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Angular momentum gain by electrons under the action of intense structured light
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The problem of the interaction of light waves with charged particles becomes increasingly complex starting
with the case of plane waves, where the analytical solution is well known, to more natural, though more
complicated situations which include focused or structured laser beams. Internal structure may introduce a
new degree of freedom and qualitatively change the dynamics of interacting particles. For certain conditions,
namely, for the dilute plasma, a description of single-particle dynamics in the focused structured laser beams
is the first step and may serve as a good approximation to understand the global plasma response. Moreover,
the general problem of integrability in complex systems starts from a consideration of the integrals of motion
for a single particle. The primary goal of this work is an understanding of the physics of the orbital angular
momentum (OAM) absorption by a single particle in a focused structured light. A theoretical model of the
process, including solutions of Maxwell equations with the required accuracy and a high-order perturbative
approach to electron motion in external electromagnetic fields, is developed and its predictions are examined
with numerical simulations for several exemplary electromagnetic field configurations. In particular, it was found
that for the particles which are initially distributed with the azimuthal symmetry around the beam propagation
direction, the transferred OAM has a smallness of the fourth order of the applied field amplitude and requires an

accurate consideration of the temporal laser pulse envelope.
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I. INTRODUCTION

Electromagnetic interaction between structured light and
charged particles in vacuum may result in particle accelera-
tion, i.e., momentum and energy transfer, which, under certain
conditions, appears to be irreversible. For that, the light wave
should at least be sufficiently different from a slow-varying
plane wave; see, e.g., [1]. In this general context, similar ques-
tions may be posed concerning the transfer of the light orbital
angular momentum (OAM): how effective is its occurrence
when a structured light wave interacts in vacuum with a single
charged particle, and how effective is it, on average, for a
particle ensemble with a given distribution?

These questions were recently addressed within different
frameworks. In [2-4], the OAM transfer is considered nu-
merically for different model configurations of laser beams
interacting with individual charged particles in free space.
Paraxial and slowly varying envelope approximations were
used to prescribe the electromagnetic fields, and specific cases
of linear, circular, and radial polarizations with and without
spatiotemporal coupling were considered. Transferred energy,
momentum, and angular momentum dependence on the dura-
tion, amplitude, and other parameters were studied in certain
cases. In Ref. [5], numerical simulation of the action of the
OAM laser beam on free electrons is presented for the case of
a superposition of linearly polarized Laguerre-Gaussian and
Gaussian modes; the OAM transfer is estimated based on the
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results of the perturbation theory. The importance of the accu-
rate use of the paraxial and slowly varying temporal envelope
approximations in numerical simulations is discussed in [6]
based on consideration of a conserved integral of motion for
the special case, when the circular polarization and orbital
momentum in the beam have opposite directions so that there
is no dependence on the angle in the phase. The necessity of
corrections to the lowest-order approximations both in numer-
ical simulations and analytics is demonstrated.

More complicated, though less detailed studies of the OAM
beam interaction with plasmas were mainly performed with
the use of large-scale three-dimensional (3D) Particle-in-Cell
(PIC) simulations. In Refs. [7,8], the generation of magnetic
fields in dilute plasma was observed and explained as a result
of an OAM transfer from the laser beam to electrons. There,
radial and linear polarizations were considered, showing ef-
fective OAM transfer for moderate relativistic intensities.
Analysis with the use of simplified electromagnetic fields
showed the importance of the longitudinal particle motion
for the OAM transfer. The magnetic field was also observed
in plasma in Ref. [9] via OAM transfer from two beating
Laguerre-Gaussian beams to charged particles. There, a fluid
model of the interaction was developed to describe the forma-
tion of azimuthal currents in the plasma.

In the case of dissipative processes, the magnetic field gen-
eration, originating from angular momentum absorption of a
circularly polarized laser beam, is demonstrated theoretically
in [10]. Circularly polarized beams were replaced by linearly
polarized beams with OAM in Ref. [11]. For intense rela-
tivistic beams with different polarizations, including linearly
and circularly polarized Laguerre-Gaussian modes, Ref. [12]
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studies magnetic field generation and dissipative effects in
plasma.

Although there is a common conclusion that the OAM
transfer from a structured light wave to electrons may be both
possible and effective, still, it is not clear if this is always
a single-particle effect or if certain nonlinearities originated
from collective or dissipative effects are required. It was ob-
served in several studies [3,7], that the individual electrons
are absorbing positive or negative light OAM depending on
their spatial position, even for a definite OAM sign in the
incident wave, but the net gain appears to be much less. The
detailed consideration for the analytically attainable special
case, predicting no net OAM gain after interaction [6], sup-
ported the conclusion that the total OAM transfer is a very
delicate process.

In this work, a general problem of OAM transfer from a
structured light wave to an ensemble of charged particles is
considered for moderate intensities of the incident light. It
may be a rarefied plasma, consisting of ions and electrons,
which are interacting with an incident light much stronger
than with each other, which requires w, < @y, where @, =

\/ 4”””3 is the plasma frequency, n, is the electron density, e

and me are the electron charge and mass, respectively, and wq
is the characteristic light frequency, e.g., the main carrier fre-
quency of the laser wave. The particles are considered initially
cold with the temperature T < (¢Ep)?/(m.w}), where Ej is
the electric field amplitude. This condition means that the
work performed by the laser wave during one period is small
compared to the thermal energy of the electrons and allows
one to treat electrons as being at rest before the interaction.
Electrons, being the lighter particles, are primarily affected
by the light, so the OAM transfer would be analyzed having
in mind, namely, the wave-electron interaction, but of course
all the results are valid for any charged particles.

First, a perturbation theory on the field strength for arbi-
trary fields is developed up to the fourth order, to obtain a
nonzero net absorbed OAM in the case of homogeneous distri-
bution of the particles. Then, assuming a focused laser beam,
an approximate description of the structured wave within the
paraxial and the slow temporal dependence approximations
is represented. Using this description, several certain con-
figurations are considered in detail, including a comparison
with numerical single-particle calculations. Finally, a general
discussion and conclusions are presented.

II. ANALYTICAL MODEL

Electron motion in arbitrary electromagnetic fields E and
H is described by the equation

dp
dt

with initial conditions

_—e(E+— xH) (1)

r(t > —oo0) =ry,

v(t > —o0) =0, )
where p = m,y v is the electron momentum, y = 1/,/1 — g—;

is the Lorentz factor, ry is the electron initial position, c is the

Laser wave

Electrons

FIG. 1. The interaction scheme and the coordinate system. The
z axis coincides with the laser propagation axis and particles are
distributed isotropically in the transverse plane xy for every value
of z.

light velocity, and E = E(r, r) and H = H(r, r) are the laser
electric and magnetic fields respectively, satisfying Maxwell
equations in vacuum,

1 0H 1 0E
VXxE=——, VxH=—-——, 3)

c ot c ot
V-H=0, V-E=0. 4)

The schematic setup of the interaction is presented in Fig. 1.
In the following, a perturbation theory of angular momentum
transfer from electromagnetic wave to charged particles is
developed.

A. Particle motion in electromagnetic wave

Formally consider a low-intensity regime ay < 1, where
ayp = eEy/(m.wyc) is the dimensionless amplitude of the field,
with E, the amplitude of the electric field. The electro-
magnetic wave is assumed to be finite, E(r,r — £o0) =
H(r,t — 4+o00) = 0. In frames of the perturbation theory on
ap, the coordinates and velocities of the particle may be ex-
pressed in the form

r=r®4+r®4r® 4.

v=vO v v (5)

where r® and v(¥ are the unperturbed coordinate and veloc-
ity, 1™ ~ g and v" ~ a. According to the initial conditions
2), r® =rgand v = 0.

In the first order,
mMeCwy

dp(l)
T aoE(ro, 1). (6)

The solution of the equation of the first order is

t
%ao f di'E(ro, 1),

r(1)=_@a0/ d;f dt"E(rg, t"). (7)

p® = my® =
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The gained momentum of a particle in the first order is

eCO
a)E(w =0,1r9) =0, ®)
0

p(l)(too) =

where the notation 7o, =t — o0 is used and E(w, r) is the
Fourier component of the electric field. It is assumed that
the electromagnetic pulse has no constant part and hence a
particle does not gain momentum in the first order. Assuming
the same for double integration over time, we obtain

r'D(15) = 0. )

The validity of this assumption is discussed in more detail in
Sec. IV.

According to (8), angular momentum in the first order on
ay is not gained by a particle,

LY = ryxp — 0. (10)
oo
In the second-order perturbation theory,
dp(z) dv®
= me—
dt dt
MeCwo M v
=————ap|(r'"’ - Vo)E(ro, 1) + - X H(ro, 1) |,
0
an

where Vo = exaaTO + eV Byo + ez is the del operator, taken
with respect to the initial posmon of the particle ry.

To obtain general expressions for arbitrary electromagnetic
fields, consistent with the Maxwell equations, the perturbation
theory uses the relations between the electric and magnetic
field components. For V, x v, taking into account that V x
E = — 1 ‘sne obtains

c ot
cap /’
——a
EO —00

" 9H(ro, 1’
_ / Ldt/ = @aOH(rO’ 1),
B ar Eo

12)

Vo x v = Vo x E(ry, t)dt'

and substituting H = £V x v into (11),
wody

d
E[p(Z) _ me(l‘(l) . VO)V(I)] —

The gained momentum in the second order after interaction

—%Vo(v“))z. (13)

J

The third-order perturbation theory gives, for the momentum,

meCw

dp®
pY _ _mecan [<r<2> VO, 1)+ 5rr,

dt Ey

or, after some algebra,

87’0‘17'0'3

then reads
o0
PP (1) = —@Vo/ O, (14)
2 —o0

where it is assumed that %V(l)(l‘oo) — 0. The particle dis-
placement in the second-order perturbation theory then reads

t
r? = / dr@® . vyv®
-0

1 t t
- —/ dt’f dt"Vo(vD)2. (15)
2 —00 —00

The second-order absorbed angular momentum is
L?® =1y x p@ +rH x pm, (16)

We introduce cylindrical coordinates (r, ¢, z), with r; and
¢ being the transverse distance and the azimuthal angle re-
spectively, i.e., x = r) cos @,y = r, cos ¢. Axis z is chosen in
such a way that it coincides with the axis of propagation of
the electromagnetic wave; see Fig. 1 and Sec. II B for further
details related to the fields. The longitudinal component of the
angular momentum after interaction reads

LP(ts0) = rop(10) = ———/ v)ydr, (17
2 d¢o
where ry = (710, 9o, 20) = (10, 9o, 20). After averaging over
the azimuthal angle,

fo p(ro, 20) L3 (tos )d 90

fo p(ro, 20)d@o
1 2

— | LP0x)deo =0,  (18)
27{ <

where the distribution functlon of the initial coordinates of
the particles p(ro, zo) is considered to be symmetric about the
laser propagation axis, i.e., it does not depend on the initial
angle of the particle ¢y. For instance, the distribution function
for an isotropic plasma cylinder is p(ro, zo) = 1/(wR*h) for
1o, Zo that are inside the cylinder, and O otherwise, where R is
the radius and £ is the height of the cylinder, respectively.

As it follows from (18), for the plasma, which is trans-
versely isotropic to the wave propagation direction, there is
no net angular momentum gain up to the second order of the
perturbation theory on ay; to describe the angular momentum
transfer, higher orders of perturbation theory are required.

(L), =

1)
+— x H(ro,t)—i- — x . VO)H(rO,t)] (19)
C

d 32v» m
3) _ @ . v, )wh — me Dy () @y D M. v DIV = v oiv, - [rD vy,
dt{p me(r oV = =g ar0a8r0ﬁ+mev“ ory) —me[(r oy [Vorg 5 VotVo - [FVe)%)
(20)
Then a particle after interaction gains the momentum
oo
p(3)(too):_%vo|:vo\/' r(l)(V(l))zdti|, (21)
—00
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where it is additionally assumed that %O_r(”(too) — 0. The absorbed angular momentum in the third order of the perturbation
theory may be represented as

L® =1y x p@ + 1" x p? +r? x p". (22)
This value may appear to be nonzero for certain particles, but for isotropic plasma it again vanishes after averaging,
3) me 9 T gDy
L7(t — 00)=———|Vp- r’v')dt| — 0. (23)
2 3 () —00 ('"><ﬂ0

In the fourth order of the perturbation theory, the particle momentum reads

dp® _ Mecay ) (2)3 E(ro, 1)
dt Ey ﬂ 8r0a8r0,3

; 3
pp0,m TE@D Vg
6 Ot ﬁ V ar()aar()ﬂaro}/ C '

FDy (l)a H(ro, 1) (24)
2 T ﬂ BrOQBrOﬂ

{(r<3> Vo)E(ro, t) +r!

v v
+— x @ Vo)H<ro,r>+— X [(r@ Vo)H<ro,t)+
C

This expression may be represented as

2¢(1) 3y(D
L o® (60 . WV — 00 V" Me 0,0 OV
dt Ta Tp 0rpa 0708 6 Ta'Tp Ty arOaBFOBarOJ/
02!
B (1) _ @ | (1) 1y _ Me 1) (1)—V (D
+m€’va Vora me[(r V(])Ua ]V()ra 2 ra rﬂ 370a3r05V ry
m
+ 2—;(v<1>)2vy>vor§,‘> +me(rVo) [ Vo)v“)]}
GRS m d
Mgl ropmym T ) Meg e @@y oy®]) 25
8 D) 0(0, ﬁ y ar(]aar(]ﬁ ) 0( ) edl [( 0) ] ( )

where it is taken into account that V - r(!) = 0 since V - E(ry, t) = 0. The angular momentum, gained by a single particle in the
fourth order reads

L@ =y x p@ + 1D x p® 4 1@ x p@ 4 ¢ x pO. (26)
After averaging its longitudinal component over the azimuthal angle, at r — oo it becomes
(L (t0)),, = me(lro x (¢ - Vov@], + (2 x pP), )y, |, = (rP (1) - VOILP (1)), - (27)

which is not zero in general. For the subsequent analysis, here we also present the expression for the particle energy up to the
fourth order of the perturbation theory,

mec?

N

After the interaction ends, the first nonvanishing contribution to the total kinetic energy gain is also of the fourth order,

3m,
me’y = mec + = [( M2 4 2y (2))+2(V(')-v(3))+(v(2))2]+lz(v(”)“. (28)
C

mec?(y = Dl = el ~ 6@ (t00) = %[v@)(rwnz. (29)

We gather the obtained expressions for the momentum, the angular momentum, the average angular momentum, and the energy
gained by particles in the main nonvanishing order of the perturbation theory on ay:

e o0 e, 0 e
pP(te) = — 22V, / VO (g, OPdt,  LP(1) = — 2 [ v (xy, 1),
2 —00 ' 2 3900 00
e
(L 0)),, = {(IFP w0, ) - VolLO (. 120)), . W) = Z VO w0, )P (30)

(

These expressions, in particular, the ones for the angular
momentum L, represent the central result of the work and will
be used to analyze certain cases of interaction of the structured
light waves with charged particles. Note that up to this point,
when the perturbation theory on the wave amplitude ay was

presented, the order of this perturbation theory was designated
by the upper-right number in round braces. The perturbation
theory on ay does use Maxwell equations and there are no
approximations made for the fields. However, to proceed with
certain cases, analytical expressions for the structured light,
represented in the next section, are required.
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B. Approximate description of a structured
electromagnetic wave

As explained in Ref. [13], electromagnetic fields in vacuum
can be prescribed via boundary conditions for the transverse
electric or magnetic field components. The calculations in this
section are presented for the boundary conditions defined for
the magnetic field. Similar results may be obtained using the
electric field boundary conditions by substitution, E — —H,
H — E, which follows from the symmetry of Maxwell equa-
tions.

Consider the wave equation for the magnetic field,

LI - AP 31)

T A rv - ’
c? 12

where E = E(r, t) and H= ﬁ(r, t) are the complex repre-

sentations of E and H, so that E = Re[E] and H = Re[H].

With § =t — z/c as the new time variable, the wave equation

reads

A Ea—zﬁ )=0 32
( _c28§8z> . 5)=0. G2

Performing the frequency and transversal Fourier transforma-
tions,

dwdk

Gy B ko, 2)e @) (33)
v/

H(r,z, &) =

where r; = xe, + ye,, k, =k.e, +kye, we obtain that
H(w, k_, 7) satisfies

e 3
<a_z2 _ 2i§a—z _ ki)H(w, k..2)=0. (34

The two independent solutions are forward and backward

propagating waves. The forward propagating wave is defined
as

) K2 2
H(o.k1.2) = Bk, 00507 as)
where the condition w?/c* — k3 > 0, limiting values of the
wave vector for the propagating components, arises. The mul-

tiplier H(w, k , 0) is determined with the boundary condition
placed atz = 0,

H(w,ky,0) = / dedr H| _ e~ kuro),

w*/c* — K2 > 0. (36)

The general forward propagating solution reads

ﬁ — / dwdk;— H(w, k,, O)ei[wé—kruﬂw/c—kz)z],
?/2—k3 >0 (27)
(37)
k2 2

where k, = % 1 — =4+, As it follows from (37), the evanes-
cent components of the boundary condition should be
dropped, as long as they produce evanescent parts of the
solution. Hence the general forward propagating electric and

magnetic fields may be written in the form [13]

~ [ dwdk, o .
E= E(w, k|, 0)ll@f ko rit@/c—kzl
(2m)?
~ dodk ,
H= (C;) )i H(w, k,, O)el[(l)g_kj_-rj_‘i‘((l)/()—kz)z], (38)
7T)3

where explicit specification of the area of integration w?/c? —
k? > 0is omitted.

Transverse and longitudinal components of the electric
and magnetic fields at focal points are not independent. As
independent parameters of the general forward propagating
solution, one may choose, e.g., the transverse components of
the magnetic field, determined with the boundary condition
for the transverse components. The longitudinal component
of the magnetic field and the electric field components may
be obtained from Maxwell equations, which, in the new vari-
ables, read

_~  19H.
divH = - ,
c 0&
~ 1 9H 19E
rotH = -e, X — 4+ ——, (39)
¢ & c 9
so that
k; -H(o,ky.0
H.(w,k;,0)=— L J.]((a) n )’
Z
ck x H((,()7 kj_,o)
E(a), kL, 0) - (40)
w

The integration in (38) may be carried out approximately with
the expansion of the exponent with the assumption of a slow
temporal dependence and slow dependence in the transverse
direction,

K2 2 K2 ny.2m
i —i — L - ;€ —
elwz/c io\ 1==5-z/c elﬁtz Z (w — wp) kL

n'm!
n,m

aVl aVﬂ

22 22
" : eiw(l— LG )ese
0" 9(K2 )"

w2 20w

)

o=y
k; =0

(41)

where w is the main carrier frequency of the electromagnetic
wave. Note that according to the paraxial approximation, one
has to consider characteristic values to be ki ~ w, oz~
wg /Ao, where wy is the beam waist radius and A is the beam
wave length, which means that ckiz/wo ~ 1 and has to be
retained in the exponent in (41).

For transversely wide beams with the characteristic beam
waist radius wg, where the characteristic transverse wave
vector k| ~ 211)9_ ! the paraxial approximation is defined by ex-
pansion on k:)zc ,1.e., the order of the paraxial approximation is
defined by m; see, e.g., [14]. In this framework, the condition
w?/c? — ki is neglected in the integration because it leads to
exponentially small corrections.

For long enough oscillating waves, considered here and in
the case of a slow temporal change of the field amplitude
with a characteristic time 7, the condition 7 > 1/w, leads
to a sharp peak at w = wy in the field spectrum. Then, the
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approximate expressions for the electromagnetic field may be
obtained [15] as an expansion of the factor ¢/®/~%)% npear
the peak of the spectrum in (38); the order of the temporal
expansion is denoted here by n.

Expansion of the electromagnetic field leads to a series in
powers of small parameters related to the inverse beam waist
radius Ao/wy < 1 and inverse beam duration (wp7)~' < 1,
which may be represented in the form

H(r,1) =Y H™"(r,1), 42)

n,m

where the first (bold) superscript represents the order of the
temporal expansion, i.e., the expansion on the inverse beam
duration (wy7)~!, and the second superscript represents the
order of the paraxial expansion, i.e., expansion on the inverse
beam waist radius Ag/wy. In general, temporal and paraxial
expansions may be carried out independently, i.e., leaving
only n or only m summation in (42). For the paraxial expan-
sion only, up to the fourth order of kﬁ_, one obtains

) 3k4 CSk()
i(w/c— k)z% - 1 c 43
e o <—|—183z+ 6o 5z+ ) (43)

which corresponds in the used notations to the paraxial expan-
sion,

H(r,t)=H” + H" + HY + ... | (44)

where only the second index in (42) is left.
In the same way, the expansion near wy, i.e.,

. o
iwgz/c—iwy | 1—=5z/c
X e “0

el@/c—k)z
SR S pp— 2 — o)
w} — k3 ¢
7
+ L — 11— “o
3/2
z(0} — c?k?) o — k2
2 2
z7(w — wp)
2—62 +-er, (45)
provides the temporal expansion
H(r,/)=H" +HY + H* + ... (46)

Similar expressions may be presented for the electric field
components.

To take into account both the temporal and paraxial correc-
tions in a few low orders, the exponent ¢/“/~%)< in (38) may
be expanded in powers of Ag/wo < 1 and (weT)~! <« 1 as

) 3k4 k2
PUOTE VPN 2<;0 |:1 + 108 3 7 —i(w— a)O)_ZZ +. :|
Wy
(47)

The first term corresponds to the lowest-order paraxial ap-
proximation and the constant envelope, the second relates to
the first nonvanishing correction to the lowest-order paraxial

approximation with the constant envelope, and the third one
corresponds to the temporal corrections taking into account
the time variations of the envelope in the lowest-order paraxial
approximation. From (40) and (47), one can see that the trans-
verse components of the electromagnetic field are expanded
in even powers of A¢/wp and longitudinal in odd powers of
)\0 / wo.

Having in mind the possibility of a general analysis, con-
sider the electromagnetic fields as a linear combination of

modes,
Ho

which will be later specified for several certain examples. The
boundary condition for transverse components in the (x,y)
plane is defined for the magnetic field as

E= Z E®, (48)

HY| _ =H{)(r..1), (49)

where z =0 is the focal plane. Consider here sufﬁc:lently
mildly focused beams so that for the chosen Hé 1 (ry,t), no
evanescent components appear.

For the main goal of this work, it is enough to consider
the light-particle OAM absorption in the first nonvanishing
order of the interaction parameters, defined according to the
expansion (42). So, the paraxial approximation Ay/wo < 1
and the approximation of a slowly varying temporal envelope
(twp)~' « 1 are assumed. The boundary conditions in the
focal plane are chosen for convenience in the complex form,
so that H{!) = Re[H")]:

HY| _ = Eog)e™ Hg) (r1),

HD = —ia(i)ﬁ)c(i)‘zzo, (50)

where g(f) is a common slow temporal envelog)e Ey is
the common field amplitude, and ’H(ﬁ(ll) = ’H,(’ (r)ex +
Hgv)(r 1 )€y is an arbitrary function. The used setup (50) rep-
resents a superposition of copropagating along the z-axis
circularly (¢ = :I:l) or linearly (¢ = 0) polarized beams.
The function ’HO L(r 1) may be expressed in terms of the
eigenfunctions of the paraxial wave equation up, which are

defined as [16]
1 r\/§ . r2 Il 2r2
@ \uz | P <_w2(z)) "<w2<z>>

up(r, ,z) =
l . I‘ZZ
X exp| — —l—
P| —ile—i5
+iQp+ 1l + l)tanl(z)i|, (51)

2
where r =r, /wy and z = z/zg, with zz = ”A—lfj‘) being the
Rayleigh length, are the dimensionless transverse radius and

1=\ 2 G is the

normalization constant, w(z) = +/1 + z2, and L|p’| is the gen-
eralized Laguerre polynomial.

The basis for the boundary conditions is formed by the
functions uy (r, ¢, z = 0) = Up(r, ¢). Then the expansion of

longitudinal coordinate, respectively, C,
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”HE)'J)_ (r,) reads

oo oo
Hoa(ri, 0) =Y > a\y Un(r, 9), (52)
p=0l=—00
where
a), = / rdrdpHt, (ri, @)U(x, @), (53)

and @ = xory.

Substituting the boundary condition (50), expanded in
terms of Uy, to (36), integrating over &, introducing the angle
between k| and the x axis, such thatk, -r; =k, r| cos(f —
¢), and integrating over the azimuthal angle ¢, one obtains
(A2), using the representation of the Bessel function (Al).
There, g, = [ dég(§)e~™* is the Fourier transform of the
envelope. Then, integrating over r and using the identity (A3),
one obtains

HY(w, k1,72 =0)=Eogww,TW,
i . k wo
x Za;;aﬂpﬂlup,( 3 ,9). (54)
pl

The lowest-order approximation of the solution then takes the
form

H" = Epg(§) ) ) al,un(x, ¢, 2)e™", (55)
i pl

where the first (bold) index in ﬁo{[o")} corresponds to the order
of expansion on (wor)~! and the second corresponds to the
order of expansion on A¢/wyp. Introducing

HPO ) =" " al) un(r, 9, 2), (56)
i pl

such that  HOO(r)|._o = Hoo(rr) = Y, H(r), the
lowest-order approximation may be represented in the
form

H"Y = Epg(&)H ) (r)e*. (57)

The first correction corresponding to the finite pulse duration
is

0,0}
~ E , . 9HPY
H = =2 )iz e, (58)
z
As one can see, this correction term is zero at the focal point,
which is in agreement with the boundary condition (50).
The first nonvanishing contribution to the longitudinal

component of the magnetic field is

H = Egg&)H" " (), (59)
where H!"! = —i <V, . H'"?. The first nonvanishing cor-

rection to the transverse components corresponding to the
paraxial approximation is

~ E, .
0,2y _ ¢Lo it (60)

which is zero at the focal point. The next corrections and
expressions for the electric field components are presented in
the Appendix 2.

In what follows, the general approximate expressions are
presented for the momentum, energy, and orbital angular mo-
mentum (OAM), absorbed by uniformly distributed electrons
from the mildly focused laser pulse of a subrelativistic inten-
sity. These general expressions are derived in the frames of
the perturbation theory developed on the field amplitude ay,
the paraxial parameter Ao/wp, and the adiabatic parameter
of the laser pulse (wot)~', aiming the accurate considera-
tion of the main nonvanishing contributions. The calculations
show that for the OAM absorption, it is enough to consider
the fourth order on ay, the first order on (wy7)~" (the first cor-
rection to the main order), and the main order of the paraxial
approximation.

C. Analytical estimates for the energy, momentum, and angular
momentum gained by a particle in a structured wave

As shown below, the first-order temporal correction pro-
vides a contribution to the average angular momentum gain by
electrons of the same order as the constant amplitude approx-
imation, and hence should be considered in the calculations to
obtain a correct expression for the average angular momentum
gain. The magnetic field accounting for the first-order tempo-
ral correction may be represented, according to (45) and (58),
as

H= EoRe{ [g(t —z/a)H % (r)

F gl z/c)%‘”(r)]e"%("z/”}, ©61)
o

where both H¥ and H!V are calculated with a desired ac-
curacy on the paraxial parameter Ag/wg. The derivative of
the envelope ¢ (t — z/c) may be estimated as g ~ % <L g
which makes this term a small correction to the leading
one. In addition, this condition means that g(t — z/c) is a
smooth function, compared to £=2/9) and we also consider
g (t — z/c) to be a smooth function as well.

The spatial amplitude H” is defined from the boundary
condition (50). The lowest-order paraxial approximation for
the transverse components is (56) and the lowest-order parax-
ial approximation for the transverse components of H! (r) is
defined as (58).

The electric field may be written in a similar form as (61),

E :EORe{ [g(z —z/¢)E%(r)

1 .
+ —g(t— z/c)é'{”(r):| e’wo“—z/‘*)}, (62)
o

where £ and £V are the spatial amplitudes, defined from
the amplitudes of the magnetic field, which in a few lowest
orders of paraxial approximation are given by

E00(r) = 1 (r),

£ @) = —H (),

9EP N (r)

{1,0} .
8L (r)=iz Py

(63)

see more details in the Appendix.
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Substituting (62) into (30), in the main order of the slowly
varying envelope approximation, one obtains

2
a
pP(ts) = —meczzovolf{mlzfim,
() 2“% 0}2
LY(t) = —mc”—2—|& Tints
2 (o) e 48g00| | Tint

4
e W(t) = mec* S (VolEVP) 5,
where Ty, = f_oooo gz(t )dt ~ T is the characteristic time of the
interaction.

In order to calculate the average gained angular momentum
in the fourth order, one has to calculate r'® and L{ after
the interaction with the laser. The lowest order of r'® arises
from the second term in (15). At infinite time, it diverges into
infinity and should be regularized. The regularization may be
obtained by setting the last moment of time to be 7', assuming
T — oo at the end of the calculations. Substituting the first
term of (62) and evaluating r® at high values of time T, one
obtains

(64)

a2 2 T t
r@(T) ~ —c* 2V €Y f dt / ghdr'. (65
4 —00 -0

The corresponding contribution to the average angular mo-
mentum is

LAY $90[ 0 gy
R mect —( —
< e 32\dgy " ° "

T t
X Tint / dt [ F@hHdt' =0,  (66)
—00 —00

which is a partial derivative with respect to ¢y and vanishes,
being averaged with the isotropic distribution function. This

J

[O) 8 4 2c

raj )1 AEV | ale® 8 | B AEV?
<Lz(4)(too))w() _ mec a_0<({—[V0Re(5[0}8{”*) Vo] + wo |ET| [ 9[ET] + 2| LRre(ig®el™) 1€ 2
@

For a Laguerre-Gaussian beam with a characteristic trans-
verse size wo and the longitudinal size zz ~ wg /Ao, the
expressions (64) and (70) may be estimated in the main orders
as

PP (t0)| ~ mec

2
2 Ay Tint
9
3 2
@) MeC” Ay Ting
pz (IOO)N 2
w Wy

2 2 2
Li )(too) ~ MeC Ay Ting,

4.2

49 Ting
——
Wy

W (too) ~ mec

4 42
) ~ meC a()fint
(LZ (too))% a)_ow_(z) (71)

920

expression does not depend on 7 and the limit 7 — oo may
be applied.

The next contribution to the average angular momentum
gain results from both terms in r® in (15). The first one
may be evaluated in the lowest order. In the second term, one
has to consider the correction to the slowly varying envelope
approximation.

The first term in the lowest-order expansion in powers of
(wot)~! reads

o0
f dt'ieV(’) - Volv (@)
—00

C2 a2

~ — DORe[i(EM - Vo)EW + £MEM ],
w 2
2 2
d

~ _C_a_O_Re(if,’{O}g{O}*)Tim, (67)

wo 2 8ij J

where (V - £1%) ~ i€{% in the lowest order was used.

The second term consists of two parts: the first one arises
from the action of V on g(# — zo/c), and the second one from
the correction to the slowly varying envelope approximation.
This results in the following two contributions to r®, corre-
spondingly:

2

a
cfw“”ﬁrimez (68)
and
c® ag {0) o (1)
—— Oy Re(EW Wy . (69)
[Oh) 8

Collecting the three terms (67)—(69) together, substituting to
the expression (27) for (L;‘”)wo, and integrating the first two of
them by parts inside the averaging, one obtains

9o 0xok

(

Note that the transverse and the longitudinal characteristic
sizes are different, which makes the estimations for transverse
and longitudinal momenta also be different.

The higher orders of the perturbation theory have the ~72,
dependence, meaning formally that for later interaction times
the energy and OAM transfer become more efficient. These
estimates, however, actually require that the fourth-order
terms are less than the second-order ones or, using the expres-
sions for (L¥(fx0))g, and L (too), that adtin/w§ <K wo/c?.
This means that for long pulses, for which Ty > wow3/c?a3,
after the moment of time ¢ ~ wow(%/cza(z), the perturbation
theory fails. The obtained limitation for the interaction time
may be rewritten as woTine << (Wo/lose)?, Where L = agho is
the characteristic oscillation amplitude of the electron in the
wave.

Comparing the second- and the fourth-order expressions
for the transferred momentum in (71), one can see that
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12 woTin/w{ is the actual perturbation theory parameter for
the expansion of gained electron values, which counts for both
the paraxial approximation and the slow-varying envelope
approximation, and means that the field amplitude ay may
actually be not too small for the applicability of the obtained
results. This is confirmed by the examples presented in the
next section.

According to the arguments provided directly above, al-
though the perturbation theory was developed under the
formal assumption of a low-amplitude ap, a moderate intensity
regime of the interaction ay ~ 1 is considered in the follow-
ing. At field amplitudes ay ~ 1, the following estimates may
be obtained:

3
MeC™ Tint

2 b
wo Wy,

PP(tso) ~

T<2
eW(too) ~ moc* 2,
0

’;
m,c T;
(p: — /o), ~ ——3. (72)
0 wy Wy

where the first two are the consequence of (71) and the last
one does not depend on perturbation theory and may be ob-
tained from the analysis of integrals of motion. As shown in
Ref. [6], the growth rate of (p, — €/c) is proportional to the
field amplitude and inversely proportional to the square of the
beam waist, which in the notations of this work corresponds
to the third estimate in (72). This is a consequence of the weak
dependence of the waves in the paraxial approximation on z,
which in the limiting case of plane waves leads to the conser-
vation of a quantity (p, — &/c), which becomes an integral of
motion. According to (72) in this regime,

(p: — €/c)|,

To make the analysis consistent, the energy scaling in (73)
should not be greater than that for the momentum, which is
an omen that higher orders of perturbation theory should be
considered for p, in this regime. Indeed, in the frameworks of
the paraxial and slowly varying temporal approximation for
the discussed parameters, the leading term in the expression
for the fourth- order longitudinal momentum (25) may be esti-
mated as ~m,c> /w0 and has the form

~p?| . (73)

mt

e - /

which, after substitution of (62), becomes
PP (to) = ¥ (1) /e, (75)

due to the presence of z in the envelope function g(t — z/c).
Expression (75) corresponds to the integral of motion p, —
¢/c for a charged particle in a plane wave.

As a result, the estimated from the analytical theory values
of the gained momentum, energy, and angular momentum for
ap ~ 1 take the form

[v<2>(t)] dt, (74)

2 2 4 2
P theor = P(L), ( ) + 8( )/C LL theor = L( ),

(Lz,theor > @0

Pz theor =

= (LMY theor = ¥, (76)

where all the values are taken after the interaction at 7., and
1 stands for the transverse components of the vectors. It is
possible that these expressions turn to zero at some laser field
configurations. In these cases, higher orders of the perturba-
tion theory or electromagnetic field expansions are required.
However, configurations with nonzero values of these expres-
sions definitely exist and will be presented further.

III. SOME EXAMPLES FOR CERTAIN POLARIZATION
CASES

A. Circular polarization, one LG mode
Consider a circularly polarized Laguerre-Gaussian (LG)
beam, 0 = 1. Boundary conditions (50) take the form

= Eog(f)emot

X

\/_
I§y|z:0 = _iaﬁx|2:0' (77)

As long as up, depends on ¢ as ~e~ ¢ the boundary con-

dition depends on ¢ as I-7),|Z=0 = —iaﬁxlzzo ~ ¢~ These
relations between the components of the electromagnetic field
apply to the solution of Maxwell equations in the whole space,
i.e., for the solution in the whole space, H, = —ioH, ~ e™il?.
This leads to the following dependence of the exact solution
on ¢ in cylindrical coordinates:

~ it
H ~e¢ i U)w’

= —iocH, ~ ¢ iUto)w

e ro, (78)

Ref} gz

Hence, the components of E of the electric field (62)
are EV ~ g0 ~ £I0) ~ =) and %‘0)'2 = 0. Substitut-
Yo

ing this into (70), one obtains (L{* (tx))4, = 0, which means
that the angular momentum, on average, is not transferred to
electrons in the considered orders of the perturbation theory
and the paraxial and slowly varying temporal envelope ap-
proximations.

B. Linear polarization, one LG mode

Consider a linearly polarized Laguerre-Gaussian beam,
o = 0. The boundary condition (50) takes the form

Hy| _, = Eog(t)e™ up|__,.
H| _,=0. (79)

In the lowest order of the paraxial approximation,
OO
% = 0, and the angular momentum, on average, is not
transferred to electrons in the considered orders of approxi-

mations.

C. Linear polarization, superposition of LG modes

Probably one of the most efficient angular momentum
transfers occurs in the electromagnetic fields represented by
a superposition of Laguerre-Gaussian modes with different
azimuthal indexes. It provides a nonzero average gain of the
angular momentum already in the lowest orders of the approx-
imations considered in this work.
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FIG. 2. Distribution of the energy density of a linearly polarized wave for (a) one LG mode with p =0, [ = 1, (b) one LG mode with
p =0, [ =3, and (c) superposition of two LG modes with p =0, [ = 1 and ¢ = 0, m = 3 in the focal plane.

For a superposition of Laguerre-Gaussian modes with dif-
ferent azimuthal indexes, the energy density, averaged over
the laser period, is asymmetric with respect to the laser axis
in the case of superposition of LG modes with different az-
imuthal indexes; see Fig. 2, which shows the averaged energy
density for monochromatic waves [g(¢) = 1]. This asymmetry
is responsible for a more efficient OAM transfer.

Note that in experiment, particularly in a high-intensity
regime, it may appear challenging to obtain a pure single
Laguerre-Gaussian mode [17-19]. A set of secondary modes
may additionally be exited, so that the resulting wave actually
represents a superposition of Laguerre-Gaussian modes with
different numbers (p, [).

Consider the case of linear polarization o = 0, and a super-
position of Laguerre-Gaussian beams with azimuthal indexes
I and m. The boundary conditions (50) then may be written
as

Yein! Upl + Ugm

Hy|__, = Eog(t)e . H|_,=0, (80

J

z=0

4
mec
(LD ), =~ o ¢

where A = u

qm 970

9 2
Bty = mct L [( Unl”

““ 128

mec ao a(|Mpl|2 + |uqm| )
o 8 820

(PP()),, = Tine.  (86)

9o=0

Consider the following special cases:

(a) One can see that when [ = m, the angular momentum
is not transferred in the used orders of approximations.

(b) If p = q, m = —I, then both A and B become real and
the average angular momentum turns to zero. It is a natural
result since such an electromagnetic field configuration does
not carry an angular momentum.

0A 0B*
3!’0 87‘()

al T
—m)—Re| i
64

. 3
amUpl lg,—0 and B = i (g -2 Up| af: )gp=0- The average gained energy and longitudinal momentum read

2
3 ugm|* ) 9 (upittgy,)
3}’0 8}’0

and in the lowest orders of the used approximations,

+u
g0 — Yol 7 Ham e,. (81)
V2

A single particle gains an angular momentum

2

LP(10) = —m,c Z(l—m)Re(mp]uqm)rlm (82)

From this expression, the extreme values of the gained angular
momentum are

L@

(12
Chnlto) = Fme 2 — ) gtgn]| T (83)
4 §00=0

The expression for the average gained angular momentum
reads, after integration over ¢,

l— 2 0A*
0

w2, l#m, (85)
0o=0

]

(c) If one changes the azimuthal indexes (/,m) to
(=1, —m), one can see that both A and B do not change, and
the average gained angular momentum changes its sign which
is also expected, because the OAM of the field also changes
its sign.

To compare the obtained analytical estimates with numer-
ical results, which may, with a limited numerical accuracy,
provide both the electromagnetic fields and the angular mo-
mentum gained by particles beyond the perturbation theory
limitations, the interaction of electrons with electromagnetic
fields was studied with the PIC code SMILEI [20] in cylin-
drical geometry. To focus on the single-particle effects, the
interaction between the electrons was not calculated. The

3}’0
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FIG. 3. Extreme values of gained angular momentum after the
interaction with [ =0, m =1 (blue solid), / =1, m = 2 (orange
dashed), I = 1, m = 3 (green dotted) beams as a function of initial
distance of the particle from the beam axis. Dots, triangles, and
squares represent PIC numerical results; lines represent predictions
of the model for the corresponding beam configurations.

use of the PIC code allows one to optimize the simulation
time and, more importantly, obtain the numerically calcu-
lated fields, which contain all the paraxial and temporal
corrections.

In simulations, the numerical box consisted of 6000 cells in
the longitudinal direction and 1600 in the radial direction with
spatial resolution of 2.5 nm. The laser field was injected from
z = 0 boundary, with conditions (80) placed at the bound-
ary. The carrier laser frequency was wy = 2.3 x 1013 s7!, the
beam waist radius was as small as wy = 1.3 um to increase
the observed value of the transferred OAM and limit the size
of the simulation box, and the duration of the laser pulse,
T = 2nn/wy, where n =6 is the number of periods. The
dimensionless intensity used in the simulations was ag = 1,
the radial indexes were p = g = 0, and three cases for the
azimuthal numbers were considered: [ =0, m=1; [ =1,
m=72; and [ = 1, m = 3. The common temporal envelope
is chosen to be g(t) = cosz(#n) when |t — /2| < t/2,
and O otherwise. In this case, Ty, = %‘L’. Absorbing bound-
ary conditions were set for the electromagnetic fields on all
boundaries, excluding the injection boundary z = 0. For better
statistics, with a numerically feasible number of particles,
electrons were initialized at 2.5 um from the laser injection
plane at given radial distances, but with different randomly
distributed angles; the number of particles for each radial
distance N,, was about 2 x 10°. These distances were defined
as a set of 10 fixed values from ry = 0 to ryp = 1.9 um inside
a thin disk with the axis being that of the laser beam.

Figure 3 represents the extreme values of the gained angu-
lar momentum after the interaction with three different beam
configurations; the points are numerical results and the lines
are drawn according to (83). The vertical axis corresponds to
the maximum and minimum extreme values of the angular
momentum, gained by particles, while the horizontal axis
corresponds to the initial radial distance of the particles from
the beam axis.

As long as the maximum local intensity of a Laguerre-
Gaussian beam increases with the growth of the azimuthal
index and its position shifts to larger radial distances, the max-
imum of the extreme value of the gained angular momentum
also shifts toward the higher values of the initial distance from
the beam axis with the growth of the azimuthal index.

The average angular momentum transfer is an effect of the
fourth-order perturbation theory, while the extreme values of
the gained angular momentum, indicating single-particle gain,
appear to be nonzero already in the second order. This leads to
substantial statistical errors in the calculations of the average
angular momentum gain, even when using a large amount of
particles in the simulations. The average angular momentum,
gained by the particles in the numerical simulations, was
calculated according to the following procedure:

_ SV L,
Li(r) = =5 —, 87)
N,

where L, ; is the gained angular momentum of the ith particle,
which initial distance from the beam axis lies in the interval
[ro, ro + Arp] and N;, is the number of particles with initial
coordinates in this interval. The error was estimated according
to the central limit theorem,

((Lz - (Lz)tpo )2>(ﬂ0
\/N ,

where L. stands for averaging over the ensemble of the parti-
cles in the numerical simulations and (-), for the averaging
over analytical expressions.

As long as ((Lz - <Lz)goo)2><po = (LZ2>zpo - <Lz)éo < <L12)g00
and (L;),, is of the fourth order and therefore may be consid-
ered negligible here compared to (L?)}pé 2, the right-hand side
may be estimated as

i = @i m ~ ), m
~ L2 1) | /NN ~ m,PaZti /YN, (89)

L = (L)gy| ~

(88)

The relative statistical error may then be estimated as

\/<(Lz - (Lz>:po)2)wO/N - ﬂ w(z)
(), @ VN’

which rises when amplitude ay decreases. In the simulation
results shown below, these errors are not always shown to
make the plots readable, though their values are sometimes
considerable. The exemplary plot in Fig. 4 demonstrates the
scale of the error bars for the case [ = 1, m = 3. The amounts
of the quantities averaged over the initial azimuthal angle
gained by electrons, such as the energy, the longitudinal, and
the angular momentum versus their initial radial distance from
the axis of the laser beam, are shown in Figs. 5-8.

The presented plots demonstrate that the perturbation the-
ory allows a semiquantitative description for the angular
momentum gain by particles even at relatively high intensities,
i.e., when ag ~ 1. As explained in the previous section, the
reason for this is probably that the beam waist is large enough,
ie., 2rwy/ro > 1.

(90)
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FIG. 4. Average angular momentum, gained by electrons after
the interaction with the / = 1, m = 3 beam, as a function of initial
distance of the particle from the beam axis. Squares represent PIC
numerical results, the line represents predictions of the model, and
the vertical lines represent the value of the statistical error.

IV. DISCUSSION

As the presented analysis of the angular momentum trans-
fer shows, three parameters of the interaction are essential:
dimensionless field amplitude ay, relation of the period of
laser oscillations to the laser pulse duration (wo7)~', and the
relation of the laser wavelength to the laser beam waist ra-
dius, Xo/wy. In this work, all three parameters are considered
as being small, i.e., ap K 1, (wot)~! « 1 and Ao/wo K 1,
which allows one to develop the perturbation theory based
on expansion of the calculated values in powers of these
small parameters. The relations between the parameters are
not discussed, as the solutions are obtained in the lowest
orders, which may provide a nonzero result. However, in

ro (units of c/wg)

FIG. 6. Average longitudinal momentum, gained by electrons
after the interaction with [ =0, m = 1 (blue solid), [ =1, m =2
(orange dashed), [ = 1, m = 3 (green dotted) beams as a function of
initial distance of the particle from the beam axis. Dots, triangles, and
squares represent PIC numerical results; lines represent predictions
of the model for the corresponding beam configurations, accounting
for the second- and fourth-order perturbation theory.

general, especially when the considered approximation gives
a zero gained orbital momentum, e.g., the considered case
of a single linearly polarized Laguerre-Gaussian beam may
require further expansion in (wot)~' or Ag/wy, depending on
the relation between these parameters.

It is interesting to note, once again, that according to the
estimates (71), the obtained expansion actually develops on
the combination of these parameters, which at the same time
takes into account the amplitude of the field, the beam waist,
and the temporal behavior. The combination is the relation of
the particle oscillation amplitude squared to the beam waist
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FIG. 5. Average kinetic energy, gained by electrons after the
interaction with [ =0, m =1 (blue solid), / =1, m =2 (orange
dashed), I =1, m = 3 (green dotted) beams as a function of the
initial distance of the particle from the beam axis. Dots, triangles, and
squares represent PIC numerical results; lines represent predictions
of the model for the corresponding beam configurations.

ro (units of c/wg)

FIG. 7. Average angular momentum, gained by electrons after
the interaction with [ = 0, m = 1 (blue solid), [ = 1, m = 2 (orange
dashed), I = 1, m = 3 (green dotted) beams as a function of initial
distance of the particle from the beam axis. Dots, triangles, and
squares represent PIC numerical results; lines represent predictions
of the model for the corresponding beam configurations.
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FIG. 8. Average longitudinal momentum, gained by electrons af-
ter the interaction with the / = 1, m = 3 beam as a function of initial
distance of the particle from the beam axis. Squares represent PIC
numerical results; the solid line represents predictions of the model,
accounting for the second- and the fourth-order perturbation theory.
The dash-dotted line represents predictions of the model, accounting
only for the second-order perturbation theory.

radius squared and multiplied be the duration of the beam.
This allows one to consider, as a result, the mild-relativistic
values of ay ~ 1 and obtain a good semiquantitative agree-
ment between the analytical and the numerical results. It is
also important that the approximations that are used are not
suitable for short laser pulses, where, e.g., the phase effects
may become important, as these effects break the symmetry
over the azimuthal angle and facilitate the average OAM
transfer.

Discussions concerning the absorbed angular momentum
in the literature usually start with defining a laser wave with a
well-defined OAM, which are Laguerre-Gaussian beams. It is
important, however, to take into account the corrections to the
lowest orders of the paraxial and the slowly varying envelope
approximations. Consider the simulations parameters, dis-
cussed in the previous section, and use the approximations for
the electromagnetic field, rather than the numerical solution
of the Maxwell with the algorithms provided by the PIC code.
Namely, take the first orders of the paraxial and the slowly
varying envelope approximations. The equations of motion
were then solved numerically in a developed PYTHON code
for individual particles, distributed as in previous simulations.
In the first simulations, consider the electromagnetic field as

ion(i—z/¢y Ypl T Ugm
H, = —E, = Eog(t — z/c)Re(e""O(’ ~/°>P—),
y 0 \/E

Hy =L, = 07
- iwy(t—z/c d u 1+ u
H, = —Eog(t — z/c)Re(le 0(t—2/ )5%>
. 0 up +u
E, = Eyg(t — z/c)Re (ie’“’““dda%), On

which is the first two paraxial approximation orders and the
main envelope approximation order for the boundary condi-
tions (80).

The other considered simulation takes into account the
corrections according to

H :EORe{ [g(t - Z/C)(’H{O’O} + H O
A 4 30)

+ ig,(l‘ _ Z/C)(H{I’O} + H{l,l})i|eiwo(tz/c) } ,
wo

E IE()RC{ [g(t — Z/C)(E{OA,O} +glon
+ 8{02} + 8{0’3})
1 A
+ a)_g/(t _ Z/C)(g{l,()} + g{l,l})]elwo(t—z/c)}, (92)
0

where the first three terms of the expansion in powers of
Ao/wo and the first two terms of expansion in powers of
(wot)~! are taken into consideration.

The obtained gained average values after numerical in-
tegration, i.e., the kinetic energy, the longitudinal, and the
angular momentum of electrons, are shown in Figs. 9. One
can see that the longitudinal momentum and the angular mo-
mentum are rather different from the results, obtained with
use of the PIC-calculated fields, if only the few lower orders
of the approximations for the wave are used. Instead, the
consideration of the wave with the corrections (92) results in
a much better agreement between the values obtained with the
use of the PIC code. Moreover, it is quite interesting to note
that the gained momentum and angular momentum consid-
erably decrease when the corrections are taken into account.
So, the use of a rough approximation for the electromagnetic
fields may result in a substantial overestimation of the average
gained quantities.

It is worth noting that within the approach used for the
angular momentum gain (70), it appears that the first-order
correction of the slowly varying envelope approximation may
have the contribution of the order of m,.c*agt?, /wiwy, which
is the same as the contribution of the previous orders. This
is due to the fact that the lowest order of this approximation
turns to zero after averaging over azimuthal angle ¢,. The
second term in (70) is related to the longitudinal motion of
the particle, as may be seen from (64). The influence of the
longitudinal motion on the angular momentum transfer is
discussed in [8].

It is interesting to note that the condition (9), used to obtain
(27), is satisfied for the lowest orders of paraxial and slowly
varying approximations of the electromagnetic fields arising
from the boundary condition (50) with g(¢) = cosz(#n)
when |t — 7/2| < 7/2, and 0 otherwise. When the envelope
function is g(t) = %e’(’ ~10)*/27 | this condition for the low-
est orders of paraxial and slowly varying approximations is
satisfied with exponential accuracy. However, the condition
(9) is not always satisfied, e.g., for unipolar plane waves, such
as E = Ege(~/"/2"¢  H = Eye~(~/"/2""¢,Such plane
waves are not discussed in this paper.
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FIG. 9. Average (a) kinetic energy, (b) longitudinal, and (c) an-
gular momenta gained by electrons after the interaction with the
I =1, m =3 beam as a function of initial distance of the particle
from the beam axis. Blue squares represent PIC code numerical
results; orange triangles represent PYTHON code numerical results
with a few low-order approximations. Green dots represent PYTHON
code numerical results with more corrections to the lowest-order
approximations. For a better appearance, squares, triangles, and dots
are connected with straight lines.

The intensity of a Laguerre-Gaussian beam has a form of
several rings with a center on the axis of the beam and radius
~wy. This allows one to assume that electrons gain angular
momentum mostly in the regions of these rings and hence
form a solenoid with a characteristic radius ~wy. According
to the model of generation of the magnetic field by a solenoid

with charged current [7], the magnetic field value may be
4.2

enoc3a02rim For
wowo

the parameters, normal for modern laser experiments, wy =

23 x 109 s7 wo = 1.3 um, T = 127 /wy, ap = 1, and ny =

0.01 n., where n, is the critical plasma density, and the mag-

netic field may be estimated as H ~ 60 T'.

It may be noted that electrons mostly gain angular mo-
mentum of the opposite sign to that of the laser beam. The
direction of the rotation of the electrons corresponds to the
generated magnetic field directed along the laser beam propa-
gation direction. This is an interesting result, which was also
observed in full-scale 3D PIC simulations [7,8].

In this work, no collective effects were considered. Of
course, the collective effects, as well as effects which dephase
the particle motion in the wave, such as collisions, ionization,
radiation friction, and others, may qualitatively change the
interaction process, though it is easy to find the conditions
when the single-particle processes dominate. What is actually
done in the work is the initial step towards the understanding
of the OAM transfer from light waves to single particles, in
a situation where the particle distribution is isotropic so that
there is no initial axial asymmetry in the system except the
laser wave phase. The important result obtained here is that
indeed, in this situation, the OAM may be transferred to the
particles, and the process efficiency grows with the increasing
of the field amplitude and the decreasing of the beam waist.

estimated (in CGS units) as H ~ engwov,/c ~
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APPENDIX
1. Table integrals

In the calculation of the electromagnetic fields using the
boundary condition at z = 0, the integration over angle ¢
results in the Bessel function,

2
2 Jy(z) = Zm"s‘lm(z) = f dy explisg + iz cos ¢],
0

(A1)
with integer s,

Hy(w, k1,2 =0) = 27 wlgu—uEo Za,,,o,i‘”e*”e
pil

X /rdrUpl(r,O)J|l|(kLrL). (A2)
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Using the following identity from [21] for an integral of Laguerre polynomials L (z) with Bessel functions Jy(z) (here, n, s,

a, b are parameters):

2

00 . 2 5 (b _ a)n _y_ Lly2
s+1 _—bx“ys _ s K
/(; X Te™™ LY (ax”)J(xy)dx = i) € 4bL”(—4b(a — b))’ (A3)
after integrating (A2) over r, one obtains (54).
2. Expressions for the fields in terms of the used approximations
o iw - Ey / . 88{0.0} iw
EPY = Byge)€ e e, EMY = =g (s>zz—alZ e,
0
2g {0,1} {0 0} 0,0 {0,1)
B2 = B 20O e (T e, (D T e (Ad)
L ay Bz Y 0z 0x
H" = EogeyH e, B! = Eog(6)€M e,
1.1} Ey (0,17 gl ~(1,1} 0 s 0 0.1} iwoE
HM = —g(é)l8 (HO)e ENY = —g(é)la—z(zﬁz' )ers,
~ E 327-[ AHIOI ~ E arglon
HZ{0,3} — LC (E) l Z ela)oéy EZ{0,3} — ch(é)i Z ela)oS’ (AS)
9z o) 2i 972

where ST’O} = —e, X ’HT’O}, 7—[?’*1} —

cy, .00 o0y _ _;c
ajgvi HJ_ ’Ez -
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