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Generating axial magnetic fields via two plasmon decay driven by a twisted laser
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We propose an efficient way of axial magnetic fields generation in a nonrelativistic laser intensity regime by
using a twisted light carrying orbital angular momentum (OAM) to stimulate two-plasmon decay (TPD) in a
plasma. The growth of TPD driven by an OAM light in a Laguerre-Gauss (LG) mode is investigated through
three-dimensional fluid simulations and theory. A theory based on the assumption that the electron plasma waves
(EPWs) are locally driven by a number of local plane-wave lasers predicts the maximum growth rate proportional
to the peak amplitude of the pump laser field and is verified by the simulations. The OAM conservation during
its transportation from the laser to the TPD daughter EPWs is shown by both the theory and the simulations.
The theory predicts generation of ~40 T axial magnetic fields through the OAM absorption via TPD, which has
perspective applications in the field of high energy density physics.
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Absorption of angular momentum from an intense twisted
laser that carries orbital angular momentum (OAM) [1] can
lead to the generation of strong axial magnetic fields in
a plasma. This so-called inverse Faraday effect for OAM
lasers [2] has recently attracted intensive research inter-
est in relativistic-intensity (I > 10'® W/cm?) laser plasma
interactions [3-5]. At relatively lower intensities (I ~
10'4-10'® W /cm?) relevant to the leading facilities for inertial
confinement fusion (ICF), an OAM laser is capable of passing
its OAM selectively to electrons or ions in a plasma, in this
regime via the laser plasma instability (LPI) processes [6—10],
while little work has been reported on the axial magnetic field
generation. When getting absorbed and decaying into a pair
of daughter waves, an OAM laser is expected to transport
OAM to its daughter waves via three-wave coupling due to
angular-momentum conservation. Although both an electron
plasma wave (EPW) [11-14] and an ion-acoustic wave (IAW)
[15] can appear as a Laguerre-Gauss (LG) mode that carries
OAM in a plasma, the OAM absorption from a laser into
such a wave through LPI is not that efficient. The OAM
transportation in paraxial LPI scenarios for stimulated Raman
scattering or stimulated Brillouin scattering (SRS or SBS),
whose two daughter waves include a scattered light wave and
an EPW or IAW has been analytically modeled and numeri-
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cally simulated [5-7,10]. In these studies, to ensure angular
momentum being passed from a LG pump laser to an EPW or
TAW, the daughter light wave needs to be seeded in a LG mode
that already carries OAM and is launched collimated with
the axis of the pump laser. The other EPW or IAW daughter
wave in a paraxial LG form is then beaten by the collimated
pump and scattered light satisfying the matching conditions
on frequencies, wave vectors, and the azimuthal indices rep-
resenting OAM [5-7,10]. However, SRS driven from thermal
noise without such a LG-form seed demonstrates that virtually
no angular momentum is transported to the daughter EPW
while only the scattered light wave carries OAM [8].

These pioneering studies prompt two-plasmon decay
(TPD) as an efficient candidate favoring the OAM absorption
into the electrons of a plasma. TPD is a fundamental LPI
process occurring when an electromagnetic wave decaying
into a pair of EPWs [16,17] in the region where the electron
number density is below 1/4 of the critical density (7,,), above
which a laser beam is not able to propagate. TPD is identified
as a critical concern in ICF for its low threshold [16,18,19]
and fuel-preheating risk caused by the energetic electrons it
generates. Since both daughter waves of TPD are EPWs, the
OAM carried by the pump laser is able to go nowhere else
but into the daughter EPWs due to the angular-momentum
conservation. TPD is intrinsically excited in a noncollimated
way as the most unstable modes involve pairs of EPWs that
propagate at fairly large angles with respect to the propagation
direction of the pump laser [17]. This noncollimated geometry
of the dominant modes is another key feature that would make
TPD grow in a very distinguished way from the collimated
forward or backward SRS or SBS in the previous OAM-SRS
or OAM-SRS studies [6-8,10].

Published by the American Physical Society
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In this Letter, we present the fluid simulations and the-
ory on TPD growth driven by an OAM laser with moderate
azimuthal indices in a homogeneous plasma, and propose a
method to generate axial magnetic fields through TPD. We
focus on the most common scenario where a LG pump laser
shines in a plasma and stimulates TPD naturally from random
noise. The laser intensities ( &~ 10" W /cm?) are relevant to
ICF experimental conditions. The EPWs are found to prop-
agate at large angles with the axle of the incident laser and
can be recognized approximately as a collection of enormous
local planar plasma waves. A theory is then developed by
decomposing the LG laser into local tilted plane waves which
locally drive TPD EPWs via three-wave coupling. The TPD
growth rate predicted by the theory well matches our simula-
tion results for different azimuthal indices of the incident laser.
This theory also predicts the angular momentum collectively
carried by the EPWs, which excellently agrees with the simu-
lation results and verifies the angular-momentum conservation
in such a noncollimated LPI system. The EPWs collectively
form a spiral current tube that generates axial magnetic fields
whose magnitude is theoretically estimated. Intense axial
static magnetic fields are beneficial to applications such as
charged beam collimation [20], microscale pinch [21], and
magnetized ICF [22]. Thanks to the encouraging progresses of
the laser technology [9,23], OAM lasers at relevant intensities
and an experimental validation could be expected in the near
future.

We have performed a series of three-dimensional (3D) fluid
simulations using our newly developed code FLAME-MD [24].
FLAME-MD solves the set of fluid-like equations presented in
Ref. [25] in 3D space without taking envelopes in either space
or time. The pump LG laser propagating along the z direction
is prescribed in the vector potential in a standard form [1],
which near the focus is approximated as
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where A is the vector potential at the focus (xg, yo, z0), ¥ =
[(x —x0)> + (y — y0)*1'/? is the radial distance to the laser
axle, and wyy is the waist on the focal plane. In addition, wq
and ky are its central frequency and wave number in plasma,
¢ and [ are the azimuthal angle and the azimuthal index. The
complex conjugate (c.c.) is added to make A real.

A typical simulation box is 22 um (x)x22 um (y)Xx
4.5 wm (z) with the grid of 2000x2000x400. The LG laser
is focused at the center of box with wyy = 2.8 wm. The LG
laser whose central wavelength in vacuum is A = 0.351 um
is linearly polarized along the y direction. A longer Rayleigh
length (zg = 245 um) than physical for this spot size is set to
mitigate the laser focusing effects near its waist while accom-
modating the computational costs. The module in FLAME-MD
solving for the scattered lights is intentionally turned off to
ensure that TPD is the only possible LPI in this scenario. A
uniform electron density ny = 0.23n,, is set with the electron
temperature 7, = 1.5 keV. The ions are fixed and Landau
damping is turned off, to make sure that TPD is growing
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FIG. 1. LG laser profile with (a) [ = 6 and (b)—(d) the electron
density modulations (n,) at ¢+ = 0.75 ps. (a) (upper half) Phase iso-
surfaces (white helical fronts) and the directions of the local Poynting
vectors (black arrows). (lower half) Isosurfaces (red and blue) of the
normalized vector potential (a, = eA,/m.c?). The white and light
blue transparent cylinders show two intensity iso-surfaces. (b) (upper
half) n, isosurfaces with a quarter segment cut away. (lower half)
Isosurfaces of enveloped n, (ii,). The bottom projection shows ,
on the focal plane, overlaid by the dashed circle r = ry where @y,
is reached. The collective azimuthal current and the axial magnetic
fields induced are marked by the blue and yellow arrows, respec-
tively. Spectra of n, on (c) a y-z slice passing Point A and on a
(d) x-z slice passing Point C of Fig. 2(a). The arrows illustrate the
TPD wave vector matching geometry projected on the slices for two
pairs of dominant EPWs [/(dotted) and //(solid)].

in its linear (exponentially growing) phase without nonlinear
saturation mechanisms involved.

A series of simulations with moderate / ranging from zero
to six are performed. The case with [ = O retreats to a regular
Gaussian laser carrying no OAM. For a fair comparison on
TPD growth that was found sensitive to the local maximum
laser electric field [19], the maximum vector potential’s mag-
nitude (Amax) normalized as dmax = €Amax/ (m.c?) = 0.024
is set identical for different / cases. Here e is the electron
charge, m, the electron mass, and ¢ the light speed in vacuum.
The maximum laser intensity associated with ap,x = 0.024
is Ipax = 6.5x10° W/ecm? via apay = 0. 0085(1{23")»;%)'/2
where %% is Iy, in 10 W/cm?, and A, is A in pm,
respectively.

The contour of a of the pump laser in the / = 6 case is
illustrated in the lower half of Fig. 1(a) while the vortex
property of the local Poynting vectors perpendicular to the
helical wavefronts are marked as arrows in the upper half
of Fig. 1(a). A global scope of the EPWs stimulated in the
same case is illustrated in Fig. 1(b). The upper half shows the
electron-density modulations due to EPWs (n,,) and the lower
half shows an envelope of n,. It is shown that the EPWs are
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FIG. 2. (a) A, on its focal plane in the simulation with / = 6 at
t = 0.75 ps. The white squares are the schematic of the zones S, on
the cylinder r, = ry (dashed). The arrows are the x-y projections of
ki, (black), k; (purple), and k, (cyan) at three locations (A, B, and
C), respectively. The dotted and solid arrows at A, B, and C show the
wave vector matching geometry of the two pairs of dominant EPWs
(I, II), respectively. n, spectra in (b) k,-y and (c) k,-x spaces overlaid
by the theoretical prediction of the dominant k; using Eq. (7) (solid
line) with the values at A, B, and C marked in black dots. Only the
EPWs with k; are shown in the spectra.

concentrated on a hollow cylinder near r = ry = wyo+/|!|/2
where the pump laser reaches its radial peak intensity (ry =
4.8 um for [ = 6). The spectra of n, on two slices tangent to
the cylinder of r = ry are shown in Figs. 1(c) and 1(d). Two
pairs of dominant EPWs (I, I1) are found to propagate at large
angles with respect to the laser propagation direction on the
y-z slice where the laser is polarized [see Fig. 1(c)] within
this plane, while these dominant EPWs are concentrated at
small k, on the x-z slice [see Fig. 1(d)]. These EPWs’ structure
largely at odds with a paraxial LG mode are similar to these
in the simulations of plane-wave-laser-driven TPD [26,27].

To model the growth of TPD driven by a LG laser with
arbitrary OAM states, we have developed a theory based on
the EPWs’ features in the simulations. The EPWs originated
from thermal noise can be approximately recognized as a
number of local planar waves stimulated by local plane-wave
pumps via TPD. Correspondingly, we can divide the space
into numerous small zones (S,, n = 1, 2, ...) in each of which
the piece of the LG laser is approximated by a plane wave. S,
looks like a fine rod parallel to the z axis and has a small cross
section centered at (x,, y,) on the x-y plane. The zones on
r = rp are illustrated by the squares in Fig. 2(a). The laser field
on the large Rayleigh-length limit (z < zz) can be described
piecewise by Taylor expanding Eq. (1) on (x,, y,) in each
individual zone, i.e.,

|
A(xa ¥, Z, t) = Z EAnT;l(x/v y/)(l + Pxnx/ + Pyny/)
X exp[ikyny/ + ikxnx, - ikO(Z - ZO)]
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where A, = A(x,, Yu, 20,1), X =X—X5, YV =y—y,, T
is a flat-top window function such that 7,(x',y") =1
when (x, y, z) € S, and zero otherwise, P, = x,(Iw}, — 2r2)/
wrD), Py =y,(lwly—2r))/(wlyr?), ra =[x, —x0)* +
(yn — ¥0)?1'/? is the radius of each zone’s center to the laser
axle, ky, = sin@,l/ry, kyy = —cos@,l/r,, ¢, = arctan[(y, —
o)/ (x, — x9)] is ¢ in Eq. (1) evaluated at (x,, y,,). The leading
terms of Eq. (2) sketch inside each zone a local plane wave
propagating at Kioc = (kyn, kyns k)T = kg + ko, which is il-
lustrated by the wave vector-matching-condition triangles in
Figs. 1(c) and 1(d).

As EPWs are assumed locally driven via TPD in each zone
in this model, the fastest growing modes are determined by
the zones [see Fig. 2(a)] illuminated at the highest laser inten-
sity, i.e., r, = ro where A, = Apa = Ag exp[—|1]/2]|1|1172).
Besides, r, = rg leads to P, = P,, = 0, indicating a uniform
laser intensity in the zone to first-order accuracy. Inside such
a zone, the differential equations governing TPD growth can
be written as [16,28]

9
WLy 32 vy vy, 3)
Jat m, no
)
L= —m VY = vo- Vi, @)
V¢ = —dmen,, ®)

where ¥ is the velocity potential, ¢ the electrostatic potential,
v, the electron thermal velocity, vo = eAyax/m.c the electron
oscillation velocity. The variables (i.e., ¥, n,, or ¢) can be
written as combinations of two well-defined daughter waves,
(U, 1y, @) = (1/2){W), N1, &1} explick, - ¥ — ont)]+ (1/2)
{W2, N, o) expli(ks - T — wyt)] + c.c., where w;, w;, ki,
k, are the EPWs’ frequencies and wave vectors satisfying the
matching conditions ki, = k; + ky and wy = w; + w,. Equa-
tions (3)—(5) can be cast into a standard form of the three-wave
coupling model [28] as [0 + v;1.20;]a12 = yoa;l, where
ai2 = (lkyyovollwra/wa1 — ki 5 /K3 11/ > @) 5, vz1 and vy
are the z components of the EPWs’ group velocities, and k
and ky, are the y components of k; and k,. Without losing
generality, the higher-frequency wave in the paired daughter
EPWs are denoted by subscript 1. The TPD growth rate is
given by the coupling coefficient yy:

1 w7 k2 w1 k2
_ (L k) (e _kY (©)
Yo \/16 ivo(wl kf)(w 12

where k| = |ky1 — ky»|/2. The factor ki in Eq. (6) has been
approximated from |k 1ky»| by neglecting the second-order
term of ky, as |ky1ky | = ki — k\z,n /4 and |ky,| < ko. The domi-
nant EPW pairs which maximize y; can be found in each zone
using Eq. (6) and the matching conditions. The same maxima
of yp in all zones on r = r; are expected to be reached at the
same values of ki, k>, and ki, while different kg4 [see Points
A—C in Fig. 2(a)] causes different directions of k; in each
zone. The dominant K; is located within the plane determined
by K. and the polarization (y) direction.

The dominant EPW’s k; in each zone can be calculated
as a rotation of Ko, which is the dominant k; driven by
a plane-wave laser polarized along y and propagating along
z with the wave vector (kg + ki)l/ 2 It is numerically found
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FIG. 3. (a) Comparison of growth rates under the same Ajx.
Yo 18 theoretically predicted by Eq. (6). ysim and y; are the growth
rates of the EPWs’ amplitude and angular momentum fitted with
the simulation data, respectively. (b) Comparison of —X of the TPD
EPWs in the theory and the simulations.

that kporm = (0, £1.23, 1.75)  wq/c for the particular n, and
T, in our cases. Since a plane-wave laser drives two pairs of
EPWs symmetrically on both sides, Kyom has two values. The
rotation can be described as k; = My, - Kporm, where M, is
the rotation tensor written as a product of two matrices,

cosp; 0 sing; || 1 0 0
M,, = 0 1 0 0 cosgy sing;
—sing; 0 cosg 0 —sing, cose

@)

¢ = arctan(k,, /ko) is the angle between kjo. and the x axis,
and ¢, = arcsin[ky,/(k2, + k2)'/?] is the angle between Kio
and its projection on the x-z plane. A very good agreement
between the theory and the simulation on the dominant EPW’s
k; is shown in Figs. 2(b) and 2(c).

Substituting the dominant EPWs’ information into Eq. (6)
yields the maximum of 3y = 0.005@( which does not depend
on [ but only on A, In Fig. 3(a) yp is compared with ygp, that
is measured as half of the growth rate of the volume integral of
ni over the entire simulation domain for different /. Although
¥sim 18 contributed by all TPD modes with different growth
rates, it is determined by the dominant modes with the fastest
growth after adequately long time in this linearly growing
system. Good agreement of yy and ysin, is shown in Fig. 3(a)
as the relative errors are within 10%. The weak dependence of
¥sim On [ also confirms that A« is the key factor determining
TPD growths. £(1) = ALG JAS3US a5 the ratio of Apax between
a LG laser and a Gaussian laser with an identical energy flux
and under the same plasma conditions can be used to evaluate
the TPD mitigation efficacy for different /. By using Eq. (1),
& can be readily found as

Nl (_m)
r(n+ 5 P\72) ©

The values of & at [ =1,2,...,6 are plotted in Fig. 3(a).
It is shown that yy is reduced by roughly 15% if the pump
is switched from a Gaussian beam [£(0) = 1] to a LG beam
within this range of / (1-6) while maintaining the same laser
power, which suggests LG lasers as a pump candidate in
direct-drive ICF for TPD mitigation.

The TPD EPWs collectively carry an angular momentum
along z. Again consider the fastest growing modes located
in the zones near r = ry which will dominate the angu-
lar momentum. The angular-momentum density (j,) of the

§() =

EPWs in the nth zone can be expressed as j, = I, XPn,
where p, = m (A5 V], + A%V, + AnVi + sv) /4 +cc.
is the time-averaged electron momentum densrty Vein =
w1 2K 2012/ (Aengay o) and Ay o = —ki Ha12/(4ea o) are
the enveloped values of the microscopic velocity v, and n,
associated with each EPW, respectively. In each zone two
dominant pairs of TPD daughter waves which have the same
growth rate y; are allowed to grow from independent initial
conditions. The solution of the three-wave model describing
an absolute growth of the two pairs of daughter waves in the
nth zone is al’' = @ exp(yt) and ab’" = @ exp(yot),
where @, are determlned by the initial condrtrons, i.e., the local
thermal noise. As the dominant EPWs at zones on r = r have
the same values of yy, w, w and &y, k; the leading term of the
angular momentum per unit length in z can be readily obtained
by summing up all the zones as

l *Il]AO'n,

l 2yt
_ wiwy  exp (2yot) Z an&

.=
27Ta) klvo‘___ n,r=ry

€))

where w,, = (4nge*/m,)"/? is the electron plasma frequency
and Ao, is the cross-sectional area on the x-y plane of S,.
Equation (9) predicts an exponential growth of J, with a
growth rate 2y, which has been verified by our simulations
and plotted in Fig. 3(a). J; of EPWs in the simulations is
calculated by integrating rxm,n,v, over the x-y plane and
then averaging it over z.

To bridge the angular momentum carried by the TPD
EPWs and by the pump laser, a quantity X describing an-
gular momentum over energy is introduced as X = J,/W,
where W is the waves’ energy per unit length in z. It
was found that X,ymp = —I/wo for a linearly polarized LG
laser [1], consistent with the fact that this LG light has
an OAM of —I/h per photon. In our theory the leading
term of the EPWs’ total energy can be expressed as a sum
of the dominant EPWs’ energies in all of the zones on
r=ro, ie., Wepw = Y, (w!, + wn2 + w!l + wlh)Ao,, where
willy = 0} ki ,a\ Y at! ) 8r w0l ,) (reformed Eq. 10 of
Ref. [29]) is the energy density of the two pairs of dominant
EPWs respectively in the nth zone. Using Eq. (9) one can
readily obtain Xgpw = —I/wo = Xpump. In our simulations,
Xgpw averaged over the simulation box are plotted in Fig. 3(b)
and they precisely match the theory. Identical X values for
the pump laser and the TPD EPWs guarantee the angular
momentum conservation during the TPD process since the
energy is known to be conserved.

The TPD EPWs collectively form a spiral current tube
[see Fig. 1(a)] that generates collimated axial magnetic fields
(B;) inside the tube. Precise modeling on the evolution of
B, requires kinetic simulations. Here we give an estimate
on the quasistatic B, based on the assumption that TPD
is saturated such that the time-averaged azimuthal current
density J, reaches a quasistatic value. Then B, can be
calculated as B,(r) = (4 /c) froo Jydr’ [5], where ], is cor-
related with J, as J, = (—m./e) foh de [;° r*Jsdr. Under
the approximation that J, is uniformly distributed on a thin
tube around r = ry, the maximum (Bp,x) of B, reached in-
side the tube can be expressed as B, = —2eJ;/ (mecrg) =~

L022025-4
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elebeEéPw /(4mecw,rg), where Dy is the thickness of the
current tube and Egpw is the averaged electric field amplitude
due to EPWs. Dy can be approximated by the full-width-
half-maximum of the laser amplitude peak at r = ry, ie.,
Dube & 1.2wy0. The saturated level of Expw is determined by
complicated nonlinear effects absent in our fluid simulations
and is still an open question. However, based on our kinetic
simulations on plane-wave-laser-driven TPD [26,30,31], the
saturated Egpw were found larger than the laser electric fields
in most cases. A lower limit of Egpy is arguably estimated as
woAmax/C, wWhich yields an estimation on By, formulated in
practical units.

Buax = 0715 A,/ [T]. (10)

In the case of [ = 6, Eq. (10) predicts generation of about 40 T
quasistatic axial magnetic field via this LG-laser-driven TPD

process, same order of magnitude as predicted by the theories
in Refs. [4,5] in the relativistic-laser-intensity regime. Our
mechanism also demonstrates pure laser-driven generation
of axial magnetic fields with amplitudes that are similar to
the method using a pulsed-power-driven coil [22]. Important
topics such as nonlinear TPD saturation and multi LPI modes
competition are beyond the scope of this Letter and should be
studied with kinetic simulations in future works.
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