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The interference of a relativistic vortex laser is investigated for the case when a linearly polarized Laguerre—Gaussian
pulse impinges on a double-slit solid target. Three-dimensional particle-in-cell simulation results show that the interference
fringes of high-order harmonics are twisted, similar to that of the fundamental vortex laser. The twisting order of the
interference pattern is determined by the order of the vortex high-order harmonics, which can be explained by the classic
double-slit interference models. The usual double-slit interference has been extended to the regime of relativistic intensity,
which may have potential applications for measuring the topological charge of vortex high-order harmonics.
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1. Introduction

Vortex beams are light beams with helical wavefronts.[!-%!

The characteristic helical phase profiles of vortex beams are
described by the phase term exp(i/f), where 6 is the az-
imuthal angle and [/ is the topological charge (TC). The total
phase accumulated in one full annular loop is 2/7, and the av-
erage orbital angular momentum (OAM) carried by a [-order
linearly polarized optical vortex beam is /7 per photon, where
7 is the reduced Planck’s constant. Owing to their unique
characteristics, vortex beams have been used in many fields,
such as information encoding,!®! optical manipulation,*]
stimulated emission depletion microscopy,'® and optical
metrology.!”-8]

Interference is a key aspect demonstrating the wave
characteristic. Double-slit is one of the most popular in-
terference experiments to show the wave nature of light,]

[10,11] (12 (131 Generally, the

electrons, neutrons,['?) and atoms.
double-slit interference pattern from a Gaussian beam is bright
and dark straight lines. Curiously, when the laser is a vor-
tex beam, the double-slit interference fringes are twisted in
the central region, that is, the fringes at the bottom zone of
the interference pattern shift relative to the ones at the up-
per zone.['4~16] The twisting order, which refers to the shift
number of the fringes, is decided by the TC of the vortex
beam. Furthermore, the shift direction of the twisting fringes
depends on the sign of the TC. Then the TC can be evalu-

ated from the twisted interference pattern of the vortex beam
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through a double-slit target. However, current studies have
mainly investigated diffraction or interference of vortex beams

14-16] For relativistic

under the non-relativistic mechanism.!
vortex beams, nonlinear effects will appear in laser—plasma
interaction.[!”-18] Recently, the optical vortex has been ap-
plied in strong field physics, high-energy photon generation

I7.18] Simula-

with large OAM by high harmonic generation. !
tion results by Zhang et al. showed that intense vortex high-
order harmonics can be generated when a linearly polarized
fundamental vortex pulse impinges on a plane solid plasma
target.!!”] The field of intense vortex high-order harmonics has
an intertwined helical structure and the number of intertwined
helices equals the TC of intense vortex high-order harmon-
ics, which also equals the order of intense vortex high-order
harmonics. The vortex oscillating mirror (VOM) model pro-
posed by Zhang et al. demonstrated that the OAM of intense
vortex high-order harmonics is conserved in the interaction
of lasers and plane solid plasma targets. Subsequent experi-
mental results performed by Denoeud e al. verified this con-
servation rule.!'”! The targets in previous studies were plane
solid targets or double-slit targets under the non-relativistic

mechanism, 14191

If the solid target is a double-slit target un-
der relativistic mechanism, such a situation has not been stud-
ied in much detail.

In this study, we investigate the interference properties
of relativistic vortex lasers by impinging a lower-order vortex
pulse to a well-designed double-slit plasma solid target. In-

tense vortex high-order harmonics can be generated and then
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interfere in the transmitted light direction. We find that the in-
terference fringes for both the fundamental and the third-order
vortex laser are twisted in the viewer screen. The twisting or-
der of interference fringes for both fundamental and the third-
order vortex lasers are decided by the order of the harmonics.
The classical double-slit interference models are employed to
explain the simulation results. We extend the usual double-slit
interference to the regime of relativistic intensities and help
to check the conservation of OAM when a relativistic vortex
laser interacts with a double-slit solid target, that is, the TC of
intense gth vortex high-order harmonics would be equal to g
times of the TC of the fundamental vortex laser. The double-
slit interference of vortex high-order harmonics may have po-
tential applications for measuring their TC.

2. PIC simulation

The proposed scheme was studied with three-dimensional
(3D) particle-in-cell (PIC) simulations based on EPOCH
code.?%1 The setup is shown in Fig. 1. A driving p-polarized
Laguerre—Gaussian (LG) laser irradiates a double-slit solid
plasma target. The field amplitude of an LG laser with mode
(I, p) is given by
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where a = eA/ mec? is the normalized laser vector potential, A
is the vector potential, ¢ is the speed of light in vacuum, ® is
the frequency of the input beam, m. is the electron mass, e is
the electron charge, r = \/y? + z2 is the radius, Lﬁ, is the gen-
eralized Laguerre polynomial, and p is the number of radial
nodes in the intensity distribution. 2! In our simulation, we
used the LG(I) mode, with L(l) =1,r=5A,andt = 6T, where T
is the driving laser period and A = 0.8 pum is the wavelength of
the driving laser. The intense LG laser has an amplitude a =5,
corresponding to a peak laser intensity of 5.4 x 10" W/cm?.
The size of the simulation box was 204 x 154 x 15A, corre-
sponding to a window of 600 x 450 x 450 cells in the x X y X z
directions, where each cell has one electron and proton. At
t = 0, the laser pulse enters the simulation box from the left
boundary. The double-slit target located at 5A < x < 64 and
—7.5A <y(z) <7.54 initially has a uniform cold electron den-
sity of 10n.. Each slit has a width of b = 0.5A4 with a spac-
ing between slit edges of d = 2.54. The distance between the
double-slit target and the viewer screen is D = 10A.

The distributions of Ey in the x—y plane of z = 0 are shown
in Fig. 2(a) at r = 56 fs when the vortex laser passes through
the double-slit target. Figure 2(b) shows the transverse in-
tensity profiles of the fundamental laser in the y—z plane in-
tegrated over x = 16-20A, where x = 16 is the location of

the viewer screen. The interference pattern in Fig. 2(b) is quite
different from the usual interference pattern of a double slit for
a Gaussian laser. Generally, for a Gaussian laser, the interfer-
ence fringes are straight lines with equal line space. Also, as
each slit has a width b, the pattern has a principal maximum in-
tensity and a series of peaks of decreasing intensity. However,
for a vortex laser, the interference fringes are not straight lines.
As seen in Fig. 2(b), for one single fringe, the upper zone of the
fringe shifts to one position along z axis while the bottom zone
shifts to the opposite, and thus the fringe twists in the central
region. For a better understanding of this shift, we select two
points A and A’ symmetrical to the y axis (y = +:3.991) in one
single fringe. The z coordinates of the points are selected to
the maximum intensity point of the fringe at y = +3.994, re-
spectively. Two yellow dashed lines are drawn cross A and A’,
from which one can see that the interference bright fringe of
the vortex laser at the upper zone of the interference pattern
does not align with the corresponding bright one at the bottom
zone. The bright fringe at the bottom zone of the interference
pattern has been shifted about one interference order from left
to right compared with the bright one corresponding to the up-
per zone of the interference pattern.

d !

double-slit

screen

LG laser

Fig. 1. An intense LG pulse irradiating a double-slit target, where each
slit has a width b = 0.51 and a spacing between slit edges of d = 2.54.
The distance between the double-slit target and the viewer screen is
D =10A.

The twisting order of the interference fringes of vortex
beams is related to its TC. Because the laser in Fig. 2(b) is in
fundamental LG(I) mode, corresponding to / = 1, the twisting
order of the interference fringes in Fig. 2(b) is about 1. This
simulation result of the fundamental LG laser agrees closely
with those of previous studies in the regime of non-relativistic
vortex lasers. [14-16]

However, in the regime of relativistic vortex lasers, in-
tense high-order vortex harmonics will be generated, which
is quite different from the usual double-slit interference in the
non-relativistic regime.[!-1°! Figure 2(c) shows the transverse
intensity profiles of the interference pattern of the third vor-
tex harmonics in the y—z plane integrated over x = 16-20A.
According to the simulation results, the peak intensity for the
third vortex harmonics is about 1.6 x 1017 W/cm?2, which is
close to the relativistic regime. The interference of the fifth
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or higher order vortex harmonics have been considered by pa-
rameters scan, but their interference patterns are not obvious,
and further theoretical analyses are required to explore the in-
terference physics of higher-order vortex harmonics. The en-
ergy of each photon for the third vortex harmonics is 3%®
on the basis of the energy conversation law. One may won-
der whether the OAM of the third vortex harmonics is also
conserved in the non-linear laser interaction with double-slit
plasma. Fortunately, we can estimate the TC of the third-order
vortex harmonics from the double-slit interference pattern.
Using the same method mentioned in Fig. 2(b), two points

1.0

0.5

0 <
NS

~05

10
z/A

B and B’ are also selected denoting the maximum intensity
point for y = 3.994 and the maximum intensity point for
y=—3.994 in one single fringe. The bright fringes in Fig. 2(c)
at the bottom zone of the interference pattern have been shifted
about three interference orders from left to right compared
with the bright ones corresponding to the upper zone of the
interference pattern. Therefore, the TC of the third vortex har-
monics can be predicted to be about 3 from the twisting order
of the pattern, which verifies the conservation rule for OAM in

the laser’s interaction with the double-slit plasma.
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Fig. 2. (a) Normalized electric field E, of the transmitted pulse in the x—y plane of z =0 at t = 56 fs when the laser is transmitted. (b)
Normalized transverse intensity distribution of the fundamental vortex laser in the y—z plane integrated over x = 16-20A, where x = 164 is the
location of the viewer screen. (c) Normalized transverse intensity distribution of the third vortex harmonics in the y—z plane integrated over

x=16-201.

z/A z/A

Fig. 3. Normalized transverse intensity distribution for different lasers
in the y—z plane integrated over x = 16-20A at# = 56 fs when the laser
is transmitted. (a) Fundamental vortex laser with TC of negative sign.
(b) Third vortex harmonics with TC of negative sign. (c) Fundamental
Gaussian laser. (d) Third Gaussian harmonics.

As expected, when the sign of TC for a driving vortex
laser is changed, the orientation of the twisting fringes is hor-
izontally flipped, as shown in Figs. 3(a) and 3(b). Thus the
TC of the fundamental and the third vortex harmonics can be
estimated for / = —1 and / = —3 from the reversed twisting
order. For comparison, when the driving laser becomes Gaus-
sian mode, the interference fringes for both the fundamental
(see Fig. 3(c)) and third harmonics (see Fig. 3(d)) are straight
lines, which is simply the usual interference pattern of the dou-
ble slit using a Gaussian laser. So far, the 3D PIC simulation
results show that the interference pattern of a double-slit can
be used to determine the TC and its sign of intense vortex high-

order harmonics. We can deduce that the TC of gth intense
vortex high-order harmonics equals g times of the TC of the
fundamental intense vortex laser, thus verifying the conserva-
tion rule for OAM in laser interaction with double-slit plasma.

3. Theory

As the plasma target changes from plane surface to double
slit, previous oscillating mirror (OM) or VOM models based
on a plane target may not be applied to this case.l!$21:22] Tn
our case, the generation mechanism of intense vortex high-
order harmonics by double-slit is not clear. The intense vor-
tex high-order harmonics may occur in the double-slit regime
and then interfere after passing by the double-slit, which re-
quires a future systematic study. Therefore, in this article we
just focus mainly on the interference properties of intense vor-
tex high-order harmonics and on whether the OAM of intense
vortex high-order harmonics is conserved in laser interaction
with double-slit plasma. The interference behavior of an in-
tense vortex laser passing a double-slit can be explained by
classical wave theory. Generally, the diffraction pattern for a
Gaussian laser has a far-field intensity distribution given by (%3]

1(z) = Ipsinc? (%) cos? (W) , 2)

where A is the wavelength of the incident light, b+ d is the
separation of the two slits, and D is the distance from the slits
to the viewer screen. This is often known as the far-field and
is defined as being located at a distance greater than W2 /A,
where A is the wavelength and W is the largest dimension in
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the aperture.>*! In our case, we chose a distance D = 104 and
a slit width W = b+d = 3A. The distance D = 104 is greater
than the value of W2 /A = 94, which can be approximately re-
garded as far-field. Because the interference pattern is decided
by both the single-slit width b (the sinc term in Eq. (2)) and
the two-slit separation b+ d (the cos term in Eq. (2)), the pat-
tern has a principal maximum intensity and a series of peaks of
decreasing intensity, which can be seen in Figs. 3(c) and 3(d).
The interference intensity /(z) now is a function only of vari-
able z, so the interference pattern for Gaussian laser is bright
and dark straight lines.

When a vortex laser irradiates a double-slit, interference
patterns become quite different.!!*!¢) An additional phase
A¢ = I+ 2l x arctan [2y/(b+ d)] should be added to the in-
terference intensity distribution for the vortex laser, so that

o2 7z 2 (mz(b+d) | AP
I(y,z) = Ipsinc <)LD>COS < D + 5

= Iosinc2 <7rbz> cos? (ﬂZ(ber)

From Eq. (3), the interference intensity /(y,z) is not only a
function of variable z but also of y along the vertical direction,
so the interference pattern for vortex laser is twisting fringes.
The fringe space AD/(b+ d) can be derived from Eq. (2) or
Eq. (3). The twisting trace apart from the central region of the
fringe can be described as!'®

_IAD 2y
z= 7(b+d)7r arctan (b+d) . “)

For a given height of y*, the TC value / can be described as

Az (b+d)m

2\’
2ADarctan | ——
arctan <b+d)

| =

&)

where Az* is the trace space of one single fringe at the given

+y*. In our case, for the fundamental and the third vortex

D D harmonics in Fig. 2(b) and Fig. 2(c), six groups of points are
In 2y selected to calculate their TC value based on Eq. (5). The TC
+ 9 +larctan (b + d) ) : () results can be seen in Table 1.
Table 1. TC value of the fundamental and the third vortex harmonics.
Points v Az TC Average TC
(-3.061, 3.492) +3.49 2.64) 1.07
(-0.422, -3.491)
(-3.092,3.992) +3.991 2.73) 1.06 1.07
Fundamental laser (-0.364,-3.991)
(-3.164, 4.492) +4.492 2.842 1.07
(-0.321, -4.491)
(-0.682,3.49%) +3.494 2.50A 3.03
(1.824, -3.491)
(-0.791, 3.9914)
Third harmonics (L88A. -3.990) +3.991 2,671 3.12 3.10
(0852, 4.492) +4.491 2.772 3.14

(1921, ~4.492)

From Table 1, we can see that the average values of TC
for the fundamental and the third vortex are Ij, = 1.07 and
I3 = 3.10, which is rounded up to the integers 1 and 3, respec-
tively. If the sign of the TC is changed, the orientation of the
twisting fringes is reversed as expected according to Eq. (4).
It has been verified that the interference features when a rela-
tivistic vortex laser passes through a double-slit target can be
explained by this simple physical model, and the OAM of vor-
tex high-order harmonics is conserved in laser interaction with
double-slit plasma.

4. Conclusion

We expand the usual double-slit interference to the regime
of relativistic intensities and help to check the conservation of
OAM when a relativistic vortex laser interacts with a double-

slit solid target. Vortex high-order harmonics are gener-

ated and then interfere in the regime of relativistic intensi-
ties, which is different from the case in the regime of non-
relativistic intensities. The interference fringes for both fun-
damental vortex beam and high-order harmonics are twisted
compared with usual straight interference fringes using a
Gaussian laser. The classical double-slit interference mod-
els are employed to explain the PIC simulation results. It is
shown that the TC of gth intense vortex high-order harmon-
ics equals g times of the TC of the fundamental intense vortex
laser, which may have potential applications for measuring the
topological charge of vortex high-order harmonics.
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