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Abstract

Tailoring the spatial and angular-momentum structure of high-harmonic radiation is an im-
portant route toward controllable extreme-ultraviolet structured light. Here, we introduce
an orbital angular momentum (OAM)-resolved photon-channel framework to elucidate
spatial-mode formation in high-harmonic generation driven by bichromatic vortex fields.
Combined with numerical solutions of the time-dependent Schrédinger equation for argon,
this framework shows that the spatial structure of the emitted harmonics is governed by
spectral broadening and interference among dominant OAM-carrying photon channels.
This mechanism drives a continuous transition from clean vortex beams at harmonic peaks,
characterized by high OAM purity, nearly pure circular polarization, and strong transverse
coherence, to disordered speckle-like patterns in harmonic valleys, where multi-channel
interference induces pronounced phase distortion. These results identify photon-channel
interference as a useful mechanism for controlling the OAM, polarization, and spatial coher-
ence of harmonic beams. The proposed analysis provides a field-control and OAM-channel
framework that may be extended in future studies to structured-light probes of ultrafast
dynamics and topological phases in quantum materials.

Keywords: high-harmonic generation; orbital angular momentum; photon channel; vortex
beam; structured light; bichromatic field

1. Introduction

High-order harmonic generation (HHG) is a central topic in strong-field physics
and attosecond science. Early experiments by McPherson et al. [1] and Ferray et al. [2]
reported the generation of odd harmonics from rare gases. The semiclassical three-step
model proposed by Corkum [3] provided an intuitive picture of HHG in terms of tunnel
ionization, laser-driven acceleration, and electron—ion recombination. This framework led
to major experimental advances, including the generation of isolated attosecond pulses by
Hentschel et al. [4], which established the foundation of attosecond metrology.

With the development of laser technology, multicolor driving fields have become an
important tool for controlling HHG. Mauritsson et al. [5] showed that two-color laser fields
break inversion symmetry and enable the generation of both odd and even harmonics.
Building on this idea, Bertrand et al. [6] investigated the wave-mixing character of HHG
in the spatial domain. By superposing a strong fundamental field with a weak second-
harmonic field in a noncollinear geometry, they spatially separated harmonics generated
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through different photon-number combinations (#1,17). They further showed that the
harmonic yield scales perturbatively with the weak-field intensity as I,2, linking nonpertur-
bative HHG with perturbative nonlinear optics and suggesting a photon-exchange picture.

To interpret these observations, Li et al. [7] proposed the photon-channel theory, in
which both the driving fields and the emitted harmonic field are quantized. Within this
framework, HHG is described as a quantum process in which an atom absorbs specific num-
bers of driving-field photons and emits a single high-energy photon. The theory provides an
analytical expression for the contribution of each channel, thereby explaining channel com-
petition and intensity-scaling laws and extending HHG to a fully quantized description.

Recent research has further expanded HHG into optical fields with complex spatiotem-
poral structures, especially vortex beams carrying OAM. The modern understanding of
OAM in light beams originates from Allen et al. [8], who showed that Laguerre-Gaussian
(LG) beams carry OAM independently of spin angular momentum. In vortex-driven HHG,
the relevant conservation laws extend beyond energy and linear momentum to include
OAM. Ziirch et al. [9] used vortex beams to generate high-order harmonics. Herndndez-
Garcfa et al. [10] theoretically proposed attosecond vortex pulses and established a relation
between the OAM of the driving field and that of the emitted harmonics. Gariepy et al. [11]
experimentally demonstrated OAM control in HHG and confirmed angular momentum
conservation. Subsequent studies by Géneaux et al. [12], Kong et al. [13], and Gauthier
et al. [14] further advanced the generation and control of vortex harmonics.

More recently, efforts have begun to connect the photon-channel picture with OAM
conservation. For example, Wang et al. [15] showed that, in two-color vortex-driven HHG,
different photon channels imprint distinct OAM values onto the emitted harmonics, en-
abling channel selection through intensity tuning. This result established a direct connection
between microscopic quantum pathways and the topological charge of harmonic vortices.
Nevertheless, a comprehensive framework that incorporates OAM as an intrinsic degree of
freedom into the quantized photon-channel description is still lacking.

In this work, we develop an OAM-resolved photon-channel formalism for high-order
harmonic generation. In this framework, photon pathways are identified not only by
the numbers of absorbed photons, but also by the OAM quantum numbers carried by
the participating fields, consistent with angular-momentum selection rules. We further
establish a direct connection between this theoretical picture and experimentally accessible
observables. In particular, we show that the complex intensity distributions and helical
phase structures of the harmonics can be understood as spatial manifestations of inter-
ference among OAM-carrying photon channels with finite spectral bandwidths. Using
this framework, we simulate and interpret the evolution of harmonic spatial modes, and
discuss its implications for controlling harmonic OAM, polarization, and spatial coherence,
as well as its possible future extension to topological materials.

2. Theoretical Methods

This work employs numerical solutions of the time-dependent Schrodinger equation
(TDSE) to simulate HHG from Ar atoms driven by bichromatic LG vortex fields. The
method combines model atomic potentials, a transverse LG description of the driving field,
local TDSE calculations on a two-dimensional electronic grid, and post-processing of the
complex harmonic near field. The emitted harmonics are analyzed in terms of their spatial
intensity and phase distributions, polarization states, OAM spectra, effective transverse
phase mismatch, transverse coherence length, and far-field propagation.

https://doi.org/10.3390/atoms14070062


https://doi.org/10.3390/atoms14070062

Atoms 2026, 14, 62

30f15

2.1. Numerical Method for Solving the TDSE

To simulate HHG from Ar atoms driven by vortex laser fields, we numerically solve
the TDSE,

i%tp(r, ER) = H(R 1, )(r, £ R), (1)

where r = (x,y) is the two-dimensional electronic coordinate used in the reduced TDSE
calculation and R = (X, Y) denotes the transverse coordinate of the macroscopic driving
field. The Hamiltonian is

H(R,r,t) =T(r) + V(r) + Vi(R,1,t), )
with the length-gauge interaction
VI(R,1,t) = xEx(R,t) + yE,(R, t). 3)

for each transverse position R, the local value of the structured laser field is inserted into
Equation (3), and the TDSE is solved independently.

For argon, we employ two model potentials corresponding to the 3s state and to the
current-carrying 3p state. For the 3s state, we use

3 Z
Va0 = - — e )

where «y = 0.3844. For the 3p state, we use

LA Lo exp(—12)

N T

with Z =1, Z.¢ = 9, and a1 = 3.6. These are two-dimensional soft-core model potentials

Ve (x,y) = (5)

with radial symmetry in the simulation plane, not full three-dimensional spherical atomic
potentials. The current-carrying state is taken as the (3p, m = +1) state, denoted by p.,
and is constructed as

1 .
P+ = ﬁ(px + Zpy)- (6)

The TDSE is solved with the split-operator method [16]. The electronic wave function
is represented in a two-dimensional box of length 256 a.u. with 512 grid points along both
the x and y directions. The time step is At = 0.135 a.u. An absorbing boundary mask
is applied near the edges of the electronic grid to suppress unphysical reflections. The
time-dependent dipole acceleration is evaluated as

ay (R, t) = <1[J(t;R)’—EE))Z’1/J(t;R)>, x=xYy. (7)

The complex harmonic near-field components are obtained by Fourier transforming
the dipole acceleration,

Eh,,,c(R,Q) = /aa(R,t)W(t)exp(—iQt) dt, a=x,y, (8)

where W(t) is a smooth temporal window. The spectral order is defined as N = Q/wy.
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2.2. Laguerre—Gaussian Bichromatic Driving Fields

The transverse profile of each driving-frequency component is generated from an
LG mode under the paraxial approximation. The complex LG field used in the numerical
preprocessing is written as [17]

Mj\ 2 2
() N _ g Wo r |G| [ 2r o
Uy, (r,6,2) = Eo, w;(z') (wj(z’)> Ly’ (wf(z’)) expl wJZ(Z')l
2
X exp [—i(fjg + ijRjW + gj(zl)>] :

Here, the superscript j labels the driving-frequency component. Eq; = /2Iy,;/(c€o) is the peak

electric-field amplitude of component j, wy is the beam waist, w;(z’) = wo, /1 + (z//2R j)?

2
is the beam radius, zg; = nw%/)xj is the Rayleigh range, and k; = 27t/A; = wj/c. LL,"

©)

denotes the associated Laguerre polynomial, ¢; is the topological charge of component
j, p is the radial index, R;j(z') = 2'[1 + (zg j/z')?] is the wavefront curvature radius, and
i(Z") = (2p + [¢;] + 1) arctan(z'/zg ;) is the Gouy-phase contribution in the phase con-
vention of Equation (9). The coordinate 2’ is the longitudinal coordinate used only to
generate the paraxial LG profile near the focus. In the present local-source calculation
it is sampled in the interval specified below and is not followed by a laboratory-frame
gas-propagation transformation. For the two-color fields considered here, the wavelength-
dependent quantities k;, zg ;, wi(z'), Rj(2'), and {;(2) are evaluated separately for each
frequency component.

Each complex field Ué] ; is converted into the spatially dependent electric-field ampli-
tude and phase supplied to the TDSE calculation. Specifically,

Igj(R)

e i(R) = [UP(X, Y, 2P gi(R) =/ =22=,  &(R) = arg[Uy)(X,Y,2)], (10)

Iau

where I, = 3.5 x 101 W/cm?. The field is normalized such that the maximum LG intensity
of each component corresponds to its prescribed peak intensity, after which the converted
electric-field amplitudes &1 G ; and phases ®; are stored and used as the spatial input for
the TDSE simulation. This construction is the way in which the LG mode enters the actual
local TDSE calculations.

For the linearly polarized nondegenerate bichromatic field, the local driving field is

Ex(R,t) = f(t) {(1 — p2)&1G1(R) cos(wit + @1 (R)) + p2&Lg2(R) cos(wat + cI>2(R))} , (1)

E,(R,t) =0, (12)

where wy = xwy with x = 1.9. The dimensionless amplitude-weight factor p, controls the
relative contribution of the second color in the linearly polarized nondegenerate field; in
this work the same value as in the numerical simulations is used for all transverse positions.
In Equations (11) and (12), the two temporal components are multiplied by their own
frequency-dependent LG amplitudes and phases, &1 1, 1 and 1o, Py, respectively.

For the counter-rotating bicircular vortex field with a wj : 2w frequency ratio, the
frequency-dependent LG amplitudes and phases are explicitly included in the two Cartesian
components used in the TDSE:

Ex(R,t) = f(t)[ELg1(R) cos(wit + P1(R)) + Eg2(R) cos (2wt + P2(R))],  (13)
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Ey(R, i’) = f(t) [ELG,l (R) s'm(wlt + q)l (R)) - SLG,Z(R) sin(2w1t + CDQ(R))] (14)

The opposite signs of the sine terms define the opposite circular helicities of the two colors.

Thus, the bicircular field combines spatial LG factors, temporal oscillations, and circular

polarization vectors at the level of the real Cartesian field components used in the TDSE.
The temporal envelope is

f(t) = sinz(‘;:) (15)

where 7 is the number of optical cycles. In this work, wy = 0.057 a.u., corresponding to
A1 = 800 nm. For the linearly polarized nondegenerate field, wp = 1.9w; and Ay = A1 /1.9;
for the counter-rotating bicircular field, wp = 2wy and A, = A1 /2. The total pulse duration
is 10 optical cycles. Both driving components use an LG mode with /; = ¢, = 1 and
p = 0, with beam waist wg = 25 pm. The transverse coordinates are sampled over
X,Y € [—60 pm, 60 pm] using a 64 x 64 grid, and the near-focus longitudinal coordinate
used to generate the LG profiles is sampled over z' € [0,1 x 107" m].

2.3. Photon-Channel Labeling and Geometric Phase Factor

In a nondegenerate bichromatic field, the emitted frequency and the OAM transferred

to the harmonic must be distinguished. A photon channel is labeled by (11, n2), where 1,

and n; are the numbers of photons absorbed from the two driving components. Energy
conservation gives

Quy iy = Mwy + npwo = (nq +Kknz)wy, (16)

so that the spectral order is N = n; 4 xn3. OAM conservation, by contrast, gives
gﬂl,nz = n1lq + nybs. (17)

Because both components in the present calculation carry the same LG charge,
{1 = {5 =1, the OAM charge associated with a channel is

Jch = 11 + 12, (18)

even though the emitted spectral order is No = 1y + xny. For example, in the linearly
polarized wy-1.9w; case, the channel (1,6) emits at No = 1+ 1.9 x 6 = 12.4 but carries
gch = 7, corresponding to the OAM charge ¢ =7 for {1 = ¢, = 1.

2.4. Phase Mismatch and Transverse Coherence Length

Phase matching in HHG is determined by the coherent buildup of the harmonic
field emitted from different spatial positions in the nonlinear medium. In the general
macroscopic picture, the phase front of the newly generated nonlinear source should match
that of the propagating harmonic field [18]. For HHG driven by a Laguerre-Gaussian
beam, Jin et al. further showed that the phase-matching condition can be written in terms
of the harmonic wave vector, the driving-field wave vector, and the intensity-dependent
dipole-phase contribution as [17]

k; = gki + K, (19)

where k, is the wave vector of the gth harmonic, k; is the local wave vector of the driving
LG field, and K = V¢yg;, represents the contribution from the intrinsic dipole phase. In
a full propagation treatment, the phase mismatch may therefore be expressed in vector
form as

Ak = |kq — (qkl + K)

, (20)
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or, under the forward-propagation approximation used in previous LG-HHG phase-
matching analyses, by comparing the magnitude of the harmonic wave vector with that of
the source wave vector [17]. The corresponding macroscopic coherence length is commonly
defined as Lo, = 7t/ |Ak|.

The present work does not solve the Maxwell propagation equation in a gas medium.
Instead, we use the TDSE to obtain the local microscopic harmonic response at each trans-
verse position of the driving vortex field and then analyze the source-plane transverse phase
compatibility. For this purpose, we introduce an effective transverse phase mismatch by
comparing the calculated harmonic phase with the channel-dependent LG geometric phase.
The harmonic phase is extracted from the complex near-field harmonic component as

(Ph(RIQ) = arg [Eh,x(RrQ)}r (21)

where R = (X, Y) is the transverse coordinate. The phase is unwrapped in the transverse
plane before spatial derivatives are evaluated.

For a bichromatic vortex field, the geometric phase factor is determined by the LG
phase accumulated from the absorbed photons rather than directly by the emitted spectral
order. With frequency-dependent LG modes, the channel phase is 1P (R) + 1P, (R).
The residual transverse phase is therefore defined as

AP (R,Q) = n1®1(R) +nP2(R) — ¢4(R, Q), (22)

where ®;(R) and ®;(R) are the frequency-dependent LG phases of the two driving com-
ponents. This sign convention follows the numerical implementation used in the phase-
mismatch analysis; reversing the sign would not change the magnitude of the transverse
wave-vector mismatch or the coherence length.

The effective transverse wave—vector mismatch is then evaluated as the magnitude of
the transverse gradient of the residual phase,

2 2
8k L (R, Q) = [V, Ag. (R,Q)| = \/ (%5%) +(5%)- 23)

The corresponding transverse coherence length is defined as

R Q)= T (24)

L Ak (R,Q)

In the numerical implementation, ¢, is first obtained from the complex x-polarized
harmonic field and then unwrapped on the 64 x 64 transverse grid. The residual phase
in Equation (22) is folded into the interval [—7t, 7t], and Ak is calculated by central finite
differences along the X and Y directions. To avoid artificial divergence in nearly phase-
matched regions, we use the cutoff

L w/Aky, Ak; >10710au"t, 25)
©h T 1010 qu, Ak, <1010 qu L

Boundary values are copied from the nearest interior grid points.

This transverse coherence length should not be interpreted as the full macroscopic
longitudinal coherence length of a gas target. Rather, it provides a local diagnostic of how
well the TDSE-calculated harmonic phase follows the channel-dependent LG geometric
phase at the source plane. Large L%, indicates a slowly varying residual phase and
therefore a spatially coherent harmonic mode, whereas small L, indicates rapid transverse
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phase variation caused by channel interference and is associated with fragmented or
speckle-like spatial structures.

2.5. Stokes Parameters and Polarization States

The polarization state of the harmonic near field is evaluated from the complex har-
monic components Ej, , and Ej, . The local Stokes parameters are

So = |Enxl* + |Enyl*
S1 = |Enxl® = |Enyl?,
Sz =2Re(Ej; Epy),
S3 = 2Im(E; .Ey,).

(26)

From these quantities, the local degree of polarization and the normalized circularity are

\/S7+ 55+ 53
DoP = % e= B (27)
0 \/S3+ 53+ 53

calculated as

2.6. OAM Spectrum Analysis

For selected harmonic frequencies, the OAM spectrum is obtained from an angu-
lar Fourier decomposition of the complex harmonic field. The circular components are
constructed as

Ercp = Epyx +iEpy, Ercp = Eny — iEny, (28)

and the linearly combined component used only for comparison is Ejinear = Eh,x + Eh,y ; this
post-processing combination should not be confused with the linearly polarized driving
field defined in Equations (11) and (12). For any selected complex field E(p, ¢, Q2),

~ T . ~ 1 f2rm o .
E(o,9.0)= ). Enlp,@)e™,  En(p,Q) =5 /0 E(p, 9, Q)e""?dg.  (29)

m=—oo
For N, equally spaced angular samples, this integral is evaluated by discrete Fourier
summation. The modal intensity and normalized modal weight are

Ln(@) = [ Enlo O pde, Ba(0) = 22 @0

L Lm(Q)’
In the numerical implementation used for the OAM-spectrum analysis, the Cartesian
near-field data are interpolated to a polar grid with N, = 360 angular samples and
100 radial sampling points. The OAM spectrum is evaluated over m = —15, —14,...,14,15,
and the radial integration is performed over the inscribed transverse region available
from the 64 x 64 source grid. The normalized weight P, is therefore the fraction of the
integrated modal intensity carried by mode m within this analyzed range, and the dominant-
mode fraction is evaluated as Py, = max;, Py,. These settings follow the angular Fourier-
transform procedure used in the supplied OAM-analysis program, where the number of
analyzed modes is 31, and are sufficient to cover the dominant modes observed in the
selected harmonics.

2.7. Far-Field Harmonic Emission

To investigate the spatial structure of the harmonic radiation after propagation, the
near-field harmonic emission at the exit plane is propagated to the detector plane. In the
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numerical implementation, the far-field electric field is obtained from a scalar Huygens-type
propagation integral with a spherical-wave kernel,

iknR(x,y;x¢,y )}
f B 1 / exp{zh f f _
E (xr,yrzf,Q)) = — Ep o (%, Y, zout, O dx dy, X=X, 31
h,a( fyf f ) l/\h h,( Y, Zout ) R(x/y}xf/yf) Y Yy ( )
where
@) 27
R(x,y;x5,yf) = \/(xf —x)? + (vr —y)*+ (zf — Zout)?, ky = P Ap= I (32)

Here, (x7,y¢) are the transverse detector coordinates, z¢ — zout is the propagation distance
from the exit plane to the detector plane, and « = x, y denotes the Cartesian polarization
component.

3. Results and Discussion
3.1. Harmonic Spectra and Spatial Modes in a Linearly Polarized Bichromatic Vortex Field

Figure 1 shows the initial wave functions of argon used in our simulations. Panels (a)
and (b) display the degenerate pyx and py, orbitals, respectively, both exhibiting the charac-
teristic dipolar dumbbell structure. To construct the initial current-carrying state p, we
use the normalized coherent superposition defined in Equation (6), as shown in panel (c).
This superposition converts the anisotropic dipolar density into a cylindrically symmetric
toroidal distribution and introduces a phase singularity at the center, corresponding to
nonzero orbital angular momentum and a well-defined azimuthal probability current. Such
a construction is physically well-motivated: Eckart et al. [19] experimentally demonstrated
the ultrafast preparation and detection of ring currents in argon ions via m-selective tunnel
ionization, showing that electrons counter-rotating with respect to the laser field are prefer-
entially removed and leave the residual ion in a state with a definite circulation direction.
Their results provide direct experimental evidence that laser-driven ionization can prepare
chiral bound states carrying persistent current, which supports the use of the present p
state as the initial current-carrying state for studying current-induced HHG dynamics.
Panel (d) shows the isotropic distribution of the 3s state calculated using the Coulomb
model potential in Equation (4).

Figure 2 presents the HHG spectra from argon atoms driven by a linearly polarized
bichromatic vortex field. For a single-color driving field, the harmonic cutoff can be
estimated from the semiclassical law [3]

Ecutoft = Ip +3.17U,, (33)

where I, = 0.579 a.u. is the ionization potential of argon and U, = E?/(4w?) is the
ponderomotive energy. When the two driving components are considered separately as
single-color reference fields, the corresponding cutoff orders are approximately 10.9 and
13.4. In the bichromatic case, however, the electron motion is driven by the superposed field,
so the cutoff is determined by the maximum recollision energy supported by the composite
trajectory rather than by either component individually. From this perspective, an effective
cutoff around the 14th order is reasonable. Indeed, Figure 2a shows a pronounced intensity
drop beyond harmonic order 14.

The linearly polarized nondegenerate bichromatic vortex field already reveals that
the spatial mode of a given harmonic is governed by the competition and interference
between neighboring photon channels carrying distinct OAM. Within harmonic orders
11-14, we focus on three representative frequencies: the peak at 12.4, the shoulder at
12.6, and the valley at 12.9. As shown in Figure 3a—c, the near-field intensity evolves
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from an ordered annular double-lobe structure with seven spiral arms at the peak, to an
asymmetric double-lobe at the shoulder, and finally to a fragmented four-lobe pattern at
the valley. The corresponding phase maps in Figure 3e—g show a parallel evolution from
a well-defined spiral wavefront to a distorted and ultimately disordered phase structure.
This behavior indicates a gradual transition from single-channel-dominated emission to
multi-channel interference.

4 0495 4 0.495
31 (@) 31 (b)
24 24
~ 1 . ~ 1
= BE
< 0 < 0
N N’
>l ‘ 1 .
2 -2
3 -3
4 0495 4+ —0.495
—4-3-2-10 12 3 4 -4-3-2-101 2 3 4
X (a.u.) X (a.u.)
4 0348 4 0.495
31 (¢) 31 (d)
24 24
~ 17 ~ 17
= =
5 ol 3 ol ‘
N N
>l > 11
_2 _2.
-3 -3
A 0.000 A4l 0.000
—4-3-2-10 1 2 3 4 —4-3-2-10 1 2 3 4
X (a.u.) X (a.u.)

Figure 1. Initial states of argon. (a) Wave function of the p, orbital. (b) Wave function of the p,
orbital obtained using the screened model potential in Equation (5). (¢) Probability density (squared
modulus) of the chiral current-carrying state p defined by Equation (6). (d) Wave function of the 3s
state calculated using the Coulomb model potential in Equation (4).

current-carrying statel () BR N Rh G
s-state

current-carrying state|
s-state

S
T

10°f | () £ (b)
10°

510!

<

10 3J
107
= 107
10 107 1l
0 5 10 15 20 25 30 11.0 11.5 12.0 12.5 13.0 13.5 14.0
Harmonic Order

3

tensity (arb. units)
3
Intensity (arb. units)

R T ‘_I_J
(1,6) (5.4) (11,1)

Harmonic Order Photon channels

Figure 2. High-harmonic generation spectra from argon driven by a linearly polarized bichromatic
vortex field. (a) Total HHG spectra calculated using the 3s state (black curve) and the p, state
(red curve) as the initial states. (b) Enlarged view of harmonic orders 11-14. Three characteristic
frequencies on the red curve are marked: (i) 12.4, (ii) 12.6, and (iii) 12.9. (c) Schematic illustration of
the photon-channel concept. Specific harmonic orders arise from distinct quantum pathways defined
by the absorption of 71 and 71, photons from the two field components.

The asymmetric double-lobe structure at the peak originates from the coupling be-
tween the linearly polarized bichromatic vortex field and the p state, corresponding to
the (3p, m = +1) state. Although the probability density of this state is nearly isotropic,
its complex wave function carries an intrinsic azimuthal probability current. The ioniza-
tion dynamics are therefore governed not by geometric anisotropy, but by a nonadiabatic
velocity-matching mechanism: ionization is enhanced when the intrinsic electron velocity
is aligned with the instantaneous laser field and suppressed when it is misaligned. This
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orientation-dependent effect acts as an angular gate and explains why the p, state pro-

duces a broken rotational symmetry in the harmonic intensity despite its nearly isotropic
density distribution.

30°

407 (e) 330° () 330° > _30° (g) »o°

(h) 30 o
33 300° 300° {\}Fw 300° Aria— 300° 60°
=i = , A ‘1' ‘ \ i
§ 0] 270° |F‘ ° 270° p‘ J«m 270° 270° «)o°
FE 10 (’ \
=
2 b *
0 2400 ﬂ/ o 240° \1‘_\’)’ 1200 240° 240° I \. 120°
40 2100 50° o o
210 2000 T 150 2100 S 1500
o E— o E— -_— x
Phase (rad) Phase (rad) Phase (rad)

10, (i) (K) 330 gl 30° o

_
g
g 0
<
[=%
3
10
0 - 2x10°¢ . 16107 - 13107 0 m— 3x107
Intensity (arb.unit) Intensity (arb.unit) Intensity (arb.unit) Intensity (arb.unit)
0° 0° 0 0
10 (m) 330° (n) 330° o 30° (0) 330° v 30° (p) 330° 30°
S| 3000 )} 300° ‘\? 60° 300° SO\ 60° 300‘@ mqu
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Figure 3. Near-field and far-field distributions of selected harmonic orders. (a—c) Near-field intensity
distributions of harmonics at orders 12.4, 12.6, and 12.9 generated from the p state. (d) Near-
field intensity distribution of harmonic 12.4 generated from the 3s state. (e-h) Corresponding
near-field phase distributions. (i-1) Far-field intensity distributions of the same harmonic orders.
(m—p) Corresponding far-field phase distributions.

For comparison, the 12.4th-order harmonic generated from the isotropic 3s state
exhibits a symmetric ring structure with arrow-like streamlines, as shown in Figure 3d.
This is a characteristic feature of vortex-driven HHG. Its physical origin lies in the quantum
probability current j. Because the 3s-state wave function lacks an intrinsic azimuthal phase,
the harmonic field driven by a vortex beam with topological charge ¢ can be written as
¢ « el’?R(p), giving rise to both azimuthal and radial current components. As a result,
the local direction of energy flow varies continuously along the ring, producing the spiral
intensity pattern.

The phase evolution across these frequencies provides direct evidence of photon-
channel interference, as schematically illustrated in Figure 2c. Emission at a given frequency
w can arise from multiple quantum pathways, or photon channels, denoted by (n1,1;),
where 17 and n, are the numbers of photons absorbed from the two field components.
When a specific channel (17, n2) is spectrally matched to the selected emission frequency
and also has favorable phase matching, it dominates the emission with a central frequency
w = (11 4+ 1.9n3)w; and a finite spectral width Aw. Because of this finite broadening,
several channels can contribute simultaneously in the case of a noninteger frequency ratio,
leading to spectral overlap.

At the 12 4th-order peak, the emission is dominated by the (1,6) photon channel. Here
the emitted energy and the transferred OAM are determined by different combinations of
the same photon numbers: the frequency is w = (14 1.9 x 6)w; = 12.4w;, whereas the
OAM charge is ¢ = nyl1 + nal, = (14 6) x 1 = 7 because both driving components carry

https:/ /doi.org/10.3390/atoms14070062


https://doi.org/10.3390/atoms14070062

Atoms 2026, 14, 62

11 of 15

¢y = {p = 1. This well-defined OAM transfer gives rise to the clear seven-arm spiral phase
pattern observed in Figure 3e. At the 12.6th-order shoulder, the local channel (5,4) becomes
active, but the emission is still partially influenced by the spectral wing of the dominant
(1,6) channel associated with the adjacent peak. Interference between these two pathways
distorts the intensity into an asymmetric double-lobe pattern. It also perturbs the phase,
producing a partially disordered seven-arm spiral. At the 12.9-order valley, the emission
originates from the overlapping spectral tails of multiple channels. Interference between
their incompatible OAM modes scrambles the wavefront, leading to a fully disordered
phase and a fragmented four-lobe intensity distribution.

After propagation to the far field via Huygens’ integral, the harmonic spatial
modes preserve the essential characteristics of their near-field counterparts, as shown
in Figure 3i-p. The peak retains a well-defined annular structure with clear spiral phase
fronts, the shoulder remains asymmetric with a distorted phase, and the valley continues
to display a fragmented intensity pattern accompanied by phase disorder. This near-
to-far-field correspondence indicates that the observed modal features are imprinted at
the generation stage rather than created by free-space propagation, and it enables direct
comparison with experimentally measured far-field patterns.

3.2. Resolving Spectral Broadening and Topological Interference with a Counter-Rotating
Bicircular Vortex Field

While the linearly polarized nondegenerate bichromatic field already reveals the transi-
tion from ordered to disordered harmonic modes, the spectral overlap between neighboring
channels remains relatively strong. To resolve this process more clearly, we next consider
a counter-rotating bicircular vortex field. Counter-rotating bicircular fields generate only
3n £+ 1 harmonics because of the underlying C3 symmetry [20], which produces a larger
spectral separation between adjacent photon channels than in the nondegenerate 1:1.9
bichromatic case. As a result, the harmonic spectrum exhibits well-resolved discrete peaks,
as shown in Figure 4a. This configuration therefore provides an ideal platform for resolv-
ing the spectral broadening of a single dominant channel and tracking its transition into
interference regions with neighboring channels.

)
2.

(a) —— CRCP

s 3

S
i

Intensity (arb. units)
S S
Intensity (arb. units)

0 5 10 15 20 25 30 35 40 45 50 55 12.0 12.5 13.0 13.5 140 145 15.0
Harmonic n Harmonic n

Figure 4. High-harmonic generation spectrum driven by a counter-rotating bicircular vortex field.
(a) Total HHG spectrum. (b) Enlarged view of harmonic orders 12-15. Four characteristic frequencies
are marked: (i) the 13th-order peak, (ii) the shoulder at 13.2, (iii) the valley at 13.5, and (iv) the
14th-order peak.

We examine harmonics from orders 12 to 15 in Figure 4b and select four characteristic
frequencies: the 13th-order peak, the shoulder at 13.2, the valley at 13.5, and the 14th-order
peak. Their near-field intensity and phase distributions are shown in Figure 5. At the
dominant spectral peaks, the harmonics display symmetric annular intensity profiles and
well-defined spiral phase structures. The nine-arm spiral pattern indicates single-channel
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dominance. According to the OAM conservation law [21], the topological charge of the gth

harmonic is
0 = |:q + 20—471
q

3 ] (b1 + b)) —oqla, (34)

where ;1 denotes the helicity of the emitted harmonic component. For the 13th-order
dominant channel (5,4) and the 14th-order channel (4,5), this relation gives ¢ = 9 in
both cases, but with opposite handedness. At the spectral shoulder, the phase distortion
indicates the influence of spectral-wing contributions from neighboring pathways. In the
valley region, strong phase disorder emerges from the overlap of counter-rotating channels,
leading to destructive interference. The corresponding far-field patterns in Figure 5i—p
preserve these main spatial features, further supporting the conclusion that the observed
mode evolution originates from multi-channel interference in the source region rather than
from propagation effects.
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Figure 5. Near-field and far-field distributions of selected harmonic orders from the counter-rotating
bicircular vortex field. (a—d) Near-field intensity distributions of harmonics at the characteristic
frequencies marked in Figure 4b. (e-h) Corresponding near-field phase distributions. (i-1) Far-field
intensity distributions of the same harmonics. (m—p) Corresponding far-field phase distributions.

This transition can also be quantified using the Stokes parameters. Based on near-
field calculations, the harmonic peaks exhibit nearly pure circular polarization (13th order:
DoP = 0.84, ellipticity € = —0.998; 14th order: DoP = 0.99, ellipticity ¢ = 1.000), con-
sistent with single-channel dominance. At the spectral shoulder, the DoP decreases to
0.15, indicating strong polarization mixing caused by the overlap of neighboring spectral
wings. In the valley region, the DoP recovers to 0.64 while the ellipticity remains high
(e = 0.987), showing that the field is not fully depolarized. Instead, it corresponds to
an interference region where overlapping counter-rotating channels induce substantial
phase and polarization modulation, while one helicity component remains dominant. This
polarization evolution provides further evidence for the role of multi-channel interference.
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3.3. OAM Spectrum and Microscopic Validation via Coherence Length

To further characterize the interference process, we analyze the OAM spectra at the
four characteristic frequencies using the near-field harmonic emission. The results are
shown in Figure 6. A clear selection rule is observed: only odd topological charges, such
as m = —11, —9, and —7, exhibit substantial intensity, whereas even components remain
negligible. This is consistent with OAM conservation in counter-rotating-bicircular-field-
driven HHG [21]. The OAM spectra further indicate that the observed phase disorder does
not originate from decoherence. Instead, it arises from vectorial interference between the
overlapping spectral tails of the left-handed 13th and right-handed 14th harmonic channels.
These channels share the same dominant OAM value, / = —9, but possess opposite
spin states. Their coherent superposition forms a Poincaré-type polarization texture with
spatially varying ellipticity, which generates local phase gradients while preserving the
global OAM dominance at £ = —9.

100} (a) ¥ H13.0 [ (b) H13.2
80t F -9
60+
2|
g
. 20F
=
& ol - - -
2100} (¢) HI3.5 [ (d) ] H14.0
5 8ot
E
= 60}
wop
20t I :
0 -10 0 10 - *IIO 0 1.0
Topological charge

Figure 6. OAM spectral decomposition for the harmonics analyzed in the counter-rotating bicircular
vortex field. The normalized OAM spectra are shown for the four characteristic frequencies: (a) the
13th-order peak, (b) order 13.2, (c) order 13.5, and (d) the 14th-order peak.

The combined evolution of spatial phase disorder, polarization transition from circular
to elliptical, and preserved OAM dominance demonstrates that the spectral valleys are
not empty regions of suppressed emission, but rather structured interference domains
produced by the coherent overlap of broadened photon channels.

To elucidate the microscopic origin of the observed spatial modes, we analyze the
phase mismatch and transverse coherence length across the spectral peak, shoulder, and
valley, as shown in Figure 7a—f. At the dominant spectral peak (12.4th order), the phase-
mismatch map in Figure 7a exhibits a broad plateau near zero in the central region, sur-
rounded by an ordered spiral structure. Correspondingly, the transverse coherence length
is high, exceeding 300 pm in Figure 7d, and forms a robust annular region of high coherence
that spatially overlaps with the bright lobes in Figure 3b. In the shoulder region (12.6th
order), the phase mismatch evolves into a distinct two-arm spiral pattern (Figure 7b), reflect-
ing interference between the dominant quantum pathway (1, 6) and the emerging pathway
(5,4). As a consequence, the coherence length decreases to 100-200 um (Figure 7e), causing
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the coherence ring to fragment. At the spectral valley (12.9th order), the phase mismatch
becomes highly disordered and speckled (Figure 7c). The coherence length correspondingly
drops to below 10 um (Figure 7f), accounting for the diffuse spatial profile.
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Figure 7. Phase mismatch and transverse coherence-length analysis for harmonics generated by the
linearly polarized field. (a—c) Spatial maps of the phase mismatch for harmonics at orders 12.4, 12.6,
and 12.9, respectively. (d-f) Corresponding spatial maps of the transverse coherence length.

These results establish a direct connection between microscopic quantum-path inter-
ference and macroscopic spatial mode. In this sense, the transverse coherence length acts
as an effective filter for spectrally broadened channels, driving the transition from coherent
spatial localization at intensity maxima to stochastic divergence in spectral minima.

4. Conclusions

In conclusion, our OAM-resolved framework provides a physical picture of how
photon-channel interference governs the spatial-mode evolution of high-order harmonics
driven by bichromatic vortex fields. In particular, the evolution of the harmonic spatial
mode serves as a signature of the transition from single-channel to multi-channel dom-
inance, a process controlled by finite spectral broadening. This interference mechanism
enables control of the harmonic OAM, polarization state, and transverse spatial coherence,
while maintaining high spatial coherence (exceeding 100 um) at spectral peaks. Because
such coherence can be comparable to or larger than characteristic microscopic material
length scales, the present source-mode and OAM-channel analysis may provide a use-
ful basis for future extensions to structured-light probes of topological materials. More
broadly, this work establishes a field-control framework that links strong-field vortex-
driven HHG with OAM-resolved structured-light applications, while a direct calculation
of material-specific topological observables is left for future work.
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