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Efficient generation of tunable magnetic and optical vortices using plasmas

Yipeng Wu ,1,* Xinlu Xu,2 Chaojie Zhang,1 Zan Nie ,1 Mitchell Sinclair,1 Audrey Farrell,1 Kenneth A. Marsh,1

Jianfei Hua ,3 Wei Lu,3 Warren B. Mori,1,4 and Chan Joshi 1,†

1Department of Electrical and Computer Engineering, University of California, Los Angeles, California 90095, USA
2SLAC National Accelerator Laboratory, Stanford, California 94309, USA

3Department of Engineering Physics, Tsinghua University, Beijing 100084, China
4Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA

(Received 13 April 2022; revised 11 August 2022; accepted 2 January 2023; published 27 January 2023)

Plasma is an attractive medium for generating strong microscopic magnetic structures and tunable electro-
magnetic radiation with predictable topologies due to its extraordinary ability to sustain and manipulate high
currents and strong fields. Here, using theory and simulations, we show efficient generation of multimegagauss
magnetic and tunable optical vortices when a sharp relativistic ionization front (IF) passes through a relatively
long wavelength Laguerre-Gaussian (LG) laser pulse with orbital angular momentum (OAM). The optical vortex
is frequency upshifted within a wide spectral range simply by changing the plasma density and is compressed
in duration. The topological charges of both vortices can be manipulated by controlling the OAM mode of the
incident LG laser and/or by controlling the topology and density of the IF. For relatively high (low) plasma
densities, most of the energy of the incident LG laser pulse is converted into the magnetic (optical) vortex, with
conversion efficiency approaching ∼90% for an ideal IF.

DOI: 10.1103/PhysRevResearch.5.L012011

Magnetic fields play an important role in numerous areas
ranging from condensed matter physics [1] and accelerator
and beam physics to nuclear fusion [2] and astrophysics [3].
As these fields rapidly grow, ultrastrong (megagauss level
or even higher) magnetic fields with various topologies are
becoming desirable. Laser-plasma interactions have the po-
tential to produce such fields. Therefore much effort has been
devoted to the generation of plasma-based magnetic structures
with different topologies, such as dc axial magnetic fields
[4–10], surface magnetic fields [11–13], and planar periodic
magnetic fields [14–16]. Despite this progress, it is not yet
possible to precisely control the azimuthal degree of freedom
of these fields.

Here, we show using theory and three-dimensional (3D)
particle-in-cell (PIC) simulations that a multimegagauss mag-
netic vortex with a helical structure can be efficiently
generated when a Laguerre-Gaussian (LG) laser carrying
orbital angular momentum (OAM) interacts with a counter-
propagating relativistic ionization front (IF). The topology
of this spatially periodic but zero-frequency magnetic field
can be manipulated by controlling the OAM mode of the
LG laser and the topology of the IF, while the strength of
the field can be varied by changing the plasma density. This
magnetostatic structure is not only a fundamental mode of the
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plasma, but also important in applications such as topological
quantum system manipulation [17]. Also as we shall see later,
such magnetic structures could be used as ultracompact spiral
undulators (approximately micrometer period) for generating
coherent ∼1-nm x rays with OAM using planarly bunched
electron beams with energy of just a few tens of MeV, com-
pared with the case of conventional permanent-magnet planar
undulators (approximately centimeter period) where multi-
GeV helically bunched electron beams are required [18,19].
This could pave the way for the next-generation ultracompact
OAM x-ray sources.

In addition, upon collision with the IF, the LG laser is
frequency upshifted due to the relativistic Doppler effect and
compressed since the number of optical cycles is conserved.
The resulting wavelength can be tuned by varying the plasma
density. The OAM mode of the upshifted light can be ma-
nipulated either by changing the OAM mode of the incident
LG pulse or by tuning the density and topology of the IF.
Such OAM- and frequency-tunable optical vortices can be
used in a diverse array of research disciplines, including opti-
cal manipulation [20,21], generation of high-order harmonics
carrying OAM [22–25], fabrication of chiral organic materi-
als [26,27], and high-capacity optical communication using
wavelength-division and OAM-mode-division multiplexing
[28]. Although there exist some conventional OAM-tuning
optical elements, such as spiral phase plates [29], q plates
[30,31], and spatial light modulators [32], few can realize
OAM and frequency tuning simultaneously, especially with a
wide tunable range. We note that the frequency upshifting of a
nonvortex electromagnetic wave or periodic electrostatic field
using a planar IF has been theoretically studied [14,15,33–37]
and experimentally demonstrated in the microwave [38–44]
and optical [45,46] regimes. However, neither the OAM
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FIG. 1. Generation of a magnetic or optical vortex through the
interaction of a LG laser pulse with a planar (a) or helical (d) rel-
ativistic IF. The field distributions of the magnetic vortex at a
particular z are shown in (b) (planar IF) and (e) (helical IF). The
corresponding phase distributions of the magnetic vortex are shown
in (c) (planar IF) and (f) (helical IF).

degree of freedom nor topological control of the IF was in-
volved in these works.

To gain a deeper insight into the generation of magnetic
and optical vortices, we first carry out a theoretical analysis.
The basic concept is schematically shown in Fig. 1. Here a
linearly x-polarized LGpi,li laser with a wavelength of λi, an
azimuthal mode index (also called topological charge) of li,
and zero radial mode index (pi = 0) is incident from the right
on a planar [Fig. 1(a)] or helical [Fig. 1(d)] relativistic IF. The
IF is generated via optical field ionization of neutral gas by
a linearly y-polarized femtosecond laser pulse and moves to
the right with velocity v f ∼ c. Ahead of the IF is un-ionized
gas, while behind the IF is plasma. Considering the interac-
tion within the Rayleigh length and thus neglecting the Gouy
phase effect, the electric (in the x direction) and magnetic (in
the y direction) fields of the incident LG laser have a phase
term Ei,x = cBi,y ∝ exp(−ikiz − iωit − iliφ) [47], where ki =
2π/λi is the wave number, φ = arctan(y/x) is the azimuthal
angle, ωi = kic is the laser frequency, and li gives rise to the
OAM.

Here, the ionizing laser used to produce the IF is either
a Gaussian pulse with a frequency of ωion � ωi (planar IF)
or a spatiotemporally shaped pulse called a light spring (LS)
[48,49], which is obtained by superimposing copropagating
LG pulses with two different frequencies (ωion ± �ωion/2)
differing by �ωion and two different OAM modes differing by
�lion (helical IF). In the latter case, the intensity profile of the
LS has an azimuthal beating pattern with beating frequency of
�ωion and beating topological charge of �lion. Then the LS is
referred to as being of (|�lion|)th order and consists of |�lion|
intertwined helices. In the time domain, the temporal pitch
of the helix is given by |�τh|, where �τh = 2π�lion/�ωion.
Figure 2(a) shows 3D PIC simulation results with the code
OSIRIS [50] of a first-order LS (|�lion| = 1) consisting of
dual-frequency LG0,1 and LG0,2 modes (see Supplemental
Material, Note 1, for detailed parameters [51]). When its peak
intensity and temporal profile are properly chosen, this LS
can ionize the neutral gas and generate a first-order helical IF
that has azimuthally varying thickness with a sudden jump at

FIG. 2. (a) and (d) Simulated isosurfaces of the LS electric field.
(b) and (e) Density isosurfaces of the helical IF. (c) and (f) The IF
position z f vs φ. (a)–(c) are for the the first-order LS composed of
LG0,1 and LG0,2 modes. (d)–(f) are for the second-order LS consist-
ing of LG0,−1 and LG0,1 modes. In both cases, the wavelengths of
the two LG modes are 407 and 393 nm. The other parameters are
presented in the Supplemental Material, Note 1.

φ = φ0 [Fig. 2(b)]. Note that φ0 is determined by the initial
phase difference between the two LG modes. At any given
time t , the front position z f , defined as the longitudinal posi-
tion where full ionization happens, versus the azimuthal angle
φ is shown in Fig. 2(c). The linear dependence of z f on φ can
be clearly seen for most of the IF except near the thickness
jump position. As we shall see later, it is this small nonlinear-
ity that slightly influences the output OAM mode purity. The
slope of this azimuthal linearity for z f can be estimated as
− d

2π
, where d = αc�τh with α being a coefficient close to 1

(the exact value depends on the peak intensity and temporal
profile of the LS and can be obtained from the simulation
results).

In addition to the first-order LS, a high-order LS (|�lion| >

1) can also generate a helical IF. For example, a second-order
LS (|�lion| = 2) composed of dual-frequency LG0,−1 and
LG0,1 modes (see Supplemental Material, Note 1, for detailed
parameters) is shown in Fig. 2(d). The generated high-order
IF is characterized by a “split” configuration consisting of
|�lion| identical sections with a thickness step between ev-
ery two sections. Each section occupies an angular region
of 2π/|�lion| and has a quasilinear azimuthally dependent
thickness [Fig. 2(e)]. Similar to the first-order IF case, the
slope of z f in each section can still be estimated as − d

2π
≈

−αc�lion/�ωion [Fig. 2(f)].
To simplify the following theoretical analysis, we first

consider the first-order helical IF. Without loss of generality,
φ0 = 2π is assumed here, and thus the IF position z f can be
approximately expressed as

z f (t, φ) ≈ v f t + 2π − φ

2π
d. (1)

Note that although there is a slight difference between the
above idealized expression and the actual case, the key
physics is still preserved. As one can see, z f decreases (in-
creases) in the anticlockwise direction from the value v f t + d
at φ = 0 to the value v f t at φ = 2π for d > 0 (d < 0).
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Equation (1) can also describe the planar IF simply by setting
d = 0.

In order to simplify the analysis, we perform a Lorentz
transformation from the laboratory frame to a new frame
where the IF is a stationary boundary. In this IF frame, we
denote quantities by primes. The longitudinal position of the
IF becomes z′

f (φ′) = 2π−φ′
2π

γ f d , where γ f = (1 − β2
f )−1/2 and

β f = v f /c. The plasma electrons and ions are continually
emitted from the IF boundary to the left with velocity v f . The
incident wave is Doppler upshifted to E ′

i,x ∝ exp(−ik′
i z

′ −
iω′

it
′ − il ′

iφ
′), with ω′

i = (1 + β f )γ f ωi, l ′
i = li, and k′

i = ω′
i/c,

while the plasma frequency is still ωp ≡
√

npe2

meε0
since it is a

Lorentz invariant, with np being the plasma density, e being
the elementary charge, me being the electron mass, and ε0

being the vacuum electric permittivity. Note that to lowest
order, v f is equal to the group velocity of the ionizing laser
in plasma, giving β f ≈ (1 − ω2

p/ω
2
ion )1/2 and γ f ≈ ωion/ωp.

In the IF frame, the problem becomes the interaction of
a LG laser pulse with a stationary plasma boundary. We are
interested in the underdense plasma case (ωp < ω′

i) where the
incident laser will enter the plasma. According to the plasma
dispersion relation, the transmitted wave has a frequency of
ω′

t = ω′
i, wave number of k′

t =
√

ω′2
t − ω2

p/c, and phase ve-
locity of v′

t = ω′
t/k′

t . Since the plasma has an azimuthally
varying thickness for d 	= 0, the phase front of the transmitted
wave will undergo a similar azimuthal modulation. At time t ′

0,
the phase front position z′

0 of such a wave can be given by (see
Supplemental Material, Note 2, for detailed derivations)

z′
0(t ′

0, φ
′) = −v′

t t
′
0 + 2π − φ′

2π
γ f d × (1 − v′

t/c)

− l ′
i (φ

′ − 2π )/k′
t . (2)

For the transmitted wave E ′
t,x ∝ exp(−ik′

t z
′ − iω′

t t
′ − il ′

t φ
′),

the phase front is the surface of the constant phase,
i.e., k′

t z
′
0(t ′

0, φ
′) + ω′

t t
′
0 + l ′

t φ
′ = const, giving l ′

t = l ′
i + k′

t γ f d
2π

(1 − v′
t/c).

Upon Lorentz transforming back to the laboratory frame,
the transmitted frequency and wave number can be calcu-
lated as ωt = γ f (ω′

t − v f k′
t ) and kt = γ f (k′

t − ω′
tβ f /c). In the

underdense limit, ωt and kt can be approximated as ωt ≈
ωi(1 + np

4nic
) and kt ≈ ki(1 − np

4nic
), with nic being the critical

density of the incident laser. When np < 4nic, kt > 0 and
the transmitted wave moves forward in the laboratory frame
with Et,x ∝ exp(−ikt z − iωt t − iltφ), where lt = l ′

t ≈ li −
d
λi

× np

4nic
. However, when np > 4nic, kt < 0 and the transmit-

ted wave actually travels backwards in the laboratory frame
(see Fig. 1) with Et,x ∝ exp(−i|kt |z + iωt t − iltφ), where
lt = −l ′

t ≈ d
λi

× np

4nic
− li. The frequency-upshifted transmit-

ted wave is an optical vortex, and its OAM mode depends
on li, d , and np, which hence can be manipulated by tuning
these parameters. Note that even for the planar IF (d = 0), the
transmitted OAM mode can be tuned from li to −li by simply
changing np from <4nic to >4nic. In addition, for the helical
IF (d 	= 0), even though the incident laser is Gaussian mode
without OAM (li = 0), a transmitted laser with variable OAM
can still be obtained.

We now explain how the static magnetic vortex is gener-
ated. In the IF frame, an electron moving in the plasma region

obeys the equation of motion due to the transmitted wave

−dv′
e,x

dt ′ = e

me
(E ′

t,x − v f B′
t,x )

= e

me

(
1 − k′

tv f

ω′
t

)
E ′

t,x(z′ = 0, t ′ = 0, φ′ = 0)

× exp(−ik′
t z

′ − ω′
t t

′ − il ′
t φ

′), (3)

where v′
e,x is the electron velocity in the x direction. Note that

here,
dv′

e,x

dt ′ = ∂v′
e,x

∂t ′ − v f
∂v′

e,x

∂z′ . Integrating back over the orbit
of the electron, and imposing the initial condition that the
electron is born (ionized) with v′

e,x = 0 at z′ = z′
f (φ′), time

t ′ + z′−z′
f (φ′ )

v f
, and azimuthal angle φ′, we can obtain

v′
e,x = ieE ′

t,x(z′ = 0, t ′ = 0, φ′ = 0)

meω
′
t

×
{

exp(−ik′
t z

′ − iω′
t t

′ − il ′
t φ

′)

− exp

[
−ik′

mz′ − iω′
t t

′ − i

(
l ′
t + k′

m − k′
t

2π
γ f d

)
φ′

+i(k′
m − k′

t )γ f d

]}
, (4)

where k′
m = ω′

t/v f . The current density J ′
x is then given by

J ′
x = −en′

ev
′
e,x. The first term in Eq. (4) generates the current

J ′
t,x associated with the transmitted wave, while the second

term leads to the current J ′
m,x associated with the magnetic vor-

tex. When Lorentz transformed back to the laboratory frame
by using z′ = γ f (z − β f ct ), t ′ = γ f (t − β f z/c), and φ′ = φ,
Jm,x is given by

Jm,x ∝ exp(−ikmz − ilmφ), (5)

where km = ki(1 + 1
β f

) and lm = l ′
t + k′

m−k′
t

2π
γ f d = li + d

β f λi
.

Note that Eq. (5) can also be derived directly in the laboratory
frame (see Supplemental Material, Note 3, for details). As
shown in Eq. (5), Jm,x is independent of t and dependent on φ.
After the transmitted wave exits the plasma, only Jm,x exists in
the plasma since Jt,x ≈ 0. By solving Ampère’s law, we obtain
the generated magnetic field Bm,y in the y direction as

Bm,y = −μ0

∫
Jm,xdz ∝ exp

(
−ikmz − ilmφ − i

π

2

)
, (6)

where μ0 is the vacuum magnetic permeability. Bm,y is a
magnetostatic (independent of t) vortex with wave number of
km ≈ 2ki, wavelength of λm ≈ λi/2, and topological charge of
lm ≈ li + d

λi
. By varying the incident OAM mode li and/or the

IF parameter d , lm can be tuned.
We note that although the theoretical formulas presented

above, especially lm and lt , are derived in the planar IF or the
first-order helical IF case, they can also be applied to the high-
order helical IF (|�lion| > 1) case when d

�lionλi
and d

�lionλi
×

np

4nic
are integers. We summarize the key analytical results in

Table I.
To verify the above analysis, we perform a series of 3D

PIC simulations using the code OSIRIS. In the planar IF case
shown in Fig. 1(a), the IF is formed via laser ionization of
helium gas by a linearly y-polarized Gaussian pulse with a
wavelength of 400 nm, full width at half maximum (FWHM)
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TABLE I. Summary of the key theoretical results.

Magnetic vortex Optical vortex

Frequency ωm = 0 ωt ≈ ωi

(
1 + np

4nic

)
Wave number km ≈ 2ki kt ≈ ki

(
1 − np

4nic

)
Topological charge lm ≈ li + d

λi
lt ≈ li − d

λi

np

4nic
if np < 4nic

lt ≈ d
λi

np

4nic
− li if np > 4nic

duration of 20 fs, focal spot size of 250 µm, and peak
intensity of 7.5 × 1015 W/cm2. The outermost electron of
the helium atom can be ionized, and the generated plasma
has a density of np = 1 × 1020 cm−3. The incident linearly
x-polarized CO2 LG0,1 laser (li = 1) has a wavelength of
λi = 10 µm, a duration of 0.4 ps (flat-top temporal pro-
file), a focal spot size of 100 µm, and a peak intensity of
5 × 1014 W/cm2, which is below the tunneling ionization
threshold of the outermost electron of helium. The dimensions
of the 3D simulation box are 80 × 400 × 400 µm3, divided
by 4400 × 1000 × 1000 cells along the z, x, and y directions,
respectively (see Supplemental Material, Note 4, for addi-
tional details of the numerical setup). Since np > 4nic (here,
nic = 1.11 × 1019 cm−3), we find that the transmitted wave
moves backwards with a vacuum wavelength of 3 µm (in good
agreement with the theoretical calculation λt = 2πc/ωt ) and
an OAM mode number of lt = −1 [see the optical vortex in
Fig. 1(a)].

Figure 3 illustrates the 3D isosurface distribution
[Fig. 3(a)] and corresponding slices [Figs. 3(c)–3(e)] of the
generated magnetic vortex Bm,y, where the LG0,1-like (lm =
1) vortex structure is clear. The magnetic field amplitude is
quite large, about 2.85 MG (285 T). The current density Jm,x

supporting the magnetic field is shown in Fig. 3(b), which
also features a helical isosurface distribution. Both Jm,x and
Bm,y have a wavelength of λm ≈ λi/2 ≈ 5 µm. As shown in
Eqs. (5) and (6), the phase difference of Bm,y relative to Jm,x

is π/2lm, which can be readily seen from the comparison
of Figs. 3(c)–3(e) and Figs. 3(f)–3(h). In addition, such a
magnetic vortex can last for a relatively long time (∼10 ps;
see Supplemental Material, Note 5).
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The above argument is valid if the rise time τrise of the IF
is short compared with half the period 0.5λi/c of the inci-
dent CO2 laser. In our simulations, the helium gas is ionized
by the 400-nm laser in just ∼6 fs, which is much smaller
than 0.5λi/c ≈ 16.7 fs. If τrise > 0.5λi/c, the plasma electrons
born in adjacent half cycles can have velocities in the opposite
direction, leading to a decrease in the plasma current and
magnetic field amplitude [Fig. 4(a)].

In the case of an ideal (instantaneously generated) IF, the
transmission coefficient κt and magnetic field coefficient κm

can be easily obtained, which are first calculated in the IF
frame by matching electric and magnetic fields at the
vacuum-plasma boundary and then transformed back to the
laboratory frame [15]. These two coefficients are given by

κt ≡ EA
t

EA
i

= 2
1+√

δ
and κm ≡ BA

m

BA
i

= 2β f
1−√

δ

1−β f

√
δ
, where EA

t , EA
i ,

BA
m, and BA

i are the amplitudes of the transmitted electric field,
incident electric field, generated static magnetic field, and in-
cident magnetic field in the laboratory frame, respectively, and
δ = 1 − np/[(1 + β f )2γ 2

f nic]. In the underdense limit, κt ap-
proaches unity and the energy conversion efficiency from the
incident laser to the transmitted wave is ηt ≈ λt/λi. Similarly,
the energy conversion efficiency from the incident laser to the
static magnetic field is ηm ≈ κ2

m/4. All these quantities are
dependent on the plasma density np. We have run 3D OSIRIS

simulations to show the dependence of λt , BA
m ≡ κmBA

i , and ηm

on np using the CO2 laser parameters corresponding to Fig. 3
(BA

i ≈ 2.05 MG), as shown in Fig. 4(b). Good agreement
between theory and simulation has been achieved. The trans-
mitted vacuum wavelength λt decreases with an increase in
np and can be tuned in the spectral range 1–10 µm by simply
tuning np. For high densities, substantial wavelength down-
shifts (frequency upshifts) occur. Meanwhile, κm approaches
1.9, BA

m approaches 3.9 MG, and ηm approaches 0.9, meaning
that 90% of the incident CO2 laser energy remains stored in
the magnetic vortex.

Next, we present the simulation results for the helical IF.
Here, a first-order LS with parameters identical to those of
Fig. 2(a) is used to ionize helium and generate a first-order
helical IF [Fig. 2(b)] with d ≈ λi = 10 µm and np = 8nic =
8.9 × 1019 cm−3. The incident LG0,li CO2 laser has the same
geometrical parameters as those used in Fig. 3. When it has
an OAM mode of li = 1, the generated magnetic vortex fea-
tures a double-twisted LG0,2-like helical structure with lm ≈
li + d

λi
= 2 [Figs. 5(a) and 5(c)]. We measure the mode purity

by azimuthal modal decomposition, and the results show that
∼97% of the energy is contained in the desired lm = 3 mode
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FIG. 5. Simulation results of magnetic or optical vortex gener-
ation through the collision of a LG0,li CO2 laser with a first-order
helical IF. (a) and (c) show the isosurface and corresponding slice of
the magnetic vortex Bm,y when li = 1. (b) and (e) show the isosurface
and corresponding slice of the optical vortex Et,x when li = −1.
(d) and (f) show the azimuthal decomposition results of the magnetic
[corresponding to (c)] and optical [corresponding to (e)] vortices at a
radius of r = √

x2 + y2 = 100 µm (dashed circle), respectively.

[Fig. 5(d)]. Meanwhile, the transmitted optical vortex moves
backwards with an OAM mode of lt ≈ d

λi
× np

4nic
− li = 1 [see

the optical vortex in Fig. 1(d)]. If li is changed from 1 to −1,
the generated magnetic field structure will have a planar topol-
ogy with lm = 0. However, the OAM mode of the transmitted
optical vortex will be increased to lt ≈ d

λi
× np

4nic
− li = 3, as

shown in Figs. 5(b) and 5(e), where a triple-twisted LG0,3-like
helical structure can be clearly seen. The azimuthal mode
purity reaches ∼89% [Fig. 5(f)].

In addition to the first-order LS, we also utilize a second-
order LS with the same parameters as those of Fig. 2(d)
to generate a second-order helical IF [Fig. 2(e)] with d ≈
2λi = 20 µm and np = 8nic = 8.9 × 1019 cm−3. When the
same LG0,1 CO2 laser impinges on this IF, both the gen-
erated magnetic and optical vortices have a triple-twisted
LG0,3-like structure with lm ≈ li + d

λi
= 3 [Fig. 6(a)] and lt ≈

d
λi

× np

4nic
− li = 3 [Fig. 6(c)], respectively. Both mode purities

exceed 90%, as shown in Figs. 6(b) and 6(d). Furthermore,
by tuning d and/or np, noninteger lm and lt values can also
be obtained, where the magnetic or optical vortices have
complicated phase structures and unique features [52] (see
Supplemental Material, Note 6, for examples of noninteger
magnetic vortices).

Such ultrashort-wavelength, perfectly periodic, and long-
lifetime magnetic vortices can be used as ultracompact spiral
undulators for the production of high-power super-radiant
x rays with OAM. Since both the electron motion and the
properties of radiation in such spiral undulators are different
from those in conventional planar undulators, we describe this
new physics through large-scale 2D and 3D PIC simulations.
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FIG. 6. Simulation results of magnetic or optical vortex genera-
tion through the collision of a LG0,1 CO2 laser with a second-order
helical IF. (a) and (c) show the slice plots of the magnetic vortex Bm,y

and optical vortex Et,x , respectively. (b) and (d) show the azimuthal
decomposition results of the magnetic [corresponding to (a)] and
optical [corresponding to (b)] vortices at a radius of r = 100 µm
(dashed circle), respectively.

Taking the generated LG0,1-like (lm = 1) magnetic vortex
with a wavelength of λm = 5 µm, an amplitude of BA

m =
3.5 MG, and a normalized undulator parameter of K =
9.34BA

m (MG) × λm (mm) = 0.1637 as an example, simula-
tions show that by using a 68-pC electron beam with a
relativistic factor of γb = 50 and planar prebunching (bunch-
ing factor of 0.2), coherent vortex x-ray radiation with
a wavelength of λr = λm(1 + K2/2)/2γ 2

b ≈ 1.01 nm and
power of ∼1 MW could be emitted from such a spiral un-
dulator of just ∼1 cm in length. The OAM mode number
of the radiation lr is the opposite of lm, i.e., lr = −lm = −1,
and therefore can be further manipulated by tuning lm (see
Supplemental Material, Note 7, for details).

Note that during the radiation process in the spiral un-
dulator, the fluctuation of the magnetic field amplitude will
induce a fluctuation in the radiation wavelength. To efficiently
generate the OAM x-ray radiation and also to enhance the
radiation performance, undulator shaping is preferred, where
the magnetic field amplitude is precisely tailored to keep the
resonant wavelength constant. In addition to being a magnetic
“convertor,” the plasma can also serve as a magnetic “shaper”
to shape both the longitudinal and transverse amplitude distri-
butions by tailoring the plasma density structure due to the
amplitude’s strong dependence on the local plasma density
(see Supplemental Material, Note 8, for an example of lon-
gitudinal tailoring).

In summary, we have proposed a scheme that can ef-
ficiently generate multimegagauss magnetic vortices and
tunable optical vortices. This scheme is based on the inter-
action of a LG laser pulse with a tailored relativistic IF. Such
magnetic and optical vortices have the potential to be used in
numerous applications, such as generation of coherent x rays
with OAM.
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