
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

3/
20

26
 4

:0
3:

53
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Spectroscopic ap
aInstitute of Photonics & Quantum Sciences,

4AS, UK. E-mail: d.townsend@hw.ac.uk
bInstitute of Chemical Sciences, Heriot-Watt

† These authors contributed equally to th

Cite this: Chem. Sci., 2022, 13, 9586

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 15th April 2022
Accepted 25th July 2022

DOI: 10.1039/d2sc02185d

rsc.li/chemical-science

9586 | Chem. Sci., 2022, 13, 9586–9
plication of few-femtosecond
deep-ultraviolet laser pulses from resonant
dispersive wave emission in a hollow capillary fibre

Nikoleta Kotsina, †a Christian Brahms, †a Sebastian L. Jackson, a

John C. Travers a and Dave Townsend *ab

We exploit the phenomenon of resonant dispersive wave (RDW) emission in gas-filled hollow capillary fibres

(HCFs) to realize time-resolved photoelectron imaging (TRPEI) measurements with an extremely short

temporal resolution. By integrating the output end of an HCF directly into a vacuum chamber assembly

we demonstrate two-colour deep ultraviolet (DUV)-infrared instrument response functions of just 10 and

11 fs at central pump wavelengths of 250 and 280 nm, respectively. This result represents an advance in

the current state of the art for ultrafast photoelectron spectroscopy. We also present an initial TRPEI

measurement investigating the excited-state photochemical dynamics operating in the N-

methylpyrrolidine molecule. Given the substantial interest in generating extremely short and highly

tuneable DUV pulses for many advanced spectroscopic applications, we anticipate our first

demonstration will stimulate wider uptake of the novel RDW-based approach for studying ultrafast

photochemistry – particularly given the relatively compact and straightforward nature of the HCF setup.
Introduction

Our understanding of energy redistribution dynamics within
the electronically excited states of molecules following ultravi-
olet absorption is underpinned by the Born–Oppenheimer
approximation.1 This adiabatic model is based on the
assumption that the vibrational and rotational motion of the
molecular framework occurs on a much slower relative time-
scale to that of the electron motion – an effect that is a simple
consequence of the signicant difference in particle mass. The
concept of electronic potential energy surfaces over which the
nuclear motion evolves naturally stems from this starting
picture, providing a mechanistic framework to discuss path-
ways along the reaction co-ordinates connecting initially
prepared states to nal photoproducts. The overall morphology
of these potential energy landscapes then dictates the feasibility
and rates of various possible outcomes. Non-radiative transi-
tions between different potential energy surfaces along the
reaction pathway may be facilitated by couplings between the
nuclear and electronic degrees of freedom (i.e. a breakdown of
the initial Born–Oppenheimer picture).2–5 These couplings,
which may operate on timescales as short as a few femtosec-
onds, are critical drivers in many fundamentally important
photophysical and photochemical processes. This leads to
Heriot-Watt University, Edinburgh, EH14
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considerable interest in developing a more detailed under-
standing of such non-adiabatic behaviour. For example, the link
to chemical structure and mechanistic function is relevant to
numerous examples of biological, medical, environmental, and
technological signicance.6–14

Femtosecond laser systems provide an optical source with
pulse durations comparable to the timescales of internal
molecular motion. The evolution along the reaction co-ordinate
may therefore be followed in real time through use of pump–
probe techniques, and such approaches are now used routinely
in the spectroscopic study of non-adiabatic molecular
dynamics. Time-resolved photoelectron imaging (TRPEI) is
a powerful variant of this general approach.15–17 Here photo-
electrons ejected from a molecular sample are mapped onto
a position-sensitive detector, generating a series of highly
differential energy- and angle-resolved snapshots at incremen-
tally varied pump–probe delay times. This yields information
that is particularly instructive in revealing subtle mechanistic
details of the dynamical pathways operating in a wide range of
molecular species.18–26 Extremely short deep ultraviolet (DUV)
laser pulses are an important tool for next-generation experi-
ments in ultrafast spectroscopy which aim to develop an even
deeper understanding of electronic and non-adiabatic
dynamics in complex systems. To address relevant transitions
in a wide variety of samples and with sufficient time resolution
requires sources of wavelength-tuneable, few-femtosecond laser
pulses across the deep and vacuum ultraviolet (DUV and VUV,
300–100 nm). While third-harmonic generation driven by few-
cycle infrared (IR) pulses can generate DUV pulses as short as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2 fs,27,28 the conversion efficiency achieved with this approach is
at most around 0.1%, and the wavelength is xed by that of the
fundamental driving pulse – a limitation which will become
even more important as ultrafast experiments are increasingly
driven by Yb-based laser systems at higher repetition rate and
longer driving wavelength than hitherto predominant Ti:sap-
phire lasers. Alternatively, the use of (non-collinear) optical
parametric ampliers in conjunction with frequency doubling
schemes can provide the required DUV tunability. This can
achieve pulses durations of less than 10 fs, although requires
careful management of the phase matching conditions in
extremely thin birefringent crystals.29,30

The phenomenon of resonant dispersive wave (RDW) emis-
sion in gas-lled hollow-core waveguides is inherently
wavelength-tuneable over the desired DUV and VUV region.
First developed in hollow-core photonic crystal bres (HC-
PCFs),31,32 RDW emission in the DUV has more recently been
scaled in energy by moving to hollow capillary bres (HCFs)
with much larger cores.33 HCFs are free of the resonances
intrinsic to guidance in HC-PCFs and so the wide transparency
window provided by atomic ll gasses allows for continuous
tuneability from the VUV to the near IR34 with conversion effi-
ciencies as high as 15%.33 Furthermore, atomic gasses are not
susceptible to irreparable optical damage at high intensities,
providing an attractive alternative to solid-state non-linear
materials. Using all-optical pulse characterization, it has
previously been demonstrated that RDW emission in HC-PCFs
can generate nearly transform-limited 3 fs pulses when the
waveguide is coupled directly to a vacuum system, creating
a decreasing pressure gradient.35 Because the main difference
between RDW emission in HCFs and HC-PCFs is one of scale,
with similar underlying dynamics, it should be possible to
obtain similarly short pulses in HCF; a prediction supported by
numerical simulations.33,36,37 Although we have previously
demonstrated the suitability of RDW-based sources for TRPEI
applications in terms of tunability and stability,38 the signicant
potential advances in temporal resolution have not yet been
exploited experimentally. In this work, we generate few-
femtosecond DUV pulses via RDW emission in a vacuum-
integrated HCF. We characterize the output pulses using
a TRPEI cross-correlation measurement based on non-resonant
two-colour DUV-IR multiphoton ionization of the 1,3-butadiene
molecule. This demonstrates that RDW emission in HCFs can
generate the extremely short pulses required for next-
generation ultrafast spectroscopy experiments. To further
reinforce this point we then present an initial TRPEI measure-
ment investigating the excited-state dynamics operating in the
N-methylpyrrolidine molecule following DUV absorption.

Optical source

Fig. 1 shows a schematic of a novel experimental setup devel-
oped for TRPEI applications using an RDW source. Pulses from
a 1 kHz Ti:sapphire laser system (800 nm central wavelength,
1.5 mJ pulse energy, 55 fs full width half maximum (FWHM)
duration) are coupled into a rst HCF (320 mm core diameter,
1.2 m length), which is lled with 4 bar of helium. This provides
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectral broadening through self-phase modulation (SPM). The
output pulses from this rst HCF are then compressed to 10 fs
duration by a set of six chirped mirrors arranged in a double-
pass geometry (Thorlabs, UMC10-15FS), and a pair of translat-
able silica wedges for ne control of dispersion effects (New-
port, 25RB12-01UF.AR2). A thin 50 : 50 broadband beamsplitter
(Thorlabs, UFBS5050) is subsequently used to generate two
independent optical pathways (each of�200 mJ per pulse) one of
which provides the pump for our TRPEI measurements, and the
other the probe. The latter – which is subsequently attenuated
to �10 mJ per pulse using a neutral density lter – incorporates
a retroreector mounted on a motorized translation stage for
accurate control of the temporal pump–probe delay.

In the pump beamline, the 10 fs IR pulses are coupled into
a second HCF (150 mm core diameter, 0.5 m length), which is
directly connected to a vacuum system at the output end
(described in more detail later). In this second HCF, the inter-
play between positive third-order nonlinearity and anomalous
group-velocity dispersion leads to self-compression of the pulse
and consequently the emission of a resonant dispersive wave.
Fig. 2 shows a numerical simulation of this process at selected
points along the HCF using parameters relevant to those in the
current experiment. Initially, the propagating input pulse (blue
dot trace in Fig. 2) experiences SPM due to the intensity-
dependent refractive index of the HCF ll gas, leading to spec-
tral broadening where the leading edge in time shis to lower
frequencies and the trailing edge shis to higher frequencies
(orange dash trace in Fig. 2). By adjusting the gas pressure such
that the total (i.e. gas and waveguide) group velocity dispersion
is anomalous at the input frequency, dispersion effects
compensate for the non-linear chirp arising due to SPM. This
then leads to pulse compression, which subsequently enhances
further SPM and leads to a repeating cycle of continuous
(soliton) self-compression. This process can extend the pulse
spectrum by more than an octave, with higher-order dispersion
then leading to a phase-matched (resonant) transfer of energy
from the self-compressing pulse to a specic frequency in the
DUV region (solid green trace in Fig. 2). The decreasing pressure
gradient along the HCF removes the need for a dispersive exit
window and is expected to lead to shorter DUV pulse duration at
the HCF output.36 With 350 mbar of argon at the entrance of the
HCF and vacuum (10�3 mbar) at the exit, we observe RDW
emission centred at 250 nm with a FWHM bandwidth of
�16 nm and an estimated pulse energy of�0.7 mJ. This estimate
is based on a measurement at the point of interaction with
a molecular sample (�0.4 mJ per pulse) and then factoring in
losses from the optics guiding the DUV beam from the HCF
output to this point. Based on our ability to couple around 90 mJ
per pulse into the second HCF, this corresponds to an efficiency
of just under 1%. This can potentially be increased considerably
by replacing the argon ll gas with neon or helium (as unwanted
ionization effects are reduced).33 On the other hand, such
a change necessitates the use of a far higher gradient pressure
to generate the DUV output of interest and places much greater
demands on the differential pumping requirements for
coupling into a photoelectron spectrometer (as expanded upon
Chem. Sci., 2022, 13, 9586–9594 | 9587
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Fig. 1 Schematic overview of the optical setup. Abbreviations: CM (concave mirror), BS (beamsplitter), DCP (dispersion compensator plate), NDF
(neutral density filter), PO (pick-off optic), TP (turbomolecular pump). All energies quoted are per pulse. Cumulative reflection losses across the
chirpedmirror array are considerable due to deviation from near perpendicular incidence angles (as necessitated by space constraints). Top right
inset panels show the second-harmonic generation frequency-resolved optical gating trace (left) and pulse profile (right) of the infrared beam
after the chirped mirrors, with dispersion matched to the conditions in the interaction region. The pulse has a FWHM duration of 9.8 fs. Entrance
and exit apertures on the middle differential pumping stage are Ø10 mm. For a more detailed description of the velocity-map imaging (VMI)
region and overall spectrometer configuration, see ref. 39. The lower left inset panel shows (intensity normalized) traces of the broadband IR
input spectrum that is coupled into the second (0.5 m) HCF, and the corresponding RDW output spectra centred at 250 nm and 280 nm. The
intensity of the SPM broadened signal at wavelengths >850 nm is extremely weak due to a drop off in the response of the USB spectrometer
(Ocean Optics, USB2000+) and fibre optic cable (Ocean Optics, QP400-2-UV-BX) used to make the measurement.
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below). In this initial set-up, a pulse energy of <0.5 mJ was
deemed fully sufficient for our TRPEI applications.

The 250 nm DUV output spectrum from the second HCF is
shown in the inset panel of Fig. 1 along with that of the initial IR
input into this HCF. Based on this data, the Fourier-transform-
limited duration of the DUV pulse is expected to be around 5–6
fs. By adjusting the argon pressure between 300 and 600 mbar,
the central wavelength of the DUV output can be varied easily
between 240 and 300 nm (an example at 280 nm is also included
9588 | Chem. Sci., 2022, 13, 9586–9594
in Fig. 1). As has been demonstrated elsewhere, however, a far
greater tuning range is possible in HCF RDW emission34 and the
spectral limits are only restricted in the current setup by the ll
gas and broadband coatings on the mirrors used to manipulate
the DUV beam aer generation. The DUV output is currently of
sufficient stability to permit spectroscopic measurements over
periods of approx. 4 hours – which is adequate for many
applications. Small uctuations in laser pointing lead, however,
to the extremely high intensity of the input 800 nm degrading
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Numerical simulation of the optical spectrum evolution on
propagating a 10 fs FWHM laser pulse centred at 800 nm through
a 50 cm HCF with a 150 mm core diameter under decreasing gradient
pressure for 500 mbar of argon. Blue, orange and green curves display
cuts at the input, midway and output of the HCF, respectively. The
region of resonant dispersive wave emission (RDWE) centred at
280 nm is highlighted. For more details on the pulse propagation
model used in the simulation see ref. 33 and 40.
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the capillary tip and reducing efficiency in the longer term. The
use of an active beam stabilization system is expected to
signicantly improve this situation (based on our experiences
with other RDW setups we have developed) and this will be
implemented in a future experimental upgrade. In the mean-
time, day-to-day performance is reproducible upon replacing
a damaged capillary with a new section.
Initial characterization

We characterize our experimental instrument response func-
tion using non-resonant two-colour DUV-IR pump–probe ioni-
zation of 1,3-butadiene in a photoelectron spectrometer
optimized for velocity map imaging (VMI).41 A detailed
description of the main instrument has been given elsewhere.39

In brief, this spectrometer consists of two independently
pumped ultra-high vacuum chambers arranged vertically and
connected via a small orice skimmer (Ø1 mm). The lower
chamber is used for the preparation of the (undiluted) 1,3-
butadiene molecular beam, which is generated by continuous
effusive expansion through a pinhole nozzle (Ø150 mm). This
sits below the plane of optical propagation and is omitted from
Fig. 1. The upper chamber houses an electrostatic lens assembly
where the interaction between the molecular sample beam and
the laser pulses takes place. An additional vacuum chamber
connected to the upper spectrometer chamber is used for
spectral ltering and steering of the DUV pulses. Aer leaving
the HCF, the beam is collimated in this additional chamber by
an aluminium focusing mirror. A pair of broadband dichroic
© 2022 The Author(s). Published by the Royal Society of Chemistry
mirrors (Edmund Optics 47-985 or Layertec 110132) then
separate the DUV pulses from the co-propagating residual IR
and visible supercontinuum. The dichroic and aluminium
mirrors are mounted on motorized optical mounts for in-
vacuum beam steering. Once propagating under vacuum, the
pump and probe beams are guided towards the two perpen-
dicular faces of an aluminium-coated right-angle prism and
then reected into the main photoelectron spectrometer in
a parallel, copropagating geometry. A small auxiliary chamber
serves as a differential pumping stage between this region and
the main spectrometer, keeping the pressure in the VMI region
low (10�7 mbar) despite relatively high pressure at the exit of the
HCF (10�3 mbar). Alternatively, a pick-off mirror mounted on
a small, motorized translation stage can be inserted into the
optical path to divert the beams out of the starting vacuum
chamber for preliminary beam alignment, spectroscopic
monitoring, and power measurements. The requirement for
small apertures between the various differential pumping
stages means that the diameter of the pump and probe beams
are set at �2 mm. This is achieved by the choice of curved
mirrors for beam recollimation aer each capillary stage and (in
the case of the 800 nm probe) an iris. Small beams are also
helpful as they limit the peak intensity at the focused interac-
tion point with a molecular sample.

Upon entering the main vacuum chamber of the spectrom-
eter, the unfocused DUV pump and IR probe beams initially
pass straight through the electrostatic VMI lenses before
reecting off a curved aluminiummirror (f¼ 10 cm) attached to
a high-precision x–y–zmanipulator. Ionization of the molecular
sample by the tightly focused beams then occurs on a second
optical pass back through the VMI region. The photoelectrons
produced are accelerated along a short (26 cm) ight tube and
then imaged using a 40 mm diameter dual micro-channel plate/
P47 phosphor screen detector in conjunction with a CCD
camera (640 � 480 pixels). The inset in Fig. 3 shows an example
VMI image. We use a fast matrix inversion method for image
processing to provide data in a form suitable for subsequent
angle-, time- and energy-resolved analysis. With appropriate
pixel-to-energy calibration, this permits the extraction of time-
resolved photoelectron spectra. Expanded details may be
found elsewhere.39

For the initial TRPEI measurements using 1,3-butadiene,
ionization occurs via the absorption of one DUV photon and
three IR photons (which we label as a 1 + 30 event). At the DUV
wavelengths considered here, this process is non-resonant and
leads to a simple cross-correlation measurement that denes
the instrument response function (and therefore the limit of
any temporal resolution). A time-resolved photoelectron spec-
trum is shown in Fig. 3 for the case where the RDW emission in
the DUV is centred at 250 nm. This spectrally resolved cross-
correlation data exhibits no evidence of any temporal shi in
the position of maximum signal intensity as a function of
photoelectron energy. This implies that the pump and probe
pulses are not signicantly chirped, and dispersion effects are
adequately controlled – something that is only possible with the
extremely broadband DUV pulses due to propagation under
vacuum conditions aer exiting the HCF.
Chem. Sci., 2022, 13, 9586–9594 | 9589
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Fig. 3 Time-dependent photoelectron spectrum of 1,3-butadiene
obtained using a 250 + 800 nm, 1 + 30 ionization scheme. A photo-
electron image obtained close to zero pump–probe delay is inset. This
image has been 4-fold symmetrized (i.e. the raw data in four individual
quadrants defined by horizontal and vertical axes passing though the
image centre have been averaged together – which is valid given the
expected symmetry of the photoelectron angular distribution). The
pump and probe polarizations are vertical with respect to the inset
figure.
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Fig. 4 shows Gaussian ts to energy integrated TRPEI data
recorded at DUV wavelengths centred at 250 and 280 nm. The
FWHM obtained in the ts are 10� 1 and 11� 2 fs, respectively.
This is extremely short and represents an advance in the current
state of the art for TRPEI measurements.42–44 Given the ioniza-
tion is a 1 + 30 process overall and considering the individual IR
Fig. 4 Energy integrated photoelectron transients obtained from 1 + 30

wavelengths centred at 250 and 280 nm. Gaussian fits to these data (so

9590 | Chem. Sci., 2022, 13, 9586–9594
probe pulse duration of 10 fs (measured via second-harmonic
generation frequency-resolved optical gating – see Fig. 1 top
inset), this corresponds to a DUV pulse of �6 fs. This is in good
agreement with the transform limited prediction based on the
optical RDW output spectrum. Focused intensities are of order
1013 W cm�2. This is relatively high and illustrates that pulse
energies <0.5 mJ are easily sufficient for many pump–probe
spectroscopic applications exploiting the extremely short
temporal durations of RDW sources. It also provides a caveat
that any future scaling up of the output energy/efficiency should
be used with a degree of caution, particularly when it is desir-
able to maintain a regime where molecular dynamics are
passively observed rather than actively modied. For the
present example of 1,3-butadiene – as well as that of N-meth-
ylpyrrolidine discussed later – Keldysh parameters are >1,
indicating that strong eld tunnel ionization effects are not
expected to contribute to our observed photoelectron signals.45

This is a relatively limited approximation for molecular ioni-
zation,46 but still serves as a useful indicative benchmark when
evaluating experimental conditions. Furthermore, eld-
induced Stark shis may, for example, exert a degree of
control over photoproduct branching ratios.47,48 The strength of
such (polarizability driven) effects is highly molecule/electronic
state dependent, but is not expected to be a signicant factor in
the work presented here. This is based on variable intensity
ionization measurements conducted on structurally related
molecular systems that will form the basis of a future
publication.49

The ndings presented in Fig. 3 and 4 provide a powerful
demonstration of the potential for RDW-based optical sources
to signicantly enhance temporal resolution in ultrafast spec-
troscopy over an easily tuneable range of DUV wavelengths.
While the data presented here are of direct relevance to TRPEI
measurements – as further demonstrated below – we anticipate
our approach will also be suitable for use in many other time-
resolved applications, leading to much wider impact within
the ultrafast spectroscopy community.
non-resonant DUV-IR photoionization of 1,3-butadiene at DUV pump
lid red lines) are also overlaid (quoted uncertainties are 1s values).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Application to dynamics
measurements

Having successfully characterized our experimental setup, we
present an initial TRPEI study investigating excited state
dynamics in the saturated tertiary amine N-methylpyrrolidine.
The amine functional group is a commonly occurring motif in
organic chemistry and in nature, appearing, for example, in the
DNA bases, amino acids and neurotransmitters. This leads to
an interest in determining how the structure surrounding the
nitrogen chromophore inuences the overall system photody-
namics following ultraviolet absorption.21,50–58 Furthermore, the
predominantly Rydberg character of the exited states leads to
a strong propensity for Dv ¼ 0 ionizing transitions to the cation
(where v is a generalized, non-mode-specic vibrational
quantum number), giving rise to well resolved photoelectron
bands. This, along with their relatively low ionization potentials
(typically <8.5 eV) and high vapor pressures, makes amines
excellent candidate species for an initial demonstration of our
RDW source. The experimental setup is identical to that
described earlier, although liquid samples of N-methyl-
pyrrolidine are now retained in a bubbler vessel external to the
vacuum system and helium (0.5 bar) is used as a carrier gas for
the effusive molecular beam.

A time-dependent photoelectron spectrum of N-methyl-
pyrrolidine obtained using a 250 + 800 nm pump–probe ioni-
zation scheme is presented in the le-hand panel of Fig. 5.
There is a very rapidly evolving transient signal (<50 fs) evident
in this data, as well as a longer-lived decay on the order of a few
hundred femtoseconds. A weak “probe–pump” signal can also
be seen extending in the direction of negative delay time. As was
the case with 1,3-butadiene, the overall pump–probe scheme is
1 + 30, although now the pump can resonantly excite the 3s state
of N-methylpyrrolidine. The ultraviolet absorption spectrum
Fig. 5 (Left) Time-dependent photoelectron spectrum of N-methylpyrro
invariant pump-alone and probe-alone signals have been background su
delay is inset. As in Fig. 3, this has been 4-fold symmetrized and the
integrated photoelectron transient (0.1–1.0 eV range) and fit to this data u
red line). Individual fit components are also included (blue and green d
values.

© 2022 The Author(s). Published by the Royal Society of Chemistry
has been presented in our previous work on this molecule, with
the 3s state giving rise to a broad, structureless band that has an
onset close to 260 nm.21

The temporal evolution in our TRPEI data is further illus-
trated in the right-hand panel of Fig. 5, which plots the overall
transient signal (integrated over the rst eV of photoelectron
kinetic energy) as well as a t to the data using an expression of
the following form:

SðDtÞ ¼
ðþN

�N
gðtÞ�A1e

�ðt�DtÞ=s1 þ A2e
�ðt�DtÞ=s2�1� e�ðt�DtÞ=s1��dt

(1)

Here Dt is the pump–probe delay time, g(t) denotes the experi-
mentally determined Gaussian cross-correlation function (10 fs
FWHM, as determined in Initial characterization), with Ai and si
being the amplitude and 1/e lifetime of a given t function,
respectively. This simple, two-step sequential model yields t
lifetimes of s1¼ 20� 4 and s2¼ 340� 55 fs. Detailed evaluation
and discussion of the data presented in Fig. 5 is beyond the
scope of this initial TRPEI measurement, and an expanded
study, including full analysis of the photoelectron angular
distributions, will form the basis of a future publication (where
a considerable degree of additional theoretical input will also be
required). Provisionally, however, we assign s1 to the rapid
dephasing of an initially localized vibrational wavepacket on the
3s state potential energy surface – a feature that would have
been challenging to denitively resolve without the excellent
temporal resolution made available by our new set-up. Here,
however, such extremely rapid dynamics is unambiguously
observed. Within the 1 ps observation window of our experi-
ment we see no clear evidence of any coherent oscillations that
would indicate the revival of such a wavepacket, although this
may be obscured given the limited number of pump–probe
delay points sampled beyond 100 fs in this preliminary
lidine obtained using a 250 + 800 nm, 1 + 30 ionization scheme. Time
btracted. A photoelectron image obtained close to zero pump–probe
pump/probe polarizations are vertical. (Right) Corresponding energy
sing a sequential bi-exponential model described in themain text (solid
ashed lines). Quoted uncertainties in numerical time constants are 1s
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measurement. The more striking result here is the sub-
picosecond dynamics described by s2, which we attribute to
the overall lifetime of the 3s state. Earlier TRPEI studies con-
ducted on N-methylpyrrolidine using a 200 nm pump have
optically prepared the 3p Rydberg manifold and observed rapid
3p/ 3s internal conversion in less than 1 ps.21 The 3s state was
then observed to exhibit an extended lifetime of 160 ps. Given
the far greater levels of resultant 3s vibrational excitation in this
200 nm pump scenario, the much shorter 340 fs lifetime now
seen following the lower-energy excitation at 250 nm is an
unexpected outcome. This is particularly true given a study of
the related N,N-dimethylisopropylamine system has revealed
lifetimes extending to over a nanosecond towards the red end of
the 3s absorption band.59 We note, however, that quantum yield
studies in several other tertiary amine systems suggest uo-
rescence is an important decay pathway at excitation wave-
lengths >220 nm,60–63 while nonradiative energy redistribution
pathways become predominant following higher energy
absorption. Of particular relevance here is a uorescence life-
time study reporting dual exponential decay in several amine
systems following measurements that excite the 3s state and 3p
manifold simultaneously.60 This was rationalized by arguing
different vibrational distributions are produced in the 3s state
following direct optical preparation and when populated indi-
rectly via internal conversion. Such differences then lead to the
latter pathway having a reduced propensity for uorescence
decay. Related ideas have also been put forward based on more
recent results from time-resolved mass spectrometry measure-
ments investigating deuteration effects in various amines. Here
parent ion lifetimes were observed to increase for more
massive N atom substituents.54 This is counterintuitive to
heuristic “density of states” arguments and was interpreted as
a signature of non-ergodic phenomena (i.e. when the nuclear
dynamics only sample a reduced phase space prior to internal
conversion).64 Based on these observations, we provisionally
suggest some form of related effect may be in operation here,
with the population of different subsets of vibrational modes
leading to a shorter 3s state lifetime in N-methylpyrrolidine
following 250 nm excitation when compared to 200 nm. A more
expansive wavelength-dependent study of this process will
reveal much more detail in this regard, but we note a similar
behaviour reported previously in the styrene molecule.65

Importantly, however, our initial ndings prove the suitability
of the vacuum integrated RDW source for practical spectro-
scopic applications, which is a key demonstration if the general
approach is to be adopted more widely.

Conclusions

We have successfully demonstrated the generation of tuneable
few-femtosecond deep ultraviolet pulses for ultrafast spectros-
copy applications using RDW emission in hollow capillary
bres. Integrating the output end of a such a bre directly into
a vacuum chamber assembly means optical dispersion effects
are effectively eliminated, permitting two-colour DUV-IR
instrument response functions as short at 10 fs to be
measured using the TRPEI technique. We have also presented
9592 | Chem. Sci., 2022, 13, 9586–9594
a rst dynamics measurement with this vacuum integrated
RDW source, conducting an initial TPPEI study of N-methyl-
pyrrolidine using a 250 nm pump. This unambiguously reveals
some rapid (20 fs) temporal evolution that would be challenging
to resolve denitively using more conventional UV generation
strategies. Intriguing new insight about the potential for
wavelength-dependent competition between different decay
pathways in amine systems is also suggested, and this will form
the basis of more extended future investigations. More gener-
ally, the extremely short pulses and relative ease of broad DUV
(and potentially VUV) tunability afforded by RDW sources offers
enormous potential to transform a wide range of ultrafast
spectroscopy applications over the next decade and beyond. We
expect that our initial validation of this approach will generate
important stimulus in this area, motivating uptake of this
exciting new technology. Through renements to our optical
setup, we anticipate extending the RDW bandwidth in the DUV
to more than 20 nm, reducing the concomitant pulse duration
to <5 fs. Future upgrades to vacuum pumps will also permit
integration of a second capillary into the system, permitting
fully tuneable DUV + DUV (or VUV) pump–probe measure-
ments. Such upgrades are required due to the increased gas
handling requirements associated with the higher pressures
produced from two differentially pumped bres.

Data availability
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