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Abstract We have investigated high harmonic generation

in an argon gas cell driven by two femtosecond laser pulses

separated by a variable delay ranging from 500 fs to

100 ps. Experiments were performed at the LASERIX IR-

EUV facility using an amplified 10 Hz CPA Ti:Sapphire

laser system on a beamline delivering 50 fs pulses at

800 nm with energy up to 25 mJ. In the case of a non-zero

time delay we studied the optimal conditions for equili-

brated double pulse generation despite perturbation of the

generating medium induced by the first pulse. We showed

how high harmonic double pulse generation varies with the

gas pressure, the excitation energy, the delay and the rel-

ative polarization between the two laser pulses.

1 Introduction

High order harmonic generation (HHG) is a nonlinear

coherent interaction process between atoms and a driving

laser field which produces ultra-short coherent radiation

reaching the soft X-ray region [1–3]. HHG has been used

as a powerful table top tool for a number of applications

such as holography [4] and nonlinear optics [5].

One of the emerging and very promising applications of

HHG is the seeding of plasma-based soft X-ray laser

(SXRL) [6, 7] and free electron lasers [8]. Traditionally,

these systems use to work respectively in the amplification

of spontaneous emission (ASE) regime or self-amplifica-

tion of spontaneous emission (SASE) regime. This presents

some limitations in terms of the extreme UV (EUV) beam

optical properties [9, 10]. Strong enhancement of beam

collimation, spatial coherence and temporal coherence has

been demonstrated in plasma-based SXRL by seeding

proper EUV beam. This opens the way to sources com-

bining the high output energy of SXRL source with the

spatial and temporal coherence of the HHG source [11, 12].

It is important to point out that seeding requires not only

well-characterized and optimized harmonics but also high

enough energy in order to dominate the spontaneous

emission signal.

We investigate in this paper the possibility to generate a

seed pulse with a double temporal structure with variable

delay in the picosecond range. This waveform would be

attractive for different EUV-EUV pump-probe experiment

but also to study more deeply the plasma-based SXRL

seeding temporal aspects like gain build up and recovery

time [13] or medium polarization evolution [14].

The first harmonic pulse would act as a pump by trig-

gering the gain depletion and the second one as a probe of

the residual gain and the polarization behavior of the

amplifying plasma. A popular scheme to obtain efficient

EUV amplification in a plasma is the transient collisional

excitation (TCE) in which the pumping of population

inversion in pre-existing ions is induced by a short laser

pulse via electron collisional excitations, leading to high

gain value at short wavelength. For this type of experiment,
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the relevant temporal range of interest ranges from 500 fs

to 10 ps, as gain duration inferred from ASE pulse duration

measured with streak cameras [15] or cross correlation [16]

techniques are of the order of a few picoseconds. We will

therefore concentrate our study on double pulse seed with

delay covering this temporal range.

2 Position of the problem

To our knowledge due to fundamental and technical issues,

HHG pumped by two close following short pulses in the

picosecond range has not been studied extensively except

for zero delay. First of all, the pump energy level required

to generate high energy per harmonic pulse is rather high

(5–10 mJ minimum for argon gas) and not often available

on the kilohertz laser installations dedicated to HHG

studies and applications. Secondly, it is well known that

HHG is a multi-photon process closely linked with laser

field ionization of gases, so that no efficient harmonic

generation can really take place without a small amount of

ionization [17]. Conversely, ionization causes electronic

dispersion in the generating gas which is detrimental for

phase-matching [18]. Efficient harmonic generation in a

pre-ionized medium that has already generated a harmonic

pulse is thus a non-trivial issue. This was observed in the

early 2000s by the CEA-Saclay group when they per-

formed HHG interferometry [19]; in this case the HHG

beam generated by the second pulse in the same gas target

was so perturbed that they preferred to generate two dif-

ferent HHG sources originating from two different gas

targets. Significant results were then obtained using such a

device for EUV plasma interferometry [20] at the price of a

complex optical system. The advantage of our configura-

tion is that alignments are considerably simplified as

compared to double target systems, because the two-pulse

EUV lies in the same beam leading therefore to simplifier

arrangement for SXRL experiments seeding. The present

work aims at studying the problem of double pulse HHG

from the same medium, in terms of its temporal response,

the influence of phase-matching optimization with respect

to pumping energy and gas pressure in the case of efficient

loose focusing geometry [21].

3 Quasi collinear generation process

A key issue for the double harmonic pulse generation and

optimization is the possibility to discriminate between two

EUV pulses generated with a time delay in the picosecond

range for pump-probe experiments. It is indeed important

to fully characterize behavior of the second pulse inde-

pendently with respect of the first one, in terms of total

energy, spectrum and transverse profile. Extreme UV

streak cameras could hardly reach such temporal resolution

but the complex working conditions they require, together

with their small dynamic range make them hard to use. We

made the choice to use a slightly non-collinear double

pulse conversion configuration. For this, the two laser

excitation pulses were shaped in a Mach–Zehnder type

interferometer with variable delay and are non-collinearly

recombined at focus, in the gas cell. This was done with as

small angle as possible so as to make them spatially

overlapping such as if they were collinear. As will be

shown later, the interaction volumes of both pulses overlap

at 90 %. Because of the low harmonic divergence, the two

harmonic beams generated by each of the pulses can then

be distinguished on far field detectors after a few meters of

propagation thanks to the non-collinear geometry. As an

illustration Fig. 1 shows the footprints of HHG beams

generated by each isolated beam and by their combination

at a delay of 10 ps.

Non-collinear techniques have already been studied for

several applications in the case of zero delay between the

two pulses, for example in order to increase the yield of

various low-order wave mixing processes [22, 23], to

separate generated EUV from excitation IR beam by gen-

erating a HHG beam in the middle direction resulting from

the coherent mixing of the two intensities, ultra high-order

wave mixing with cross angle about 14 mrad [24]. In some

conditions, when the cross angle is more important (30

mrad), non-collinear high harmonic generation can be used

as an out coupling method for cavity assisted EUV gen-

eration [25]. Theoretical interpretations of the results

obtained for zero delay have been proposed in terms of

infrared field enhancement and modified phase-matching

conditions as early as 2002 [23], and more recently the two

color experiment from [24] was interpreted in terms of

perturbation theory. Our experiment and its interpretation

are radically different in the sense that the two consecutive

pulses generating the double temporal structure are not

interfering in the gas medium when generating HHG. To

our knowledge, our experimental setup with both control-

lable infrared energy and temporal delay in the picosecond

range is a new approach for HHG based applications.

4 Experimental setup

The experimental investigation was carried out at LA-

SERIX, a high-power laser facility fully dedicated to the

development and applications of SXRL beams in the range

of 7–30 nm [26]. The IR source used in our experiment is

based on a low energy sampling from the amplified

Ti:Sapphire laser system that provides 50 fs duration pul-

ses centered at a wavelength of 800 nm. Due to pulse air
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compression, the maximum energy dedicated to HHG is

limited to 25 mJ at a repetition rate of 10 Hz. The sche-

matic of our setup for quasi-collinear HHG is shown on

Fig. 2. The incoming laser pulse is injected into a Mach–

Zehnder type system equipped with an adjustable length

arm in order to control the delay (-100 ps, ?100 ps)

between the reflected and the transmitted pulses. The

temporal resolution of the system was 6 fs limited by the

motorized translation stage accuracy. The polarization of

the two beams could be set parallel or perpendicular to

each other. A polarizer associated with a zero order half

wave plate was installed in the path of the reflected beam in

order to adjust its energy. Variable apertures were placed

on both the reflected and the transmitted beams to adjust

intensities and focusing geometries [21].

The two beams are recombined with a 50/50 thin beam

splitter with a small transverse separation of about 1 mm

and then focused into the gas cell with an f1100 mm lens

with a small angle. The recombination angle which is of

the order of 1 mrad was chosen in order that, considering

their own divergence which is also about 1 mrad for each

HHG pulse, the two EUV beams do not overlap on the

detector situated 3 m away from the gas cell. The footprints

of the two generated EUV beams were recorded 3 m fur-

ther from the source on a backlighted EUV CCD camera

(Fig. 1). The harmonic spectrum is then analyzed by a

transmission-grating spectrometer coupled to a backlighted

EUV CCD camera placed at a similar distance from the

source. The generation medium is a 10 mm long gas cell

which center is placed on the focal plane of the IR beams.

The beam waist has been measured to be w0 = 80 lm (half-

width at 1/e2) for both beams. The 1 mrad angle between

them leads to a maximum spot separation of 5 lm into the

generating medium, one order of magnitude smaller than

the waist value. The transmitted laser light and high har-

monic orders higher than 47 were blocked by an aluminum

filter (0.2 lm thickness). After energy optimization in

argon for HHG signal separately for each pulse, only 10 mJ

of the 25 mJ available energy was used in our configura-

tion. The estimated energy per harmonic beam is 70 pJ

using the CCD and filter calibration and referring to pre-

vious EUV calibrated photodiode [27] data obtained in

similar conditions. In those conditions a precise laser

alignment is crucial to achieve precise superposition of the

beams in the focal region. A real time control of near and

far fields showed that the two focal spots still spatially

superimposed throughout the cell when varying the delay.

5 Temporal delay effect

5.1 Experimental investigation

After HHG optimization of each of the two individual

beams, EUV generation using both of them simultaneously

was studied. For a null delay between the two quasi-col-

linear pulses, a clear on-axis signal was observed similar to

observation reported in already mentioned works [23] and

Fig. 1 a, b Footprints of HHG beams generated in 15 mbar of argon

by each isolated IR beam of 1.5 9 1014 W/cm2. c Footprints of HHG

beams generated in 15 mbar of argon by both the first (lower trace)

and the second (upper trace) IR beams for a delay of 10 ps. Footprints

measured 3 m away from the HHG source. Transverse separation is

about 1 mm corresponding to an angular separation of about 1mrad

between the 2 beams

Fig. 2 Experimental setup for quasi-collinear HHG: BS, beamspliter

50/50; WP1, half wave plates; P, Brewster Polarizer; NF, real time

near field control; FF, real time far field control; D, iris diaphragm; L,

lens f = 1100 mm and F, Al 0.2 lm thick filter. The polarization of

the reflected pulse is controlled using the wave plate WP2. Reflected

energy sent on the cell is adjusted with WP1?P

Double pulse quasi-collinear high harmonic generation scheme 9
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[25] giving confidence in correct superposition and timing

of both IR pulses. The influence of the delay was then

analyzed for equivalent generation conditions on both arms

(15 mbar of argon, same IR intensity about 1.5 9 1014

W/cm2). Figure 3 shows the delay scan from 500 fs to

100 ps of the normalized integrated signals of the two

HHG beams recorded with the EUV-CCD camera. These

curves were obtained by the ratio between the measure-

ments of the total integrated EUV signal generated by the

first (resp. the second) IR beam in the double and single

pulse configurations. Each IR pulse was first individually

optimized in order to obtain two equivalent EUV signals on

the CCD footprint (with 16 bits dynamic). These signals

were used as references for the two pulse configuration.

Each measurement was averaged over five laser shots and

the experiment was repeated over several days with real

time spatial control of the superposition of the two focal

spots as shown on Fig. 1 (NF-FF). The represented error

bars are attributed to HHG signal fluctuations due to shot to

shot variations of laser energy. The slow drift of the laser

pointing mainly due to delay line adjustment were checked

and corrected before each acquisition.

As expected, the first pulse is not affected by the pres-

ence of the second one. The ratio slightly higher than one is

not significant since it represents the ratio over two inte-

grated signals measured with an interval of few tens of

minutes. For the pulse arriving later, the signal ratio is

approximately half maximum value for any kind of delay

in the range studied. This indicates that HHG phase-

matching for the second pulse is presumably perturbed by

the ionization due to the first one. Moreover, this alteration

of the generation conditions does not seem to depend on

the delay, even for values as long as 100 ps. The same

behavior was observed for parallel and perpendicular pul-

ses polarization.

5.2 Theoretical estimations for plasma recombination

characteristic time

This independence with delay of harmonic generation

condition for the second pulse has been investigated the-

oretically. As mentioned above, the optical field of the first

intense pulse ionizes the medium. Using the Ammosov–

Delone–Krainov (ADK) ionization rate (s) [28], a maxi-

mum of 5 % of the argon atoms are expected to be ionized

in our experimental conditions for a 25 mbar argon pres-

sure and a maximum intensity of 1.5 9 10 14 W/cm2.

Calculations have been performed using a zero dimen-

sion (0D) optical field ionization (OFI) code predicting the

energy distribution of electrons coupled to a collisional

radiative model [29–31]. Temperature predicted for heavy

particle (atoms and ions) is close to the room temperature

whereas electrons reach a 0.5 eV temperature immediately

after the first pulse interaction. In that case, neither

hydrodynamic expansion which is estimated to be about

0.15 lm during 100 ps nor excitation by collisions have

time to play a significant role. Besides, for this low tem-

perature, the energy exchange between electrons and heavy

particles is dominated by ion-electron collisions with a

characteristic time of 1 ls leading to a negligible cooling

of the electron gas of 0.01 % in 100 ps. Moreover the

recombination rates are also small. In this context, the three

body recombination mechanism is dominant. However, the

direct recombination to the fundamental state has a char-

acteristic time of the order of 1 ms and only recombination

to highly excited states can then have a significant rate.

These excited neutral atoms decay slowly to the funda-

mental state, with a characteristic time of 2 ns. Moreover,

they are more rapidly ionized by the optical field of the

second pulse than neutral atoms in the ground state. From

the harmonic generation point of view the excited neutral

species behave as ionized species.

In summary, these theoretical estimations show that the

plasma effective recombination time is of the order of a

few nanoseconds. Once perturbed by the first pulse, the

generating medium does not significantly evolve on tens of

picosecond timescales. The behavior remains stable during

more than 100 ps, so for the following parts, the time delay

between the two pulses will be arbitrarily set at 10 ps.

6 Spectra discussion

The recorded HHG emission spectra generated by the two

IR pulses in 15 mbar of argon are displayed in Fig. 4. The

upper curves show the estimated spatially integrated

Fig. 3 Measured HHG signal generated by the first pulse (circle) and

by the second pulse (square) as a function of the delay in 15 mbar of

argon. These measurements correspond to encircled energy recorded

on the CCD normalized with respect to the corresponding single HHG

beam
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photon flux per harmonic order with respect to wavelength.

The lower pictures shows the spectra recorded in one

image for 2 mJ of IR energy in both pulses measured for a

diaphragm aperture of 11 mm diameter on both beams and

the time delay was arbitrarily set at 10 ps.

As shown in Fig. 4, in both spectra we observe the same

peaks occurring at odd multiples of the driving laser fre-

quency from 15th to 27th (53.33–29.62 nm) corresponding

to the same cutoff. Neither spectral shift nor widening is

observed for the second HHG pulse.

The spectral shift compared to the central wavelength

can occur for the second pulse if during the generation, a

temporal variation of the atomic phase gradient (a dI
dt), the

atomic dispersion (dkat) or the electronic dispersion (dkelec)

[32] is induced by the first pulse, with a = 2 9 10-14 cm2/W

for the first quantum path and a = 22 9 10-14 cm2/W for

the second quantum path.

After interaction with the first pulse, the generation

conditions for the second one are certainly not the same

as for the first. The electronic and atomic dispersions are

modified, but no modification of their temporal derivative

can take place since the ionization rate in the medium

does not depend on the time since we consider no

coherent effect between the two laser pulses can appear at

such timescale. We can also remark that the harmonics

from both spectra are spatially well confined (low diver-

gence 1 mrad), thus a dominant contribution from the

short trajectory may be assumed. This can explain why

there is no spectral modification in the spectrum of the

second pulse despite the ionization in the medium before

generation.

We couldn’t measure the duration of the two HHG

pulses because we do not have the appropriate setup. But

we can conclude from the spectrum of the second pulse that

no temporal change has occurred since no spectral broad-

ening is observed.

Future work will aim to inject the 25th harmonic into

SXRL plasma amplifiers pumped by intense optical laser

pulses on a solid titanium target (32.6 nm line of neon-like

titanium). So, there is keen interest for the injection

experience to generate the same harmonics with a temporal

double pulse structure to probe the SXRL plasma gain.

Fig. 4 Measured harmonic spectra generated in 15 mbar of argon from: a the first IR beam and b the second IR beam. The delay is fixed to

10 ps. For both spectra we observe the same harmonics from 15 to 27

Double pulse quasi-collinear high harmonic generation scheme 11
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7 Phase matching optimization

For the following study, the temporal delay was set at 10 ps

and we optimized the infrared energy and the gas pressure

in order to balance the intensity of the two HHG beams.

Maximum HHG signal was obtained independently for

each excitation beam with comparable pulse peak intensi-

ties of 1.5 9 1014 W/cm2 resulting from 2 mJ of the 50 fs

IR pulses with an aperture size at near field of 11 mm. The

waists of the driving beams at focus were w0 = 80 lm

(half-width at 1/e2). The same studies were done in the case

of parallel and perpendicular pumping polarization and for

the same working conditions, the same results were

observed.

7.1 Infrared energy effect

For the curve presented in Fig. 5, we varied the IR pump

energy of the first pulse from 0 to 2 mJ with fixed energy

for the second pulse of 1.5 mJ. This figure displays the

evolution of both signals generated by the first (square) and

the second (circles) pumping pulses.

As predicted by the classical atomic model of HHG

[17], the EUV signal generated by the first pulse increases

with IR energy. On the other hand, for 1 mJ of the first

pumping energy the two curves intersect, so the EUV

signal of both beams is balanced, at about 40 pJ/shot for

each EUV pulse. For a relatively low energy of the first

pulse (below 0.8 mJ), the EUV signal generated by the

second pulse decreases slowly but remains around 70 pJ/

shot. Then, it falls sharply when the IR energy of the first

pulse increases up to 1.5 mJ. Finally, this EUV signal turns

off above 1.5 mJ of the first pumping energies.

We can interpret the decrease of the second pulse EUV

energy as a function of the first pumping energy by the

increase of the ionization rate in the generating medium.

The effect of the ionization rate on the signal evolution

of the second pulse has been investigated using a one

dimensional (1D) time-dependent code of HHG described

in detail in [33]. Using this code, we have studied the

temporal evolution of the ionization rate in the generating

medium after interaction with only the first pulse, and then

after interaction with the two pumping pulses. The tem-

poral evolution of the coherence length, which is the

characteristic length of the phase matching, was also

studied.

We consider the case of two consecutive equivalent

pumping pulses with the same intensity of about I =

1.2 9 1014 W/cm2 for 1.5 mJ. After interaction of the first

pulse with the generating medium, the ionization rate

passes from 0 to 2.5 %, corresponding to a coherence

length evolution from 6.7 to 3.5 mm. These values are not

negligible and allow achieving a good HHG signal level.

This can explain the high signal level of the second EUV

pulse when the first pumping pulse energies are low.

As we introduced earlier, it is reasonable to assume that

the medium does not change between the first and the

second pumping pulse. The second pulse interacts with an

already ionized medium, the ionization rate increases from

2.5 to 4.9 %. Therefore, the coherence length decreases up

to 2.5 mm. This latter value, which is much smaller than

the medium length (10 mm), leads to a dramatically

reduced HHG signal.

Considering the phase matching, for a fixed pressure,

high ionization rate is not favorable for efficient HHG

generation [33] because the atomic positive dispersion is

no more able to compensate for the electronic dispersion

induced by ionization. So to ensure that the second pulse is

efficiently generated, it is necessary to limit ionization rate

of the medium after interaction with the first IR beam. At a

given pressure, it is then necessary to use less IR energy for

the first beam than in the second one. A simple solution in

our case is to use a 40/60 for the recombining beams

splitter instead of a classical 50/50 one.

7.2 Pressure effect

Figure 6 presents on a semi logarithmic scale the signal

measured for the two HHG beams as a function of the gas

pressure, the excitation beams being balanced. The laser

intensity for each pulse in that experiment was estimated

around 1.75 9 1014 W/cm2, corresponding to a high ioni-

zation rate of the gas, and the time delay between the two

pulses was arbitrarily set at 10 ps.

Fig. 5 Variation of the harmonic signal generated by: the first beam

(squares) and the second beam (circles) by function of IR energy of

the first pulse. Energy of the second pulse remains constant around

1.5 mJ. The argon pressure was 15 mbar and the time delay between

two pulses was fixed at 10 ps

12 S. Daboussi et al.
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The two EUV pulses are optimized for a pressure of

20 mbar; in this case the EUV signal generated by the first

pulse was one order of magnitude higher than the second

one. For higher pressure, both signals decrease as the

pressure continues to increase.

In the case of lower pressures, the two EUV beams tend

to be balanced. For this case the signal generated by the

first pulse is 20 times lower than the optimum value. So in

order to balance the two EUV pulses in the case of high

ionization we have to decreases the pressure.

This can be explained in terms of HHG phase matching

at high ionization level, typically (s higher than 4 %). In

that case [33], the phase mismatch is almost linear with

both ionization and pressure. In the presence of strong

intensity, it is necessary to work at low gas pressure in

order to balance the energy of the two EUV beams. The

same study conducted at low intensity, shawn no strong

effect of the pressure in that case. To conclude, the pressure

plays an important role on the balance of the two pulses

only in the case of high ionization.

8 Conclusion

In conclusion, generation of two quasi-collinear EUV

pulses arising from the same high-order harmonic medium

and separated by delay of 500 fs up to 100 ps has been

investigated. A versatile experimental setup has been used

to generate two infrared pulses with controlled delay,

angle, energy and polarization. The first pulse perturbs the

medium by ionization, changing the generation conditions

for the following pulse. When the two pulses are not

temporally superimposed, we experimentally checked that

the time delay does not play any role in the generation of

the double pulse up to 100 ps, which is consistent with

theoretical recombination time scale. For a fixed delay,

phase matching optimization was carried out to balance the

EUV energy in the two pulses. The IR energy of the first

pulse was found to be the key parameter, and gas pressure

plays only a role in the case of high intensity since we

worked in the loose focusing configuration. Due to the very

high spatial overlap of the two generating IR beams

throughout the gas cell, results obtained here can reason-

ably be extrapolated to perfectly collinear pulses. Besides,

we confirmed that the observed behavior does not depend

on the relative polarization states, parallel or crossed, of the

two IR generating pulses. Moreover, the spectra of the two

EUV pulses remain identical. These three properties are of

great interest for plasma-based soft X-ray laser seeding

experiments aiming at probing the gain and polarization

dynamics of the amplifier stage. This type of study gives

also insight into the physics of very high repetition rate

harmonics, above 1 GHz.
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