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1Department of Experimental Physics, University of Szeged, 6720 Szeged, Dóm tér 9, Hungary
2Institute of Optoelectronics, Military University of Technology, Gen. S. Kaliskiego 2, 00–908 Warsaw, Poland
3Wigner Research Centre for Physics, Institute for Particle and Nuclear Physics, EURATOM Association HAS,
1121 Budapest, XII. Konkoly Thege Miklós út 29-33, Hungary
4Department of Mechanical Engineering, University “Tor Vergata”, Via Orazio Raimondo, 18–00173,
Rome, Italy
5Department of Industrial Engineering, University “Tor Vergata”, Via Orazio Raimondo, 18–00173,
Rome, Italy
6Institute of Physics ASCR, v.v.i. (FZU), ELI-Beamlines Project, 182 21 Prague, Czech Republic
7Institute of Nuclear Physics, PAN, E. Radzikowskiego 152, 31–342 Cracow, Poland
8Institute of Plasma Physics and Laser Microfusion, EURATOM Association, Hery 23, Warsaw, Poland

(Received 17 June 2014; accepted 9 November 2014; published online 5 December 2014)

Investigations of emission of harmonics from argon gas jet irradiated by 700 fs, 5 mJ pulses from a
KrF laser are presented. Harmonics conversion was optimized by varying the experimental geometry
and the nozzle size. For the collection of the harmonic radiation silicon and solar-blind diamond
semiconductor detectors equipped with charge preamplifiers were applied. The possibility of using a
single-crystal CVD diamond detector for separate measurement of the 3rd harmonic in the presence
of a strong pumping radiation was explored. Our experiments show that the earlier suggested 0.7%
conversion efficiency can really be obtained, but only in the case when phase matching is optimized
with an elongated gas target length corresponding to the length of coherence. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4902346]

I. INTRODUCTION

Harmonic generation in a gas phase target at relatively
low laser intensities is driven by multiphoton excitation and
described by perturbation theory.1–6 The generation of a spe-
cific harmonic can be greatly enhanced if there is a real bound
state to which the multiphoton resonance can occur.1 That is
the case in argon with a three-photon near-resonance of KrF
laser at 248.5 nm.7 The ponderomotive energy of the ionized
electron is smaller for UV radiation as compared to IR or
visible radiation with the same field amplitude. This makes
a Keldysh parameter greater than one, thus photoionization
occurs with multiphoton processes. As a result the UV light
of excimer lasers results in a dominance of the multiphoton
process in harmonic generation. Harmonic intensity and the
phase matching ruled by a perturbative formalism in the UV
laser range worsens drastically with the harmonic order.1

For the short-wavelength (UV) laser pulses of a KrF
laser even low order harmonics have high photon energy, thus
efficient generation of intense coherent extreme ultraviolet
(EUV) radiation is possible. A high intensity source of this
wavelength is needed to study nonlinear phenomena in the
EUV, and optical damage of solid and biological samples can
also be investigated. Harmonic generation due to its coherent
nature conserves the short duration of the pulse while spec-
trally upconverting it into harmonics. Experiments of Dölle
et al.7, 8 showed the possibility of resonant frequency tripling
of KrF laser radiation in Ar gas. In their experiment a con-
version efficiency of ∼0.7% was claimed for a 10 mJ laser
pulse, thus obtaining intense coherent radiation at the 82.8 nm
wavelength. That conversion measurement was carried out by

using vacuum photodiodes where the separation of the har-
monics from a stronger laser signal was complicated. Disper-
sion gratings were used for the separation, for which tabulated
efficiency data had to be taken into account causing a lot of
uncertainty. Clearly, applying solar blind detectors, which are
not sensitive to 248-nm laser radiation, is advantageous. In
the experiment we attempted to use a diamond detector (DD),
which has a high discrimination ratio between the fundamen-
tal KrF laser radiation and its harmonics, thus allowing a di-
rect measurement of the produced harmonic content.

Dölle et al.7, 8 measured the high conversion efficiency
using a small f-number focusing, thus obtaining a relatively
long Rayleigh length, much longer than the size of the used
gas targets. However, the obtainable good phase matching7

permits for the use of longer gas targets and thus obtain-
ing even higher conversion. In the present experiments we
show that using several mm long gas-jet targets matches
the coherence length of phase-matching, and thus allows the
amplification up to several mm. Different types of density-
calibrated gas-jet targets with a 0.65, 3, and 9 mm length
were utilized, thus extending the amplification up to several
mm and obtaining the possibility to demonstrate phase match-
ing up to theoretically estimated geometrical coherence length
of 4.4 mm.

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement for measuring harmonic
radiation is shown in Fig. 1. The laser used in the
experiments was a hybrid dye-excimer system with a
KrF amplifier.9, 10 The excimer laser technology made it

0034-6748/2014/85(12)/123105/6/$30.00 © 2014 AIP Publishing LLC85, 123105-1
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FIG. 1. Experimental arrangement (not to scale) to measure harmonics with
different gas-jet valves. In configuration A, radiation is detected using a
monochromator; in configuration B, the diamond detector directly recorded
the radiation.

possible to achieve multiterawatt laser pulses.11, 12 Moreover,
the generated laser pulses are to some extent a wavelength
and duration tunable.10, 13 Such a laser is capable to amplify
short pulses with a pulse duration down to a few tens of
femtosecond.9, 14, 15 For the present experiment a 15 GW sys-
tem was used. Laser pulses of 700 fs and energy up to 9 mJ
were focused with a 1.5-m lens and also in some of the mea-
surements with a 0.75-m lens (at correspondingly less laser
energy). The energy of laser pulses was monitored with the
use of DET 210, THORLABS UV energy meter. In most of
the experiments, a single stream nozzle of 0.65-mm diame-
ter (Parker Instrumentation) was used which was character-
ized by x-ray backlighting.16 Longitudinal nozzles of 3 and
9 mm length developed in the Institute of Optoelectronics
(Warsaw) were also used. Gas density was varied by the delay
between the opening time of the valve and the time of the laser
pulse coming. The generated harmonic radiation was investi-
gated and optimized with the use of the EUV monochromator
(Jobin-Yvon prod.) equipped with a 550 l/mm toroidal grating
(see Fig. 1, A configuration). To collect the radiation behind
the monochromator a silicon semiconductor detector AXUV-
100 (IRD prod.) 10 × 10 mm2 in size or a single-crystal CVD
DD 4 × 4 mm2 in size (SCD301 type, Tor Vergata Univer-
sity) were used. In some measurements, harmonic radiation
was recorded directly from the gas-jet target (without using of
the monochromator). In that case only the DD was employed,
which is blind to the fundamental radiation of the laser
(Fig. 1, B configuration).

The AXUV100 is a commercial detector for which cal-
ibration data are available. It is not solar blind (i.e., not se-
lective for 82.8 nm—3rd harmonic of the KrF laser). It is
sensitive in a broad range down to 10 nm due to a special
semi-transparent structure of the surface electrode layer.

The DD detector was fully fabricated at Tor Vergata Uni-
versity including the fabrication of the starting material. The
diamond is characterised by a broad band-gap of 5.5 eV re-
sulting in a cut-off of sensitivity of a DD at around 225 nm,
which makes it very suitable for production of solar blind
EUV detectors.17, 18 The DD used in the experiment was man-
ufactured in a multilayered structure obtained by a three-step
deposition process. A conductive p-type boron-doped dia-
mond layer was homoepitaxially grown on a commercial low
cost diamond substrate (and later used as a back electrode).
Next, an intrinsic diamond layer of a 20-μm thickness was

FIG. 2. Spectral sensitivity of the DD and its drop at 225 nm.

grown on the doped one and made an active (sensitive) layer.
It is a single-crystal structure. Finally, a semi-transparent front
Pt electrode of ∼5 nm thickness was thermally deposited on
the intrinsic diamond surface. Such a structure, operating in
transverse configuration, acts as a Schottky barrier diode.19 In
our experiment a bias up to 28 V was applied to the detector
in order to increase the dynamic range of the response. The
detector was preliminarily tested at the Tor Vergata Univer-
sity over a wide spectral range spanning from the EUV up to
visible radiation. The He-Ne laser and EUV toroidal grating
monochromator were used to study the detection system in the
range of 20–120 nm. An optical tuneable laser (210–300 nm)
was used to investigate the visible-band properties of the de-
tector. In the spectral range between 20 and 120 nm, the DD
has the responsivity minimum at about 60 nm correspond-
ing to the minimum in the Pt-contact transmission curve (see
Fig. 2). At around 215-nm there is the maximum responsivity
after which it drops down dramatically resulting in three or-
ders of magnitude difference between 225- to 248.5-nm wave-
length, and more than 4 orders of magnitude around 300-nm.
This demonstrates a high capability of the DD in discriminat-
ing visible light.

Signals from the detectors were collected with the use of
two charge preamplifiers; one home-built, based on a TL071
operational amplifier, which is of a low-sensitivity (about
1 mV/MeV, Si equiv.). The TL071 was useful for direct mea-
surement of harmonics from gas-jet target. The second pream-
plifier was a commercial CSTA2 (TU Darmstadt, Germany)
which features a high sensitivity (100 mV/MeV, Si equiv.) and
is utilized in nuclear spectroscopy. In our study it was used for
a measurement of weak higher harmonics at the output of the
monochromator.

III. SOURCE OPTIMIZATION AND
CHARACTERIZATION

The generation of harmonics was optimized by adjusting
the position of the beam focus relatively to the position of
the nozzle, the backing gas pressure, opening time, and delay
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FIG. 3. Dependence of 3ω harmonic emission on focus position measured
with the circular nozzle and DD (bias: 28 V), laser energy ≈3 mJ, opening
time of 1.8 ms, gas backing pressure of 3 bars.

of the laser pulse in regard to the starting time of the gas
jet. All above measurements were realized in A configuration
(Fig. 1). In this configuration pulses coming to a detector were
of relatively low intensity and the detector operated in the lin-
ear range (see Sec. III B). Due to the high sensitivity of the
detection system based on the charge preamplifier, it was pos-
sible to capture high harmonics up to 7th. As the Parker valves
were characterized earlier we could optimize the generation
of 3ω radiation by varying the backup pressure and the valve
opening time. The results of the optimization using the Parker
valve nozzle are shown in Figs. 3 and 4. The optimal opening
time was of 1.7 ms and the optimal gas backup pressure of
about 3 bars.

The typical 3rd harmonic spectrum is shown in Fig. 5.
It shows a dip structure, which probably reflects the same
dip structure of the fundamental radiation observed in other
experiments20, 21 and which are seen also in the harmonic

FIG. 4. Dependence of 3ω harmonic emission on opening time of the nozzle
measured with the DD (bias: 28 V).

FIG. 5. Spectrum of the 3rd harmonic measured with the DD, opening time
of the circular nozzle of 1.8 ms, focus position of 15.5 mm, gas pressure of 3
bars, detector bias of 28 V.

spectra recorded by Dölle et al.7 For this reason the spectral
width (FWHM) of the harmonics is of about 2 nm.

A. Results and discussion

The dependence of harmonic intensity on the laser energy
shows that saturation of harmonic generation (due to a strong
ionization of the gas) occurs for laser energies above 4 mJ,
which corresponds to a pump intensity of around 2 × 1014

W/cm2. To avoid saturation by ionization, the pump intensity
was reduced by the laser beam defocusing.

The qualitative results obtained with the circular Parker
valve16 were comparable to those reported by Dölle et al.7, 8

Similarly, we observed that depending on energy, harmonic
generation was stronger when placing the gas jet on either
side of the focal spot rather than in the focus. At a lower
laser energy the maxima for three different positions were ob-
served, as it is shown in Fig. 3. While using the circular valve
with an orifice of 0.65 in diameter, the expected coherence
length was longer than the interaction length. As it was dis-
cussed in detail by Dölle et al. the 3rd-harmonic power, at a
low pump power Pω,—when neglecting its absorption—has a
cubic dependence on the pumping power (P3ω ∼ F · P 3

ω) with
the phase matching function F given by

F = N2L2 sin2(�kL/2)

(�kL/2)2
, (1)

with N being the density of neutral particles, L the interaction
length, and �k the wave vector (phase) mismatch. The total
mismatch �k consists of three parts: a dispersive neutral gas
(atomic) contribution �kdisp = N�kdisp,A (proportional to the
vector mismatch per atom �kdisp,A), a contribution from the
free electrons with �kelectr = 8(λ/3)reNe (where λ is the wave-
length of the laser, Ne is the electron density, and re is the clas-
sical electron radius) in the case of some ionization a plasma
dispersive term is present, and a geometrical contribution
(which can be approximated by �kgeom = 4/bω for a weakly
focused pump beam—with the confocal parameter bω).
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The total phase mismatch is thus

�k(N, λ) = N�kdisp,A(λ) + �kgeom + �kelectr . (2)

According to Dölle et al.,7 the second and third terms always
give a positive contribution to the phase mismatch of �k =
k3ω − 3kω and the neutral atomic term can be either posi-
tive, zero, or negative, depending on the wavelength. This be-
haviour makes a perfect phase matching possible in the case
of negligible ionization allowing a relatively long range of
harmonic amplification. In Ref. 7, a gas-jet target diameter
was chosen to be shorter than the available phase matching
length. In the present experiments we reproduced their results
using a similar gas target system, then employing longer gas-
jet targets we could increase the conversion efficiency using
the full phase-matching interaction length.

Interestingly, further 3rd harmonic intensity enhance-
ment was observed for laser parameters causing a visible
plasma column creation in the gas jet which can be attributed
to nonlinear propagation effects (also found in high-order har-
monic generation (HHG) with Ti:Sa lasers).22 This led to ex-
tending of favorable condition for efficient HHG beyond the
coherence and absorption lengths. To our knowledge the ef-
fect relays on spatio-temporal reshaping of the fundamental
laser pulse propagating under filament-like conditions result-
ing in a spatial flattening of Gaussian pulse distribution (thus
a greater part of the beam profile matches to optimum HHG),
changing of the geometrical phase-matching contribution to
Eq. (2), and also the free electron contribution due to the re-
distribution of the ionization rate along the gas jet.23

An interesting consequence of the strong sensitivity of
the dispersive contribution to wavelength and atomic num-
ber was the observed oscillating property of harmonic con-
version on the particle density for 247.7-nm wavelength. As
illustrated in Fig. 6, we obtained similarly to Dölle et al.8 an
oscillating behaviour of the 3rd harmonic intensity vs. the par-
ticle density which is caused by the periodicity of the phase
mismatch factor, i.e., �km = (2m + 1)π /L, in which the pe-
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FIG. 7. The calculated coherence length of 3rd harmonic as a function of the
ionization degree for the atomic density of 3 × 1018 cm−3, beam diameter of
2.5 cm and focal length of 1.5 m.

riodicity (m = 0, 1, 2. . . ) is caused by the atomic factor pro-
portional to the density.

In the following we assume the special case when the
atomic contribution of phase mismatch is set to zero and the
phase mismatch is the sum of the geometrical and the free
electron term. The calculated corresponding coherence length
(Lcoh = π /�k) is shown in Fig. 7 as a function of ioniza-
tion rate for typical experimental parameters. It can be seen
that a coherence length as high as 4.4 mm can be obtained in
the case when the gas remains neutral. With increasing ion-
ization the obtainable coherence length drops to ∼1 mm—
the size of the gas jet used in Ref. 7—when the ionization
rate exceeds 40%. In order to take an advantage of the actual
coherence length, experiments were carried out with 3 and
9 mm long rectangular-shaped elongated nozzles. The in-
crease of the 3rd harmonic conversion efficiency by 80% was
observed for the 3-mm nozzle length and 3rd harmonic in-
tensity was 2.5 times more for the 9-mm nozzle than with
the Parker valve. The length of the longest nozzle was greater
than the expected length of coherence. Thus, the nonlinear
propagation effects, pump depletion and harmonic absorp-
tion (which may have been present in this case) did not cause
significant loss. Thus, the propagation in a longer coherence
length was probably the reason of HHG generation improve-
ment.

B. Application of the diamond detector to direct
measurement of harmonic radiation

When exposed directly to radiation from the gas-jet
target, a DD is irradiated simultaneously by UV fundamental
radiation at 248.5 nm of the KrF laser propagating in the
same direction, which almost freely penetrates through
the gas jet, and EUV harmonic radiation (with the most
intense 3rd harmonic at 82.8 nm). In the case of a DD, the
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248.5-nm radiation is out of the range of sensitivity, but still
it interacts very weakly in the whole volume of the active
layer by carrier recombination (via defect states acting as
recombination centres—monomolecular process). The
monomolecular process leads to a linear dependence of
response on the input signal. Instead, the harmonic radiation,
which falls into the short-wave range of high sensitivity of the
detector, interacts strongly and thus penetrates very shallowly
(in nanometer scale). The interaction undergoes two coex-
isting processes, band-to-band recombination (bimolecular
process) and the monomolecular process mentioned above.
In this case, the dependence of detector response to harmonic
radiation on the intensity of the laser pulse is expressed by
a power function with the exponent ranging from 0.5 to 1
depending on which process dominates (determined by the
density of impurities and intensity of radiation).24, 25 The
exponent 0.5 is expected at full switching to bimolecular
process that occurs at high intensity.

The response of our detector was investigated by varying
the laser energy up to 16 μJ with the use of an ArF laser oper-
ating at 193 nm which is falling in the range of the DD’s high
sensitivity (Fig. 8). As the detector had an area of 16 mm2,
the energy corresponds to power density of 60 μJ/cm2. The
dependence of the photoresponse amplitude on the energy of
laser pulses is characterised by the exponent 0.38 which is
close to 0.5. However, as it is out of the range 0.5–1, it may in-
dicate a participation of an additional process enhancing non-
linearity, which could be carrier-carrier scattering. Also, the
loss of pulse energy in the Pt front electrode can affect the
dependence curve. The 0.5 exponent and saturation at higher
pulse energy were reported for the polycrystalline CVD DDs
using pulses from an ArF laser at energy density above
6 μJ/cm2.26, 27

In our direct measurement of radiation from the gas jet,
the DD was placed at a distance of 77 cm from the gas jet on
the laser beam axis. To exclude the likely detector overload-
ing, a filter made of a kapton film covered with a thin Cu layer
with a number of holes of 50 μm in diameter was applied.
Attenuation of the filter measured with the use of α-particles

FIG. 8. The response of the DD (SCD301) biased at 10 V to 20 ns pulses of
ArF laser. The dotted line is the fit with the scaling exponent of 0.38.

FIG. 9. The DD signal dependence on laser energy with the gas jet (upper
curve) and without it (lower curve).

was 7.5 ± 0.4. Figure 9 shows the response of the detector as a
function of the incoming laser energy in two cases: one when
gas jet is switched on and the combined harmonic and funda-
mental radiation reach the detector, and when it is switched
off and only fundamental radiation strikes the detector. The
test (carried out with the circular Parker-valve) shows that the
background signal from the fundamental radiation occurred to
be quite large and it is comparable with the signal from har-
monics. Also, the dependence of the background signal on en-
ergy is not exactly linear. Harmonics start to be generated for
the laser energy above 1 mJ. The pure signal corresponding
to the harmonics (dominated by the 3rd harmonic) is obtained
by subtracting the signals of the two measurements: with and
without a gas jet. It is assumed that the loss of fundamental
radiation propagating through a gas jet is negligible.

To obtain absolute value of harmonic emission, both ab-
solute calibrations of the detector for the harmonic and for
fundamental radiation in the full relevant range of laser pulse
energy are needed. The calibrations should be made in the
condition of pulse stimulation, which is different than that of
continuous stimulation. The calibration for fundamental ra-
diation is straightforward, while for 82-nm 3rd harmonic it
is more complicated due to lack of a suitable intense pulsed
source at this wavelength or nearby. A synchrotron source
does not deliver pulses intense enough, e.g., the Bessy II in
Berlin produces pulses of only up to 50 nJ in a single bunch
mode. We plan to use a capillary laser, which operates at 46.9
nm.28 It is encouraging that the responsivity of our detector
(in the case of a steady stimulation) practically does not differ
at 46.9 and 82 nm, as it is seen in Fig. 2.

At present we could make a rough estimation of the con-
version efficiency to the 3ω radiation. In the case of incoming
4 mJ laser energy the harmonic signal adds linearly in the
detector response to that of the laser. It is seen in the experi-
ment that these signals are approximately of the same strength
(Fig. 9). For our present approximation we use the earlier cal-
ibration done at Tor Vergata University, Rome, in which a
low-intensity cw source was used. In that case the detector
behaved linearly even for the 82.8 nm radiation. In Fig. 2,
a responsivity ratio of 1000 times for the two wavelengths
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(fundamental ω and 3ω) is shown. Assuming that this
proportion is also valid in the case of pulse stimulation, the
observed energy of the 3ω radiation is approximated to be
4 μJ. Additionally, our calibration with a pulsed source
(as seen in Fig. 8) refers to a nonlinear behaviour and for
the observed range of amplitudes (between 2 V and 4 V),
the detector was effectively about 3 times less sensitive for
the harmonic pulse. This gives an estimate of 12 μJ for the
harmonic energy. However, taking into account the higher
conversion efficiency attributed to the elongated target, it can
be concluded that at the optimum phase matching length the
harmonic energy of about 30 μJ can be obtained. The conver-
sion efficiency corresponding to this energy is however still
lower by factor of 3 than the ∼0.7% obtained by Dölle et al.7

IV. CONCLUSIONS

Measurements of harmonics produced by a femtosecond
KrF laser in argon gas jets were carried out using different
types of nozzles, jet timing, laser parameters, and different
types of detectors. A very sensitive method of harmonics de-
tection was introduced by applying charge preamplifiers. The
highest harmonic conversion was obtained by using a long co-
herence and a corresponding long-jet nozzle. When employ-
ing longer gas-jet targets a conversion efficiency increase was
observed up to a full phase-matching length. The length of
the longest nozzle (9 mm) was approximately twice longer
than the expected length of coherence. The obtained improved
conversion can indicate that besides the appearing nonlinear
propagation effects, harmonic absorption and possible pump
depletion do not cause significant loss. The saturation of har-
monic generation (due to ionization) was observed above 4
mJ (∼2 × 1014 W/cm2) of laser energy. Oscillating property
of harmonic conversion in dependence on the particle density
was observed for the 3rd harmonics.

For the first time, a single-crystal EUV CVD DD was
used for direct measurement of the harmonic radiation (domi-
nated by 82.8-nm 3rd harmonic) produced by interaction of
248 nm pumping radiation from a KrF laser with the gas-
jet argon plasma. The harmonic radiation interacts very shal-
low in the detector material, which leads to very high surface
density of carriers causing nonlinear response described by
a power function. The response to intense 248 nm radiation
occurred to be large in spite of the high out-of-band attenuat-
ing factor and was comparable to the response to harmonics.
Nevertheless, the detector proved to be useful in detection of
the EUV harmonics and pumping VUV radiation. It can be
used for absolute measurements when properly calibrated in
a pulsed mode in the relevant range of radiation intensity.

The present estimation of conversion efficiency gives
lower conversion efficiency than that of Dölle et al.7 On
the other hand, it is shown that by optimizing the coherence
length the conversion efficiency suggested therein can be po-
tentially obtained. These studies show that it is possible to ob-
tain harmonic efficiency at 82.8 nm against the laser energy of
the order of 1%.
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