INVESTIGATION OF HIGH HARMONIC GENERATION
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Abstract. In this study, we experimentally investigate the variation of the phase
matching condition of the high harmonic generation (HHG) process with pure argon
gas and an argon-neon gas mixture. Phase-matched HHG is generated around the
absorption edge of argon gas and then neon gas is added to the original argon gas. The
pressure-dependent intensity of the harmonics produced by pure argon gas and the gas
mixture is examined. We show that as more neon gas is added to the mixture, the phase
matching of the higher order harmonics is less favourable than that of the lower order
harmonics. Finally, the total phase mismatch at various gas mixture pressures is
discussed. Our experimental results are in agreement with the theoretical calculation.
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1. INTRODUCTION

High harmonic generation (HHG) is an extremely nonlinear optical process
for producing coherent extreme ultraviolet (XUV) pulses at ultrashort time scales
[1, 2]. The high order harmonics emitted in a series of attosecond bursts with high
spatial and temporal coherence are of great interest for probing electron dynamics
on an attosecond time scale [3] and for coherent diffractive imaging [4]. Harmonics
are typically generated in noble gases where an intense laser pulse interacts directly
with atoms. When the laser pulse interacts with dielectric or metallic surfaces, a
more complex scheme of HHG from surfaces is observed. The three-step model
effectively describes the physics of HHG in atomic gases, including the amplitude
and phase of harmonics [5, 6]. In this model, the intense laser field modifies the
potential barrier so that the initially bound electron is ionised into the continuum.
The freed electron wave packet is then driven by the laser field after the field
reverses its direction. Under certain conditions, the electron will recombine with
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the atom, emitting electromagnetic radiation containing both its kinetic and
binding energies. However, in general, an understanding of the HHG process based
solely on single-atom dynamics is insufficient to fully explain the experimental
data. To achieve a good agreement between theory and experiment, one must also
take into account the effects of propagation and phase mismatch between the
fundamental field and the harmonic field in the macroscopic medium [7, 8]. The
phase mismatch consists of four contributions: the dispersion of the neutral atoms
and free electrons, the geometrical wave vector mismatch caused by focusing, and
the phase of the atomic dipole [9, 10]. The first two phase mismatches (neutral
dispersion and plasma dispersion) are dependent on the gas pressure, while the
others are independent of pressure. The major contributions of phase mismatch are
pressure-dependent and the phase matching is achieved through a balance between
the neutral dispersion and plasma dispersions in a weakly ionised gas. Even if the
phase mismatch is minimised, the absorption in the gas medium still limits the
maximum efficiency of the harmonic emission [11-13]. In most previous studies,
the relevance of the absorption limit on the XUV radiation was investigated by
studying the dependence of XUV photon flux on pressure changes. Constant et al.
[11] did an analysis of the time-dependent factors that control the conversion
efficiency, such as the atomic response, phase matching conditions, and absorption
of the medium. They found that the overall optimising conditions in the absorbing
medium are Lmed > 3Lans and L > Slaps, Where Lmeg is the interaction length, L. is
the coherence length, and Las is the absorption length. By taking into account the
factors limiting the HHG efficiency, including phase mismatch, defocusing and
absorption, Meyer et al. developed the following expression for the intensity of the
gth harmonic in an absorptive medium [13].
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where L is the medium length, o, = a,/N is the absorption cross section, 7, = a4L
and 6 = 2Akg/ay.

We have also shown that when the phase mismatch is minimised, the
harmonic yield approaches its maximum value and the harmonic intensity decreases
gradually as the gas pressure increases [14-16]. Most previous research on HHG has
been conducted in a noble gas medium. Recently, there has been an increase of
interest in using a gas mixture as an HHG target [17-20]. Potentially increasing HHG
efficiency and extending HHG application in atoms and molecules are two main
advantages of HHG from a gas mixture. In particular, Takahashi et al. performed
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dramatic enhancement of harmonic generation by adding low ionisation potential
gas (xenon) to high potential gas (helium) [17]. A key feature of their experiment is
the use of mixed gases with large different ionisation energies. Consequently, the
harmonic photons generated from xenon promote a transition of electrons to virtual
states, which significantly reduces the tunnelling barrier leading to the enhancement
of the tunnelling ionisation rate of helium. Therefore, the conversion efficiency of
higher order harmonic generation from helium is increased by a factor of 4 x 102,
Using a mixture of helium and neon, Kanai et al. also observed constructive interference
and destructive interference structures in the HHG spectrum from this gas mixture
[18]. Based on these features, the relative phase of harmonics was successfully
retrieved. Using a mixture of krypton and carbon dioxide, the same group was able
to reconstruct the molecular structure of CO,.

In this paper, we use pure argon gas and an argon-neon gas mixture to
experimentally investigate the harmonic generation in a semi-infinite gas cell
geometry. Particularly, we utilise the high XUV photon flux generated from argon
to study the influence of neon atoms on the phase matching condition of the
harmonics in low photon energy region (< 50 eV), where this gas could not produce
XUV radiation efficiently because of the low driving laser intensity. Based on the
findings of this study, the effects of the macroscopic phase matching which plays the
important role in generation of bright and sharp harmonics are clearly revealed.

2. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. In this study, a laser system
delivering 800 nm, 30 fs pulses at 1 kHz repetition rate is used. The driving laser
beam is focused by a 300-mm lens into a long gas cell (200 mm) with a glass window
at the entrance and a ~0.1 mm pinhole in the aluminium plate at the exit. The hole is
drilled by the laser pulses allowing straight-forward handling. The length of the gas
cell is chosen according to the focusing lens used for the experiment and normally
this length is of order ~ 10 cm. Different from most previous studies using mixed
gases, our semi-infinite gas cell geometry that provides a long interaction length
allows the production of brighter harmonics than do sub-centimeter cells. Moreover,
a greater stability is achieved when the laser beam can freely propagate through the
nonlinear medium instead of being confined between an entry and an exit gas nozzle
[21]. The long cell is filled with mixed gases of argon and neon and the cell's pressure
is measured using a pressure gauge Pfeiffer Vacuum D-35614 Asslar. The XUV
radiation is created in a range of ~3 mm before the exit pinhole of the cell and then
itis isolated from the driving beam by means of a 200 nm-thick aluminum (Al) filter
before entering a flat-field XUV spectrometer comprising a slit, a concave grating,
and a cooled 14-bit CCD camera.
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Fig. 1 — (Color online) Experimental setup.

3. RESULTS AND DISCUSSION

3.1. HIGH HARMONIC GENERATION WITH ARGON GAS

Argon gas at 50 Torr in the gas cell is used as the HHG medium. Figure 2
shows a sharp HHG spectrum of argon, which can be obtained by adjusting macroscopic
parameters such as the interaction length, laser intensity, and gas pressure. The laser
energy is approximately 0.6 mJ and the focus position is about 2 mm inside the gas
cell. It is important to note that using an aperture before focusing the driving laser
into the gas cell enables us to confine the ionisation fraction of argon to below a
critical level (~5%). In addition, the beam profile of H25 (38.74 eV) depicted in the
inset of Fig. 2 demonstrates a high spatial coherence that is reflected in the good
Gaussian profile. This demonstrates the predominance of short trajectories in the
harmonic radiation [22, 23], and the harmonic radiation generated by the atomic
ensemble accumulates coherently and is in phase along the effective interaction
length [15, 24]. In this measurement, the effective interaction length is inferred from
the displacement of the focus position over which the phase matching condition for
HHG is satisfied.

The phase matching of HHG is investigated by analysing the variation of the
harmonic intensity with respect to argon gas pressure. Figure 3 shows the change of
the H25 intensity (red diamonds) as the gas pressure is varied from 20 to 100 Torr
while all other experimental parameters remain constant. The H25 intensity is
observed to increase between the lowest gas pressure and the optimal pressure
(50 Torr), then decrease as the pressure increases. We notice that the development
trend of the harmonic intensity closely matches the model given in equation (1).
In fact, the strength of the harmonic H25 increases quadratically with argon gas
pressure for pressure p < 50 Torr. This demonstrates phase-matched harmonic
generation in an absorbing medium [11]. As the pressure is higher than 50 Torr, the
intensity of the 25" harmonic quickly reduces due to a large dispersion of the
medium and re-absorption of the gas medium. When p > 65 Torr, the efficiency of
the harmonic generation surpasses the absorption limit at which the intensity starts
to exponentially decay with pressure.
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Fig. 2 — (Color online) Phase-matched HHG spectrum from argon gas.
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Fig. 3— (Color online) Dependence of the H25 intensity on the argon gas pressure.

3.2. HIGH HARMONIC GENERATION WITH A MIXTURE OF ARGON AND NEON

In this investigation, neon gas is added in a step-wise manner of 10 Torr to the
argon gas, which is initially optimised at 50 Torr. When all other macroscopic
parameters remain unchanged, an addition of the neon gas into the mixture causes the
measured harmonic photon flux to significantly drop. This is attributed to both the
neutral gas dispersion arising from the neon gas and its re-absorption. To minimise
such a decrease of the harmonic intensity, we increase the driving laser intensity so
that the plasma dispersion can compensate the dispersion of the neutral gas and the
Gouy phase shift. Figure 4a shows the harmonic intensity as a function of the total gas
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pressure for H23 (35.65 eV) and H27 (41.84 eV), which typically represents the
harmonic orders below and above the absorption edge (~ 40 eV) of argon gas,
respectively. It is important to note that, as shown in the inset of Fig. 4a, the absorption
coefficients of the neon gas for the two harmonic orders H23 (red circle) and H27
(black triangles) are very similar. Figure 4b plots the optimal driving laser intensity
(in the order of 10 W/cm?) required to produce sharp HHG spectra, from which the

harmonic intensities of H23 and H27 are extracted and shown in Fig. 4a.

~ 1.01 (@ 10 1
E ‘:E 0.9 -
) S
= £o08
c 0.5 - 0 20 40 60 80
g Pre (Torr)
g —e— H23
£ —-A— H27
0.0 : ‘
0 60 90 120 150
pAr= 50 Torr + pNe (TOI’!’)
201 ) .
IE 197 :'_',-.,.-"T'r
Q /
2 1.8 - P
3 y 4
S 1.7
b=t o
< 1.6 - »
*—
1.5 T T T
0 60 90 120 150

Fig. 4 — (Color online) Normalised H23 (red circles) and H27 (black triangles) intensities (a) and
driving laser intensity (b) versus gas pressure of the argon and neon mixture. The inset of Fig. 4a
shows the absorption coefficient of the neon gas for the two harmonics H23 and H27 [23].
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When only 10 Torr of neon gas is added to 50 Torr of argon gas, the harmonic
intensity of the two harmonics is suppressed by 50% in comparison to the HHG
produced with 50 Torr of argon gas. As more neon gas is pumped into the gas cell,
the harmonic strength keeps decreasing. To keep all available harmonics intense and
spectrally narrow when injecting neon gas, a higher laser intensity is applied into the
interaction medium. The H27 intensity decreases more quickly than that of the H23.
Since the absorption coefficients of the harmonics H23 and H27 are the same over
the investigating range of the neon gas pressure (inset of Fig. 4a) [23], the absorption
effect of the neutral neon atoms is the same for both harmonics. Therefore, under our
experimental conditions for such a gas mixture, as the driving laser intensity is
increased to minimise the total dispersion, the higher order harmonics in the cut-off
region is less favourably phase matched than the lower order harmonics in the
plateau region. It is worth noting that the absolute intensity of the 23" harmonic is
always higher than that of the 27" harmonic.

For a better understanding of the data, we perform a calculation of the total
phase mismatch of the H23 and H27 at different pressures of the gas mixture. The
total phase mismatch can be given by [11]

Akg = Xi(kqi — akyi)

- 2 1 1 2
=Y [qpi(l — 1) /1—7:5711' + NiDiNatmTe (q - 5)] + ;(1 - q),

where: i is Ar or Ne, g — harmonic order, p; — pressure of gas i in atmosphere, n; —
ionisation rate of gas i, N, — gas density at 1 atm (N, = 2.5 X 102> m?), r, —
classical electron radius (r, = 2.8 X 10~1°m), 1, — the 800-nm driving laser field
and 6n; = n;(14) — n;(4), and zg is the Rayleigh length. n;(4;) denotes refractive
index of the field j in the medium i. The difference of the refractive index between
the XUV and the driving laser field in argon and neon are 6n,, = -2.82 x 10 and
Snye=—6.7 x 107°[25, 26]. In Equation (2), the first, the second, and the third term
denote the neutral dispersion, the plasma dispersion and the Gouy phase shift. In this
study, the contribution of the intrinsic dipole phase into the total phase mismatch is
negligible because the Rayleigh length (zz = 10 cm) is longer than the effective
interaction length of about 3 mm.

Figure 5 displays the calculated total phase mismatches of the two harmonics
H23 (red circles) and H27 (black triangles). Experimental parameters, i.e., pressure
of the gases, driving laser intensity, ionisation rate of each gas, for the data shown in
Fig. 4 are adapted to the calculation. Even though stronger driving laser field is
applied to counterbalance the dispersion arising from the neutral dispersion and
Gouy phase shift, the total phase mismatches of these two harmonics increase
linearly with the gas density when more than 10 Torr of neon gas is added to the
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original 50 Torr of argon. Additionally, the increasing rate of the Ak,- (rad/mm) is
higher than that of the Ak, (rad/mm). In other words, the phase matching condition
of the harmonic H27 is getting worse more quickly than that of the harmonic H23.
This is in good agreement with our experimental data, which demonstrates that the
decreasing rate of the intensity of the 27" harmonic is greater than that of the
intensity of the 23 harmonic (Fig. 4a).
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Fig. 5— (Color online) Calculated total phase mismatch of H23 and H27 when the pressure of the gas
mixture is varied by adding neon into the original 50 Torr of argon gas.

4. CONCLUSION

We have experimentally studied the phase matching condition of high
harmonic generation with argon gas, and a mixture of argon and neon. The pressure-
dependent harmonic intensity in a long gas cell filled with argon gas, and gas mixture
of argon and neon is investigated. A linear increment of the total phase mismatches
of two harmonics generated in the mixture of these two gases and lying at the
absorption edge of argon gas is also examined. We showed that the higher-order
harmonic is less favourably phase matched than the lower-order one when more than
10 Torr of neon gas is added into argon gas. Our experimental results agree well with
the theoretical calculation.

Acknowledgements. This research is supported by the Ministry of Education and Training,
Vietnam (grant number B2022-DNA-06).



Investigation of high harmonic generation in Ar-Ne gas mixture Article no. 207

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

REFERENCES

J.L. Krause, K.J. Schafer, K.C. Kulander, High-order harmonic generation from atoms and ions
in the high intensity regime, Phys. Rev. Lett. 68, 3535-3538 (1992).

J.J. Macklin, J.D. Kmetec, C.L. Gordon Ill, High-order harmonic generation using intense
femtosecond pulses, Phys. Rev. Lett. 70, 766769 (1993).

M. Uiberacker, Th. Uphues, M. Schultze, A. J. Verhoef, V. Yakovlev, M. F. Kling,
J. Rauschenberger, N. M. Kabachnik, H. Schréder, M. Lezius, K. L. Kompa, H.-G. Muller,
M. J. J. Vrakking, S. Hendel, U. Kleineberg, U. Heinzmann, M. Drescher, F. Krausz, Attosecond
real-time observation of electron tunnelling in atoms, Nature 446, 627-632 (2007).

R. L. Sandberg, A. Paul, D. A. Raymondson, S. Hadrich, D. M. Gaudiosi, J. Holtsnider, R. I. Tobey,
0. Cohen, M. M. Murnane, H. C. Kapteyn, C. Song, J. Miao, Y. Liu, F. Salmassi, Lensless diffractive
imaging using tabletop coherent high-harmonic soft-X-ray beam, Phys. Rev. Lett. 99, 098103
(2007).

P.B. Corkum, Plasma perspective on strong field multiphoton ionization, Phys. Rev. Lett. 71,
1994-1997 (1993).

M. Lewenstein, P. Balcou, M.Y. Ivanov, A. L’Huillier, P.B. Corkum, Theory of high-harmonic
generation by low-frequency laser fields, Phys. Rev. A 49, 2117-2132 (1994).

A. L’Huillier, P. Balcou, S. Candel, K. J. Schafer, K. C. Kulander, Calculations of high-order
harmonic-generation processes in xenon at 1064 nm, Phys. Rev. A 46, 2778-2790 (1992).

P. Antoine, A. L’Huillier, M. Lewenstein, P. Saliéres, B. Carré, Theory of high-order harmonic
generation by an elliptically polarized laser field, Phys. Rev. A 53, 1725-1745 (1996).

A. Averchi, D. Faccio, R. Berlasso, M. Kolesik, J.V. Moloney, A. Couairon, P. Di Trapani, Phase
matching with pulsed Bessel beams for high-order harmonic generation, Phys. Rev. A 77,
021802(R) (2008).

T. Pfeifer, C. Spielmann, G. Gerber, Femtosecond X-ray science, Rep. Progr. Phys. 69, 443-505
(2006).

E. Constant, D. Garzella, P. Breger, E. Mével, C. Dorrer, C. Le Blanc, F. Salin, P. Agostini, Optimizing
high harmonic generation in absorbing gases: Model and experiment, Phys. Rev. Lett. 82,
1668-1671 (1999).

S. Kazamias, D. Douillet, F. Weihe, C. Valentin, A. Rousse, S. Sebban, G. Grillon, F. Augé,
D. Hulin, P. Balcou, Global optimization of high harmonic generation, Phys. Rev. Lett. 90, 193901
(2003).

S. Meyer, B. N. Chichkov, B. Wellegehausen, A. Sanpera, Phase-matched high-order harmonic
generation and parametric amplification, Phys. Rev. A 61, 063811 (2000).

C. V. Vuong, K. B. Dinh, P. Hannaford, L. V. Dao, Influence of absorption on phase-matched
generation of coherent extreme ultraviolet radiation in a long interaction geometry, Optik 127,
2874-2877 (2016).

K. A. Tran, K. B. Dinh, Hannaford, L. V. Dao, Phase-matched four-wave mixing in the extreme
ultraviolet region, J. Appl. Phys. 124, 015901 (2018).

K. A. Tran, K. B. Dinh, P. Hannaford, L. V. Dao, Phase-matched nonlinear wave-mixing processes
in XUV region with multicolor lasers, Appl. Opt. 58, 2540-2545 (2019).

E. J. Takahashi, T. Kanai, Kenichi L. Ishikawa, Y. Nabekawa, K. Midorikawa, Dramatic enhancement
of high-order harmonic generation, Phys. Rev. Lett. 99, 053904 (2007).

T. Kanai, E. J. Takahashi, Y. Nabekawa, K. Midorikawa, Destructive interference during high
harmonic generation in mixed gases, Phys. Rev. Lett. 98, 153904 (2007).

S. B. Park, K. Kim, K. H. Lee, H. T. Kimand C. H. Nam, Enhanced two-color high-harmonic
generation achieved by adding an extra gas medium, Appl. Phys. B 120, 723-729 (2015).

L. Wang, W. Zhu, H. Li and Y. Zhang, Spectrum modification of high-order harmonic generation
in a gas mixture of Ar and Kr, J. Opt. Soc. B 35, A39-A44 (2018).


https://link.springer.com/article/10.1007/s00340-015-6188-8#auth-Seung_Beom-Park
https://link.springer.com/article/10.1007/s00340-015-6188-8#auth-Kyungseung-Kim
https://link.springer.com/article/10.1007/s00340-015-6188-8#auth-Kyoung_Hwan-Lee
https://link.springer.com/article/10.1007/s00340-015-6188-8#auth-Hyung_Taek-Kim
https://link.springer.com/article/10.1007/s00340-015-6188-8#auth-Chang_Hee-Nam

Acrticle no. 207 Khoa Anh Tran et al. 10

21.

22.

23.

24,

25.

26.

J. Peatross, J. R. Miller, K. R. Smith, S. E. Rhynard and B. W. Pratt, Phase matching of high-order
harmonic generation in helium- and neon-filled gas cells, J. Mod. Opt. 51, 2675-2683 (2004).

C. M. Heyl, J. Giidde, U. Hofer, A. L Huillier, Spectrally resolved Maker fringes in high-order
harmonic generation, Phys. Rev. Lett. 107, 033903 (2011).

T. Auguste, P. Saliéres, A. S. Wyatt, A. Monmayrant, I. A. Walmsley, E. Cormier, A. Zair,
M. Holler, A. Guandalini, F. Schapper, J. Biegert, L. Gallmann, U. Keller, Theoretical and
experimental analysis of quantum path interferences in high-order harmonic generation, Phys.
Rev. A 80, 033817 (2009).

L. V. Dao, K. B. Dinh, P. Hannaford, Generation of extreme ultraviolet radiation with a Bessel—
Gaussian beam, Appl. Phys. Lett. 95, 131114 (2009).

B.L. Henke, E.M. Gullikson, J.C. Davis, X-Ray Interactions: Photoabsorption, scattering,
transmission, and reflection at E = 50-30,000 eV, Z = 1-92, At. Data and Nucl. Data Tables 54,
181-342 (1993).

E. T. F. Rogers, Modelling of capillary high harmonic generation, PhD Thesis, University of
Southampton, 2008, and references therein.



