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Harmonics generated by an intense femtosecond Gaussian laser pulse normally incident on a spiral-shaped thin foil
target were studied. By using two-dimensional (2D) particle-in-cell (PIC) simulation, we observed evident odd harmonics
signals in the reflection direction and found that the reflected field has a helical structure determined by the target shape.
This method provides a new way to generate an intense ultraviolet vortex with high-order topological charge by use of

ultrahigh intense laser-driven harmonics.
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1. Introduction

A typical singular beam optical vortex!'=3 has a well-
defined orbital angular momentum (OAM) of mh per pho-
ton for its helical wave front, which can be expressed as
f(r)exp(im@), where (r,@) are the polar coordinates. The
topological charge (TC) m is usually an integer. The optical
vortex can be applied in the fields of quantum information

processing,[*! trapping atoms or mesoscopic particles,[¢~]

10,11

material processing, [!!1] etc. Recently, the optical vortex has

been applied in strong field physics, high-energy photon gen-
eration with large OAM by high harmonic generation!!>-14]
and Compton backscattering,!'>~!7! laser driven donut wake

(18,19

fields for positron and electron acceleration, 1 laser driven

[20

wake fields for proton acceleration, 1 direct acceleration of

electrons in a vacuum,?!]

etc. For production of an ultrahigh
intense optical vortex, Shi e al.'??) proposed the use of a rela-
tivistic laser pulse with a high photon density interacting with
a spiral-shaped thin foil target, creating a twisted relativistic
light pulse to the reflected light. So far, the reflected light in
such a situation has not been studied in much detail.

In this paper, we studied the reflected light from the rela-
tivistic Gaussian laser pulse normally incident on a thin solid
target with a helical structure. We have found that the reflected
light has the helical structure caused by the target and pos-

sesses evident high-order odd harmonics with high-order TC.
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2. Simulation results and discussion

Figure 1(a) shows the three-dimensional (3D) structure
of the spiral-shaped thin foil target, whose thickness is a linear
function of the azimuth:

d(p, ) =do+x0, 1)

where (p, @) are the polar coordinates on the surface of the
spiral-shaped thin foil target. Here we assumed the maximum
difference of thickness is Ay/2 to ensure that the fundamental
frequency Ay of reflected light is an optical vortex with TC=1
for normal incidence. Figure 1(b) shows the sectional view of
the spiral-shaped thin foil target. The upper and lower parts of
the target have a height difference of Ay/4. For a laser pulse
normally incident on the target, at any sectional view, the up-
per and lower parts of the reflected field have an optical path
difference of Ay /2 caused by the target structure, which means
the reflected field has a singular symmetric structure. There-
fore it could be feasible to study the laser pulse normally inci-
dent on the spiral-shaped target in one two-dimensional (2D)
plane.

We carried out the simulation by using the 2D3V particle-
in-cell (PIC) code KLAPS.>! In the simulation, the spatial
and temporal resolutions are dx = dy = 0.0549, and dr =
0.025T, respectively, where Ay and T are laser wavelength
and laser period. There are 25 simulation particles in each
cell. We take the s-polarized femtosecond laser pulse with
the parameters of wavelength Ao = 0.8 um, and laser intensity
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ay = 2(ap = eA/mec?, where A is the vector potential, c is the
light speed in a vacuum, e is the electron charge, m. is the elec-
tron mass), full width at half maximum #y = 107", beam waist
wo = 20 pum to irradiate the helical solid target with thickness
of 4 um and density of n = 4nc (nc = 1.74 x 10?! cm™3 is
the critical plasma density for A9 = 0.8 um!>*!). Figure 1(c)
shows the electric field Ez of the laser pulse in the x—y plane.
From the simulation result, we found the reflected field
F(t) is s-polarized and deduced that the local reflected field
has the same linear-polarization state as the local linear-
polarized driving beam in the case of normal incidence. We
calculated the corresponding spectrum distribution of the re-
flected field. Figures 2(a) and 2(b) show the spectrum am-
plitude and phase distribution of the reflected field, respec-
tively. From Fig. 2(a) we can see clearly that the third and
fifth harmonics have indeed been generated. The odd harmon-
ics can be explained well by the reflection from the “oscillat-
ing mirror,”?>%] je. the surface electron density oscillation
driven by the laser ponderomotive force. The spectrum has
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been split into two parts for the sudden change of the target
at its center. From Fig. 2(b) we can see that the two parts
of the spectrum almost have the phase difference of 7 for the
upper and lower parts of the reflected field due to an optical
path difference of Ay/2 caused by the target shape. In the pro-
cess of laser-target interaction, the fundamental component,
the third and fifth harmonics of the reflected field F(¢) have
the same wavefront. The fundamental frequency component
in the reflected field is an optical vortex with TC=1 and we
can deduce the TCs of the third and fifth harmonics are 3 and
5, respectively. This means the high order harmonics have the
high topological charge and high OAM per photon.?”! From
the above analysis, for the upper and lower parts of the target
shown in Fig. 1(b) with the height difference of mAy /4, the op-
tical vortices of the fundamental frequency, the third and fifth
harmonics have the TCs of m, 3m, and 5m, respectively. By
further simulation, we found that the conversion efficiencies
of the third and fifth harmonics decrease as the target density
increases and increase as the laser intensity increases.*®!
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Fig. 1. (color online) 3D structure (a) and sectional view (b) of the spiral-shaped thin foil target. (c) Initial electric field Ez of the laser

pulse in the x—y plane. Plots (b) and (c) are PIC simulation results.
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Fig. 2. (color online) Spectrum (arb. units) (a) and phase distribution
(b) of the reflected light field.

In contrast with the method to generate the intense high-
order vortex harmonics proposed by Zhang et al.,*”) our
method need not transform the laser into an optical vortex be-
fore laser—target interaction, ensuring that the laser interacts
with the target at maximum intensity. Without considering
any losses, the laser intensity of the optical vortex with TC=1
transformed from an ideal Gaussian beam is nearly 45% of the
laser intensity of a Gaussian beam. So our method has higher
conversion efficiency than other methods for the same laser
parameters. In addition, this method has no damage threshold
for the direct interaction between the laser and the spiral-shape
target.

The purity of an optical vortex determines its practical
application value to a great extent. Compared with the step-
sized target,!??! the helical wavefront generated by our spiral-
shaped target has higher purity. For an ideal spiral-shaped tar-
get, shown in Fig. 1(a), the purity of the first principle vortex

component for a femtosecond laser with broad bandwidth can
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be expressed as!2%-30]

P(A) = sinc? (?—1) . )

Figure 3 shows the dependence of the purity of the first princi-
ple vortex component on the wavelength of the driving beam.
The purity decreases slightly as the wavelength deviates from
the center wavelength. For a 25-fs laser with a broad band-
width of 70 nm, the purity of the first principle vortex com-
ponent is greater than 99%. The high-order vortex harmonics
also have a high purity, and this opens the way for several ap-
plications based on vortex beams in the ultraviolet (UV) or
extreme ultraviolet (XUV) region as the laser intensity is in-
creased. It is possible to produce attosecond pulses with a he-
lical pulse structure!'?!327] by synthesizing the highest order
vortex harmonics and this opens the possibility of steering and
controlling electrons with beams having angular momentum
on the attosecond timescale.
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Fig. 3. Dependence of the purity of the first principle vortex component
on the laser wavelength.

3. Conclusions

In conclusion, we have studied the harmonics in the re-
flected field via simulating a laser pulse normally incident on
a spiral-shape target. We found the reflected field has a he-
lical structure caused by the target and obtained evident odd
harmonics. The third and fifth harmonics is the optical vortex
with high-order TC. Without the damage threshold by using
the plasma as the nonlinear medium, this method provides a
new way to produce an intense high-order vortex in the UV
or XUV range with high purity by driving the system with an
ultrahigh intense laser, and it is possible to produce attosecond

pulses with a helical pulse structure. This opens a new and
promising perspective in ultrafast science. It is expected that
new experiments excited by photon beams carrying OAM will
be realized in many fields of research.

References

[1] Allen L, Beijersbergen M W, Spreeuw R J C and Woerdman J P 1992
Phys. Rev. A 45 8185
[2] Yao A M and Padgett M J 2011 Adv. Opt. Photon. 3 161

[3] Chen J, Kuang D F, Gui M and Fang Z L 2009 Chin. Phys. Lett. 26
14202

[4] Nicolas A, Veissier L, Giner L, Giacobino E, Maxein D and Laurat J
2014 Nat. Photon. 8 234

[5] Mair A, Vaziri A, Weihs G and Zeilinger A 2001 Nature 412 313

[6] Paterson L, MacDonald M P, Arlt J, Sibbett W, Bryant P E and Dho-
lakia K 2001 Science 292 912
[7]1 Grier D G 2003 Nature 424 810
[8] Curtis J E and Grier D G 2003 Phys. Rev. Lett. 90 133901
[91 RanL L, GuoZY and Qu S L 2012 Chin. Phys. B 21 104206
[10] RanL L, QuS L and Guo ZY 2010 Chin. Phys. B 19 034204
[11] Anoop K K, Rubano A, Fittipaldi R, Wang X, Paparo D, Vecchione
A, Marrucci L, Bruzzese R and Amoruso S 2014 Appl. Phys. Lett. 104
241604

[12] Ziirch M, Kern C, Hansinger P, Dreischuh A and Spielmann Ch 2012
Nat. Phys. 8 743

[13] Hernandez-Garcia C, Picén A, Romédn J S and Plaja L 2013 Phys. Rev.
Lett. 111 083602

[14] Gariepy G, Leach J, Kim K T, Hammond T J, Frumker E, Boyd R W
and Corkum P B 2014 Phys. Rev. Lett. 113 153901

[15] Jentschura U D and Serbo V G 2011 Eur. Phys. J. C 71 1571

[16] Jentschura U D and Serbo V G 2011 Phys. Rev. Lett. 106 013001

[17] Seipt D, Surzhykov A and Fritzsche S 2014 Phys. Rev. A 90 012118

[18] Mendonga J T and Vieira J 2014 Phys. Plasmas 21 033107

[19] VieiraJ and Mendonga J T 2014 Phys. Rev. Lett. 112 215001

[20] Zhang X, Shen B, Zhang L, Xu J, Wang X, Wang W, Yi L and Shi Y
2014 New J. Phys. 16 123051

[21] Zhao Z G and Lii B D 2006 Acta Phys. Sin. 55 1798 (in Chinese)

[22] Shi Y, Shen B, Zhang L, Zhang X, Wang W and Xu Z 2014 Phys. Rev.
Lett. 112 235001

[23] Wang W M, Gibbon P, Sheng Z M and Li Y T 2015 Phys. Rev. E 91
013101

[24] Chen F F 1984 Introduction to Plasma Physics and Controlled Fusion,
Volume 1, 2nd edn. (Plenum Publishing Corporation) p. 116

[25] Lichters R, MeyerterVehn J and Pukhov A 1996 Phys. Plasmas 3 3425

[26] Bulanov S V, Naumova N M and Pegoraro F 1994 Phys. Plasmas 1 745

[27] Zhang X, Shen B, Shi Y, Wang X, Zhang L, Wang W, Xu J, Yi L and
XuZ 2014 arXiv: 1410.5902 (accepted by Phys. Rev. Lett.)

[28] Han Y J, Liao G Q, Chen L M, Li Y T, Wang W M and Zhang J (sub-
mitted to Optics Letters) Production of intense attosecond vector beam
based on harmonics

[29] Han Y J 2008 Opt. Commun. 281 3042
[30] Guo C S, Xue DM, Han Y J and Ding J 2006 Opt. Commun. 268 235

065202-3


http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1103/PhysRevA.45.8185
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1088/0256-307X/26/1/014202
http://dx.doi.org/10.1088/0256-307X/26/1/014202
http://dx.doi.org/10.1038/nphoton.2013.355
http://dx.doi.org/10.1038/35085529
http://dx.doi.org/10.1126/science.1058591
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1103/PhysRevLett.90.133901
http://dx.doi.org/10.1088/1674-1056/21/10/104206
http://dx.doi.org/10.1088/1674-1056/19/3/034204
http://dx.doi.org/10.1063/1.4884116
http://dx.doi.org/10.1063/1.4884116
http://dx.doi.org/10.1038/nphys2397
http://dx.doi.org/10.1038/nphys2397
http://dx.doi.org/10.1103/PhysRevLett.111.083602
http://dx.doi.org/10.1103/PhysRevLett.111.083602
http://dx.doi.org/10.1103/PhysRevLett.113.153901
http://dx.doi.org/10.1140/epjc/s10052-011-1571-z
http://dx.doi.org/10.1103/PhysRevLett.106.013001
http://dx.doi.org/10.1103/PhysRevA.90.012118
http://dx.doi.org/10.1063/1.4868967
http://dx.doi.org/10.1103/PhysRevLett.112.215001
http://dx.doi.org/10.1088/1367-2630/16/12/123051
http://118.145.16.217/magsci/article/article?id=17386474
http://dx.doi.org/10.1103/PhysRevLett.112.235001
http://dx.doi.org/10.1103/PhysRevLett.112.235001
http://dx.doi.org/10.1103/PhysRevE.91.013101
http://dx.doi.org/10.1103/PhysRevE.91.013101
http://dx.doi.org/10.1063/1.871619
http://dx.doi.org/10.1063/1.870766
http://dx.doi.org/10.1016/j.optcom.2008.01.071
http://dx.doi.org/10.1016/j.optcom.2006.07.031

	1. Introduction
	2. Simulation results and discussion
	3. Conclusions
	References

