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We theoretically and numerically demonstrate the generation of a relativistic modified Bessel-Gaussian beam
(MBGB) via plasma-based beam braiding. It is realized by injecting several intense Gaussian pulses with well-
designed offsets and angles into an underdense plasma channel which acts as a laser-pulse combiner via refractive
coupling. The MBGB propagates stably in the plasma channel with a well-controlled orbital angular momentum
of large value, exciting a twisted plasma wave. After leaving the plasma, it becomes unguided and survives in
vacuum for at least hundreds of femtoseconds. This method is insensitive to the initial laser injection conditions
and thus should be robust for experimental implementation. It provides an alternative approach in generating
high-quality tunable intense optical vortex beams which are desired for various applications.
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Over the last decades considerable progress has been seen
in the development of optical vortex beams (OVBs). An OVB
carries orbital angular momentum (OAM) and can subtly con-
nect macroscopic to microscopic optics [1]. It fundamentally
provides a new optical degree of freedom in the understanding
of a wide range of optical and physical phenomena, espe-
cially in the way of OAM manipulation. Recently, much
attention has been paid to intense or ultraintense OVBs [2]
which transfer the OAM from photons to plasma particles,
exciting helical plasma waves and resulting in innovative ap-
plications such as fundamental research [3—6], strong vortex
field-plasma interactions for quantum photonics [7], parti-
cle acceleration [8—10], extreme magnetic field generation
[11,12], the creation of electron vortices [13], polarized elec-
tron beam production [14], radiation generation [15,16], and
optical controlling of the plasma wakefield [17].

So far, much effort has been made in generating ultrain-
tense OVBs. Recently proposed methods based on classical
optical materials can significantly increase the intensity
[18-20] or stability [21] of OVBs. Plasma-based approaches
promise ultrahigh intensity as there is no damage threshold
in the plasma medium. Most of them are focusing on the
generation of paraxial Laguerre-Gaussian beams (LGBs) by
using a phase mirror [22] or an equivalent, e.g., transient
plasma holograms [23], Raman amplification [24], and a light
fan [25]. With these methods, an ultraintense OVB can be
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generated, focused via an off-axis parabola in vacuum, and
then injected into a plasma to achieve different applications.
However, it turned out to be a big challenge to generate a
perfect ultraintense OVB [26-28]. It seems that for an OVB
which has a distinct helical wave front, a small intensity
fluctuation or phase aberration can result in a significant im-
perfection on the focused beam.

In this Letter, we propose a different approach in which
a relativistic OVB is generated in a plasma by using focused
Gaussian pulses. It promises high beam quality and is suitable
for in situ applications in the plasma. The OVB is formed via
a plasma-based beam braiding (PBB) method. The method
employs underdense microscale parabolic plasma channels
which have been widely used in plasma wakefield acceler-
ation for guiding an intense laser pulse [29], as well as for
applications [30—-34] such as high-quality radiation generation
[35—-40] and plasma channel diagnostics [41]. It requires sev-
eral intense Gaussian laser pulses equally arranged along a
circle and injected into the plasma channel simultaneously. A
schematic of the method with initially three Gaussian pulses
is shown in Figs. 1(a) and 1(b). Each of them undergoes a cen-
troid oscillation since it experiences an asymmetric transverse
focusing force periodically [35,36,38,42]. Once combined in
the plasma, they are helically guided by the principle of op-
tical refraction [43] and together form a specific ultraintense
OVB, a modified Bessel-Gaussian beam (MBGB) [44]. Un-
like a LGB which is a kind of Gaussian beam, a MBGB is a
bounded Bessel beam [45] with the amplitude restricted by a
Gaussian profile and modulated by a summation of modified
Bessel functions. In plasma, the well-controlled OAM carried
by the MBGB is encoded in the helical oscillation. The OVB
is not only stable in a plasma but also survives in vacuum, and
thus enables various applications.

©2021 American Physical Society
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FIG. 1. (a) Schematic of PBB scheme in a parabolic plasma
channel with three Gaussian pulses (green beamlets). Each pulse
undergoes a centroid oscillation around the channel center along the
z axis (green arrow) with a helical trajectory (orange line). A plasma
wave is excited with a twisted structure (blue surface). Electrons
can be trapped and accelerated to form the structured beam (yellow
beamlets at the back). (b) Transverse slice at the position indicated
by the gray frame in (a). One of the laser pulses (green spots) is
indicated with its initial offset r,9 and centroid tilt v;. The transverse
density gradient of the plasma channel is indicated by the blue-white
color. (c), (d) Numerical result of the initial field structure of the first
two vortex submodes. of the MBGB, |n| = 0, 1. The white curves are
the plots of the field along the x axis aty = 0.

At first we analyze the centroid harmonic oscillation of
one of the Gaussian pulses, the quantities of which are de-
noted by the subscript j. If the initial injection of the laser
pulse is specifically set to excite the transverse centroid os-
cillation with the amplitudes in each direction as rj o =

,o"‘ 0 ]R—\/yjo—i—@ Z?, and the transverse cen-

JY07 ),
troid tilt as ¥ xo = ¥;,0 £ /2 = ¥, it has a stable helical
centroid trajectory as r;.(t) = (rjc0/2)€; exp(i€2j.t) + c.c.
over several Rayleigh lengths Z;r [46]. Here, v =
arctan(k; o/6; x0Z;.r), where k presents either the x or y direc-
tion, as shown in Fig. 1(b). This condition can be achieved by
tuning the initial offset (x; 0, y; ) and angle (8; 10, 8;,0) sep-
arately in each direction. The centroid oscillation frequency
is Qj. ~ 1/Z; . The complex vector €; = (1, &i) describes
a left- or right-handed helix about the z axis and depends
on the initial offset and angle. In this Letter, the case of the
left helix €; = (1, i) is considered. As a result, the azimuthal
dependence is introduced into the Gaussian pulse and the
vector potential is modified to be decentered as a;(r, 7, () =
®-a;r,t,0)g;(0)eMint /2 + c.c., where T =1, ; =z7—T1.
g;(¢) and @;(r, 7. ) = ajo exp{—[r — 1 (z. )P /wh,} are
the normalized spatlal and temporal envelopes, respectlvely,
withajg=eAj /mec the normalized laser strength, A o the
vector of the laser field, M; , the normalized laser frequency,

and w; o the matched laser spot size [43]. Note that throughout
this Letter, the length is in units of the plasma wave number
kpo = /4mnge? /(m.c?), where ny is the initial plasma elec-
tron density along the channel axis, m, the rest mass of the
electron, c the speed of light in vacuum, and the time is in
units of wpo = kpoc. The electric field is in units of the plasma
wave breaking field along the channel axis E,,;, = e/ mec2kp0.
In the cylindrical coordinate (r, ¢, z), the spatial envelope for
the laser pulse is written as

3 2 +r12»'£072rrj‘£‘0 COS(Rj T+ )

ai(r, ¢, T) = ag je : (1)

where the helical guiding imprints the transverse tilt v/; on the
pulse front.

The superposition of all the injected pulses with the same
frequency M; , = M, initial spot size wg; = wy, and trans-
verse offset r.o ; = 7c0, but different ¥; = 27 j /I, is written
as

!
a(r.¢, )=y a;(r,¢,7)

j=1

2 % 2rqof
— C()le wg Z Inl< 62 >eml(ch+¢+1/fo)’ (2)
n=-—o0 Wo

where [ is chosen such that [ < 2mwr./w to avoid significant
beam overlap and the accompanying pulse-pulse interactions.
Cy = aoe_’zzo/ ’“3, and I, are the modified Bessel functions of
the first kind. 1/ represents the initial reference phase which
can be arbitrarily set to zero. See Supplemental Material for
the derivation of Eq. (2) [47]. The composed laser pulse in
Eq. (2) describes a guided I)-type MBGB with a summa-
tion of infinite discrete vortex submodes of index number n!.
Each carries a well-defined OAM characterized by the Hilbert
factor e™? except the mode n = 0. The field structures of
the first two modes are shown in Figs. 1(c) and 1(d), where
the intensity is dominated by the first mode n = 0 and the
vortex structure by the second mode |n| = 1 depending on the
number of subpulses. Therefore, the constituent of modes and
then its topological structure can be flexibly tuned over the
parameter [.

The fundamental property of the OAM initially carried by
the MBGB can be understood by taking the ratio of z compo-
nents of the total angular momentum density M, = Re {(r x
[E x B])}, to the linear momentum density S; = Re {E x B},
of the field [48],

M, _ 1R

S MM @ ®)
Z

where [ /M, represents the vortex nature, /£2./M), shows that
the OAM is encoded by the centroid oscillation of / subpulses,
and the coupling coefficient A, = (3, nA,e™ /Y A,e™)?
evaluates how the submodes contribute to the total OAM, with
A, = Lye~"/"%. The total OAM of the MBGB with the initial
spot size of subpulses wy is directly obtained by calculating
the integral of M.,

L= / M.d’r = 21 C31*Qeoy Y n* Ay, “4)
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FIG. 2. 3D PIC results of MBGB with the following parameters:
ap=3,ny=1x10%cm™3, wy =1, and o = 1.5. (a), (d) Evolu-
tion of total OAM L, as transiting from the plasma into vacuum. L,
is in units of Ly = k‘;OEUZJb /c. With the parameters used here, L.g =
1.9 x 10"/, where /i is the reduced Planck constant. The analytical
result is obtained by using Eq. (4) with an initial wy. The evolution
of the spot size w of a single subpulse as a function of propagation
distance is shown in the inserted figure, which is calculated by
helically propagating one of the subpulses in the plasma with the
same injection condition. (b), (c) Electric field of four pulses after
propagating z = 27 (or 140 um) in a plasma channel and z = 38
(or 200 um) in vacuum after leaving the plasma. The small dashed
circles in (b) and (c) indicate the initial center of the subpulses. The
outer circle in (c) indicates the center in vacuum at this point z = 57.
The radius is increased by 0.57 (or 3 pm).

where o, = [*27 &(¢Nd¢.
ﬁ(zio)n; LB (1240l 14200320 fw?)
4w N w} T(1/2—nl)T(142nl)
the Kummer confluent hypergeometric and Euler gamma
functions, respectively. It is easy to find from Eq. (4) that L,
increases with a transverse offset but decreases with a spot
size of the laser subpulse. As a result, L, evolves with the
offset and spot size varying during propagation in the plasma
channel. Furthermore, the mode with a larger / plays a more
important role in forming L..

In order to confirm the theoretical analysis, full three-
dimensional particle-in-cell (3D PIC) simulations have been
performed with four spatial Gaussian laser pulses [ = 4 by
using EPOCH [49] on the supercomputer JUWELS [50]. A
guided MBGB is formed as expected. Due to the refractive
guiding effect, it propagates stably in the plasma as seen
in Fig. 2(b). The associated OAM during the propagation is
shown in Fig. 2(a). This agrees with the theoretical prediction
calculated from Eq. (4) with the initial parameters. Due to the
plasma guiding effect, the OAM can be significantly higher

+o0 272 /w?
Ay = [T e Mdr =

, where F; and I' are

than that of LGBs in vacuum with a similar intensity, e.g.,
that in Ref. [25]. Furthermore, the OAM increases slowly with
time. This can be interpreted as a result of self-focusing of the
laser subpulses, as is seen in Fig. 2(d), which is mainly deter-
mined by the initial plasma configuration, and is adjustable.
This also shows that the method proposed here does not re-
quire a strict matching condition on the stable guiding of laser
subpulses, indicating that the method is robust. More details
of the robustness will be discussed later. Once leaving the
plasma channel, each subpulse becomes unguided and then
the MBGB should be deconstructed. For the purpose of seeing
this in the simulation, the plasma is cut off deliberately at z =
27. Surprisingly, the deconstruction process is very slow. The
electric field is twisted gradually. A snapshot of the electric
field after propagating in vacuum for three Rayleigh lengths
is shown in Fig. 2(c) in which a vortex pattern is clearly seen.

One of the most attracting phenomena of ultraintense
OVBs is the excitation of helical plasma waves in an under-
dense plasma, which is important for applications including
off-axis ionization injection electron acceleration [17], posi-
tively charged particle acceleration [8,9], and axial magnetic
field generation [11]. Most of them mainly depend on the
spatial vortex structure of the beating intensity. The MBGB
generated in our case has a well-controlled vortex structure
due to the mixture of the submodes, especially the beating
between the first two modes as

212

I =aa* ~C2Pe "3 (I + 4hly cos [£), ®)

where £ = Q.7 + ¢, and the high-frequency terms, |n > 2|,
are of small amplitude and neglected. A snapshot of the in-
tensity is shown in Fig. 3(a). It is clearly seen that the most
intense part of the intensity is confined in the surrounding
four lobes. In the following, we show that a guided MBGB
is capable of accelerating particles and exciting an extremely
strong magnetic field in the plasma.

The 3D PIC simulations have been performed by using
EPOCH [49] on JUWELS [50] with a short section of uniform
N>* ions 2% of ny mixed with fully ionized hydrogen in the
beginning (0 < z < 38) to control the location of the injection
[51]. See Supplemental Material for the configuration of the
simulations [47].

The generated wakefield shows an /-lobe structure which is
inherited from the intensity structure of the MBGB. The lobe
structure of the plasma wave on the xz plane is indicated by
the dashed red ellipses as shown in Fig. 3(b). Electrons ionized
from the K shell of N°* can be trapped inside each lobe and
combined to form a spatially vortex-structured electron beam
as shown in Fig. 3(e) with a total OAM of about 0.04% of
that initially carried by the MBGB. With an increase in time,
this vortex electron beam is gradually squeezed to form a
ring structure with a ring current of amplitude in the order
of 10'> A/m?. Such structured electron beams have been
proposed for polarized radiation [52], or for improving the
betatron radiation quality [15]. The capability of ionization
injection and efficient acceleration may also be helpful for
overcoming the depolarization issue in generating relativistic
polarized electron beams if circularly polarized laser sub-
pulses are used [14]. The on-channel-axis electric field with
a very high acceleration gradient is shown in Fig. 3(c). It can
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FIG. 3. Plasma wakefield at at T = 32 (or z’ = 170 pum). (a) Ini-
tial intensity structure of MBGB in the plasma. The field along the
x axis at y = 0 is plotted by a white curve on the bottom. (b) Lon-
gitudinal slice of the background plasma density distribution in the
xz plane at y = 0. Red and blue curves present the plot along the
z axis at x = 0 and x = 1.5, respectively. The dashed red ellipses
indicate the region of the lobe structure of the plasma wave. (c) Slice
of longitudinal field E,. The solid black curve shows the plot of
E, along the z axis at x =0 and the dashed magenta line shows
the numerical approximation in the first bubble region. (d) Slice of
transverse focusing field W,. (e) Density distribution of a twisted
electron beam at t = 72 in 3D. (f) Slice of an axial magnetic field
after the MBGB. The field along the z axis at x = 0 (indicated by
the dashed line) is plotted by the blue curve, with a maximum value
close to 10 MG.

be numerically approximated as E, >~ [¢ /2 which is [ times
higher than that in a bubble excited by a single pulse [53]
and can be used for accelerating positively charged particles.
This is a special benefit from the transverse focusing field,
as shown in Fig. 3(d), which is an important and interesting
feature of OVB-driven wakes [8,9]. An extremely strong and
sustainable axial magnetic field is generated due to the fluid
vorticity of the plasma electrons [54]. It spans in a longitudinal
range of tens of um and a peak value of >10 MG along the
channel axis, and moves together with the MBGB as shown in
Fig. 3(f).

The realization of the method proposed in this Letter re-
quires multi-Gaussian laser pulses. This is the current trend
in laser plasma research as various applications with a simi-
lar requirement have been proposed, for example, in plasma
wakefield acceleration [55-57], strong-field QED [58,59],
polarized electron sources [60], and others [61-63]. The ex-
perimental realization with four high-intensity laser pulses, as
is used in our simulations, can be achieved by using a serrated
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FIG. 4. (a) Ratio of MBGB field amplitude perturbation |5a;|/|a|
on the dominating vortex mode |n| = 1 due to the inaccuracy on
the laser injection offset 8y;o, calculated at r =r, by Eq. (6).
(b) Field amplitude in the azimuthal direction at different propa-
gation times along the path r = r. indicated by the white dashed
lines in (c) and (d). Black solid line: Analytical result with y; o = 0.
(c) and (d) Transverse MBGB field with initial 8y;o = 0.25r, at
longitudinal positions z = 3.8 and 22.8, respectively.

aperture [64] before the main amplifier to separate the laser
beam. This ensures energy efficiency and stable propagation.
Then, a concave mirror controls the injection offset and the
angle to the plasma channel. See Supplemental Material for
the experimental setup [47]. Here, we show that the method
can tolerate an acceptable inaccuracy of the initial injection
condition of the laser pulses. Since an inaccuracy on the offset
or angle has the same effect on helical guiding, it is identical
to study either of them, for example, a variation for the jth
laser subpulse in the y direction as )’},0 =yjo0+8yjo0. The
maximum perturbation for each mode at r = r, is given as

0
9 = oy [(7c08Yj0
Bi D2 (0" =5 1, (©
m=—00 0

where B; = e(rdVi0sinY;=20y50)/205 - Gee Supplemental Mate-
rial for the derivation of Eq. (6) [47]. It is seen that the
dominated m = 0 mode is insensitive for an inaccuracy
8yj0/rc0 < 0.25 as shown in Fig. 4(a). It also shows that a
MBGB constructed by more subpulses, i.e., larger /, is more
robust. The MBGB also has the ability of self-reorganizing
for small perturbation, as shown in Figs. 4(b)—4(d), where the
imperfectly constructed MBGB is gradually corrected as it is
being helically guided. This feature ensures that a distorted
beam can propagate for several Rayleigh lengths in a plasma.
It fails only when the initial inaccuracies are too large so that
the helical guiding is destroyed.

In conclusion, the generation of a relativistic guided
modified Bessel-Gaussian optical beam (MBGB) via the
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plasma-based braiding (PBB) method has been demonstrated.
This method of constructing ultraintense OVBs directly at
focus allows for an acceptable inaccuracy of the initial setup
conditions and thus is robust. It provides a promising al-
ternative for producing relativistic OVBs in laboratories.
Therefore, we believe this work will enhance the research
interest in ultraintense OVBs and the related practical applica-
tions involving advanced optics, including the vortex-related
strong-field light-matter interaction.
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