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We experimentally demonstrate a robust scheme to select a single high-order harmonic among the
harmonic comb by using a driving laser field with subcycle waveform control, which is synthesized by the
fundamental 800 nm laser pulse and two controlling laser pulses at 400 and 267 nm with perpendicular
polarizations. By controlling the relative phase among the pulses of different colors, a single high-order

harmonic is selectively enhanced while the adjacent harmonics are greatly suppressed with the intensity
contrast increased by more than 1 order of magnitude and the peak intensity enhanced simultaneously by
more than 2 orders of magnitude compared to the case by using only the fundamental 800 nm laser pulse.
Such phenomena can be mainly attributed to the intra-atomic phase matching realized with the sub-cycle

waveform controlled field.
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High-order harmonic generation (HHG) [1-9] in gases
has been intensively explored in the past decade. The high-
order harmonic source usually emits in the form of extreme
ultraviolet (XUV) frequency comb in the plateau region
with different harmonics at similar intensities, due to
the nonperturbative nature of the HHG process. On one
hand, the harmonic emission in the form of broadband
supercontinuum is desired for the isolated attosecond pulse
[2-9] by using a few-cycle or a multicolor laser field. For
example, Bandulet et al. [9] reported a gating technique to
produce an isolated attosecond pulse by combining the
800 nm pulse with other two noncommensurate infrared
pulses. On the other hand, the selective generation of a
single high-order harmonic emission from the harmonic
comb as an intense monochromatic coherent source is also
very important for many applications, such as the seeding
of an XUV free electron laser for obtaining fully coherent
output [10]. The intra-atomic phase matching scheme was
proposed [11,12] to select a single harmonic emission from
the harmonic comb. Although the intensity of the target
harmonic (27th) was maximized with 8 times enhance-
ment, the adjacent harmonic peaks were not suppressed
efficiently. The intensity contrast ratio between the target
harmonic and the adjacent harmonics was enhanced only
by a factor of 4, indicating that the adjacent harmonics
were also enhanced simultaneously.

In this Letter, we report a robust scheme to control the
intra-atomic phase matching by using a driving laser field
with sub-cycle waveform control. The laser field is synthe-
sized with the fundamental, second and third harmonics of
an 800 nm multicycle Ti:sapphire laser pulse. The required
optical waveform for the successful intra-atomic phase
matching is obtained by shaping (both in amplitude and
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in polarization) the laser field on the subcycle time scale
through simply adjusting the relative time delay among
the laser pulses of different colors and polarizations. We
experimentally demonstrate that a specific harmonic is
selectively enhanced while the adjacent harmonics are
dramatically suppressed, with both the harmonic intensity
and the selectivity (the intensity contrast ratio between the
target harmonic and the adjacent harmonics) significantly
improved, for the first time to our knowledge.

The schematic of the experimental setup is shown in
Fig. 1(a). A commercial Ti:sapphire femtosecond laser
(Coherent, Inc.) is used to produce 2 mJ laser pulses at
800 nm center wavelength with 45 fs pulse duration at a
repetition rate of 1 kHz. The output pulses are directed into
the vacuum chamber for HHG. In the vacuum chamber, the
laser beam is collimated and passes through sequentially a
focusing lens (with a focal length of 500 mm), a SH-BBO
crystal (B-barium borate crystal, 8 = 29.2°, ¢ =0°,
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FIG. 1 (color online). (a) Schematic of the experimental setup.
(b) Harmonic spectra obtained with different gas pressures.
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0.3 mm thickness, type I phase matching, used for the
second harmonic generation, the polarization of the gen-
erated 400 nm pulse is perpendicular to that of the funda-
mental 800 nm pulse), a CaCO; crystal (6 = 22.6°,
¢ = 0°, 0.4 mm thickness, used for controlling the time
delay between the 400 and 800 nm pulses), and a TH-BBO
crystal (SB-barium borate crystal, § = 55.5°, ¢ = 30°,
0.1 mm thickness, type II phase matching, for the third
harmonic generation, the polarization of the generated
267 nm pulse is parallel to that of the fundamental
800 nm pulse), and is then focused into a continuous argon
gas jet emitted from a nozzle with 0.2 mm inner diameter.
The measured energy ratio among the 800, 400, and
267 nm pulses is about 100:14:5, with a total laser intensity
of 2.0 X 10" W/cm?. The generated high-order harmon-
ics are detected by a homemade flat-field grating spec-
trometer equipped with a soft-x-ray CCD (Princeton
Instruments, SX 400). A 500 nm thick aluminum foil is
used in the spectrometer to block the driving laser.

Using the above-mentioned three-color laser field, we
first optimize the high-order harmonic signal by adjusting
the argon gas pressure. The gas pressure is adjusted from
0.1 to 1.0 bar, and the measured harmonic yield is first
increased and then decreased. The optimum stagnation
pressure of argon gas is about 0.3 bar for obtaining the
maximum harmonic yield, which is shown in Fig. 1(b).
One can see that several harmonics, especially the 18th
harmonic, are selectively enhanced when the gas pressure
is optimized. We also measure the HHG with the lower
intensity of the 400 and 267 nm pulses through tilting the
BBO crystal to the phase-mismatching position, and find
that the harmonic yield is decreased and the intensity of
even-order harmonics are reduced particularly.

The two-color scheme has been proved to be an effec-
tive way to enhance the harmonic yield by about 2 orders
of magnitude [13]. For comparison, we measure the har-
monic yields by using the traditional two-color scheme
with the orthogonally polarized 800 — 400 nm pulses
(just remove the TH-BBO crystal, the measured energy
ratio between 800 and 400 nm pulses is about 100:17).
The measured harmonic yields are shown in Fig. 2(a) as a
function of the time delay between the two-color pulses.
The measured harmonic yields by using the above three-
color scheme are also shown in Fig. 2(b) as a function of
the time delay between the 800 and 400 nm fields. The
modulation period of the generated harmonics in the two-
color case is 1/4 cycle (the optical cycle of 800 nm pulse,
the same hereafter), which is determined by the evolution
period of the phase difference between the driving laser
pulse at 800 nm and the controlling laser pulse at 400 nm.
In the three-color case, the harmonic intensity is modu-
lated with a period of about one cycle under the experi-
mental condition since the time delay of the 267 nm pulse
is correlated to the time delay between the 800 and
400 nm pulses.
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FIG. 2 (color online). Harmonic spectra driven by (a) the two-
color laser field and (b) the three-color laser field as a function of
the time delay, respectively.

For a more detailed comparison, we extract the maxi-
mum harmonic intensities at the optimum time delay from
Fig. 2(a) and 2(b), which are shown in Fig. 3(a), together
with the harmonic spectrum obtained by using only the
fundamental 800 nm pulse. Compared to the harmonic
generation in the fundamental 800 nm pulse, the addition
of the 400 nm pulse of perpendicular polarization can
enhance the conversion efficiency by about 2 orders of
magnitude [13], and the further addition of a weak
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FIG. 3 (color online). (a) Comparison of the maximum har-
monic yields driven by different laser fields. (b) Comparison of
the harmonic yields driven by the three-color laser field with two
different relative phases. (c) Comparison of the harmonic yields
driven by the three-color laser field with different intensity and
density conditions.
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267 nm pulse of parallel polarization further enhances the
conversion efficiency by about 5 times. Moreover, com-
pared to the traditional two-color scheme, the addition of
the weak 267 nm pulse can greatly enhance the intensity
contrast ratio between the 18th harmonic and the adjacent
harmonics by over 1 order of magnitude.

In order to identify the role of the relative phase delay
between different colors in the three-color scheme, we
extract the harmonic intensities from Fig. 2(b) at the time
delays of 0 and 0.5 cycle (i.e., the relative phase of 0 and
), which are shown in Fig. 3(b). By optimizing the
relative phase, the 18th harmonic intensity is enhanced
by 43.7%, while the intensities of the adjacent harmonics
are at least suppressed by 65.4%. Then, the intensity con-
trast ratio between the 18th harmonic and the adjacent
harmonics is improved from 3.8 to 15.9. Moreover, the
specific harmonic emission can be tuned by controlling
the laser intensity and the phase-matching parameters. We
realize the selective enhancement of the 14th harmonic at
the laser intensity of 1.2 X 10'* W/cm? and the gas pres-
sure of 0.1 bar, as shown in Fig. 3(c) together with the
selective enhancement of the 18th harmonic at the laser
intensity of 2.0 X 10'* W/cm? and the gas pressure of
0.3 bar.

The selective enhancement of the harmonic emission
can be attributed to the phase matching effects. The opti-
mization of phase matching [14] includes both the
macroscopic and intra-atomic phase matching. For the
macroscopic phase matching, the effective spectral range
and the relative weight of the individual harmonic order
strongly depend on the species of gas and its pressure, the
interaction geometry, the intensity and diameter of the laser
beam, and, etc. By properly choosing these parameters, the
harmonic emission can be phase matched and confined to a
few orders [15]. For the intra-atomic phase matching, the
emission of different trajectories in each half-cycle should
be constructively interfered [12]. For the driving laser pulse
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FIG. 4 (color online).

with a finite duration, the pulse envelope slightly tailors the
electric field of each half-cycle, leading to the phase dif-
ference of the harmonic emissions from each half-cycle.
For an 800 nm laser pulse with the intensity of
10" W /cm?, the phase of the harmonic emission is several
tens of radian and a small change of the electric field will
affect the phase of the harmonic greatly.

In the multicolor laser field, the phase of the harmonic
emission can be affected by many parameters, and it is
difficult to optimize the electric field with time-dependent
Schrodinger equation (TDSE) method. So we use the
classical motion of the electron for each trajectory to
calculate the phase of the harmonic emission [16] and to
optimize the electric field to achieve the intra-atomic phase
matching. In the simulation, the laser intensity and the
intensity ratios among the laser pulses of different colors
are the same as the experiment. The phases of different
trajectories are optimized by controlling the relative delays
and the linear chirps of the multicolor laser field. As shown
in Fig. 4(a), when the fundamental 800 nm pulse is used to
drive the HHG, the phase of each trajectory of the 18th
harmonic will change significantly even for a multicycle
laser pulse (the blue dotted line). When the 400 nm pulse is
added, the phase difference of the trajectories from —4 to 4
cycle can be decreased greatly (the red dashed line). When
the 267 nm pulse is added, the phase difference of almost
all the trajectories from —3 to 2.5 cycles can be decreased
to be about or less than one 77, which means a good intra-
atomic phase matching (shown as the black solid line in the
lower panel, together with those for the adjacent 16th and
17th harmonics. Those for the adjacent 19th and 20th
harmonics are similar). One can also see that phase differ-
ence for the adjacent harmonics is close to or larger than
27r and thus the phase mismatching occurs. Although the
simulation is simple, it is demonstrated that the intra-
atomic phase matching can be achieved by using the
three-color scheme.
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(a) The phase of the 18th harmonic in different laser fields (upper panel) and the comparison with the adjacent

16th and 17th harmonics (lower panel). (b) The harmonic spectra in two polarization directions (HHG,, HHG,).
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For the intra-atomic phase matching by using only
one-color laser field [11,12], it seems that the adjacent
harmonics will be slightly enhanced when the target
harmonic is optimized, leading to the low intensity con-
trast. However, in the three-color laser field, the adjacent
harmonics (especially the odd-order harmonics) are greatly
suppressed when the target harmonic intensity is maxi-
mized. In order to understand the underlying physics, we
further simulate the harmonic emission by using the sim-
plified Lewenstein model [1] with the three-color laser
field. In the simulation, the intensity ratios and the relative
delays between the different colors including the chirps of
them are considered. The optimized result is shown in
Fig. 4(b). One can see that only the 14th and 16th harmon-
ics dominate in the spectra while almost all the odd-order
harmonics are dramatically suppressed. Although it is a
little different with the result of our experiment (where
only a single harmonic is selected) and it is strange that the
polarization direction of the 14th and 16th harmonics is
parallel to that of the 800 and 267 nm pulses while the
even-order harmonics can only be generated in the polar-
ization direction of 400 nm pulse in the two-color scheme
[17], it is demonstrated that an isolated harmonic or two
can be generated while the adjacent harmonics can be
suppressed.

Shaping the laser field waveform by using the combina-
tion of multi-color laser pulses [18,19] can lead to not only
a broadened XUV supercontinuum for isolated attosecond
pulse generation but also the confinement of the harmonic
emission in a small spectral region for narrow-bandwidth
XUV radiation [20] and even a single-order harmonic
emission as a monochromatic XUV source in the present
work. In our waveform shaping with three-color laser field,
the fundamental 800 nm laser pulse is the main driving
laser field for the HHG, the two controlling pulses of
different colors with perpendicular polarization help to
improve the harmonic yield and spectral selectivity simul-
taneously. The above three-color combination is the basic
configuration for controlling the electron trajectory in both
the perpendicular and parallel directions. Although a finer
control is possible by using the laser field of more than
three colors, the improvement would be very limited and it
is difficult to implement experimentally. As we know, the
ability of the waveform shaping with multicolor field is
dependent on the spectrum-spanning range. Such three-
color laser field spans from 800 to 267 nm, and the addition
of the fourth harmonic will extend only from 267 to
200 nm.

Therefore, the improvement in intensity contrast can be
mainly attributed to the intra-atomic phase matching real-
ized with the sub-cycle waveform controlled driving laser
field consisting of a main driving laser pulse and two
controlling laser pulses of perpendicular polarizations,
with a total spectrum-spanning range of 1.6 octaves from
267 to 800 nm. In fact, the maximum intensity contrast

ratio of 15.9 is obtained in the three-color scheme, which is
much better than the optimized results obtained by the
pulse-shaping technique [11]. These results can be under-
stood as follows: First, the harmonic emission is selectively
enhanced and confined to only a few harmonic orders by
controlling the macroscopic phase matching conditions.
Second, the target harmonic (18th) is further enhanced
and the adjacent harmonics (16th, 17th, 19th, and 20th)
are greatly suppressed by controlling the intra-atomic
phase matching conditions. The photon number of the
18th harmonic in each shot is estimated using the method
[21] to be larger than 9.2 X 10°. A conversion efficiency of
about 1.0 X 1076 is expected if the loss of spectrometer slit
is taken into account.

In summary, we have experimentally demonstrated the
generation of intense single high-order harmonic emission
by using the multicolor laser field with subcycle waveform
control, which is consisting of the fundamental laser pulse
and two controlling laser pulses of different polarizations.
We observe that a single high-order harmonic is selectively
enhanced while the adjacent harmonics are dramatically
suppressed, with both the peak intensity and selectivity of
the target harmonic significantly improved. Moreover, the
single-order harmonic source can be tuned by controlling
the driving laser intensity and the phase matching parame-
ters. This scheme is promising for the development of
compact monochromatic coherent XUV sources.

This work was supported by NSF (Grants No. 11127901,
No. 60921004, No. 11134010, No. 11222439, and
No. 61108012), the 973 Project (No. 2011CB808103),
and the Postdoctoral Science Foundation (Grants
No. 2012T50420 and No. 2012M520941) of China.

*zhinan_zeng @siom.ac.cn

ruxinli@mail.shenc.ac.cn
*zzxu@mail.shenc.ac.cn

[1] M. Lewenstein, P. Balcou, M. Y. Ivanov, A. L’Huillier, and
P.B. Corkum, Phys. Rev. A 49, 2117 (1994).

[2] M. Hentschel, R. Kienberger, Ch. Spielmann, G.A.
Reider, N. Milosevic, T. Brabec, P. Corkum, U.
Heinzmann, M. Drescher, and F. Krausz, Nature
(London) 414, 509 (2001); G. Sansone et al., Science
314, 443 (2006).

[3] X.Feng, S. Gilbertson, H. Mashiko, H. Wang, S. D. Khan,
M. Chini, Y. Wu, K. Zhao, and Z. Chang, Phys. Rev. Lett.
103, 183901 (2009).

[4] P.B. Corkum and F. Krausz, Nat. Phys. 3, 381 (2007).

[5] K. Zhao, Q. Zhang, M. Chini, Y. Wu, X. Wang, and Z.
Chang, Opt. Lett. 37, 3891 (2012).

[6] E.J. Takahashi, P. Lan, O.D. Mucke, Y. Nabekawa, and
K. Midorikawa, Phys. Rev. Lett. 104, 233901 (2010).

[7]1 E.J. Takahashi, P. Lan, and K. Midorikawa, Lasers and
Electro-Optics 2012, San Jose, California, United States
(IEEE Computer Society, Washington, DC, 2012).

233903-4


http://dx.doi.org/10.1103/PhysRevA.49.2117
http://dx.doi.org/10.1038/35107000
http://dx.doi.org/10.1038/35107000
http://dx.doi.org/10.1126/science.1132838
http://dx.doi.org/10.1126/science.1132838
http://dx.doi.org/10.1103/PhysRevLett.103.183901
http://dx.doi.org/10.1103/PhysRevLett.103.183901
http://dx.doi.org/10.1038/nphys620
http://dx.doi.org/10.1364/OL.37.003891
http://dx.doi.org/10.1103/PhysRevLett.104.233901

PRL 110, 233903 (2013)

PHYSICAL REVIEW LETTERS

week ending
7 JUNE 2013

(8]

L. Zhang, Z. Zeng, X. Song, H. Xiong, Y. Zheng, R. Li,
and Z. Xu, J. Phys. B 41, 115601 (2008); Y. Zheng,
Z. Zeng, P. Zou, L. Zhang, X. Li, P. Liu, R. Li, and Z.
Xu, Phys. Rev. Lett. 103, 043904 (2009).

H.-C. Bandulet, D. Comtois, E. Bisson, A. Fleischer, H.
Pépin, J.-C. Kieffer, P.B. Corkum, and D. M. Villeneuve,
Phys. Rev. A 81, 013803 (2010).

G. Lambert et al., Nat. Phys. 4, 296 (2008); T. Togashi
et al., Opt. Express 19, 317 (2011).

R. Bartels, S. Backus, E. Zeek, L. Misoguti, G. Vdovin,
I. P. Christov, M. M. Murnane, and H. C. Kapteyn, Nature
(London) 406, 164 (2000).

L.P. Christov, R. Bartels, H.C. Kapteyn, and M. M.
Murnane, Phys. Rev. Lett. 86, 5458 (2001).

I.J. Kim, C. Kim, H. Kim, G. Lee, Y. Lee, J. Park, D. Cho,
and C. Nam, Phys. Rev. Lett. 94, 243901 (2005); L.
Brugnera et al., Opt. Lett. 35, 3994 (2010).

[14]

[15]

[16]

[17]
(18]
[19]

[20]
(21]

233903-5

T. Popmintchev, M.-C. Chen, P. Arpin, M. M. Murnane,
and H. C. Kapteyn, Nat. Photonics 4, 822 (2010).

S. Teichmann, P. Hannaford, and L. Van Dao, Appl. Phys.
Lett. 94, 171111 (2009); L. V. Dao, S. Teichmann, and
P. Hannaford, Phys. Lett. A 372, 5254 (2008).

C. Gong, J. Jiang, C. Li, L. Song, Z. Zeng, J. Miao, X. Ge,
Y. Zheng, R. Li, and Z. Xu, Phys. Rev. A 85, 033410
(2012).

D. Shafir, Y. Mairesse, D. M. Villeneuve, P. B. Corkum,
and N. Dudovich, Nat. Phys. 5, 412 (2009).

L. E. Chipperfield, J. S. Robinson, J. W. G. Tisch, and J. P.
Marangos, Phys. Rev. Lett. 102, 063003 (2009).

S. Huang et al., Nat. Photonics 5, 475 (2011).

J. Yao et al., Phys. Rev. A 83, 033835 (2011).

N. Yamaguchi, Z. Takahashi, Y. Nishimura, A. Sakata,
K. Watanabe, Y. Okamoto, Y. Takemura, H. Azuma, and
T. Hara, J. Plasma Fusion Res. 81, 391 (2005).


http://dx.doi.org/10.1088/0953-4075/41/11/115601
http://dx.doi.org/10.1103/PhysRevLett.103.043904
http://dx.doi.org/10.1103/PhysRevA.81.013803
http://dx.doi.org/10.1038/nphys889
http://dx.doi.org/10.1364/OE.19.000317
http://dx.doi.org/10.1038/35018029
http://dx.doi.org/10.1038/35018029
http://dx.doi.org/10.1103/PhysRevLett.86.5458
http://dx.doi.org/10.1103/PhysRevLett.94.243901
http://dx.doi.org/10.1364/OL.35.003994
http://dx.doi.org/10.1038/nphoton.2010.256
http://dx.doi.org/10.1063/1.3127521
http://dx.doi.org/10.1063/1.3127521
http://dx.doi.org/10.1016/j.physleta.2008.06.013
http://dx.doi.org/10.1103/PhysRevA.85.033410
http://dx.doi.org/10.1103/PhysRevA.85.033410
http://dx.doi.org/10.1038/nphys1251
http://dx.doi.org/10.1103/PhysRevLett.102.063003
http://dx.doi.org/10.1038/nphoton.2011.140
http://dx.doi.org/10.1103/PhysRevA.83.033835
http://dx.doi.org/10.1585/jspf.81.391

