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In the article the effect of twisting of Bessel radiation on two-photon ionization of single atoms localized on
the axis of the incident beam is studied. The matrix element of two-photon ionization of this type is obtained
for arbitrary polarization and multipolarity of the incident radiation. The differential and integral probability
of ionization of an atom over the photoemission angle is analyzed. Illustrative calculations are performed for
helium and neon atoms in the simplest case of a circularly polarized field in the electric dipole approximation

in the single-active-electron model.
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1. INTRODUCTION

Photoelectron emission studies—a powerful and
well-developed method for studying the nature and
internal structure of matter—have reached a qualita-
tively new level with the development of methods for
detecting vector correlations, such as angular distribu-
tions of reaction products, electron spin polarization,
or various types of dichroism [1]. The spectrum of
possible phenomena becomes even broader when it
comes to multiphoton processes, since the absorption
of the first photon creates a polarized target with a cer-
tain non-uniform distribution of electron density in
space, and subsequent photons act as a probe for the
primary absorption [2—4]. Until recently, the main
factor influencing the kinematics of multiphoton pro-
cesses was the polarization of radiation [5—10]. How-
ever, with the development of methods for generating
twisted radiation, new prospects have opened up [11—
15]. Twisted radiation has unique characteristics such
as a non-uniform radiation intensity profile, a non-
plane constant phase surface, a complex structure of
energy flows inside the beam and one can expect that
these characteristics will manifest themselves in a spe-
cial way in the angular distributions of photoemission.
To date, the literature on studies of two-photon pro-
cesses involving twisted radiation is represented by a
limited number of works and mainly relates to a com-
bination of twisted light and a plane wave [16—18].

For the analysis, we selected photoionization by
Bessel light propagating along the z axis (quantization
axis) with the atom localized on the same axis. Such
geometry was considered, e.g., in [19—22]. In this

case, the Bessel state of radiation is characterized by a
linear projection of the momentum k, and a projec-
tion of the total angular momentum m,, onto the
z axis. The absolute value of the transverse momen-
tum, K, = |k 1|, is fixed and, together with k_, deter-
mines the energy of the incident radiation:
® = c\k] + k., where c is the speed of light in vac-

uum. As shown in [22], such a Bessel state is described
by the vector potential

2
AL = [y, k)X (1)
4n

where
o Miam [mlamq)
ag . (K1) = (=i)""e k\/izta(kj_ - X)), (2)
1

and u, is the polarization vector with helicity A = 1.

The Bessel wave defined by Egs. (1) and (2) in
momentum space can be represented as a coherent
superposition of plane waves whose wave vectors

k = (k, k) lie on the surface of a certain cone with an
opening angle tan®, = k, /k_ (see Fig. 1). The posi-
tion of the irradiated target in the xy plane can be spec-
ified by the vector b .

2. RESULTS

In this paper, we obtain a general expression that
allows us to describe the angular distribution of photo-
electrons produced in two-photon ionization of an
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Fig. 1. (Color online) General scheme of ionization of an
atom by Bessel radiation.

atom by Bessel waves, when the atom is located on the
axis of the incident beam (see Eq. (A.9) in the Appen-
dix). By the general expression we mean that the elec-
tromagnetic interaction of arbitrary multipolarity and
polarization is considered. Here, for illustration, we
consider ionization by a circularly polarized field in
the dipole approximation and single active electron
approximation (details of the derivation, as well as the
notation used, are given in the Appendix):

—~— (tw,circ)

W2yE1 (9,,,9)—45>< Z( 1)Lf+l+/ il'

Ly s
EEI

x (11,1 =1 L,0)*(11,1 = 1| L,0)*(L,0, L,0 | k,0)’

{flg}{Lfl'2}()
%X (22,2 —-2|r0)(/0,/'0 | ¥0) ,
L 14k)|1 1L

I r
x{2 5 Lf}xP(cosO )Pk (cos B, )R,O,é, e

where P,(x) is Legendre polynomial of the order n,
R,O,é, is the radial integral of the corresponding matrix
element.

The two-photon ionization amplitudes were calcu-
lated using the method proposed in [23, 24]. This
method is also described in detail in [25], however, it
is worth noting that the summation in Eq. (5) of this
paper must be started with m = 0. The wavefunctions
were calculated in the RADIAL program [26] using
potential of 2p-electron in 1s2p (for helium) and

1s22s22p53 p (for neon) configurations, obtained

within the MCHF software package [27].

lonization of the 1s Shell of Helium Atom

According to Eq. (3), the photoelectron angular
distribution during ionization of the ls shell of a
helium atom by two Bessel waves will have the form

—~(1w)

Woe1(8,:0,) = COS ezsm 0,/R pd| C))
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where R, corresponds to R, ,, with /, =
[ =2.
The cross section for the process in this case:

0;l§ =1and

(tw)
(52ty £(0,) = %cos =R, pdl (%)

Note that in the case of double ionization of the s-shell
by a circularly polarized field, the only allowed chan-
nel is the ed wave. The cross sections and photoelec-
tron angular distributions corresponding to Egs. (4)
and (5) are shown in Fig. 2.

lonization of the Neon Atom 2p Shell

According to Eq. (3), the photoelectron angular
distribution during ionization of the 2 p shell of a neon
atom (/, = 1) by two Bessel waves will have the form

—~(tw)

_ 1 80, . 2
Wye(0,,0,) = %cos —<£sin” 0,
2 2
(400| Ryl + AR, + 6 R, (21 = 5c0526,)
+6(3 + 5c0s20,,) (6)
X [depR:df +R dpdef + 10( pspR:df + PSPdef )i|
+ 40( pSp pdp pSp pdp))

where R, R4, and R, correspond to R, with
l=0and/=1,/; =2and/=l,and /; =2 and /=3,
respectively.

The process cross section in this case is given by the
expression

~(tw) 1 30, 2
G211(6,) = 1 cos 5(100| ,,S,,| + Ryl

*
pxp pszf))

+ 36|R df| +10(R,

The cross sections and photoelectron angular dis-
tributions corresponding to Egs. (6) and (7) are shown
in Fig. 3.

Discussion

The angular distributions shown in Figs. 2b and 3b
look similar. For the single-channel case of helium
ionization, the angular distribution is analytically pro-
portional to sin“ep, however, in neon an additional
dependence on the radiation energy appears (see
Eq. (6)), and, therefore, on the ratio of the psp, pdp
and pdf channel cross sections. But even for a many-
electron target such as neon, the wavefunction of an
electron emitted by two-photon ionization by a circu-
larly polarized field contains at least sin®6),, that is why
the angular distributions have a similar shape.

The discovered feature of two-photon ionization
by Bessel waves of atoms located on the axis of the
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Fig. 2. (Color online) (a) Cross section for two-photon ionization of helium for different opening angles of the Bessel beam cone
0. . (b) Photoelectron angular distributions corresponding to the incident beam energy 7@ = 15 eV for different opening angles of

the Bessel beam cone 6.
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Fig. 3. (Color online) (a) Cross section for two-photon ionization of neon for different opening angles of the Bessel beam cone
0. . (b) Photoelectron angular distributions corresponding to the incident beam energy %® = 15 eV for different opening angles of

the Bessel beam cone 6,..

incident beam is the same dependence of both the
angular distributions of photoelectrons and the ion-
ization cross sections, regardless of the type of irradi-
ated atoms (or ions), on the opening angle of the Bes-

sel beam cone Ncoss(ec/2), i.e., a part of Eq. (3),

summed analytically over L,, L;, and k, . Itis notewor-
thy that no additional dependencies arise in this case,
as a result of which transitions that are “forbidden” in
the plane-wave case could become “allowed” (e.g.,
the 1s — np — es transition in helium). Although
such effects could be expected; in particular, it was
shown in [28] that the twistedness of the incident radi-
ation leads to the appearance of a component of the
photoelectron spin polarization which is forbidden in
the process of plane-wave ionization. Thus, the twist-
edness of the incident radiation in the case of two-
photon ionization leads only to a decrease of the pro-
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cess cross section, but not to an increase or the appear-
ance of new qualitative features. It is easy to under-
stand that with an increase in the number N of Bessel
waves absorbed by the target atom in the dipole
approximation, the dependence of the differential and
integral on photoemission angle ionization probabili-

ties on the parameter 6, will be given by the expression

~ cos* (6./2). Note that although the illustrative cal-
culations were performed within the framework of sin-
gle active electron approximation and for a pulse of
infinite duration, the conclusions presented above are
of a general nature. Thus, due to the fact that the geo-
metric part associated with the Bessel field parameter
is analytically separated from the energy part, calcula-
tions can be performed in an arbitrary model (this
applies to the beam structure both in duration and
amplitude, as well as to the atomic model used) and all
the conclusions made will remain valid.
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Analyzing the results presented in Figs. 2 and 3, it
becomes clear that for a fixed energy of the incident
beam (in the calculations, this energy is taken to be
equal to 15 eV for helium and neon), the process cross
section can decrease up to 16 times with a maximum
increase in the parameter 6,. The probability of pho-
toemission at a given angle also decreases with
increasing 0,, but the shape of the angular distribu-
tions is completely preserved.

3. CONCLUSIONS

The examination of the analytical expression for
the angular distribution of the photoelectron emission
probability from atoms located on the beam axis and
irradiated by Bessel radiation have shown that the
angular distributions of two-photon ionization pre-
serve their shape for any parameters of twisted radia-
tion. This statement, proven in the current article, and
valid for any multipolarity and polarization of the
radiation under consideration, was illustrated by cal-
culations for a circularly polarized field in the dipole
approximation. Moreover, the statement is easily gen-
eralized to three- and multiphoton transitions, since
both the integral probability of the process and the
angular dependence are modified by Bessel radiation

as cos4N(6C /2). The proven statement demonstrates
the importance of using structured targets, i.e. with a
certain distribution of atoms, for observing the effects
of radiation twistedness in vector characteristics of
multiphoton processes, such as angular distributions.

APPENDIX
DERIVATION OF WORKING EXPRESSIONS

In the formulas below, 7, (x) is the first kind Bessel
function of the order #, D,’f,,(f!) is the Wigner D-func-

tion of rotation € on the Euler angle triad, d,/f,,(e) isthe

small Wigner D-function, @ = v2a + 1, and the stan-
dard notation is used for the Clebsch—Gordan coeffi-
cients and Wigner 6j-symbols.

Matrix element of single-photon ionization of an
atom by Bessel radiation proceeding according to the
scheme

ho+ A(oyd;M;) = A (0 d M)+ e (pmy),  (Al)
is given by the expression, [29]:

JLAM=2 £, i -M
Mé:)vr‘/li = ,KJ_ zl + mtamL(ly\’)pe’(mlam )Ps

LMp

~

X T (S.601 0 3 (10, Em, L jm) (4 )
wut M, 7 2 ’

X (J My, ju | MM, LM | J,M,) D) (p)
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where A(A") denotes a state before (after) ionization;
hw is energy of incident photon; J; - and M, , are total
momentum and its projection for the initial (i) and
final (f) states; o, is a set of quantum numbers
needed to completely describe a state; m,,,, is a projec-
tion of the total angular momentum of a Bessel beam;
p=(9,,0,,0) is direction of photoelectron emission
with orbital momentum / and total momentum j;
H,(pL) is the operator of interaction of an atomic

electron with a magnetic (p = 0) or electric (p = 1)
photon of multipolarity L. Note that the reduced

matrix element {(o.,J ;,ex)J, || H,(pL) || 0,,J;) includes
dependence on the scattering phase (details can also
be found in [29]).

Matrix element of single-photon excitation of an
atom by Bessel radiation proceeding according to the
scheme

ho+ A(oJ:M;) — Ao d (M), (A.3)
is given by the expression [30]:
Mg:;)rete — \/EZiL+M—2mmmi(l-7L)Pe"(mmm—M)%
LMp
X T e (160150 =/ My, LMI M ) (A4)

f
X <(afJf||Hy(pL)”(xiJi>’

Further, for brevity, we will use m,,,, = m. In the
case of a single atom located on the axis of a Bessel

beam (b, = 0) and after integration over azimuthal
angle ¢, (J.e"("'*M)q’ ¢ _ d,,,) by sequential multipli-

cation of matrix elements (A.2) and (A.4), one can
obtain the matrix element of two-photon ionization of
an atom by Bessel radiation proceeding according to
the scheme shown in Fig. 4, in the form

2y

M(tw) =K, Z iL,+Q+2m(ik)pl+p2 L]LAZILY

LLL, J’
J‘QHM}'

X T 10 A m, | my) D, G
X (JoMo,ZyMy | J M) M, ju | J,M,)
o (LD L
X (L]ma Lzm | LyMy)dmk(ec)dmk(ec){Jt Jo Jg}
X <(asz||HY(P2L2)||%J§><(0€§Jg||Hy(P1Ll)||050Jo>-

For the convenience of writing further expressions,
we introduce the notation

(A.5)

_ Li+Ly n \DIFD) L L ZY
SllLy + Lol o)y = JZ@’ ) {J, Jo Ja} (A.6)

X (0, | H o (pr L)l oteS e ) (e el H o (py L[ 0o ).
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Fig. 4. (Color online) Two-photon ionization scheme.

JoMy, JeMy and J ;M ; are the total momentum and its
projection for the initial state, intermediate bound states

(excitations) and the residual ion, respectively. J,M, are
total momentum and its projection for the system “resid-
ual ion + photoelectron.”

Note that small Wigner d-functions in Eq. (A.5)
can be summed in such a way that the final expression
will contain only d-functions with zero projections:

d5.(0,)d5(8,) = (~1)"d5.(0,)d",_,(6,)
= D" Y dy (600

LyMyAy

X (lest -m | LyMy)(Lly"aLz -A | LyAy)
= (=1 dy6,)
L,

X (Lym, Ly = m | LOY(LA, L, = A | L,0).

The above allows us to rewrite Eq. (A.5) in the form

(A7)

w om LLIL, e
My =x, Y i - LD (B)dog (8,)
LLL,L, t
Mgt

« (_1)—./0+L|+sz-1,+7\—m (lO,%ms | ij)

X (JOMoazyMy | Jt]‘[z)(-]f]‘[fsjl'l | JtMr)
X (Lym, Ly = m | L)L Ly = L| L,0)
X (Lim, Lym | LM XL+ Lyl o)ay-

The angular distribution of photoelectrons pro-
duced in the process of two-photon ionization by Bes-
sel radiation of a single atom located on the axis of the

(A.8)

JETP LETTERS Vol. 120 No. 12 2024

incident beam can be found using basic quantum

mechanical principles: VVZ(;W)(G ,0.) =M E;W)M é;w)*.
Using a matrix element in the form (A.8) and a
projection summation technique similar to that used
in [29], we obtain a general expression for the angular
distribution:

(tw) .
Wy (6,:8,)
_ Z (_1)—Jn—./ff.l,—./,'+L|+L‘|+L2+L:Z+2j—2m—l/2
Jrlilila oL, Ly
LLJJ jj' kr

A M A A A AWM AR

x L L L LI 7 (1,0, 1,0/k,0)
x (Lym, Lym|L,2m)(Lm, Lym| L, 2m)
X (lea Lz - mlLyo)(Lvlma l;z - m|Eyo)
X (LIA‘:LZ - 7\'|LYO)(L'I7\‘9[;2 - 7\’|Ey0)
X (Zy2m, Z'Y —2m|r0)(/0,1'0|r0)

Z l' . .1 - =

o .’I’{J'J r}LYLY r
J 15 Jo oI\ g T, T,
X P.(cos ep)PkY(COS 0,)
XTI + Loy L + L),

As an illustration, this paper considers ionization
of 1s shell of helium atom and 2 p shell of neon atom in
neutral states (J, = 0) in the electric dipole approxi-
mation (L, ,=L,=1; p, =1). In this case (j £1/2)
and J; are integers, therefore, Eq. (A.9) is simplified
and takes the form

(A9)

WAH0O,:00 =9x 3 (-1

L,
LLU jj kyr
N

x L,LJJI" Jj (L0, L0 | k,0)*(11,1 1] L,0)’
x (11,1 -1 LY'0)2(11,11 | L,2)(11,11] L,2)

o (A.10)
x (L,2,L, - 2| r0)(10,1'0 | r0)
LD 7o
y 1 {J J r} L Lr
A N O S A WA A
X P (cos6,)P, (cos Gc)AleAzEYI*,
where
J11 L
AE = _1): ¥
2 ;( ) J, 0 J; (A.11)

x (o |1 H (EDloe o) (0Tl H (ED)[ 0t ).
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Next, we will use the single-active-electron model,
representing the initial system as a set of the ion core
and the ionized (active) electron. To do this, in (A.11)
we will separate the moments according to the
scheme:

Jo = Ly(Lsly) + 8

J, = L(L})+ S,

(A.12)

where L, is an orbital angular momentum of the ion

core (residual ion); [, /; and / are orbital momenta of
an ionized electron in the initial state of an atom, in an
excited state, and in a continuum, respectively.

Taking into account that J,
5,=0,S8,=1/2,J: = Ly =1 and, as a consequence,
L,=J,= L, and also using Egs. (A.72) and (A.73)

from [31], it is easy to show that the amplitude (A.11)
is reduced to the form

1

JjlJ, Ly =

Azy—IZ( 1)j+/0+Ly 1/2 /J r Lr 5
Ly L,

L, 1 L
X{ 1f 11 }U”Hv(El)ngxlg”H (ED)||1p).

(A.13)

Then, in the one-electron model, the expression
for the angular distribution (A.10) takes the form

() o
WthE](e ec):gx z (_1)j+j Jp-1/2
LLLE,
T ey

"2 2%
' lll
(L0, L

2r,

X

,01&,0)°(11,1 - 1| L,0)°
f

x (11,1=1] L,0)’(11,11 | L,2)(11,11 | L,2)
X (L,2,L,—2|r0)(0,/'0| r0)
(A.14)

X P.(cos® )Pk (cos© )Rzolﬁl

/11’

where Ry, = (| Hy(EV )| Hy(EDIll).
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After taking the sum on j, ;' and Jywe finally get:

MRS

—~(tw)

Wn(0,:0,) = 9x D (=1)
LLLL,

LEN ke

L+ Ly L

ﬁ

x(11,1 -
x(11,111L,2)(11, 1| L, 2)(L, 2, L, - 2/r0)(10,1'0]~0) (A.15)

X{Q.JE? L, I' L, {i i r}
PEES 0 g L L 17

X F.(cos8,)F (cos6, )731(,1@1

ll/

If we consider the circularly polarized incident

field, then, taking into account the dipole approxima-
tion in (A.15), only L, = L, = 2 remain, i.e.:

—~— (tw,circ)

Wi wwe)—4b<§:(n””*”
LyLykyr Lf
Lkl
x (11,1 =1|L,0)*(11,1 = 1|L,0)*(L,0, L,0}k.0)

X (22,2 =2 r0)(0,1'0 | r0)
L, 12)[L1"2
X A}
1 11/ 11

Il r
X {2 5 Lf}xP(cosG )B; (cos®, )R,O,g,

(A.16)

okl
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