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molecules using infrared laser pulses
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We demonstrate broad bandwidth and intense sub-100 eV high-order harmonics from diatomic

carbon molecules driven by long-wavelength laser pulses. Up to now, one limitation of the intense

carbon harmonic source driven by a 0.8 lm wavelength Ti:sapphire laser has been the low cutoff

around �32 eV. In this paper, we show that this harmonic cutoff is extended to �70 eV by increas-

ing the driving laser wavelength to 1.71 lm. Surprisingly, the carbon harmonic intensity is found to

be high despite the long wavelength driving laser. Experiments show only �30% decrease in the

harmonic intensity when changing the driving laser wavelength from 0.8 lm to 1.71 lm. Such

intense sub-100 eV coherent X-rays would have important applications in various domains of

science and technology. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944640]

Over the past decade, high-order harmonic generation

(HHG) from laser-ablated plume (LAP) has attracted consider-

able attention,1–4 since it is a promising technique to develop

intense tabletop coherent sources of extreme ultraviolet (XUV)

radiation.5–8 Using this technique, several types of solid targets

have been used for HHG, and intense harmonics have been

demonstrated from numerous materials.8,9 In the LAP tech-

nique, one efficient method to generate intense XUV pulses is

to use resonant harmonics (RH). In several laser-ablated

media, RHs are generated due to the perturbation of the HHG

process by resonant autoionizing states, resulting in significant

enhancement in the harmonic yield, with the energy of these

RHs measured to be in the multi-micro-joule range.8 This

energy is about one to two orders of magnitude higher com-

pared to those generated through the conventional three-step

process.8 The spectral bandwidth of these RHs is narrow (e.g.,

for RH of indium at 61.5 nm, DkFWHM� 1.2 nm), and thus

these harmonics have unique applications where narrow

bandwidth XUV pulses are needed, for example, in the spec-

troscopy of highly charged ions10 or in coherent diffractive

imaging of nanoscale objects.11

In contrast, broad bandwidth high-order harmonics also

have numerous applications. One application is to develop

an intense attosecond laser source,12–14 which are promising

tools to capture and control the ultrafast motion of electrons

inside atoms,15,16 molecules,17 and solids.18 There have been

extensive efforts to generate ever shorter attosecond

pulses,19,20 and pulses as short as 67 attoseconds have been

demonstrated.21 However, the output energy of these attosec-

ond pulses are low19,22 (nano-joule range), which limits their

practical applications. In order to generate intense and short

attosecond pulses, one needs high-order harmonics of high

photon flux and broad bandwidth. Further, intense sub-

100 eV laser pulses are desirable for various applications in

the field of XUV spectroscopy23 and microscopy.24

One promising method for intense and broad bandwidth

harmonic generation is to use carbon plumes5–7 as the

nonlinear medium. In the past, we have demonstrated that

high-order harmonics of multi-lJ energy are generated from

carbon plumes using 0.8 lm driving laser pulses.5,6 By com-

paring the intensity of the RHs and carbon harmonics, we

have shown that the intensity of each carbon harmonic order

is comparable or even higher than from a single RH.25

However, one disadvantage of carbon harmonics driven

by 0.8 lm lasers is that its high-order harmonic cutoff is rela-

tively low (�32 eV). In carbon harmonics, its high efficiency

is attributed to the large photoionization cross-section of dia-

tomic carbon molecules, which has been shown to be the major

species that contribute to carbon harmonics.26 However, neu-

tral diatomic carbon molecules have relatively low ionization

potential (�11.4 eV), resulting in the low cutoff of carbon har-

monics. This low cutoff limits the applications of this intense

source, such as for generating intense attosecond pulses with

very short pulse duration27 and other fields of XUV spectros-

copy and microscopy.23,24

According to the three-step model13 (Ecut-off¼ Ipþ 2.9

� 10�13 Ik2 [eV], where Ip, I, and k are the ionization poten-

tial, peak laser intensity, and the driving laser wavelength,

respectively), the high-order harmonic cutoff can be extended

by increasing the driving laser wavelength.28,29 However,

wavelength scaling shows that in many nonlinear atomic

media, the single-atom harmonics efficiency decreases rapidly

(following a k�5��6 scaling) as the driving laser wavelength

is increased.30,31 This is mainly due to the quantum diffusion

of the wave packet, since electrons take a longer time to prop-

agate in the continuum.28,32 This effect of harmonic intensity

reduction is usually compensated by improving the phase

matching condition, which mainly depends on the geometry

and density of the medium that is used for HHG.3,33,34 In gas-

eous media, this phase mismatch is usually overcome by using

few centimeter long medium inside a hollow-core fiber, with

appropriate density.19,35

In this letter, we demonstrate the generation of sub-

100 eV high-order harmonics with high photon flux and

broad bandwidth from a thin jet (�200 lm) of laser-ablated

carbon molecules. We use long-wavelength driving lasers toa)ozaki@emt.inrs.ca
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extend the cutoff and observe that high-order harmonics up

to �70 eV are generated with 1.71 lm driving lasers.

Further, we find that the photon flux of high-order harmonics

driven by 1.71 lm lasers is unexpectedly high. Experimental

results show that the peak intensity of carbon high-order har-

monics reduces by only about 30% when changing the driv-

ing laser wavelength from 0.8 lm to 1.71 lm.

The experimental scheme used for carbon HHG is shown

in Fig. 1. The experiments are performed with the 100 Hz

beamline of the Advanced Laser Light Source (ALLS). This

is a Ti:sapphire laser that can produce laser pulses of 80 mJ

energy at 0.8 lm wavelength, with pulse duration of �40 fs

(�210 ps before compression). Graphite targets are placed

inside the vacuum chamber on an XYZ translation stage under

a vacuum of �10�5 Torr. To generate harmonics from solid

graphite, the laser beam is divided into two beams. One part

of the laser beam, named the prepulse (PP), is used to ablate a

plasma plume from the solid graphite. This PP is focused on

to the graphite target with a circular spot of �200 lm diame-

ter at a PP intensity of �1010 W cm�2, which results in a

carbon plume that extends 1 mm from the target surface.26 A

fraction of the second part of the beam (�5 mJ) is first com-

pressed to �40 fs, and then seeded to an optical parametric

amplifier (OPA; HE-TOPAS) for nonlinear frequency conver-

sion. The output OPA energy is �1 mJ at 1.8 lm. This output

is then subsequently amplified by an amplification stage con-

taining a beta barium borate crystal (BBO; type II). The final

output of this laser source can reach �13 mJ energy in the

Signal beam and �10 mJ in the Idler beam. Complete details

of this laser source are given elsewhere.36 We use these

Signal or Idler beams as the main pulse (MP), which is then

focused in the nonlinear medium (i.e., the carbon ablation

plume produced by the PP), after a delay of few tens of nano-

seconds (ns). This delay between the PP and the MP is needed

to produce neutrals in the plasma plume for maximum har-

monic output, as well as to relax the electron density gradient,

which would have negative effects in the HHG process. The

high-order harmonics are generated collinearly with the MP,

as shown in Fig. 1. This high-order harmonic beam is separated

from the MP using a silicon mirror, and the reflected harmonic

beam is sent to the XUV spectrometer. This spectrometer con-

sists of a flat-field grating (Hitachi, 1200 lines/mm) and a

micro-channel plate (MCP) followed by a phosphor screen.

Finally, the image of the high-order harmonic spectrum is gen-

erated on the phosphor screen, and then captured by a CMOS

camera (16 bit, PCO-edge).

In Fig. 2, we present the high-order harmonic spectra gen-

erated using 0.8 lm driving laser from three graphite targets,

having carbon composition of 99.9% (Green; Alfa-Aesar),

97.0% (Red), and 91.0% (Blue; McMaster-Carr, Graphite-91).

In Graphite-91, the impurity is mostly 9% of oxygen, which

has been confirmed using the energy dispersive X-ray spec-

troscopy (EDS) technique. The laser parameters, especially

the PP and the MP intensities (�1.2� 1010 W cm�2 and

�2.73� 1014 W cm�2, respectively), are kept constant to

allow accurate comparison of the harmonic properties. It is

observed that high-order harmonics of similar yield and cutoff

are generated from these three targets. The integrated inten-

sities per pulse of harmonics from 16 eV to 32 eV are

observed as 4.8� 107, 5.1� 107, and 5.0� 107, from targets

containing 99.9%, 97.0%, and 91.0% of carbon, respectively,

and the maximum high-order harmonic cutoff is observed at

�32 eV. The results shown in Fig. 2 indicate that impurities in

Graphite-91 have no effects on the harmonic efficiency.

Therefore, we use Graphite-91 for the rest of this study, since

it is less expensive.

The industrial Graphite-91 target is prepared by pressing

small graphite grains at very high pressure and is used as heat-

resistance material at high temperatures. We use EDS, X-ray

diffraction (XRD), and scanning electron microscope (SEM)

analyses to characterize this material. The EDS results (not

shown here) reveal that this material contains 91% of carbon,

with oxygen being the major impurity. The XRD pattern,

shown in Fig. 3, shows six XRD peaks at (002), (100), (101),

(004), (110), and (006), which confirms the graphitic nature of

the target after compression.37 Further, the grain size of this

target is estimated with the high-resolution SEM image, shown

in the inset of Fig. 3, which indicates that the Graphite-91 is a

composite of graphite grains with sizes around 200–500 nm.

In Fig. 2, we have observed that high-order harmonics

up to �32 eV are generated from laser-ablated carbon mole-

cules using 0.8 lm wavelength driving lasers. The ionization

potential of the C2 molecule is �11.4 eV, and the saturation

intensity is measured to be �3.64� 1014 W cm�2. From this

FIG. 1. Schematic diagram of the

experimental setup used for the high-

order harmonic generation from laser-

ablated materials.

FIG. 2. High-order harmonic spectra generated using 0.8 lm driving laser

from three laser-ablated graphite plumes with carbon composition of 91.0%,

97.0%, and 99.9%. High-order harmonics of similar yield and cutoff are

generated from these plumes. These spectra are recorded with MP intensity

of �2.73� 1014 W cm�2.
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ionization potential and saturation intensity, the high-order

harmonic spectra in Fig. 2 indicate that harmonics are gen-

erated from neutral diatomic carbon molecules. This con-

clusion is also supported by our recently published results

of plasma spectroscopy of the graphite ablation plume,

which showed strong emission from neutral diatomic car-

bon molecules.26

Given this relatively low cutoff of carbon harmonics

driven by 0.8 lm lasers, we study carbon harmonics using

long wavelength driving lasers to extend this cutoff. In

Fig. 4, we show the high-order harmonic spectra generated

from carbon molecules at three driving laser wavelengths,

centered at 0.8 lm, 1.47 lm, and 1.71 lm. To accurately

compare the harmonic intensity, the driving laser intensity

for these three wavelengths is maintained at the same value

of �1.4� 1014 W cm�2. Fig. 4(a) shows the high-order har-

monic spectrum generated using driving lasers of 0.8 lm

wavelength, showing a cutoff of �32 eV. This harmonic

cutoff is further extended up to �60 eV by increasing

the driving laser wavelength to 1.47 lm, as can be seen

in Fig. 4(b). The maximum harmonic cutoff is observed

with 1.71 lm laser pulses, where we have demonstrated

harmonics up to �70 eV (Fig. 4(c)). In fact, the configura-

tion of our spectrometer limited the detection of harmonics

up to this energy, and thus, there is a possibility that the

actual harmonic cutoff with 1.71 lm laser is even higher

than 70 eV.

From Fig. 4, we also notice that the carbon harmonics are

comparable in intensity even when using driving lasers with

longer wavelength. In Fig. 4, the harmonic intensities between

the three spectra can be directly compared. Using 0.8 lm driv-

ing lasers, our group has already demonstrated that high-order

harmonics of multi-lJ energy with efficiencies of 2� 10�4 for

the 13th harmonic are generated from laser-ablated graphite

plume.5 The ratio of the peak harmonic intensity for 0.8 lm,

1.47 lm, and 1.71 lm driving lasers is observed to be 1:0.76:

0.70. This indicates that when the driving laser wavelength is

changed from 0.8 lm to 1.71 lm, the high-order harmonic

peak intensity is reduced by only 30%, for a fixed MP laser in-

tensity of �1.4� 1014 W cm�2 (which is close to the satura-

tion intensity �3.6� 1014 W cm�2). From these results, we

can estimate that conversion efficiencies of >10�4 are

obtained for carbon harmonics from 25 to 40 eV.

In conclusion, we have demonstrated that intense and

broadband harmonics are generated from carbon molecules

that are ablated from graphite targets. We have observed that

high-order harmonics of similar properties are generated

from three laser-ablated graphite plumes with different puri-

ties, showing that impurities have no effects on the harmon-

ics efficiency. The high-order harmonic cutoff is extended

by increasing the driving laser wavelength from 0.8 lm to

1.71 lm. We have observed that high-order harmonics up to

�70 eV or higher are generated with 1.71 lm driving laser

pulses. High-order harmonic spectrum shows that harmonics

are intense even for driving lasers with 1.71 lm wavelength.

Experimental results show that the peak harmonic intensity

reduces by only �30% when changing the laser wavelength

from 0.8 lm to 1.71 lm. This intense XUV laser source at

shorter wavelengths will be a useful tool for many applica-

tions, where intense and broad bandwidth XUV pulses are

required.
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