is mapped as spatial dispersion with a
frequency-dependent spatial peak given by zg (w) = — for 222t (w — wy). A second form of
pulse front tilt arises when both spatial dispersion and temporal dispérsion are present.*43
This approach has been considered for terahertz generation withilted pulse fronts.*® Eqn.
(10) can be Fourier transformed to the time domain, and the total pulse front tilt (ypp) is
APexit 1

dw (feﬁ%y + (%Uz,FPTO)Q'

(11)

tanypp = —cffest

In summary, the prism induces angular dispersion with a pulse front tilt, but the telescope
arrangement converts that into spatial chirp, which—through standard material dispersion—
becomes pulse front tilt in the Fourier plane where BBO2 is placed. The additional complex-
ity is worthwhile because having correlated pump and seed arms in the NOPA significantly

increases the long-term robustness of its alignment.
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FIG. 8: Calculated pulse-front tilt for two prism apex angles and the conditions described

n text.

In our setup, d = 73 cm, f = 10 cm, 79 = 64 fs, § = 1300 fs? for propagation through
about 7 mm of fused silica, 7.8 mm of CaFy (two Thorlabs LA5817 lenses), and 2 meters
of air, o, = 2 mm, and the dispersing prism has an apex angle of 69° and is aligned for
minimum deviation. This yields a pulse front tilt at the focal plane of ypp = 1.9°. We
performed the same calculation for a 45° apex-angle prism, and the result is that ypp = 4.0°
at the focal plane.

Near the focal plane, the pulse front tilt evolves as the beam propagates and generally
involves a sum of both forms of pulse-front tilt. We use numerical beam propagation to
propagate the beam from the prism, through the two lens system and through the focus, to
demonstrate the variation of pulse-front tilt near the focal plane. We propagate the beam
through a distance Az in free space by assuming a quasi-monochromatic beam with central
wavelength )\, and by treating treating each lens with focal length f as-a thin phase filter.*”
At each z location, we perform a two-dimensional Fourier transformation to obtain the pulse
in the x —t domain, E (z,t; z). In this domain, the pulse front tilt can be found numerically
for each z value. We determine the time ¢, that the electric field amplitude peaks at each

position x in the spatial extent of the pulse. The pulse front tilt angle v can be found from

dty
t =c—. 12
any = 2! (12)

The numerical beam propagation results @e plotted in FIG. 8 for a Brewster angle (69°)

prism and a 45° prism. The plot shows the pulse-front tilt as a function of position along the
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beam propogation direction near the focal plane of the two-lens system. For both prisms, the
pulse front tilt varies rapidly through the focal plane effectively creating a “tuning curve”
where the pulse front tilt can be optimized by adjusting the relative position of the BBO
crystal and the focal plane. One benefit of this approach is that the pulse front tilt can be
optimized for a broad range of prism angles and lens choices. In contrast, when the prism
output is imaged to the crystal, the optics must be carefully chosen and designed to achieve
the correct pulse front tilt.

To test these computational results, we constructed a NOPA that, in turn, used a right-
angle prism or a Brewster-angle prism in the pump arm. For the right-angle prism case,
we aligned the optic such that the pump beam refracted through one of the 45° corners,
and we adjusted the distance between the two pump lenses such that the focus of the pump
was quite close to BBO2, about 1-2 c¢m relative distance. In the other case, the pump
beam propagated through the standard corner of the Brewster-angle prism, and the focus
of the pump was set further behind BBO2, about 34 cm relative distance. The resulting
amplified beams were largely indistinguishable from each other, although in some tests the
right-angle prism yielded slightly (~5 nm) more bandwidth. These observations confirm the
computational results that pulse-front tilt can be controlled by adjusting the plane of the

focus relative to the plane of BBO2.

B. Optimization of Angles

Analogous to a well-aligned interferometer, a well-aligned NOPA can produce an output
beam having a spatial mode with circularly symmetric interference rings, also known as an
Airy pattern. Achieving an output such as fhat shown in FIG. 7—in which the pump power
was set to yield a mode having just the one central peak of the Airy pattern—requires careful
optimization of the noncollinear angles. The crystal-cut and pump-tilt angles that yield
the broadest usable output bandwidth depend only on the central wavelength of the input
laser, which in turn is governed by the sample. One must identify the central wavelength
that yields a NOPA spectrum that maximizes overlap with the sample’s absorption and
fluorescence spectra. To accomplish this task, one can compute a series of phase-matching
calculations at varying pump-tilt angles and prepare a surface plot such as the one shown

in the Jeft panel of FIG. 9. By comparing surface plots at varying pump wavelengths, one
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can identify the optimum internal angle quickly. A surface plot relates the internal angle
(c), the crystal cut angle (6ya1), and output bandwidth at a specified pump wavelength and
internal angle width (Aa). The internal angle width is given by the focusing conditions of
the pump beam; in the case of a 0.6 um wavelength focused by an f=750 mm optic with a

5 mm beam diameter, then Ao ~ 0.12°.
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FIG. 9: Phase-matching surface and plot for A, = 0.4 pm that explicitly incorporate Aa,
the distribution of pump-tilt angles caused by the focusing of the pump beam to the
amplification medium. Based on the computed amplification bandwidth of 233 THz, one
can estimate a pulse duration of 4.5 fs.

Prior NOPA design reports®* anfl]panel (a) of FIG. 3 made the reasonable assumption
that the optimal phase-matching angle is the angle that produces the flattest single phase-
matching curve. By accounting for nonzero A« arising from focusing of the pump beam,
however, the [rlght panel of FIG. 9 shows that phase matching for the greatest bandwidth is
actually at lower crystal-cut and internal angles than normally used. We routinely operate
the NOPA with lower-than-expected pump tilt and crystal cut angles, which yields ~10 nm
of additional bandwidth without incurring spatial chirp or angular dispersion because only
the internal geometry of the system has changed.

To summarize, based on the sample spectral properties, we compute phase-matching sur-
faces for varying pump wavelengths. The surfaces reveal the best choice of amplifier central
wavelength, pump-tilt angle, and crystal-cut angle. A few examples are instructive. For
phytochromes that absorb in thé red, for example,*® we set the amplifier central wavelength

to 820 nm, used a BBO mixing crystal cut to 26.8° and an external (internal) angle of 6.0°
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(3.6°) to obtain pulses spanning from about 525 nm to 800 nm. On the bluer side of the
spectrum, for rubrene single crystals, we set the amplifier central wavelength to 780 nm and
the external (internal) angle to 5.0° (3.0°), for a 27.1° crystal. The resulting pulses spanned
from about-460 nm to 550 nm.* And, finally, our standard setup shown in panel (b) of FIG.
9 uses an amplifier central wavelength of 800 nm, a 27.5° crystal, and an internal angle of
3.5° yielding pulses spanning from about 490 nm to 770 nm. The external pump-tilt angle
has dropped[from 6.3° in FIG[B to 5.8° in FIG. 9 due to the geometry change. In this
configuration, the input pulse energy of 330 wpJ yielded 52 pJ of 400-nm beam focused into
mixing BBO and 1.1 pJ of 800-nm beam focused into the sapphire. Filtering out the residual
fundamental using a 750-nm shortpass optical filter (OptoSigma SHPF-25C-770), the energy
of the unamplified supercontinuum was 6.5 nJ and the total output energy was 420 nJ. This
is a ~0.8% conversion efficiency. After pulse compression, in the typical configuration, the

amount of energy available for measurements is about 200-300 nJ/pulse.

C. Analysis of Spatio-Spectral Distortions

For a NOPA operating at visible wavelengths, the spatio-spectral dispersion properties
can be evaluated with little more than a card with which to view the output beam. Specif-
ically, during alignment, we recommend expanding the output beam by either letting the
uncollimated output beam propagate a long distance or by adding a spherical mirror to
the output beam to expand its size more quickly than propagation. Using either approach,
a user can quickly evaluate the presence of spatio-spectral chirp by looking for changes in
color across the beam diameter. Spatial chirp arises when differing frequencies of light are
generated at slightly different locations but have parallel wavevectors. By contrast, angular
dispersion can arise even when all frequencies are generated in the same location but have
non-parallel wavevectors. Either issue will manifest as a frequency-dependent spatial profile;
when alignment is very poor, either issue can give rise to a rainbow. The two phenomena
can be distinguished by evaluating the beam at a focal plane. If spatial chirp is the issue,
all of the colors will focus to the same spot. Angular dispersion, by contrast, leads to a
wavelength-dependent focus. One can scan a pinhole through the beam at the focal plane

and then assess changes to the color of the diffracted beam on a card placed in the far field.
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D. Calibration of Detectors

Because the cut angle of the amplification crystal is so sensitive to the exact wavelength
of the pump pulse, one must use great care when measuring the pump wavelength with a
spectrometer. Many spectrometers, especially compact USB spectrometers, lose wavelength
calibration after only a few months, and we have found shifts of nearly 10 nm are possible.
A shift of 10 nm in the fundamental near 800 nm would require a change of BBO crystal-cut
angle of 0.4°, which is quite significant compared to the tolerance of 0.1°. The straightforward
calibration procedure is a linear fit to several lines from an atomic lamp once it reaches its

thermally equilibrated temperature.

For assessment of the spectrum of the amplification process in an ultrabroadband NOPA,
it is also important to calibrate the relative-intensity scale of the spectrometer. Most spec-
trometers report only a relative intensity value that is not corrected for the intensity varia-
tions caused by the internal optics as well as the responsivity curve of the detector material,
which is most often silicon. We have found that using a broadband light source that acts as
a thermal emitter to be a reasonable compromise among cost, reliability, and convenience.

One can then generate a correction curve using the calibration lamp.

E. Minimization of Pump Scatter in Time-Resolved Spectroscopy

Measurements

An important consideration when conducting time-resolved spectroscopy measurements is
to minimize scattering of the laser beams on the sample. The issue is especially problematic
for degenerate transient—absorption spectroscopy measurements conducted with ultrabroad-
band pulses because pump scatter will occur at all wavelengths. The scatter can be on the
order of 1% or more, which is a level that obscures many subtle features that are of interest
such as coherent quantum beats. Typically one minimizes scatter by ensuring the cuvette
windows are undamaged and very clean, as well as filtering liquid samples to remove partic-
ulates 2 0.2 pm by using a syringe filter appropriate for the solvent. For aqueous solutions
we have found Whatman UNiFLO polyethersulfone #9916-1302 filters to be adequate. For
some solvents, another way to reduce scatter from cuvette windows is to remove the cuvette

itself by constructing and optimizing a wire-gtiitled jet apparatus.®®®2 These three methods
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are fairly standard and widely used.

One additional method that seems to be less well-known is to use the optimum ma-
terial for the cuvette windows, because scatter can arise from the glass itself even with
pristine surfaces. The hydroxyl ions present in fused silica material produce intrinsic den-
sity fluctuations that cause nonzero pump scatter at isible wavelengths.?® The hydroxyl ion
specification for UV fused silica is < 300 ppm. By contrast, there are some forms of so-called
‘IR fused silica’ such as Suprasil 300, 3001, and 3002 and Infrasil 301 and 302 that have
much lower hydroxyl ion content (<1 ppm and < 8 ppm, respectively) and, consequently,
significantly lower levels of intrinsic scatter. In our experience, the level of scatter from
pristine IR fused silica cuvette windows can be so low as to be undetectable. Hence, when
possible, one should use IR fused silica windows in cuvettes and demountable liquid cells,

an upgrade to our previously reported design.?*

IV. RESULTS & DISCUSSION
A. NOPA output & compression

Using the methods]detailed in Sec. III, we have constructed ultrabroadband NOPAs in
multiple laboratories. The characteristics of these NOPAs include: (a) near-TEMy, spatial
mode such as[that shown in FIG. 7 with no detectable angular dispersion, (b) about 200-THz
bhnflwidth, see FIG. 10, (c) shot-to-shot stability of 0.5% RSD with pn} stage, see FIG. 11,
or 0.1% RSD with two stages, (d) pulse duration of ~5 fs with a flat phase profile, see FIG.
12, and (e) minimal daily alignment required.

We have used several methods to compress ultrabroadband pulses. Based on the analysis
of material [ispersion in FIG. 1, we purchased DCMPs designed to compensate for 1 m
of air per double bounce (Layertec 180504 & 180510). Our multiple attempts at pulse
compression using these air DCMPs in addition to a set of UV fused silica DCMPs did not
yield distortion-free pulses; often uncompensated third- and higher-order dispersion causes
a small pedestal or satellite pulse to persist. Ultimately, we have found that we obtain
the best pulses using a combination of UV fused silica DCMPs and a prism-based pulse
shaper incorporating, when necessary, a neural-nétwork architecture.® The pulse shaper

incorporates a prism—rather than the more-common grating—for two reasons. First, the
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FIG. 10: Spectrum of NOPA output (blue) and parametric gain (black).
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FIG. 11: Statistical analysis of NOPA fluctuations for a representative dataset with RSD
of 0.5%.

prism has a much higher efficiency than a grating, and in time-resolved measurements it is
helpful to have adequate pulse fluence for generating strong signals. The second advantage
is that refraction of the prism material (SF10) has a beneficial wavelength dependence. The
prism disperses more in the blues—where the pulse is not well-compressed by the chirped
mirrors—and less in the reds—which are already well-compressed by the chirped mirrors.
Hence there are more actuators of the deformable mirror available for refining the phase in

the bluer region of the spectrum using a prism-based pulse shaper relative to a grating-based
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pulse shaper. With the pulse shaper, the total distance from saph to the sample position is
about 10 meters. Without the pulse shaper, the total distance was about 4 meters, however,
like a prior work that used only DCM®Ps for compression,*® the satellite pulses were slightly
larger and phase profile was not as flat relative to those attainable with a pulse-shaping

setup, despite the decreased dispersion due to reduced pathlength in air.
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FIG. 12: Pulse characterization. (left) Measured SHG-FROG dataset. A generic Gaussian
fit of the integrated signal gives a rough estimated pulse duration of 6.6 fs. (middle)
Reconstructed temporal profile reveals a true pulse duration of 5.2 fs. (right)

Reconstructed spectral profile of the pulse. Dashed lines are the phase profiles.

To measure the pulse duration, we use the second-harmonic generation, frequency-
resolved optical gating (SHG-FROG) method.® The SHG medium is a 10-ym thick BBO
crystal cut to 6§ ~ 60°, which is the appropriate cut angle for a frequency of 500 THz (600
nm), which is roughly the central frequency of the pulse. A straightforward calculation shows
that the crystal is thin enough to phase match the entire bandwidth. At a delay time of zero,
the SHG signal spans from about 265 nm to about 390 nm, and we use an uncoated CakF,
lens to refocus the SHG beam into a USB spectrometer designed for ultraviolet light. Many
USB spectrometers incorporate optics having protected-silver coatings, but these coatings
are not compatible with ultraviolet wavelengths below about 350 nm. Therefore, the USB
spectrometer we use in the SHG-FROG setup (Broadcom AFBR-S20M2UV) incorporates
optics having aluminum coatings. The USB spectrometer is mounted on a 3-axis manual
translation stage (OptoSigma TSD-655SLUU) to avoid using any optics after the SHG
crystal other than the single lens, which enhances efficiency. We did not, however, calibrate
the spectral irradiance of the detector because it is challenging to find calibration sources
for this range of ultraviolet wavelengths, and therefore the datdsdt shown in FIG. 12(a) is

not corrected for that modulation. This dataset was acquired using a delay stage having
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a bidirectional repeatability of £0.030 pum (Newport XMS50-S with XPS-D controller),
which corresponds to 0.1 fs. The reconstructed temporal and spectral profiles are shown
in panels KE]) and (c) of FIG. 12. Many authors have previously presented temporal profiles;
the spectral profile is consistent with the understanding of pulse compression established by
Shank and cowetkers in the 1980s.8

We also use the detected spectrum from the ultraviolet USB spectrometer as the feedback
signal in the pulse-shaper’s evolutionary optimization algorithm,?” which has a significant
speed advantage compared to our prior works that used a visible-wavelength signal arising
from TG-FROG as the feedback, because those works used a CCD-based spectrometer that
had a stow-acquisition rate.?>>® Currently, we can display a pattern on the deformable mirror
(OKO Tech linear, aluminum coated, 40-channel MMDM) and detect the SHG signal at a
rate of about 20 Hz. The deformable mirror is based on micro-mechanical technology, and
it has much less hysteresis and a faster update rate than piezoelectric-based deformable

mirrors.

B. Nonresonant Response

One issue that plagues time-resolved spectroscopy measurements is the large nonresonant
response arising from the solvent and cuvette windows. Sometimes called a ‘coherent artifact’
or a ‘coherence spike’, this undesired signal primarily arises from the Kerr effect in which the
presence of a high-field-strength pump pulses adds a nonlinear term to the refractive index
of the material.®® All else being equal, a decrease in the pulse duration will increase the
field strength, which will subsequently increase the Kerr effect signal. Hence, even with 5-fs
duration pulses acting as both pump and probe, the nonresonant response can dominate
the early-time dynamics and persist beyond the pulse duration. In prior works, we were
able to achieve measurements in which the nonresonant response is less than half of the
total signal at time zero and disappears by 30 fs by minimizing the thickness of the cuvette
windows and increasing the concentration of the sample to reduce the sample pathlength
as“much as possible.®® Wire-guided jets that eliminate the cuvette windows also have this

50-52

advantage. Measurements on single-crystal samples that do not require a cuvette or

solvent show no detectable nontesonant response.t?

Prior researchers have accounted for the nonresonant response by modeling and fitting it
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FIG. 13: Signal produced by a 1-mm thick Infrasil window. The ~5-fs duration of the

pump and probe pulses yields, via the Kerr effect, non-negligible nonresonant response.

as a linear combination of a Gaussian profile along with multiple derivatives of the Gaussian

61-65 Recent work has shown that neural networks can be used to model and remove

profile.
the nonresonant’ resporisd as well.% FIG. 13 shows the signal arising from a 1-mm thick
Infrasil window. The measurement shows the expected abrupt response directly at time
zero, and non-negligible wings that extend to about £50 fs. In this scan, there was a
‘tail” in the blue; this is a common feature when the deformable-mirror algorithm has not
converged completely. This problematic ‘tail’ can in some cases extend for several hundred

femtoseconds, but fortunately it can be removed completely with more iterations of the

compression algorithm.

C. Transient—Absorption Spectroscopy of Methylene Blue

To demonstrate the capabilities of the NOPA, we use it to produce both the pump
and probe beams in a transient—absorption spectrometer having a crossing angle of ~ 1°.
We chose to measure the molecule methylene blue because prior work has detailed the
molecular origins of the quadtum-beat signals.5” Methylene blue is structurally similar to
the larger family of oxazine molecules, which are well studied in the context of quantum-beat

5468771 where the oxygen atom in the central ring of an oxazine is replaced by

measurements,
a sulfur atom in methylene blue.

FIG. 14 contains the transient—absorption spectrum as measured using the best practices
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FIG. 14: Methylene blue (a) molecular structure, (b) raw transient—absorption spectrum,
(¢) spectrum with population decays removed, (d) 1D vibronic spectrum showing more
than 15 distinct peaks, and (e) Femtosecond coherence spectrum (FCS) of the peak at
14.91 THz (497 cm™!). Black and red lines represent the amplitude and phase profiles,

respectively, and the dashed vertical lines indicate absorption and fluorescence maxima.

of shot-to-shot acquisitions, proper averaging mathematics, and balanced detection of the
probe.®® To isolate and study the quantum beats that arise from the molecular vibrational
modes, we subtract a fit of a decaying exponential signal at each detection wavelength.

14,16 a11d therefore

Such quantum beats are very sensitive to the chirp bi-the pump pulse,
the efforts we have undertaken to minimize chirp are critical. The second panel in FIG.

14 shows that this adequately isolates the quantum beats. Fourier transformation creates
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a dataset of amplitude at each oscillation frequency as a function of detection wavelength.
We then take the sum over all detection wavelengths of the absolute-value signal to yield a
1D vibronic spectrum, shown in fhifd panel of FIG. 14. There are approximately 15 peaks
in this spectrum at frequencies of 3.4, 7.3, 13.4, 14.9, 17.5, 20.0, 23.1, 25.7, 28.5, 32.1, 34.7,
35.7, 39.1, 41.1, 41.9, 47.0, and 48.8 THz, which correspond, respectively, to 113, 244, 447,
497, 584, 667, 771, 857, 951, 1071, 1157, 1191, 1304, 1371, 1398, 1568, and 1628 cm~!. Dean
et—al. in prior work.%” detailed the molecular origins of these modes, some of which are
overtones and combination bands. Because of the increase in bandwidth of our pump pulse
relative to the pump pulse used in that 2015 report, the high-frequency modes are no longer
suppressed in the 1D vibronic spectrum.

Finally we present in the botfon panel of FIG. 14 a femtosecond coherence spectrum
(FCS) for the oscillations that occur at a frequency of 14.9 THz (497 cm™!). The FCS
contains a black line indicating the relative amplitude of the oscillations as a function of
detection wavelength, A()\), while the red line contains the corresponding phase function,
®(A). The FCS shows a dramatic amplitude node and a corresponding phase shift of almost
exactly m at a wavelength of 689 nm, which is within calibration error (£1 nm) of the
wavelength of maximum fluorescence (690 nm). Literature reports have established that an
FCS with an amplitude node and 7 phase shift at the fluorescence maximum is indicative that
the vibrational wavepacket oscillations occured on the excited-state potential-energy surface,
not the ground-state potential-energy surface.®>™7" The latter would have given rise to an
amplitude node and 7 phase shift at the absorption maximum. Therefore, the measured
FCS presented in the botfoin panel of FIG. 14 indicate that ultrabroadband pulses that
encompass the sample absorption spectrum do suppress ground-state vibrational quantum

beats and isolate excited-state vibrational wavepackets.

V. CONCLUSIONS & OUTLOOK

Due to the scientific need to conduct time-resolved spectroscopy measurements of a wider

e Al 13,78,79

range of condenseéd‘phase samples, researchers continue to refine instrumentation to
yield femtosecond pulses having ever increasing bandwidths while maintaining key laser
properties such as low shot-to-shot fluctuations and an excellent spatial mode. The per-

ceived complexity of NOPAs has led some researchers to choose high-power supercontin-
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uum generation as an ultrabroadband light source to conduct time-resolved spectroscopy
measurements.?> 8 Those prior reports indicate that, relative to what is possible with a
NOPA, high-power supercontinuum sources typically have substantially higher (>2%) shot-
to-shot fluctuations and yield spectra that are not as broadband and less spectrally flat.
The CPA-PFM-NOPA detailed in this manuscript includes modifications that are based on
fundamental principles of spatiotemporal dispersion arising from the wavelength-dependent
refractive index, n(\). The design incorporates a number of updates and improvements that
increase bandwidth and robustness while simultaneously minimizing shot-to-shot fluctua-
tions and enabling ease-of-use. In one instance, we included a second stage for increasing
power and to further reduce fluctuations. This was a degenerate arrangement in which the
pump-tilt angle and the crystal-cut angles were identical in both stages. The methods de-
tailed herein are applicable to NOPAs operating with differing pump wavelengths, repetition

rates, and amplification materials.

The outlook for further enhancements is modest. A nondegenerate multi-stage NOPA
seemingly could allow for a bandwidth increase. We have made numerous attempts at
nondegenerate amplification using two-stage NOPAs. For example, we attempted to use our
standard NOPA output pulse as a seed for a second stage having crystal-cut and pump-
tilt angles appropriate for amplification in the blue, similar to the conditions used for our
rubrene work.*’ In principle this would have produced a pulse having a bandwidth from
460 nm to 800 nm. However, these attempts failed because of strong fluctuations in the
overlap region of the spectrum arising from interference effects. The technical workarounds
we attempted did not resolve the interference issue. If this issue were to be resolved, one
could envision almost unlimited bandwidth possible from a multi-stage NOPA. A second
avenue that may allow for further enhancements is the identification and production of an
amplification medium that is superior to BBO. Such a novel material would need to be as

robust as BBO but have improved ordinary and extraordinary indices of refraction.

SUPPLEMENTARY MATERIAL

CAD files for the ‘chair’ mount used in the pump arm, the 1”7 diameter fixed mirror

mount, and the adapter plate for mounting the OAPM.
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Appendix: Measurement, Analysis, and Minimization of Pulsed-Laser

Fluctuations

Pulsed lasers suffer from shot-to-shot fluctuations that are detrimental to measurements,
and therefore it is critical to measure, analyze, and minimize the fluctuations. To mea-
sure the fluctuations, we need optoelectronics instrumentation that faithfully converts the
intensity of each laser shot at kHz repetition-rate lasers into a voltage measurable on the
computer. Our implementation is an updated version of that'r€ported elsewhere®> 87 in
which the optoelectronics package consists of a silicon photodiode, current preamplifier for
transformation of the weak photocurrent to a detectable voltage, and a data-acquisition
(DAQ) board for digitization of the signals on the computer. In this contribution, we re-
port data measured using a photodiode with an on-board current amplifier (New Focus
2001-FS). The on-board current preamplifier reduces noise relative to previous implemen-
tations that incorporated an external cuirént preamplifier.’#6887 The DAQ (NI PCI-6281)
offers 18-bit resolution and the ability to both ‘clock’ and ‘trigger’ the acquisitions, where
the former is a transistor—transistor logic (TTL) signal from the source laser—timed to mi-

crosecond accuracy to coincide with the transient electrical signal arriving from the current

preamplifier—that serves to synchronize the digitization process for each acquisition with
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FIG. 15: Example analysis of 1-kHz Ti:sapphire laser fluctuations, where the RSD was
~0.08%. The analysis methods yield information on laser alignment, environmental

sources of fluctuations, and also information on the number of shots required for

convergence of averaged values.

high accuracy and the latter serves to initiate a set of acquisitions. The pulse-intensity mea-
surement yields a set of voltage values with inherent noise level well below the level of the
laser noise.®® T'wo robust initial methods to assess the implementation of an optoelectronics
package are (1) to ensure that blocking the beam near the source generates a value of ~0 V
and (2) that temporarily adding an ND 0.3 filter before the detector reduces the voltage by
half.

There are several useful methods to analyze fluctuations for a set of N intensity values,
I(N). It is productive to consider the intensity of pulse n as I,, = I (14 6,,), where I is the
average intensity and 6, is the normalized fluctuation. An important quantitative metric
is the relative standard deviation (RSD), RSD = o;/I, where o; and I are the standard
deviation and mean, respectively, of the N measured intensity values (voltages). The RSD
reports on the normalized variance in the measurement, which is the appropriate method to
quantify the fluctuations.®® A well-aligned kHz Ti:sapphire amplified laser can have an RSD
of less than 0.1%. For example the RSD of the datasef djsplayed in FIG. 15 is 0.08%. A
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second method is to inspect a histogram of the normalized voltage signals. A well-aligned
laser will be symmetric about the average value. Misalignment or detector saturation issues
can lead to a skew or sharp cut-off, respectively. The third and fourth useful analysis
methods arise from computation of the noise spectrum via fast Fourier transformation,
A(vy) = FI(N)]. A laser-noise spectrum typically displays high-frequency fluctuations
arising from the harmonics of the electrical power system and—when plotted on a logarithmic
scale—may show low-frequency fluctuations due to duty cycling of thermal-control systems.
Indeed, the twjo kpectra in FIG. 15 show about 10 discrete high-frequency peaks, most
of which are the fundamental electrical frequency (60 Hz) and its harmonics. The fifth

quantification method is to compute the Pearson correlation coefficient

C(An) = COV[(Z’;”‘;;M”], (A1)

where the covariance function is used in the numerator and where we assume in the denom-
inator that o, = 0,,a, for a series of pulse differences that is much less than the size of
the overall dataset, An < N. Such a plot quantifies the correlation between the intensity
of pulse n to pulse n + An, where 0 < An < 1000 for V' ]= 60000 in FIG. 15. By definition
of the covariance function, C'(0) = 1, and this is the case for the representative dataset
used here. Some authors have constructed spectrometers that use sequential shots (n and
n+ 1) for noise-reduction schemes and therefore desired that the correlation remain high for
An > 0. However, one must be careful to average over a large number of shots in such cases

t.%% By contrast, when using

so that the average converges to the true value'without an offse
shot-by-shot (n only) balanced-detection schemes, one desires that the correlation drop to
0 immediately after An = 0 to reach a correctly converged value with the fewest number of
shots.

The stability of a NOPA is ultimately bounded by the stability of the source laser,
whose stability, in turn, is bounded by the laboratory environment. A key optimization is
to identify and remove environmental noise sources because they can lead to oscillations
or drift. Common examples are electrical noise and thermal-control systems. The first
step to minimizing these noise sources is identification. We typically measure the shot-
to-shot stability of the kHz commercial amplifier on short-term (~10 second) and long-

term (~1-hour) timescales. Using this approach, we have detected environmentally induced

fluctuations of the laser intensity as high as 5% and minimized them to ~0.1%. Ways to
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minimize the discrete peaks arising from electrical noise include passive bandpass or edgepass
electrical filters as well as medical-grade isolation transformers on laser power supplies.
Another method to reduce high-frequency fluctuations for kHz Ti:sapphire amplifiers is that
many yttrium lithium fluoride (YLF) pump lasers were designed to operate with the highest
stability at a repetition rate of 5 kHz. If other electronics or sample-pumping considerations
prevent operation at 5 kHz, one can still run the pump laser at 5 kHz but switch the Pockels
cell at an integer value divisor. We have empirically found this method to decrease shot-to-
shot fluctuations in some cases. Finally, minimization of oscillations due to thermal-control
duty cycles typically involves changes to the temperature set points, fluid volumes, and
the parameters of proportional-integral-derivative (PID) controller loops. The fluctuations
arising from thermal-control noise are typically lower-frequency components that only appear

on the ~1-hour time scans.

Measuring the power of the amplified laser to identify and remove noise sources can be
very productive, but power fluctuations are only one possible problem caused by environ-
mental noise. Changes in temperature and humidity can also cause fluctuations in the pulse
duration, primarily caused by small but significant pathlength changes in 4- f stretchers and
compressors. Therefore, we also measure a second-harmonic beam using a BBO crystal and
a polarizer or bandpass filter to redirect the residual fundamental. It can be extremely in-
formative to measure—using two separate photodiodes with onboard current preamplifiers
running to distinct channels of the same DAQ—the fundamental and second-harmonic sig-
nals simultaneously and thereby distinguish pulse-duration fluctuations from pulse-intensity
fluctuations. A common source of pulse-duration fluctuations is variation in temperature in-
side and outside an amplified Ti:sapphire laser enclosure, which sets up convection currents.
One method to reduce this problem is to tightly seat a thick (~2 inch) piece of rigid foam
insulation on top of the exterior of the laser enclosure and wait for thermal equilibrium to

be reached.

Mechanical fluctuations are the final source of noise to discuss. Minimizing these fluctua-
tions begins at the construction and design phase of a laboratory, where one should use the
thickest possible table(s) and ideally choose a table that is large enough such that the entire
setup—from source laser to detector—is on a single table. In addition, during construction
of a spectrometer and NOPA, we have found it very helpful to maximize the number of

fixed mounts. In our experience, each adjustable knob of a kinematic mirror mount adds a
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small amount of mechanical instability, and therefore removing as many as possible increases
stability. To identify mounts that have significant individual instability, one can monitor
a signal of interest while conducting two tests. The first is to blow a puff of air onto the
back surface of an optic using a bulb blower and assess the amount of change in the signal.
The second is to press slowly but firmly onto the surface of the table directly adjacent to
the base of the mount, again while monitoring the signal for variations. Typically, only a
handful of mounts are significant at an individual level, however, the accumulated stability
increase upon replacing several kinematic mirror mounts with fixed mounts can be quite
consequential. In some cases, we have found commercial fixed mounts to remain unstable;
in such cases, we use a custom fixed mirror mount machined from 303 stainless steel rather
than aluminum. We include a computer-aided design .step file for this 1-inch diameter fixed

mount as Supplementary Material.
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