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Transmission of intense ultrashort laser pulses
through hollow-core fibers (HCFs) is investigated
for molecular-tagging velocimetry. A low-vacuumed
HCF beam-delivery system is developed to transmit
high-peak-power pulses. Vacuum pressure effects
on transmission efficiency and nonlinear effects at
the fiber output are studied for 100-ps and 100-fs
laser beams. With a 0.1 bar vacuum in the fiber,
transmission efficiency increases by ~30%, while
spectral broadening is reduced. A 1-m-long, 1-mm-
core metal-dielectric-coated HCF can transmit ~45
m]J/pulse and ~2.9 m]/pulse for 100-ps laser pulses
(at 532 nm) and 100-fs laser pulses (at 810 nm),
respectively. Proof-of-principle, single-laser-shot,
fiber-coupled, ps- and fs-laser-based, nitrogen
electronic-excitation tagging velocimetry is
demonstrated in a free jet. Flow velocities are
measured at 200 kHz to capture high-frequency
flow events.

1. INTRODUCTION

Flow-velocity measurements in high-speed turbulent flows are
essential for the fundamental understanding and optimization of air
vehicles, space vehicles, and modern gas-turbine engines. Several
optical techniques have been widely used for velocimetry, including
Particle-Image Velocimetry (PIV) [1,2], Molecular-Tagging Velocimetry
(MTV) [3-5], Planar Doppler Velocimetry (PDV) [6,7], and Laser
Doppler Velocimetry (LDV) [8]. These techniques require the addition
of seed particles or molecules to the flow for tracking. By measuring
the displacements of the seed particles within a certain time delay, the
one-dimensional (1-D) or two-dimensional (2-D) velocity field can be
determined. However, the addition of seed particles or molecules may
not be practical for a wide range of transonic, supersonic, and
hypersonic flow facilities. For example, seeding can alter the mean flow
and introduce unsteady disturbances [9,10]. Moreover, the seeded
tracers can contaminate the ground-test facility, which increases the
maintenance cost and decreases the effective run time, particularly in
large-scale wind tunnels.

Several non-seeded laser-based molecular velocimetry techniques
such as Raman excitation plus laser-induced electronic fluorescence
(RELIEF)[11-13], filtered Rayleigh scattering (FRS) [14],
interferometric Rayleigh scattering (IRS) [15,16], laser-induced
thermal acoustics (LITA) [17] and air photolysis and recombination
tracking (APART) [18] have been implemented for gas flow velocity
measurements. All the approaches mentioned above have their own
advantages and limitations in terms of dynamics range, spatial
resolution, and complexity. For example, RELIEF technique can be
used for air flows, but it requires three laser beams with different
wavelengths which increases experimental complexity. Recently, non-
seeded velocimetry using ultrashort-pulse-laser electronic-excitation
MTV with ps [19] and fs [20-23] laser pulses is developed. This
technique is a seedless nitrogen-fluorescence-based velocimetry
technique; it is suitable for point or 1-D velocity measurements in
subsonic and supersonic flows. This method requires only a focused
ultrashort-pulse-laser beam and an intensified camera. N2 molecules
are photodissociated by an intense laser pulse to form significant
populations of N(“S) atoms [20], which undergo three-body
recombination to form metastable, electronically excited nitrogen N2

Cx ;) and, subsequently, a vibrationally excited nitrogen B state
(v’*11). The fluorescence emission from the long-lifetime B state of N2
(B3Il —> A } 2" can continue for a relatively long period of time (~20

us), enabling velocity measurement by tracking the fluorescent N2
molecules. A high-intensity, ultrashort laser pulse is preferred for this
technique because of its low laser-heating effect on the measured flow
fields [11,12,15]. In general, the use of a fs- and ps- duration laser for
electronic-excitation tagging is called FLEET and PLEET, respectively.
FLEET was first demonstrated by Michael et al. in 2011 [20] and
PLEET by Jiang et al. in 2017 [19]. The major advantages of these
methods for measurements in practical wind tunnels are: 1) relatively
straightforward experimental setup aided by a single-laser-beam and a
single-camera, 2) no need to seed the flow either with particles or
other molecules, and 3) the technique is based on nitrogen
fluorescence (nitrogen being the most commonly used and abundant
gas in large ground-test facilities which typically operate on air or
nitrogen). When PLEET and FLEET diagnostics are implemented in
harsh and physically restricted environments, traditional experimental
approaches that are based on free-standing optics face stiff challenges
because of vibrations, unconditioned temperature (both hot and cold),
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velocity and humidity, large thermal gradients, and limited or no
optical access. These difficulties can be overcome by transmitting the
required laser beams through optical fibers to the probe region, with
the laser system and detection hardware being located remotely in a
climate-controlled facility. Fiber-coupled PLEET and FLEET systems
would: 1) reduce the need for free-standing optics in test-cell
environments; 2) provide flexibility with the ability to access non-
windowed test sections when needed; 3) isolate the high-power laser
system from heat or cold and vibration; and 4) provide safe, guided,
and confined laser-beam delivery.

The PLEET and FLEET techniques require high-peak laser intensity
at the probe volume to enable efficient dissociation of the N2 molecule
through multiphoton excitation process. Typically, the amount of
energies needed for a 100-ps-duration pulse and a 100-fs-duration
pulse are ~10 m]J/pulse [19] and ~1 m]/pulse [20-23], respectively.
Such high-energy requirements impose significant constraints on
fiber-coupled PLEET and FLEET because of the intrinsic optical-
damage threshold of the fibers. The enhanced, higher-order nonlinear
processes during propagation of intense laser beams through the fiber
can also cause spectral and temporal broadening of the input laser
beam and, hence, reduce the efficiency of the multiphoton excitation
[24].

Ideally, a fiber-coupled ultrashort-pulse laser beam delivery system
for PLEET and FLEET velocimetry requires sufficient energy/intensity
that a fluorescence signal with reasonable signal-to-noise ratio (SNR)
can be generated. The amount of laser energy/intensity that can be
delivered in such a system is limited by the damage threshold of the
fiber for varying pulse durations, the physical structure of the fiber, and
the wavelength of the input laser beam. Previous fiber studies have
shown inability of the solid-core fiber to transmit the required ps laser
pulse because of the relatively low damage threshold (maximum
transmission of 150-ps pulse through a 1-mm-core silica fiber is ~3.3
mJ/pulse [25]). Another drawback of the solid-core fiber for laser-
beam delivery is spectral and temporal broadening of the pulse
because of the broadband material dispersion, particularly for fs-pulse
delivery [25]. Typically, solid-core-silica-fiber damage tends to occur in
the core at high input power, causing impairment either at the
entrance surface or within the fiber because of self-focusing effects
[24-27]. Hollow-core fibers are of interest because in absence of a solid
core all the above problems can be avoided [28-32]. Recently,
Jelinkova et al. [30] and Li et al. [32] demonstrated that hollow-core
capillary fibers can transmit high-power laser beams with 50-ps-
duration laser pulses (~40 m]/pulse at 1046 ns) and with 100-fs-
duration laser pulses (~1.4 m]/pulse at 800 nm).

The objective of this study is to investigate the feasibility of delivering
intense ps and fs laser pulses through a commercially available hollow-
core capillary fiber and investigate fiber-based PLEET and FLEET
velocimetry in high-speed nitrogen flows. Optical-damage threshold,
output-beam quality, nonlinearities inside the fiber, and temporal
distortion of the input laser pulses are studied. Proof-of-principle,
single-laser-shot, fiber-coupled, PLEET and FLEET velocimetry in a
nitrogen jet are demonstrated.

The outline of this paper is as follows. The experimental
arrangement used for fiber-coupled PLEET and FLEET is described in
Section 2. In Section 3, the fiber-transmission characteristics are
presented. Section 4 contains a demonstration of fiber-coupled PLEET
and FLEET. A summary is presented in Section 5.

2. EXPERIMENTAL SETUP

A schematic diagram of the optical system for coupling high-power,
ultrashort laser pulse through the hollow-core fiber is shown in Fig 1.
Ti:Sapphire laser (Elite Duo, Coherent) that produces ~5 m]J/pulse at
1-kHz pulse repetition rate with pulse duration 100 fs at 810 nm is
used as a fs source. The ps laser is a 10-Hz Nd:YAG Regenerative
Amplifier system, which generates frequency-doubled, 532-nm 100-
ps-duration pulses with energy of ~80 m]/pulse. Both lasers produce
nearly transform-limited pulses with a beam quality M2 < 2. Both laser-
beam diameters were conditioned to ~8 mm using telescopes. The
laser beam was passed through a coupling lens with focal length of f =
+800 mm into the fiber. The hollow-core fiber (HCF) was placed in a
six-axis kinematic mount, which was attached to a 1-D translational
stage that moved along the laser-beam-propagation direction. This 1-
m-long, 1-mm-core HCF, made by Opto-Knowledge Systems Inc,
consists of capillary tubing coated with a metallic film and dielectric
layer, which enables transmission of visible-infrared-wavelength light
[33]. The hollow core of the HCF laser-beam delivery system was
maintained at low vacuum to avoid optical breakdown at the fiber
entrance or inside the fiber. The output laser beam was collimated by
an f = +100-mm spherical lens and then focused at the center of the jet
tube (diameter of 6.5 mm) using an achromatic spherical lens with a
focal length of f=+50 mm. The beam waist at the focal point was
measured by a beam profiler to be ~200 pm. A high-speed camera
(Photron, SA-Z) coupled with an external two-stage intensifier
[LaVision, HS-IRO (photocathode S25)] was used to track the 3lorlg-

lived fluorescence from the first positive band of N2 (B3[1g — A 2, )

The emission was collected with a Nikon 50-mm f/1.8 lens at a
wavelength range of 550-700 nm through a bandpass filter. The
camera was operated at 200 kHz to track the fluorescence signal
displacement for determination of flow velocities.

Fig. 1. Schematic diagram of fiber-coupled, ultrashort-pulse-laser-
based, electronic-excitation tagging-velocimetry system. &2, half-wave
plate; PBS, polarized beam splitter; BD, beam dump; L1, L3, L4, convex
lenses; L2, concave lens.

3. CHARACTERIZATION OF HCF FOR PLEET AND FLEET

The design and performance of an ideal fiber-optic beam-delivery
system for PLEET and FLEET velocimetry applications are based on
three crucial parameters: 1) delivery of the required high-
energy/intensity laser pulses, 2) retention of the spectral and temporal
bandwidth of the input pulse during propagation through the fiber,
and 3) delivery of a high-quality laser beam. Therefore, the objective of
this fiber study is focused on these three aspects of ps and fs pulses
propagation through the HCF.

3.1 Damage threshold

The major obstacles to fiber delivery of very high-energy/intensity
laser pulses arise from optical breakdown at the entrance of the fiber
and/or inside the fiber. Additionally, high-intensity beams can interact



with the medium (e.g, air) in the hollow-core fiber and cause spectral
broadening of the laser beam through self-phase modulation. To solve
these two problems, the hollow-core fiber-delivery system was
operated in low-pressure conditions (~0.1 bar). Figure 2 shows that
the 1-m-long HCF can transmit ~45 m]J/pulse and ~2.9 m]J/pulse for a
100-ps pulse and a 100-fs pulse, respectively. Such energy exceeds the
required pulse energy for PLEET and FLEET applications. Because of
the large core size of the fiber, the HCF is capable of coupling the
maximum-pulse-energy output from the ps and fs lasers (10-Hz ps
laser ~75 m]/pulse; 1-kHz fs laser ~4.8 m]/pulse). For the 532-nm ps
laser and the 810-nm fs laser, the maximum fiber-transmission
efficiency reaches ~60% at a pressure of 0.1 bar. The transmission
efficiency for both cases decreases with an increase in gas pressure
inside the fiber. Clearly, lower pressure (ie., lower air density) can
reduce the optical breakdown, and hence prevent laser-energy
absorption by the plasma. The effect of pressure on the fiber
transmission of the fs pulse is relatively small compared to that in the
ps-pulse case. The reduced pressure dependence in fs-laser pulse
delivery may be understood as follows: when the plasma is formed by
the intense and short fs pulse, a significant portion of the pulse has
already passed through the plasma (plasma-formation time ~tens of
fs); thus, only the tail end of the pulse can be absorbed by the plasma.
Also, because of the complete absence of avalanche breakdown
process, fs laser produces very low plasma density. In contrast, a long
ps pulse experiences greater absorption during the plasma-formation
process and a higher plasma density is generated [34].
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Fig. 2. Maximum output of 100-ps laser pulses at 532 nm (a) and 100-
fslaser pulses at 810 nm (b) from 1-m-long HCF as a function of in-line
pressure of the fiber. The input laser energies for 100-ps and 100-fs
pulses are 75 m]/pulse and 4.8 m]/pulse, respectively.

3.2 Spectral and temporal broadening

Laser-pulse spectral broadening due to fiber propagation may
reduce the efficiency of the nitrogen-dissociation process and may
cause a lower nitrogen-fluorescence signal for PLEET and FLEET.
Spectral broadening due to nonlinear effects in the fiber such as self-
phase modulation [35] and stimulated Raman scattering [32,36]
becomes noticeable with the transmission of an intense laser beam.
The spectral broadening of the narrowband 100-ps pulse and
broadband 100-fs pulse at incident energies of ~75 m]J and ~4.5 m)],
respectively, for an in-line gas pressure of 0.1 bar and 1 bar is shown in
Fig. 3. Fiber delivery of intense ps and fs laser pulses can cause spectral
broadening due to the aforementioned nonlinearities [24,25]. The
observed spectral broadening for both ps and fs laser propagation is
small. Lower in-line gas pressure can further reduce the spectral
broadening for both cases. Here, the observed asymmetric spectral

profile of the fs pulse shown in Fig. 3 could be the result of a slight
misalignment of the grating-pulse compressor of the fs laser.
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Fig. 3. Measured laser-power spectra of (a) narrowband 100-ps-
duration pulse and (b) broadband 100-fs-duration pulse after 1-m-
long, 1-mm-core HCF propagation under pressure of 1 bar and 0.1 bar.
Original input-laser spectra are also shown (black solid line).

In addition to spectral broadening, the pulse can be broadened
temporally during its propagation through the fiber because of
dispersion within the fiber. The temporal broadening for a 100-fs-
duration laser pulse with energy of ~1 m]/pulse transmitting through
an air-filled HCF has been investigated by Li et al. [32]. Their studies
have shown that the temporal broadening of the output pulse at the
fiber exit is small (<10%). We conducted temporal pulse-width
measurements for a 100-ps pulse propagating through the 1-m-long
HCF with a 25-GHz photodiode (Newport Model 1414) and a 20-GHz
oscilloscope (Agilent Technologies DSO-X 92004A). The measured
pulse width at the fiber exit was found to be nearly the same as the
input laser pulse.

3.3 Output laser-beam quality

The spatial resolution of ultrashort-pulse, laser-based, electronic-
excitation tagging velocimetry is determined by the beam quality of the
input laser pulse at the probe volume. Figure 4 displays the output-
beam profiles of the ps laser and the fs laser from the 1-m-long and 1-
mm-core HCF. The intensity distribution exhibits random variation in
some areas that may appear as speckles. The speckle pattern results
from the interference between the many guiding modes, each
travelling a slightly different path length within the fiber [37]. If the
speckle pattern has a low spatial frequency (ie., large bright and dark
areas adjacent to each other), then in some areas at a focal point,
sufficient N2 fluorescence might not be generated for flow-velocity
tracking. Noted that the speckle patterns vary with the input beam
profile as well as fiber bending conditions.



Fig. 4. False-color image of output from 1-m-long 1-mm-core HCF.
Output-beam profiles of (a) ps-laser beam (532 nm) and (b) fs-laser
beam (810 nm).

The focusing ability of the laser beam is determined by the beam-
quality factor M2, which is a crucial for determining the spatial
resolution of fiber-coupled, electronic-excitation tagging velocimetry.
Moreover, because generation of the Nz fluorescence signal is
proportional to the intensity of the excitation-laser beam, the signal
generation is, in principle, strongly determined by the ability to focus
the laser beam, i.e,, M2 The best possible beam quality is achieved for a
diffraction-limited Gaussian beam where M2 = 1 [38]. The M2 value will
increase as the beam-focusing ability decreases. The M2 measurement
method is described in Refs. [24,25]. The measured M2 and output
divergence half angle of the HCF is shown in Table 1. Because of the
large M2 value, short focal-length lens is required for fiber-coupled
PLEET and FLEET measurements, limiting the working distance.

Table 1. Divergence angle and beam quality M2

Internal Laser Output M2
Diameter Wavelength Divergence
Half Angle
1.0 mm 532 nm ~0.06 rad ~140
(Straight fiber)
1.0 mm 810 nm ~0.06 rad ~120
(Straight fiber)

4. FIBER-COUPLED PLEET AND FLEET

A proof-of-principle demonstration of velocimetry measurements
using fiber-coupled PLEET and FLEET was conducted in a free jet
(diameter of 6.5 mm) of nitrogen. The pulse energy used for fiber-
coupled PLEET and FLEET was ~40 m]/pulse (100-ps-duration pulse)
and ~2.3 m]/pulse (100-fs-duration pulse), respectively. Figures 5(a)
and 5(b) show single-shot fiber-coupled PLEET and FLEET
velocimetry-image sequences of the free N2 jet, respectively. For both
measurements, the laser beam passes through the flow at ~4 mm
above the jet exit, which is about Y/D = 0.6. The jet exit is at the bottom
of the images, and nitrogen gas is flowing upward. Note that the flow
speeds are different for the FLEET and PLEET experiments.
Measurements were conducted at 200 kHz, i. e, 5 us between two
consecutive images. The camera intensifier gate was 200 ns with 70%
gain. For both cases, the starting points were 2 ps after the laser
excitation. The shape of the nitrogen-fluorescence signal shown in Fig.
5 is typically a point rather than a line because a short focal-length lens
was used. The point-like signal size is advantageous for two-
component velocity measurements [19]. By measuring the
displacement along the Y and X directions between two consecutive
images, two-component velocity (i.e, Vy and Vx) can be calculated. If a
second camera view is added, a third velocity component can be
measured [21].

Figure 5 shows that both PLEET and FLEET signals are moving with
the flow. At the early time delay (t=5 ps), the signal-to-noise ratio (SNR)
is ~ 30:1 and ~ 15:1 for fiber-coupled PLEET and fiber-coupled FLEET,
respectively. The size of the PLEET emission shown in Fig. 5(a)
becomes larger at a longer delay time because of turbulence and
diffusion. The spot size of FLEET-signal also becomes larger at the
downstream of the flow. However, because of the relatively short
lifetime compared to PLEET, the FLEET signals appear to be weaker at
longer decay times [19,20]. As a result, the size of the FLEET signal
shown in Fig. 5(b) appears to be smaller for the longer delay time.
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Fig. 5. (a) PLEET and (b) FLEET images with fiber-coupled beam
delivery. Camera recorded images at 200-kHz rate.

Analysis of the velocity measurements for the two jet flows employing
fiber-coupled PLEET and FLEET is shown in Fig. 6, which is based on
the PLEET and FLEET images shown in Fig. 5. For each point, the
accurate determination of the center of the PLEET and FLEET signal
was analyzed by the center-mass method with Matlab [19]. Both Vy
and Vx velocities were obtained using this method. For both cases the



measured Vy velocity, which is along the flow direction, remains almost
constant for a certain distance and then decreases with longer time
delay (i. e, away from the jet exit). Additionally, the measured speed Vx
varies significantly at a longer time delay, which could result from the
natural flow turbulence behavior or large uncertainties associated with
relatively poor SNR.

The working distance of the current flow velocity measurement
system is limited by the parameters associated with HCF delivery.
Although the low-vacuum HCF delivery does not cause significant
temporal and spectral broadening of the output ps and fs pulses, poor
beam quality at the output of the fiber degrades the PLEET and FLEET
signal level and limits the working distance. This could be improved by
using a specially designed air-guided, hollow-core, photonic crystal
fibers (HC-PCFs) [39,40], which may make it possible to deliver laser
pulses of sufficient energy with higher beam quality to achieve ideal
fiber-coupled PLEET and FLEET measurements.
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Fig. 6. Measured velocity along x- axis and y-axis from Fig. 5.

5. SUMMARY

The feasibility of delivering intense ultrashort ps and fs laser pulses
through optical fibers for electronic-excitation tagging velocimetry was
investigated. It was demonstrated that the propagation of ps and fs
laser pulses through HCFs allows transmission of sufficient laser
energy for performing PLEET and FLEET velocimetry in atmospheric-
pressure N2 jet flows. It was also determined experimentally that
maintaining low-pressure at the core of the HCF beam-delivery system
can reduce the probability of optical breakdown at the entrance of the
fiber and/or inside the fiber and, hence, not only prevent fiber
damages but also improve fiber transmissions. Additionally, this beam-
delivery system also reduces spectral broadening of the input laser
beam, which could lead to efficient nitrogen dissociation and achieve
high PLEET and FLEET signals.

Proof-of-principle, single-laser-shot, fiber-coupled, ps- and fs-laser,
electronic-excitation tagging velocimetry in a nitrogen jet was
demonstrated. These results hold promise for extending the

application of fiber-coupled PLEET and FLEET measurements to harsh
and physically restricted environments in large ground-test facilities.
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