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Enhancement of third harmonic generation in air filamentation
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The intensity of third harmonic emission in air filamentation disturbed by copper fibers and alcohol droplets has been
investigated experimentally. Enhancement of the third harmonic emission up to more than one order of magnitude has
been observed. The physical mechanism of third harmonic enhancement is attributed to suppression of the destructive
interference by comparison of the experimental results and it is closely related to the type, size, and relative position of the

obstacles.

Keywords: third harmonic emission, filamentation, femtosecond laser pulse

PACS: 42.65.Ky, 52.38.Hb, 42.65.Re

1. Introduction

In the last decade, propagation of intense femtosecond
laser pulse in air has been studied extensively due to the gener-
ation of filamentation and other interesting phenomenon such
as supercontinuum and high order harmonic generation.!=!
One of the promising applications of the filamentation is to
obtain coherent ultraviolet laser pulses with durations of a few
femtoseconds.>~’! Limitation of achieving such high efficient
harmonic generation using laser pulse is the interaction length
as well as laser intensity in the interaction zone. While in laser
filamentation, the formation of a long plasma channel and the
intensity clamping provide both conditions at the same time.
Therefore, third-harmonic (TH) emission, which is the lowest
order harmonic generation in two color filamentation, has been
studied intensively in the past few years. Much effort has been
paid on increasing the TH conversion efficiency in air filamen-
tation. TH conversion efficiency up to 0.2% has been reported
till now by controlling different initial conditions.®~!!1 How-
ever it is still too weak for practical applications.

Recently, enhancement of TH emission up to two orders
of magnitude in air filamentation has been reported in the nu-
merical simulations and the experiments respectively by in-
ducing different disturbances. The physics of the enhancement
effect is not quite clear, leading to different interpretations of
the phenomenon. For example, it has been demonstrated that
TH emission generated in filamentation has axial and off-axis
components. The enhancement of TH emission is attributed
to the reconstruction of filamentation and diffraction of ax-
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ial TH to the background by the insertion of obstacles.!!>~13]

Some interpret the enhancement effect in other aspects which
are based on the Gouy phase shift effect!'®! of focused Gaus-
sian beam. TH emission generated before and after the geo-
metrical focus in filamentation would interfere destructively.
Hence, introduction of the obstacles dramatically suppresses
the destructive interference of TH emission with the result of
a significant enhancement of TH emission.[!7-1"]

In this paper, we experimentally investigate the TH emis-
sion in air filamentation disturbed by copper fibers and alcohol
droplets respectively. Enhancement of the TH emission up to
one order of magnitude has been observed. Comparison of the
experimental results shows that the enhancement of TH emis-
sion is mainly attributed to the suppression of the destructive
interference in filamentation. Apart from the kind of obstacle,
the size and relative position of the introduced obstacles also
play an important role in enhancement of TH emission.

2. Experiment setup

The experiment is conducted using a Ti: sapphire chirp
pulse amplification (CPA) laser system,*”] which has a cen-
tral wavelength of 800 nm and a 10 Hz repetition rate. Laser
pulse duration measured by an auto-correlator is about 60 fs.
Figure 1(a) shows the schematic experimental setup. A fem-
tosecond laser pulse is focused by a lens with a focal length
of 2 m to generate filamentation near the focus. TH emis-
sion is generated in the filamentation and it co-propagates with
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the fundamental pulse. After the filamentation, the transmitted
beam is collected by a fused silicon lens to the slit of the spec-
trometer (Model: PI Acton INS-150-252F). The lens is large
enough for collecting TH emission whether there is obstacle
or not. The fundamental pulse is blocked by a high reflected
mirror around 800 nm and appropriate neutral density filters
are put in front of the spectrometer to avoid saturation. In the
experiment, naked copper fibers and alcohol droplets are used
as obstacles. The droplets are generated by a droplets gener-
ator (MicroDrop technologies), which consists of a dispenser

head (Model: MD-K-130) and a control electronics (Model:
MD-E-201-H). The size of droplets is about 70 um, which is
the same as that of the copper fibers, by choosing the dispenser
head. Both the fibers and droplets are placed in the center of
the filamentation core by a three-dimensional motorized stage
(SGSP series, Sigma Koki) with a moving step of 10 pm. The
repetition rate of dropping droplets and the temporal delay be-
tween the trigger signal and the dropping droplets are adjusted
by the control electronics to make sure that they can interact
with every single laser pulse temporally.

(a) laser filamentation collecting lens (b) filamentation
two fibers E
: three fibers

lens obstacles filters spectrometeré four fibers

Fig. 1. (color online) (a) Schematic experimental setup; (b) placement of the multi-fibers.

3. Results and discussion

Laser filamentation is formed by focusing a femtosecond
laser pulse in air with an initial energy of 10 mJ. The filamenta-
tion extends about 15 cm and the strongest fluorescence emis-
sion appears at a distance 207 cm away from the focal lens.
The spectral distribution of the initial laser pulse is shown in
Fig. 2(a). The central wavelength of the fundamental pulse
is measured to be 798 nm, with a spectral width (FWHM) of
about 19 nm. So the central wavelength of the generated third
harmonic emission is about 266 nm, as shown in Fig. 2(b).

Figure 2(b) presents the intensity of the TH emission with
thin copper fibers. The TH intensity of the undisturbed case
is also presented (solid line) for comparison. Firstly, only
one copper fiber is used as the disturbance and it is placed at
207 cm where the relative intensity of fluorescence is highest.
Intensity of the TH emission is observed to be 5 times in mag-
nitude compared with that of the undisturbed case as expected.
The results are the same as those reported in Ref. [21].

Then multi-fibers are used to try to increase the inten-
sity of TH emission. The detailed arrangement of multi-fibers
is shown in Fig. 1(b). When two fibers are used, they are
placed at 207 cm and 211 cm respectively; in the case of
three and four fibers, a fiber is added at 209 c¢cm and then
205 cm respectively. As shown in Fig. 2(b), enhancement
of TH intensity can be observed with multi-fibers (two and
three fibers) over that without obstacles. But the enhance-
ment effect weakens when more fibers are used. If the en-
hancement is mainly attributed to reconstruction of filamen-
tation or diffraction of the axial TH to background, more
fibers introduce multiple circles of reconstruction of filamen-
tation and eventually more TH emission is diffracted. So the

intensity of TH emission in the far field should be higher.
However, it is not shown in the experimental results. In our
opinion, TH emission reaches its maximum in filamentation
when it is disturbed by the first fiber in the near focus and its
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Fig. 2. (color online) (a) Spectral distribution of the fundamental pulse.
(b) Intensity of TH emission disturbed by thin copper fibers: no distur-
bances (solid line); single fiber (dash line); two fibers (dot line); three
fibers (dash-dotted line); four fibers (short dot line).
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further propagation is affected by the following fibers. Espe-
cially in the last case with four fibers, when there is a fiber
before the position of brightest fluorescence, the intensity of
TH emission is even lower than that of the undisturbed case
because TH emission does not reach its maximum in the first
process. Therefore, suppression of the destructive interference
plays the dominant role in enhancement of TH emission in the
experiment.

Although enhancement of TH emission can be obtained
using copper fibers, this approach has the limitation that the
copper fiber is not only a disturbance but also a block to the
propagation of light. In order to further increase the conver-
sion efficiency of the TH emission in air filamentation, trans-
parent media like alcohol droplet is also used as disturbance in
the experiment. Figure 3 shows enhancement of the TH emis-
sion disturbed by alcohol droplets. Intensity of TH emission
is increased about 30 times in magnitude compared with the
undisturbed case, and it is more efficient than that using a sin-
gle copper fiber. The reasons are as follows. On the one hand,
the interface(??! between air and alcohol droplet would sup-
press the destructive interference effect leading to the sudden
increase of TH emission. On the other hand, alcohol droplet
is transparent media that fundamental pulse and generated TH
emission can go through. Nonlinear third-order susceptibility
in alcohol droplets is a thousand times higher than that of air.
So the increase of nonlinearity would also play an important

role in the enhancement of TH emission. %!
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Fig. 3. (color online) Intensity of TH emission disturbed by alcohol
droplets (dash line) compared to the undisturbed case (solid line).

Finally, we also try to characterize the role of position and
size of the obstacles in enhancement of TH emission, apart
from different sorts of obstacles. Figure 4(a) shows the in-
tensity of generated TH emission as a function of longitudinal
position of alcohol droplets. In the experiment, the position
of the droplet can change in the propagation direction of the
filamentation. TH intensity is very sensitive to the position of
droplets. When the interaction position is in 207 cm where

the filamentation is strongest, enhancement of the TH emis-
sion is the most effective. Moving the droplet to both direc-
tions along the filamentation, enhancement of the TH emission
weakens. So the enhancement mechanism of suppression of
the destructive interference is further demonstrated. Enhance-
ment of TH emission with different copper fiber size is also
shown in Fig. 4(b). The TH intensity is a little bit higher when
a 100-um fiber is used than that of the 70-pm one, which has
the same trend with the simulation results in the reference. ']
Enhancement of TH intensity differs from the size of obsta-
cles, which indicates that optimal size of obstacle may relate
to the size of plasma channel. It should be demonstrated sys-
tematically in our future works.

1.1
a
1.0 (2)
£ o9t /
g
=}
; N
~ 0.7r \
>
:
Z 06
g
g 0.5¢f
0.4
" 1 " 1 " 1 " 1 " 1 "
—6 —4 -2 0 2 4 6
Wavelength /nm
5+ . .
(b) - ——without fiber
- — 70-pm fiber
4 -

- 100-pm fiber

Intensity/10* arb. units

I 1 I I 1 I
250 260 270 280 290

Wavelength/nm

Fig. 4. (color online) (a) The TH intensity as a function of droplet po-
sition; (b) the dependencies of TH intensity on the size of obstacles:
70-pm fiber (dash line) and 100-um fiber (dot line).

4. Conclusion

In conclusion, enhancement of the TH emission in air fil-
amentation has been observed by disturbing filamentation with
obstacles experimentally. Enhancement of TH emission up to
5 times in magnitude has been achieved with disturbances of
copper fibers while it is about 30 times with alcohol droplets.
A comparison of the results demonstrates that the suppression
of the destructive interference in filamentation plays a domi-
nant role in enhancement of TH emission. Besides, both the
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interface effect and the increase of nonlinearity contribute to

the TH enhancement in the case of alcohol droplets, which

results in a higher conversion efficiency. Dependence of TH

emission on the size and relative position of obstacles is also

investigated in the experiment. Further enhancement of TH

emission in filamentation can be achieved by optimizing the

nonlinear properties of obstacles as well as the size and rel-

ative position, which we should study in depth in our future

work.

References

(1]
[2]
(3]
(4]
[3]

(6]
(7]

(8]

Bergé L, Skupin S, Nuter R, Kasparian J and Wolf J P 2007 Rep. Prog.
Phys. 70 1633

Chin S L 2010 Femtosecond Laser Filamentation (New York:
Springer)

Couairon A and Mysyrowicz A 2007 Phys. Rep. 441 47

Hao Z Q and Zhang J 2004 Physics 33 443 (in Chinese)

Steingrube D S, Schulz E, Binhammer T, Vockerodt T, Morgner U and
Kovacev M 2009 Opt. Express 17 16177

Horio T, Spesyvtsev R and Suzuki T 2013 Opt. Express 21 22423
Ariunbold G O, Polynkin P and Moloney J V 2012 Opt. Express 20
1662

Akozbek N, Iwasaki A, Becker A, Scalora M, Chin S L and Bowden C
M 2002 Phys. Rev. Lett. 89 143901

[9]

[10]

(11]

(12]
[13]

[14]
[15]
[16]
(17]
(18]
[19]
[20]
[21]

[22]
(23]

034207-4

Yang H, Zhang J, Zhang J, Zhao L Z, Li Y J, Teng H, Li Y T, Wang Z
H, Chen ZL, Wei Z Y, MaJ X, Yu W and Sheng Z M 2003 Phys. Rev.
E 67 015401

Berge L, Skupin S, Mejean G, Kasparian J, Yu J, Frey S, Salmon E and
Wolf J P 2005 Phys. Rev. E 71 016602

Ganeev R A, Suzuki M, Baba M, Kuroda H and Kulagin I A 2006 Appl.
Opt. 45 748

Xi T T, Lu X and Zhang J 2009 Opt. Commun. 282 3140

Suntsov S, Abdollahpour D, Papazoglou D G and Tzortzakis S 2009
Opt. Express 17 3190

Yang X, Wu J, Peng Y, Tong Y Q, Yuan S A, Ding L G, Xu Z Z and
Zeng H P 2009 Appl. Phys. Lett. 95 111103

LiuZY, Shi Y C and Hu B T 2014 Acta Phys. Sin 63 184206 (in Chi-
nese)

Boyd R W 2008 Nonlinear Optics (3rd edn.) (Burlington: Academic
Press) pp. 69-133

Liu Y, Durand M, Houard A, Forestier B, Couairon A and Mysyrowicz
A 2011 Opt. Commun. 284 4706

Yao J, Zeng B, Chu W, Ni J and Cheng Y 2011 J. Mod. Opt. 59 245
FengLB,Lu X, Xi TT,Liu XL,Li Y T, Chen L M, Ma J L, Dong Q
L, Wang W M, Sheng Z M, He D and Zhang J 2012 Phys. Plasmas 19
072305

Zhang J,Li Y T, Sheng Z M, Wei Z Y, Dong Q L and Lu X 2005 Appl.
Phys. B 80 957

Zhang Z, Lu X, Zhang Y, Zhou M L, Xi T T, Wang Z H and Zhang J
2010 Opt. Lett. 35 974

Tsang T'Y 1995 Phys. Rev. A 524116

Suntsov S, Abdollahpour D, Papazoglou D G and Tzortzakis S 2010
Phys. Rev. A 81 033817


http://dx.doi.org/10.1088/0034-4885/70/10/R03
http://dx.doi.org/10.1088/0034-4885/70/10/R03
http://dx.doi.org/10.1016/j.physrep.2006.12.005
http://dx.doi.org/10.1364/OE.17.016177
http://dx.doi.org/10.1364/OE.21.022423
http://dx.doi.org/10.1364/OE.20.001662
http://dx.doi.org/10.1364/OE.20.001662
http://dx.doi.org/10.1103/PhysRevLett.89.143901
http://dx.doi.org/10.1103/PhysRevE.67.015401
http://dx.doi.org/10.1103/PhysRevE.67.015401
http://dx.doi.org/10.1103/PhysRevE.71.016602
http://dx.doi.org/10.1364/AO.45.000748
http://dx.doi.org/10.1364/AO.45.000748
http://dx.doi.org/10.1016/j.optcom.2009.04.038
http://dx.doi.org/10.1364/OE.17.003190
http://dx.doi.org/10.1364/OE.17.003190
http://dx.doi.org/10.1063/1.3227658
http://dx.doi.org/10.1016/j.optcom.2011.05.050
http://dx.doi.org/10.1080/09500340.2011.624202
http://dx.doi.org/10.1063/1.4737578
http://dx.doi.org/10.1063/1.4737578
http://dx.doi.org/10.1007/s00340-005-1862-x
http://dx.doi.org/10.1007/s00340-005-1862-x
http://dx.doi.org/10.1364/OL.35.000974
http://dx.doi.org/10.1103/PhysRevA.52.4116
http://dx.doi.org/10.1103/PhysRevA.81.033817
http://dx.doi.org/10.1103/PhysRevA.81.033817

	1. Introduction
	2. Experiment setup
	3. Results and discussion
	4. Conclusion
	References

