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Abstract—This work reports studies on the generation of
below threshold harmonics by ultrashort laser pulses in gas
nozzles in vacuum. Odd harmonics of the laser, ranging from
the 3™ up to the 9™, were generated in the UV and VUV
regions, and the frequency conversion occurred in flowing gas.
The harmonics were spectrally characterized, and the orders of
the nonlinear processes were determined, showing that, for the
higher order harmonics, competing processes decrease the
energy coupling into the new frequencies. Also, the conversion
efficiencies were estimated, showing that a few percent of the
laser pulse energy are converted into the harmonics.

Keywords—nonlinear optics, harmonic generation, ultrafast
optics, plasma physics, ultrashort pulses.

I. INTRODUCTION

Recently, the generation of harmonics by ultrashort laser
pulses has been studied below the ionization threshold of
gases [1-4]. These Below Threshold Harmonics (BTH) have
an enormous potential for coherent light generation in the
VUYV region, being of fundamental interest for time resolved
spectroscopy [5-7]. In addition, the electronic dynamics close
to the ionization energy has been studied from BTH [1, 8, 9].

The BTH generation in gases presents several advantages
over the generation in solids. The first one is the coherent
light generation at wavelengths below 200 nm, where the
solids become opaque [10]. The harmonic generation in
solids below 200 nm is only possible using sophisticated
techniques [11-13], while in noble gases, the absorption edge
is located at their first ionization energies, which allows the
generation of harmonics up to 50.4 nm in helium, as an
example [14]. In addition, due to the abrupt decrease of the
generation efficiency with increasing harmonic order,
intensities over tens of GW/cm? are needed to generate the
5" and higher order harmonics. These intensities easily
induce self-focusing of the beam by the Kerr effect [15],
promoting damages in the solids, making the generation
process unfeasible.

On the other hand, the BTH generation in gases demands
intensities higher than in the solids because the density of
generating centers is two orders of magnitude smaller than
those of the solids [15]. Ultrashort pulses are used to
generate harmonics above the 5" since they easily reach
hundreds of TW/cm? with modest focuses. At these
intensities, the pulses ionize a portion of the gas during their
propagation and begin to interact with the plasma generated.
This plasma can impair the efficiency of the harmonics
generation. Therefore, it is required to balance the pulse
intensity to efficiently generate the harmonics without
wasting energy in plasma creation. An alternative is to work

978-1-5386-6702-6/18/$31.00 ©2018 IEEE

Nilson D. Viera Jr.

IPEN — CNEN/SP

Sao Paulo, Brazil
nilsondiasvieirajr@gmail.com

Ricardo E. Samad

IPEN — CNEN/SP

Sao Paulo, Brazil
resamad@gmail.com

in vacuum, restricting the presence of the gas only to the
region of the harmonics generation. In this way, ultrashort
pulses interact with the gas in a nozzle a few millimeters
long [16]. With this, it is expected to efficiently generate
harmonics (> 1%) by the frequency conversion process in
noble gases. This makes possible to carry out studies aiming
at a better understanding of the phenomena involved, as well
as providing a light source in the UV and VUV regions for
future applications.

In this work we report the generation of BTH in argon
flowing through a nozzle inside a vacuum chamber, by
ultrashort pulses. Their identification and characterization are
discussed, as well as competing effects that interfere on the
generation.

II. EXPERIMENTAL SETUP

For the generation of BTH from the 3™ up to the 9™
harmonic, pulses from a Ti:Sapphire CPA laser were used.
The laser system is composed by a main oscillator
(Femtolasers Rainbow) that generates 2.4 nJ, 6 fs pulses
(FWHM) with, at 78 MHz, with 370 nm of bandwidth at -
10 dB. This oscillator is pumped by a Coherent Verdi V6
laser. The pulses generated by this oscillator are injected into
the CPA amplifier (Femtolasers Femtopower Compact Pro
HR/HP). The amplification process produces pulses centered
at 781 nm with 35 nm of bandwidth (FWHM), up to 650 pJ,
25 fs (FWHM), at 4 kHz repetition rate, in a laser beam with
a M? factor of 1.5. The CPA laser system is pumped by a Q-
Switched Nd:YLF laser (Photonics Industries DM30-527)
that emits up to 10 mJ, 300 ns laser pulses.

The harmonics are generated inside of a 50 L, 50 cm
diameter vacuum chamber, with several accesses for beam
injection and instrumentation, as shown in the Fig. 1 scheme.
The wvacuum is achieved by a TMH 521/TMU 521
turbomolecular pump, backed by a mechanical pump,
producing final pressures under 10 mbar inside the
chamber. To generate the harmonics, the laser pulses are
focused by a 50 cm focal length lens in a gas nozzle that is
inside the vacuum chamber. The nozzle consists of a 2.3 mm
internal diameter glass capillary, which is etched by
ultrashort pulses in a homemade machining system to reduce
its wall thickness, so it can be drilled by the same beam that
generates the harmonics. This sets in the nozzle a 2.7 mm
interaction length, as shown in Fig. 2, bored by the laser on 2
diametrically opposite spots. Through these holes, argon
flows at a 100 mbar pressure, and the laser enters and exits
the interaction region. The harmonics wavelengths can be
filtered out by a glass blade that can be placed after the
nozzle by vacuum compatible displacement actuators



(Newport NSA12V6) controlled by a computer. The
harmonics are separated by a VUV monochromator
(McPherson 234/302). This monochromator covers the
spectral range from 30 to 300 nm and has a concave
1200 g/mm holographic diffraction grating with 200 mm of
focal length, f/4.5 aperture, and resolution of 1A. The
detection is made by a photomultiplier tube (PMT) with a
scintillator coated with sodium salicylate. The harmonics
signal is sent to a Lock-In and stored on a computer.

Laser Pulses
781 nm

25 fs (FWHM)
<650pd
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vacuumﬁchamber
(<10 mbar)

monochromator
(30-300nm)

Fig. 1. Scheme of the experimental setup in which the harmonics were
generated and measured.

Laser

Argon

Fig. 2. Scheme of the glass nozzle. The laser beam diameter (1/¢%) is
represented by the red lines.

Fig. 3 shows the laser spectrum measured inside the
vacuum chamber before the nozzle. This spectrum was used
to determine the pulses bandwidth, AXo, and their center of
mass, Acm,o, defined by:

Aewm =L IOY/dA/ TTOY/d, (1)

where A is the wavelength and 7 is the intensity signal.
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Fig. 3. Laser Spectrum after injection in the vacuum chamber.

Besides that, the transverse profiles of the laser beam are
Gaussian and, at the focus, the beamwaist size is about
35 um, as shown in Fig. 4. Therefore, the system can reach
intensities higher than 10" W/cm?.

w,=35.61pym
wy=34.54pm

Fig. 4. Image of laser beam at the focus, showing a 35 pm beamwaist.
Measurement obtained by a CCD with a pixel size of 6.7 x 6.7 um?>.

III. RESULTS

A. Detecting the BTH in argon

Fig. 5 shows the spectrum measured between 80 and
280 nm obtained for a laser intensity of 3.4x10'* W/cm? and
a pressure of 100 mbar in the nozzle. This spectrum covers
all harmonics generated in argon below the absorption
threshold (79.0 nm), which corresponds to the argon first
ionization at 15.7 eV [14]. The red vertical lines mark the
theoretical positions of the spectral center of mass of the
harmonics: 260.40 nm, 156.24 nm, 111.60 nm and 86.80 nm
for the 3%, 5™ 7% and 9™ harmonics, respectively. They were
calculated from the spectrum shown in Fig. 3.
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Fig. 5. Spectrum of the BTH generated in argon.

In Fig. 5, the 3", 5" and 7" harmonics are clearly seen,
and the generation efficiency is observed to rapidly decline
with the harmonic order increase, dropping approximately
two orders of magnitude from one harmonic to the next.
Microscopically, this drop can be explained by the decrease
of the susceptibilities of the nonlinear polarization term [15].
The 9" harmonic cannot be observed in Fig. 5 due to this
efficiency decrease and the low signal-to-noise ratio in this
spectrum, which spans 4 orders of magnitude.

To observe the 9" harmonic the laser pulse intensity was
increased to 5.8x10'* W/cm?, and a contrast technique with a
glass slide filter was used [17]. Comparing the spectrum
with and without the glass slide, the 9" harmonic is
detected, as depicted in Fig. 6. This graph also shows that
the detection system has a background signal coming from
scatterings of the laser wavelength (orange line), which can
mask the 9" harmonic signal.
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Fig. 6. 9™ harmonic generated in argon.

B. Spectral characterization of the BTH in argon

The positions of the spectral centers of mass and the
bandwidths of the harmonics generated in argon were
measured from the spectra shown in Fig. 7, and the results
are summarized in Table I.
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Fig. 7. Spectral characterization of a) 3 b) 5 ¢) 7 and d) 9" harmonic.

Table I shows a comparison of the experimental and
theoretical values of the position of the centers of mass of the
spectra of the harmonics and their bandwidths. The
theoretical values were calculated from the laser spectrum
(Fig. 3) considering AAq=Alo/q and Acmq=hcmo/q. The
uncertainties were obtained from Gaussian fittings by the
least-squares method.

TABLE L BTH SPECTRAL CHARACTERIZATION
order lca;nt'l:sﬂr. Acm exp. (nm) Al(’t:::;r' AZ exp. (nm)
3rd 260.40 £0.02 | 258.98 £0.01 10.38 £0.05 10.87 £0.05
5t 156.24 +0.01 154.52 £ 0.01 6.23+£0.03 4.99 £0.01
7h 111.60 +0.01 109.88 +0.01 4.45+0.02 5.05+0.11
9t 86.80+£0.01 86.84 +£0.01 3.46 £0.02 2.62+£0.03




The results of Table I show that the experimental and
theoretical positions of the harmonics centers of mass are the
same within 1%. This displacement is a consequence of the
plasma induced blueshift[18, 19], and its maximum
percentage displacement can be estimated by [17]:

8O max=\[m In(2)/m)L0PNoim/(cTpNorir) )
where L = 2.7 mm is the interaction length of the nozzle, 1 is
the average value of the ionization fraction which will be
assumed to be 1% [20], p = 0.0987 atm is the nozzle pressure
in atm, Ny = 2.7x10% N''m™! is the density of atoms per unit
of pressure [17], c is the speed of light in vacuum, T, = 25 fs
is the pulse duration (FWHM), N is the critical density of
free electrons in the medium [21], which is 1.8x10?' cm™ for
argon, and m is the multiphotonic absorption process order; it
is assumed that ionization occurs only by a multiphotonic
absorption of order 10. Such consideration is plausible since
the Keldysh parameter [22] under our experimental
conditions was found to be 0.8, indicating that the ionization
occurs preferentially by this process instead of tunneling.
With these considerations, expression (2) returns OWmax =
0.8%, which is compatible with the displacements shown in
Table I, indicating that its origin is, most probably, the
plasma blueshift.

The theoretical and experimental values of the spectral
centers of mass and bandwidths of the harmonics are close
enough to the point that confirms that they are BTH,
therefore showing that the methodology used is adequate for
the generation and detection of these harmonics. The
discrepancies between the theoretical and experimental
values of the bandwidths should be a consequence of the
competition between the nonlinear processes.

C. Analysis of the nonlinear process order

According to the microscopic properties, the intensity of
the BTH increases exponentially with the laser intensity, and
the exponent is equal to the order of the nonlinear process
that generates the harmonic. To determine this order, the
harmonic intensity signal dependence on the laser pulse
intensity was measured, and this was done setting the
monochromator wavelength at the position of the center of
mass. These measurements were performed for laser
intensities up to 1.4x10' W/cm?, since at higher values the
plasma formation impairs the harmonic generation
efficiency, saturating the signal. The results of each
harmonic were fitted by:

Iy=Amp I, 3)
where Iy is harmonic intensity, / is the laser pulse intensity,
Amp is a constant of proportionality, and the exponent n
provides the nonlinear process order. The results for the 3,
5% and 7% harmonics are shown in Fig. 8. For the 7%
harmonic the data below 0.6x10* W/cm? were not
considered in the fitting because they deviate from the
expected behavior due to the small signal and high noise-to-
signal ratio measured. The order of the process for the 9™
harmonic was not determined due to the difficulty of
detecting its signal for the reasons already exposed.
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Fig. 8. Analysis of the order of the nonlinear process of the a) 3 b) 5
and c) 7" harmonics in argon.

For the 3™ and 5" harmonics the exponent n obtained
from the fitting is very close to the order of the nonlinear
process, 3.4 and 5.4, respectively. However, for the 7%
harmonic the exponent n=3.9 is well below 7. This can be a
consequence of the noisy signal of the 7" harmonic, or a
decrease of the signal due to a phase-mismatch during the
generation [17]. The phase mismatch has a bigger effect on
the 7" than on the other harmonics because the nozzle
interaction length corresponds to 37% of the coherence
length for this harmonic, decreasing its generation efficiency;
for the 3™ and the 5%, the interaction length is above 80% of
their coherence length, almost at the maximum generation
efficiency [17]. These results are very important to confirm
the generation of BTH.

D. Efficiency of energy conversion of the harmonic
generation in argon

Since it is difficult to directly measure the energy
contained in each harmonic pulse due to their wavelengths,
an estimate of the laser pulse energy percentage that is
converted into the harmonics was made.

First, the relative energy contained in each harmonic
(proportional to the area of the harmonic spectrum) was



determined from Fig. 5. The energy contained in the 5%
harmonic is about 1% of the 3™ harmonic energy. This
percentage is approximately the same for the 7 harmonic
relative to the 5%. Therefore, it was assumed that the 3%
harmonic contains about 1% of the laser pulse energy.
Additionally, it is known that part of the laser energy is spent
on plasma generation, Kerr effect [15] and HHG [23, 24].

To estimate the portion of energy that is converted to
other nonlinear effects besides the BTH, the pulse energy
was measured after the nozzle, with and without gas under
100 mbar of pressure inside it. In addition, measurements
were performed for different laser pulse intensities. The
results are presented in Fig. 9, which shows the ratio of the
pulse energies measured with gas and without gas.
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Fig. 9. Ratio of the energy of the laser pulse transmitted by the nozzle
with and without gas as a function of the laser pulse intensity.

For small intensities, more than 98% of the pulse energy
is transmitted through the nozzle with gas flowing. As the
intensity increases, a larger fraction of the energy is
converted to nonlinear phenomena. For 3.5x10' W/cm?
almost 15% of the laser pulse energy is converted. If 1% is
converted into BTH generation, a large portion will be used
in plasma formation, Kerr effect or other phenomena.
Therefore, there are many nonlinear phenomena occurring
simultaneously to the BTH which are responsible for a large
portion of the converted energy.

IV. CONCLUSIONS

The mapping performed in this work is of fundamental
importance because it presents an approach poorly explored
in the literature, which is the generation of BTH in
conjunction with the formation of plasma and the occurrence
of other nonlinear phenomena in an experimental setup
commonly used for HHG. Moreover, we performed spectral
characterization and evaluated the nonlinear process order of
these harmonics. Finally, we checked the percentage of laser
pulse energy that converted nonlinear processes in argon,
estimating the conversion efficiency.
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