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Flying focus techniques produce laser pulses whose focal points travel at arbitrary, controllable
velocities. While this flexibility can enhance a broad range of laser-based applications, existing
techniques constrain the motion of the focal point to the propagation direction of the pulse. Here,
we introduce a flying focus configuration that decouples the motion of the focus from the propagation
direction. A chirped laser pulse focused and diffracted by a diffractive lens and grating creates a
focal point that can move both along and transverse to the propagation direction. The focal length
of the lens, grating period, and chirp can be tuned to control the direction and velocity of the
focus. Simulations demonstrate this control for a holographic configuration suited to high-power
pulses, in which two off-axis pump beams with different focal lengths encode the equivalent phase
of a chromatic lens and grating in a gas or plasma. For low-power pulses, conventional solid-state
or adaptive optics can be used instead. Multi-dimensional control over the focal trajectory enables
new configurations for applications, including laser wakefield acceleration of ions, nonlinear Thomson

scattering, and surface-plasmon emission of THz radiation.

INTRODUCTION

Optical techniques for spatiotemporal control reshape
the amplitude, phase, or polarization of a laser pulse
by introducing correlations between its spatial and tem-
poral degrees of freedom [1-4]|. These techniques have
enabled the generation of propagation-invariant wave
packets with tunable group velocity and acceleration [5—
13], dynamically steered laser beams [14], novel optical
topologies [15-18], simultaneous spatial and temporal
focusing [19], and spatiotemporal optical vortices [20—
23]. Beyond providing fundamental insights into the al-
lowable structures of light, spatiotemporal control holds
promise for several applications, including biomedical
imaging [24-26], pulse compression [27], terahertz gen-
eration [28-30], polarization control [31], attosecond
pulse generation [32], nonlinear harmonic generation [33],
attsecond electron sheet generation [34], y-ray genera-
tion [35], and temporally resolved single-shot measure-
ments [36, 37].

A subset of techniques for spatiotemporal control,
known as “flying focus” methods, modify the focal time
and location of each frequency, temporal slice, or annu-
lus of a pulse to create an intensity peak that moves in-
dependently of the group velocity along the direction of
propagation [38-49]. These modifications can be realized
through a variety of optical configurations, including a
chromatic lens and chirped laser pulse [38, 39, 41, 49]; an
axilens and echelon or refractive doublet [42, 43, 47, 48];
a deformable mirror and spatial light modulator [44]; or
nonlinear optical processes [45, 46]. The arbitrary and
tunable velocity of the resulting intensity peak has pro-
vided a new approach to enhancing laser wakefield ac-
celeration [42, 43, 50], plasma-based parametric amplifi-
cation [51, 52], THz, extreme ultraviolet, and x-ray gen-
eration [53-58], and signatures of strong-field quantum

electrodynamics [59-61].

Despite the flexibility afforded by flying-focus meth-
ods, existing implementations constrain the motion of
the intensity peak to the propagation direction of the
pulse. An arbitrary-velocity intensity peak capable of
traveling in any direction would offer greater versatil-
ity, opening new geometries for laser-matter interactions.
For instance, such peaks could be used to tune the un-
dulator period while extending the interaction length in
a laser-driven free-electron laser [62], extend the inter-
action length and enhance x-ray emission from nonlinear
Thomson scattering in a non-backscattering geometry for
easier detection [54, 63], excite surface plasmons for THz
generation in non-normal geometries [64], and enhance
compact ion acceleration to GeV energies [65].

In this work, we introduce a flying-focus method for
producing intensity peaks that travel at any velocity in
any direction. The optical configuration consists of a
chirped laser pulse focused and diffracted by a diffrac-
tive lens and grating. The lens and grating determine
the longitudinal and transverse focal location of each fre-
quency, respectively, while the chirp determines the ar-
rival time of each frequency at that location. The focal
length of the lens, grating period, and chirp can be tuned
to control the direction and velocity of the resulting fo-
cus. Theoretical analysis and numerical simulations of
this configuration demonstrate that the focus can travel
at any angle with respect to the pulse propagation di-
rection over distances far longer than a Rayleigh range.
The simulations consider a holographic lens (zone plate)
and grating, which can be generated in a gas or plasma
suitable for high-power applications [4, 66-73]. However,
the technique and analysis are general and can be applied
to the standard solid-state or adaptive optics frequently
used for low-power applications.
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FIG. 1. Schematic of a flying focus with arbitrary directionality. (a) A chirped pulse propagates through a chromatic lens and
a grating, creating a flying focus at an angle O with respect to the pulse propagation direction with a focal range Lw. (b)
A diffractive lens disperses the frequencies longitudinally, producing (c) a focus that travels along the same direction as the
pulse. (d) A diffraction grating disperses the frequencies transversely, producing (e) a focus that travels perpendicular to the
propagation direction of the pulse. (f) A diffractive lens and grating combination disperses the frequencies both longitudinally
and transversely, producing (g) a focus that travels at an angle 6 with respect to the propagation direction. The inset shows
an example of the transverse intensity profile of the diffracted focal spot.

A TWO-DIMENSIONAL FLYING FOCUS

Consider a laser pulse incident on a diffractive lens and
transmission grating centered on the z-axis, as shown in
Fig. 1(a). The transverse electric field of the pulse can be
expressed as a superposition of its frequency components:

1 ~ )
B(x,t) =~ / E(x,w)e!™*=“Ydy 4 cc., (1)

where E(x,w) = A(x,w)e™%) is the complex envelope
of each component with amplitude A(x,w) = |E(x,w)|
and phase ¢(x,w) = Arg[E(x,w)], k = w/c, and the inte-
gral is over positive frequencies. The vacuum wavelength
associated with each frequency is A = 27c/w.

The pulse is incident at an angle 6;, vertically displaced
a distance y; from the z-axis, has been focused by a pre-
liminary achromatic lens, and has a spectral phase ®(w).
The incident phase of the pulse ¢;(x1,w) = ¢(x1,2z =
0,w) is then

klz? + (y — y:)?]
2fi

where z = 0 is the entrance plane of the diffractive lens
and f; is the longitudinal distance from z = 0 to the
original focal point.

Upon entering the diffractive lens and thereafter, the
envelope evolves according to the paraxial wave equation:

bi(x1,w) = kb;(y —vi) — + @ (w), (2)

(2ik0, + V?) BE(x,w) = —k* [n*(x) — 1] E(x,w), (3)

where V2 = 35 + 02 is the transverse Laplacian and
n(x) is the spatially dependent refractive index, which
includes contributions from the lens and grating. For

thick optics, Eq. (3) can be solved numerically to deter-
mine the envelope at the exit of the grating. For thin
optics, as considered here, the envelope at the exit of the
grating can be approximated as

E(XJ_,Z =0",w) = Ai(XJ_,w)ewi(x*’“)"'i‘m(x#""), (4)

where A;(x,,w) = A(xL,z = 0,w) is the incident ampli-
tude, z = 0T denotes a longitudinal location just after the
lens and grating, and ¢¢(x,w) = ¢n(x1,w)+odc(x1,w)
is the phase acquired by a frequency component upon
traversing the lens (L) and grating (G).

The diffractive lens is designed to have a focal length
fro at the central wavelength of the probe pulse A\g. The
phase applied to each frequency component is then

k(z* 4+ y*)
2fL(A) 7

where z = fL(A) = fLoAo/A is the focal location of
the first-order diffraction for an initially collimated pulse
(i.e., when f; — 00). The transmission grating has a pe-
riod A in the y direction, chosen to produce a first-order
diffraction angle

(5)

(bL(XJ_,W) = -

Op(A) = ——+. (6)

The phase applied by the grating is then
b (x1,w) = kbp(AN)y. (7)
The maximum diffraction efficiency occurs when the cen-

tral wavelength of the pulse is incident at the Bragg angle
QB ~ )\0/2A



Beyond the exit of the grating (z > 07), n(x) = 1, and
the solution to Eq. (3) is given by the Fresnel integral:

/ B, 0%, w)exp [ [xs — !, [?]dx],
(®)

where E(X,J_, 07, w) is provided by Eq. (4). The focal lo-
cation of each wavelength x;(\) can be determined by
applying the method of stationary phase to the total
phase in Eq. (8): ¢1 = ¢ + ¢c + o= |XJ_ — x| |2 At
focus, all the rays that originate from the plane z=0F
are coherent with zero relative phase. This condition can
be formulated as:

2miz

(az’¢T)|x:er =0, (93‘)
(Oy &1)|x=x, =0, (9b)

for all 2’ and y’. Substituting in for ¢ and solving for x|
yields the first-order focal location for each wavelength:

Aofi
00 = 200 gy (10)
Xofi 0; — N/N) + Xoy;
() = of. fLO()\fi +§\0J)c:0" o¥i fLo (10b)
2 (\) = 0. (10¢)

For the chosen geometry [Fig. 1(a)], the focal locations
are confined to the y-z plane (i.e., zy = 0). However,
the optical configuration is generally three-dimensional
and can be rotated about the z axis to move the focal
locations into any other transverse plane.

The longitudinal focal locations z; are determined by
the combined focusing of the preliminary achromatic lens
and diffractive lens. The focal lengths of these optics pro-
vide two parameters that can be tuned to set the overall
f-number and longitudinal chromaticism. With f; and
fro chosen, the transverse focal locations yf can be ad-
justed through the grating period A, incidence angle 6;,
or initial transverse displacement y;. The angles of and
distances to a focus from the center point of the exit
plane (x =y = z* = 0) are then

A A v
0r(A) = 6; — A X fio (11a)
N = \Ju2 + 22, (11b)

where 05 = arctan [(yy — v:)/2f] = (Y5 —v:)/2s has been
used in accordance with the paraxial approximation.
Equations (10) provide the focal locations in the nat-
ural coordinate system of the optical configuration. For
analyzing the properties of the flying focus, it is conve-
nient to instead use a coordinate system (Y, Z) with an
origin at the focal location of the central wavelength \g
and one axis (Z) aligned to the propagation axis of the
central wavelength [see Fig. 1(a)]. Within this coordinate
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FIG. 2. Design space for an arbitrary-directionality flying
focus. (a) The angle at the central wavelength with respect to
its propagation direction and (b) normalized focal range as a
function of Bragg angle 0g and focal length ratio fro/fi. The
contours show the analytical results [Egs. (16) and (12)] and
the markers indicate the parameters used in the simulations.

system, the longitudinal and transverse displacements of
the foci are given by

ZF()\) = dfCOS(@f—Qf())—dfo
YF()\) = deiH(@f—efo),

where 079 = 05(No) and dyo = dy(N\g). For an inci-
dent pulse with a continuous spectrum, the displacements
trace out a continuous curve or “focal range” of length

Ly _/\/ a¥e ddZAF) X, (13)

where the integral is over all wavelengths composing the
spectrum.

The motion of the focus through the focal range de-
pends on the displacements Zy(\) and Yr(\) and the
wavelength-dependent focal time 7(\). The focal time
7(A) consists of two contributions: the time it takes each

(12a)
(12b)




wavelength to travel from z = 0% to its focal point,
dy(X)/c, and the relative time of each wavelength within
the pulse, 0, ®, such that
0= La,00 - Mo (14)
T =L ome N
where 0,9 = (9,A)0,® was used to express the group
delay in terms of wavelength. The focal velocities are

then:
dZp (dr\ "
vz(A) = i <d)\) (15a)
dYy (dr\ "
Thus, the foci are dispersed at an angle Op =

arctan(vy /vz) or

Or(A) = arctan

dYe (dZp\ "

d\ ( dX ) ] (16)
with respect to the propagation direction of the central
wavelength. Note that the angle is independent of 7 and
only depends on the lens and grating parameters.

Figure 2 shows how the angle and focal range of the
flying focus depend on the design of the diffractive optic
for a pulse with y; = 0. To maximize the diffraction ef-
ficiency, the incidence angle of the pulse is fixed to the
Bragg angle of the grating: 6; = 6. A purely longitudi-
nal flying focus fr = 0° can be achieved when 0 = 0°,
which is equivalent to only using a diffractive lens, as il-
lustrated by Figs. 1(b) and (c). A purely transverse flying
focus O = 90° can be achieved for large f1,0/f;, which is
equivalent to only using a straight diffraction grating, as
illustrated by Figs. 1(d) and (e). Angles between 0° and
90° can be achieved by choosing an appropriate combina-
tion of O and fro/f;, which corresponds to a diffractive
lens and grating combination exemplified in Figs. 1(f)
and (g). The focal spot aberrations visible in these fig-
ures arise from off-axis focusing and angular dispersion
introduced by the diffraction grating [74, 75], but remain
small in the paraxial regime considered here.

For a linearly chirped pulse with a stretched pulse du-
ration 79 and a bandwidth AA/)\g < 1, the velocity
and direction of the flying focus are approximately con-
stant in time. If the incidence angle is small such that
0? = 0% < 1, then dy(\) =~ z¢()), and the focal range,
velocities, and angle simplify to:

AN 2(x)1"?
Ly ~ =2 {49§+f (2 0)] fho)  (17a)
Ao fio
N oo fuo 17
vy R C|:1:|:CT0A/\ fg()\o)] (17b)
vy ~ 26}3 (1 + f;()) Vz (170)
fr =~ arctan2 (vy,vz), (17d)

4

where ® = +(mcrg/AN)(Ao/A — 1)2, the + signs corre-
spond to a positive and negative chirp, respectively, and
y; = 0 has been assumed. In the limit of a purely longi-
tudinal flying focus (i.e., 85 = 0), the expressions for Lg
and vz agree with those derived in Refs. [38, 39, 49, 76].
Equation (17) demonstrates that the focal length ratio
fLo/ fi, grating period, and stretched pulse duration T,
can be chosen to create a flying focus that travels at any
speed and at any angle between 0° and 180°. A more
general spectral phase could produce a focal point with
a non-constant speed at angle 0p.

For low-power applications, where laser damage is not
a concern, a two-dimensional flying focus can be realized
using a standard, solid-state diffractive lens and grating
or a spatial light modulator. For high-power applications,
the required optic could be imprinted holographically in
a gas or plasma [66]. As shown in Ref. [67], imprinting
the interference pattern of two co-linear laser beams with
different focal lengths in a recording medium creates a
holographic zone plate capable of focusing a much higher
power probe pulse. If the two imprint beams have the
same wavelength A; and focal points at z = f; and z =
f2, then the focal length of the holographic zone plate is

Arfifz

=30y 1
A holographic grating can be similarly created by cross-
ing the two imprint beams at an angle in the recording
medium. If the two imprint beams cross at a full angle
2a0 < 1, then the grating period is A = A;/2sina =~
Ar/2a. Crossing two imprint beams with different focal
lengths at an angle in the recording medium creates a
combined holographic zone plate and grating capable of
applying a phase ¢1, + ¢ [Egs. (5) and (7)] to a probe
beam. The grating period and focal length can be con-
trolled by changing the crossing angle and focal lengths
of the imprint beams.

A combined holographic zone plate and grating can
be created using a small volume of gas and integrated
downstream of conventional focusing systems. Due to its
high damage threshold, the optic can be placed close to
the initial focal location. Reflection gratings and chirped
mirrors that are common in high-power experiments can
also be used to realize a flying focus as long as they apply
the same phase ¢y, + ¢g. However, unlike holographic
optics, reflection gratings and chirped mirrors provide
little to no tunability over the properties of the flying
focus.

SIMULATIONS

We have demonstrated full control over the flying-focus
direction using two complementary simulations: a nu-
merical solver for the frequency-domain paraxial wave
equation [Eq. (3)] and time-domain particle-in-cell (PIC)



TABLE I. Simulation Parameters

Paraxial®

Probe wavelengths A 700-900 nm
Probe diameter® 300 um
Probe incidence angle 6; 0, =«
Probe initial focal location f; 12.0 mm
Imprint beam wavelength Ar 800 nm
Imprint beam diameter 400 pm
Imprint beam 1 incidence angle « 1°-7.5°
Imprint beam 2 incidence angle —« —
Imprint beam 1 focal location fi 154.7 mm
Imprint beam 2 focal location fo 13.4-116.7 mm
Index modulation amplitude dna 10~4-1072
Medium thickness D Ao/dna
Parameter p = \3/(A%nodna) 1.8
PIC

Probe central wavelength Ao 800 nm
Probe bandwidth 161.6 nm
Probe duration 79° 930 fs
Probe diameter 150 pm
Probe incidence angle 6; 10°
Probe intensity I 5.4 x 10" W /cm?
Probe initial focal location f; 0
Imprint beam 1 incidence angle « 5°
Imprint beam 2 incidence angle —5°
Imprint beam 1 focal location fi [e%s)
Imprint beam 2 focal location fo 750 pm
Plasma thickness D 16 pm
Plasma average density No 0.06
Plasma density modulation Ny 0.05
Ton mass m;/me 18364

@ The parameters are indicated in Fig. 2 by circles and triangles.
b The diameter is defined as the 1/e? radius of intensity at the

center of the medium.
¢ The probe is negatively chirped from 1.1wp to 0.9wp in 930 fs.

d All ions are mobile in the simulation.

calculations with the code EPOCH [77]. Both simula-
tions model the propagation of a probe pulse from the
near field, where it travels through a holographic lens
and grating, to the far field, where it forms a flying fo-
cus. The paraxial solver also models the formation of
the hologram by two imprint beams and allows for rapid
calculations, but does not capture nonlinear feedback be-
tween the probe pulse and the recording medium. The
PIC simulations do not model the hologram formation,
but do capture the nonlinear feedback. The simulation
parameters can be found in Table I.

In the paraxial solver, the formation of the holographic
optic and the propagation of the probe are performed
in three steps: (1) propagation of the imprint beams
through a uniform medium with refractive index ng; (2)
calculation of the refractive index modulation using the
local interference pattern of the imprint beams: on(x) =
n(x)—ng x E;-Eo; (3) propagation of the probe through
the resulting nonuniform medium with refractive index
n(x). For all cases considered, the incidence angle of the
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FIG. 3. Focal location relative to the central wavelength Ao =
800 nm for normalized focal ranges LrXo/fi AN equal to (a)
0.2 and (b) 0.25. The theory (dashed lines) agrees with the
simulations (circles and triangles). The circles and triangles
correspond to the same markers in Fig. 2, which indicate the
focal length ratios fro/f; and Bragg angles 0g used in the
simulations.

probe was equal to the Bragg angle (6; = 6g). The focal
range (Ly) and angle (6g) of the flying focus were varied
by changing the focal length of the second imprint beam
fo2 and the crossing angle of the imprint beams 2, which
set f, [Eq. (18)] and the Bragg angle: 0 = X\o/(2A) with
A = A\;/(2sin ), respectively. The amplitude of the in-
dex modulation dny = max(én) was increased with the
Bragg angle to mitigate higher-order diffraction. More
specifically, the parameter p = A3/(A%ngdna) = 1.8 > 1
was held fixed [78], resulting in a single bright, first-order
focus. The values of dn ranged from 10~* and 102, well
within the range achievable in gas and plasma [67, 68, 70].
The thickness of the hologram D was chosen to satisfy
(D/Xo)dna = 1, which yields maximum diffraction effi-
ciency at the central wavelength [67].



Figure 3 compares the results of the paraxial simula-
tions (circles) to the theory (dashed lines) for probe wave-
lengths ranging from 700 to 900 nm. The simulated lon-
gitudinal and transverse focal point displacements match
the analytic prediction given by Eq. (12) across a broad
range of focal length ratios fr0/f; and Bragg angles 0p.
The focal location in the simulations was determined by
finding the maximum intensity oc |E|? in the first-order
diffraction. For these parameters, the focal ranges (a)
Ly ~ 600 pm and (b) Ly ~ 700 pm are 1.5-5 and 1.75-6
times the Rayleigh range of the focused probe, respec-
tively. Since Ly scales with f; at fixed fro/f:, the focal
range can be substantially increased by moving the holo-
graphic optic further upstream from the initial focal lo-
cation. The velocity of the focus through the focal range
is determined by the spectral phase, which is left unspec-
ified here for generality. In the case of a linear chirp,
for instance, the sign of the spectral phase determines
whether the focus is moving forward or backward.

The paraxial simulations verify the theoretical predic-
tions provided that nonlinear feedback between the probe
pulse and the holographic optic is negligible. Thus, they
apply only to probe pulses whose intensities are too low
to modify the recording medium. Plasma can withstand
high intensities, making it a promising media for holo-
graphic optics. Two-dimensional PIC simulations, which
solve the full set of Maxwell’s equations and capture non-
linear feedback, were conducted to demonstrate the for-
mation of a high-intensity, arbitrary-directionality flying
focus using a plasma zone plate and grating.

For the PIC simulations, the parameters of the
probe pulse, plasma zone plate, and grating were de-
signed to produce a constant-velocity flying focus with
Ly = 150 pm, vy = —1.16¢, and vy = —0.20c.
A linearly chirped probe pulse with an intensity I =
5.4 x 10 W/em? (normalized vector potential ag =
max(E)e/mewoc = 0.05) was obliquely incident on a
combined plasma zone plate and grating at an angle
0; = 10°. The temporal profile of the chirped probe
consisted of a 24 fs linear rise, a 930 fs plateau, and a
24 fs linear fall. The simulations had a resolution of 32
cells/Ag and used 1 macroparticle per cell. A series of
simulations conducted with higher resolution and more
macroparticles per cell confirmed that these values were
sufficient for convergence. The simulation domain was
0.6 mm x 1 mminy X z.

The preformed plasma zone plate and grating were im-
plemented as an initial, neutral density profile:

N(yaz) = NO +N1 COS[A(,ZS(y,Z)], (19)

where Ny and N; are the average density and den-
sity modulation normalized by the critical density n. =
eomew? /e? and

k1y2

Ag(y,z) = -T2 2krysin o (20)
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FIG. 4. PIC simulation of a two-dimensional flying focus
produced by focusing and diffracting a chirped laser pulse
with a combined plasma zone plate and grating. (a) The
pulse intensity at three different times, corresponding to the
moments at which light at different wavelengths reach focus,
showing that the focal spot moves at an angle with respect
to the propagation direction of the central wavelength. The
dots show the focal location as a function of time. (b) The
longitudinal and transverse displacement with respect to the
focal location of the central wavelength as a function of time
and wavelength. (c) The focused intensity as a function of
time and wavelength.

is the relative phase between two imprint beams. The
corresponding refractive index is n(y, z) = /1 — N(y, 2).
The parameters of the density profile (see Table I) were
motivated by ponderomotive plasma gratings, where the
intensity modulation due to the interference of two im-
print beams produces a ponderomotive force that pushes
plasma into regions of low intensity [67, 79, 80].

Figure 4(a) shows the probe pulse intensity after pass-
ing through the plasma hologram at three times, cor-
responding to the focal times of three wavelengths (or
time slices) within the pulse (see colorbar). Each wave-
length travels in a different direction and focuses at a dis-
tinct location and time [Egs. (10) and (14)]. Figure 4(b)
demonstrates that the focal point has a near-constant ve-
locity in both the longitudinal and transverse direction:



vz ~ —1.1c and vy =~ —0.195¢ and moves backward
at an angle frp =~ 10° with respect to the pulse propa-
gation direction, consistent with Eq. (17d) (6r =~ 10°).
The simulated velocities slightly differ from the predic-
tions of Eq. (17). This is due to the small-angle and
small-bandwidth approximations used to derive Eq. (17).
Despite these differences, Eq. (17) provides a quick and
reasonably accurate estimate of the focal speed and di-
rection. The peak intensity of the moving focus varies
by about 6% across the entire focal range, reaching a
maximum of 6.4 x 10'® W/em? (ag =~ 0.17) |Fig. 4(c)].
These results indicate that the holographic plasma optic
has a damage threshold at least three orders of mag-
nitude higher than that of conventional solid-state op-
tics (10*2 W /cm?). This capability positions holographic
plasma optics as an alternative to large solid-state optics
for the manipulation of high-power laser pulses.

CONCLUSION

In conclusion, we have introduced an arbitrary direc-
tionality flying focus that conceptually advances the fly-
ing focus technique to two dimensions. This design allows
the focal trajectory to be steered at an angle with re-
spect to the pulse propagation direction while preserving
the extended interaction length and arbitrary focal veloc-
ity that make the flying focus technique attractive. The
method decouples the longitudinal and transverse motion
of the focal point by using a diffractive lens and grating to
focus and diffract a broadband, chirped laser pulse. The
optical configuration can be realized using conventional,
adaptive, metasurface, or photorefractive optics, provid-
ing a range of options depending on the intensity that is
needed. The combined optic affords greater control over
the focal-point motion beyond what is achievable with
existing methods, without adding substantial complex-
ity to the optical setup. The ability to independently
control the direction and velocity of the intensity peak
allows the interaction geometry to be tailored without
sacrificing the extended interaction region. Moving the
focal spot laterally with respect to the pulse propagation
direction reduces the risk of optical damage to upstream
and downstream optical components, improves shielding
and diagnostic access, and provides greater flexibility in
experimental design. These practical considerations are
particularly important in high-power laser—plasma exper-
iments, where geometric constraints often limit imple-
mentation of otherwise promising concepts.
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