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Controlling the intensity distribution of laser pulses in the
focal region is essential for optimizing optically generated
plasma waveguides and enabling advanced plasma accel-
eration techniques, including dephasingless Wakefield ac-
celeration. Here, we present a method for programmatic
structuring of the high-intensity focal region of a standard
off-axis parabolic mirror, extending the length of this re-
gion well beyond the Rayleigh length and enabling control
over the longitudinal intensity distribution. The theoretical
framework is validated through numerical simulations and
experimental measurements. Further, we demonstrate the
use of this technique in an existing plasma accelerator system
using readily available hardware components. Finally, we
illustrate the potential application of this method to multi-
GeV laser-plasma acceleration and the generation of flying
foci, research areas that would significantly benefit from
improved programmatic structuring of high-intensity laser
pulses. Published by Optica Publishing Group under the terms of
the Creative Commons Attribution 4.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.
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Extended depth of focus optics, or axioptics, are becoming in-
creasingly important in many areas of high-power laser-matter
interactions. Rather than focusing rays of light to a single point,
like an off-axis parabolic mirror (OAP), these optics focus to a
line segment along the optical axis, allowing for the generation
of extended regions of high laser intensity. Optics for generat-
ing such intensity structures include the axicon [1], the axilens
[2,3], and the more recently proposed axiparabola [4,5].

Axioptics are routinely used for the formation of optical
waveguides to prevent diffraction of the drive laser pulse in
a laser-plasma accelerator (LPA), which is a fundamental re-
quirement for efficient acceleration to multi-GeV energies [5-7].
They have also been proposed as a key optical element for ap-
plying flying focus techniques to circumnavigate dephasing of
the accelerated electrons in these devices [8,9].
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Fig. 1. Schematic illustrating the separation of tailoring and fo-
cusing to achieve an elongated focus. A deformable mirror is used
to apply different Zernike aberrations to a laser pulse. After some
propagation, an OAP focuses the beam to the focal region. Different
combinations of aberrations can be used to independently shape the
position, elongation, and intensity distribution of the focal region.

Currently, generating high-intensity elongated foci requires
fixed and often highly customized axioptics. Integrating such
specialized optics into existing experimental setups can be
costly, complex, and can subsequently restrict the broader func-
tionality of the setup [10,11].

In this Letter, we propose an accessible and flexible method to
generate and programmatically tune such foci. The predominant
effect of an axioptic is, similar to a standard parabolic mirror, to
focus the beam to a region of high intensity. Provided that the
elongation of this region is sufficiently small in comparison to
the focal length, the elongation can be treated as a perturbation.
Indeed, it has previously been noted that an axiparabola pre-
dominantly adds spherical aberrations in addition to a focusing
phase [4,8,12—-14]. Here, we explicitly separate focal elongation
into two stages, tailoring and focusing, and propose that these
tasks can be performed by two independent optics separated by
free-space propagation. Figure 1 elucidates this concept, show-
ing tailoring of the laser pulse with a deformable mirror and
focusing with a standard OAP. The two optics are separated by
a distance loosely limited by the constraints discussed below.
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In the absence of free-space propagation between the optics
the total phase, ®, of a beam after the deformable mirror-OAP
combination can be expressed as:

2

k
¢<r>=—%+¢<r>, ()

where the first term is the phase of an OAP with focal length f,,
r is the radial coordinate and k is the laser wave vector related
to the laser wavelength A as k =2sr/A. To preserve the radial
symmetry typical of axioptics, we add only radially symmetric
aberrations to the pulse, such that:

p= Y ka,z (7). @

n=2,4,... R

where Z0 represent the radially symmetric Zernike polynomials
defined over a pupil of radius R and «, is the root-mean-
square (rms) deformation of the laser wavefront in meters. Thus,
the total phase can be expanded as a series in 2" with n>0,
encompassing several axioptic phase definitions [2—4].

Importantly, the two optics can be spatially separated along
the beam path with the deformable mirror upstream of the fo-
cusing optic. To determine the allowable free-space propagation
between the tailoring and focusing stages, while preserving their
expected function, we estimate the transverse deformation of the
beam due to the aberrations added by the deformable mirror.
Consider an input beam of characteristic radius w with a flat
wavefront. In the first step, a deformable mirror imprints a set of
radially symmetric Zernike aberrations ¢ (r) on the laser wave-
front. The beam then propagates a distance z along the optical
axis where it impinges upon the focusing optic. Considered as a
geometric optics problem, one can show that during this prop-
agation, a beamlet on the laser wavefront moves transversely to
the propagation axis by |z ¢’|/k, where ¢’ =d¢/dr. Provided
that this movement is small with respect to the beam size, and
additionally that diffraction effects of the unaberrated beam are
also small over this distance, the spatial beam profile will remain
largely unchanged during propagation between the optics. Math-
ematically, these conditions can be written as |z ¢”|/kw « 1 and
F > 1, where F = w2/ Az is the Fresnel number. These conditions
can be treated as a relatively loose constraint on optic separation
to ensure no significant change occurs in the predicted system
performance.

A characteristic feature of elongated foci is that different radial
positions on the input aperture focus to different longitudinal
positions in the focal region. For an optic with a phase given
by Eq. (1), one can further use geometric optics to estimate the
focal position of the beam as a function of radius on the input
aperture [4]:

__Jo Ly ry
o= (o129, @)

If a defocus aberration Zg is applied, no elongation is observed
and the focal position only shifts away from the geometric focus
of the parabola by Af = (4y3fZa,)/(R?> — 4y3fya,). Elonga-
tion and intensity tailoring of the focus is achieved by the
addition of higher order radially symmetric Zernike aberrations,
Zg, Zg,. .., which are shown in an inset in Fig. 1.
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Fig. 2. (a) Measured focus generated using a f;, = 100 mm lens.
(b) Measured surface profile of the phase plate. (¢) Measured elon-
gated focus generated with a phase plate 150 mm prior to the lens.
The theoretical predictions of the focal length, according to Egs. (3)
and (4), are shown in dashed lines.

An important case occurs when the defocus and primary
spherical aberrations are added to produce a phase shift pro-
portional to »* with no r2 dependence. This is the case when
a5 =35/3 a,. The geometric focal extent is then given by:

L3 (V5R? = 1204, f + 8V573 )
7 R2 - 2450{4]“0

In this case, in which the focus is elongated but not shifted,
the elongated focus starts at the geometric focus of the OAP and
extends downstream for a4 > 0. For Eq. (4), the pupil radius is
set equal to the beam radius.

To demonstrate the basic principles above, we performed
proof-of-concept experiments using a 780 nm CW laser beam
together with a phase plate designed to impart a phase shift
proportional to r*. The intensity full-width half-maximum
(FWHM) of the beam was 10.9mm and it was focused us-
ing a 100 mm lens to a focal camera setup consisting of a 10x
microscope objective and a camera mounted on a motorized
translation stage. The phase plate was a one-inch-diameter trans-
missive even-asphere optic made of fused silica. It imparted
ay= 036 um and a, =35/3(0.36 um) = 1.39 um over the
beam diameter. The phase plate was placed approximately
150 mm from the lens, to limit beam evolution during the prop-
agation (max. |z ¢’|/kw ~ 0.1). Figures 2(a) and 2(b) show, re-
spectively, the unaberrated focus and the surface profile of the
central region of the phase plate. Upon addition of the phase
plate, the focus elongates, with Fig. 2(c) showing the resulting
elongated focal region together with the analytic prediction of
the focal extent, Eqs. (3) and (4). The experiment and theory
show excellent agreement.

Beyond simply elongating the focal region, many applications
also require control of the longitudinal intensity profile. For the
concept presented here, the longitudinal intensity distribution of
the elongated focus depends upon the spatial intensity profile
of the beam at the surface of the tailoring optic, the aberra-
tions added to the beam, the amount of free-space propagation
between the tailoring optic and the focusing optic, and the focus-
ing optic itself. For a fixed input spatial intensity profile, fixed
focusing optic, and a fixed separation between the optics, a tai-
lored phase comprising a combination of primary, secondary,

: (4)
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etc. spherical aberrations may be used to redistribute the energy
within the focal region and thus shape the longitudinal intensity
profile. This phase tailoring task is well suited to programmable
optics such as deformable mirrors.

In the following section, we explore this concept further,
in particular, the use of a deformable mirror to programmati-
cally add radially symmetric Zernike aberrations to elongate and
shape the longitudinal intensity profile of the focus of an exist-
ing high-power laser system used for laser-plasma acceleration.
These experiments were conducted at the LUX facility [15,16].

At LUX, an Imagine Optic ILAO-Star 200 deformable mirror
with 52 actuators is located just upstream of the final com-
pressor of the Ti:Sapphire laser system, ANGUS, which can
deliver up to 2.6 J of energy in a 39 fs FWHM pulse centered on
800 nm in a beam with an order 3.4 flattened Gaussian profile
with a 68 mm FWHM [17]. After compression, the laser travels
along a non-imaging beam transport to the interaction chamber,
where it is focused by a 2 m OAP. The total distance between the
deformable mirror and the OAP is approximately 34 m.

The wavefront of the attenuated pulsed beam is flattened prior
to compression by the deformable mirror to facilitate the gener-
ation of a high-quality focus, with a measured FWHM intensity
spot size of 22 um and Rayleigh length of 2.2 mm. Starting
from this flattened wavefront: defocus, primary spherical, and
secondary spherical aberrations were added to the pulse result-
ing in the generation of an elongated focus, more than 35 mm
long, as can be seen in Fig. 3. LASY [18] was used to perform
simulations of the optical system from the deformable mirror
to focus, including the 34 m of beam propagation. The angu-
lar spectrum method and resampling Fresnel propagators were
employed for free-space propagation and focusing, respectively.
Good agreement was found between the measured data and
simulations.

In comparison to the phase plate measurements above, here
there is additionally secondary spherical aberration. In this case,
the defocus was used to approximately centre the elongated focal
region around z =0, which corresponds to the geometric focus
of the unaberrated system. The secondary spherical aberration
is used to redistribute energy within the focal region, flatten-
ing the longitudinal intensity profile. As mentioned above, the
free-space propagation can also influence the longitudinal in-
tensity profile. Here, it is observed that while laser energy is
redistributed transversely—Ileading to a modified spatial inten-
sity profile of the beam at the OAP surface compared to the
surface of the deformable mirror—the phase profile does not
significantly evolve. For the conditions shown, the maximum of
Iz ¢’|/kw is also ~0.1.

The results here demonstrate the ability to decompose the
production of an elongated focus into two stages separated by
free-space propagation, allowing independent optical elements
to perform each step. While in the first example a custom phase
plate was used for phase tailoring, it is clear that, due to non-
linear phase acrual, such optics do not scale well to use at high
laser intensities. In such cases, the deformable mirror offers a
clear advantage due to its ability to operate at high pulse inten-
sities and to programmatically modify the imparted phase and
thus the longitudinal intensity profile.

It is worth noting here that in the second example, the mag-
nitude of aberrations added were within the dynamic range of
a standard deformable mirror setup, even after flattening of the
wavefront. Specifically, a defocus of a, = —0.2 pm, a primary
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Fig. 3. (a) Fluence profile in the focal region of the LUX accel-
erator. The upper half of the image is the experimentally measured
data from a focal scan of the aberrated beam, while the lower half
is a simulation, performed with LASY, in which the experimentally
set values for the deformable mirror have been added to the pulse.
In the bottom half, the on-axis fluence for both experiment (dashed
dotted) and simulation (solid) is shown. (b) Simulated near field flu-
ence (black) and phase (magenta) profiles at the deformable mirror
(dashed) and at the OAP (solid). (c) Transverse slice of the mea-
sured focal intensity profile taken along the vertical dashed line in

(a).

spherical of a4 = —0.35 pm, and a secondary spherical of ag =
0.1 pm were added to the pulse, with an aberration pupil radius
of 45 mm. Similar deformable mirror systems are commonplace
in many high-power laser facilities worldwide, meaning that the
techniques described here could be readily applied to a variety
of facilities globally.

In general, the extension of the focal region can be limited by
three factors: the phase which can be added by the deformable
mirror, the focusing properties of the unaberrated beam (focal
length and beam size), and the distance between the deformable
mirror and OAP. In the case of typical LPA-like setups, the
limiting factor tends to be the constraints arising from the prop-
agation distance between the deformable mirror and the OAP.
With reasonable limits on these constraints as described above,
one can comfortably produce regions of high-intensity up to
several percent of the focal length of the focusing optic. In
the following, we explore how this concept could be leveraged
to support applications in multi-GeV electron acceleration and
dephasingless Wakefield acceleration.

The formation of a Hydrodynamic Optical-Field-lonized
(HOFI) plasma waveguide [19], used in multi-GeV LPAs
[7,20-22], typically requires an auxiliary beamline with a sepa-
rate focusing geometry. However, relative pointing fluctuations
between the waveguide-forming and drive-pulses remain a sig-
nificant source of instability [22]. The dual-optic technique
described here could allow the HOFI pulse and main drive pulse
to utilize a common final focusing optic, potentially alleviating
relative pointing jitter due to mechanical vibrations and enabling
the generation of a stable guiding structure. One facility which
would benefit from such developments is the proposed 6 GeV
Plasma Injector for PETRA IV [23]. The generation of a suitably
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Fig. 4. Spatio-temporal structure of elongated foci. In all cases,
an 800 nm, 30 fs pulse with a super Gaussian transverse profile of
200 mm diameter is tailored and then propagated 20 m before be-
ing focused by a f, = 6m OAP. In (a) a phase ¢ is applied with
(ay, a4, a6)=(1.8,1.8,.22) um and [z ¢’|/kw =0.1. In (b) —¢ is
applied. In both cases, superluminal propagation of the intensity
peak is observed. The dashed line shows the analytic prediction of
the arrival time, which shows excellent agreement, despite tailoring
being performed prior to propagation. The solid line at the bottom
of each plot shows the axial intensity lineout. In (c) the same phase
¢ and a radial group delay c () are added to achieve luminal prop-
agation.

long region of high laser intensity is well within the practi-
cal limitations of our technique, although one would also need
to consider the impact of ionization-induced refractive effects
which can additionally modify the length of the focal region.

In the context of dephasingless laser Wakefield acceleration
[8,9], it is advantageous to tune the velocity of the intensity peak
along the optical axis. Indeed, it can be shown that in addition
to elongating the focus along the optical axis, adding the phase
described in Eq. (2) impacts the spatio-temporal behavior of the
pulse, leading to an axial intensity peak which travels superlu-
minally [13], a flying focus [24,25]. The time of arrival #(r) of
the rays at the focus can be expressed as:

_ Ly,
ct(r)—l_@¢,+2k(¢ 2¢). (5)

The velocity of the intensity peak on axis can be calculated from
Eqgs. (3) and (5) as vg/c = (df/dr)/(dct/dr). The time of ar-
rival can be tuned by addition of a radial group delay ct(r) as
shown in Fig. 4. Here, a radial group delay is added to generate
an elongated focus which travels luminally, vg/c = 1. While the
radial group delay may be tailored by a fixed echelon optic, a
programmatic solution based on an adaptive optic system was
recently proposed [13]. One could then consider an all-adaptive-
optic solution to programmable control of high-intensity flying
foci. Similar to the elongation of the focus, the temporal shaping
can occur far from the final focusing optic (as demonstrated in
Fig. 4) and could thus be easily integrated in an existing setup.

In summary, we have presented a novel technique for the
programmatic elongation and intensity shaping of high-power
laser pulses using a deformable mirror in combination with a
standard focusing optic. The use of two independent optics for
tailoring and focusing provides both flexibility of implementa-
tion and tunability of the focal intensity profile. The ability to
spatially separate these processes, by relatively large distances,
enables the technique to be easily applied to a variety of ex-
isting systems. We presented results with a custom phase plate
demonstrating, in a simple optical setup, the ability to separate
the tailoring and focusing processes. The length of the mea-
sured elongated focus agrees well with theoretical calculations
derived using geometric optics. Further, we have shown that the
amount of spherical aberration required to significantly elongate
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the focus can be readily provided by existing deformable mirror
systems, enabling programmatic control over the focal proper-
ties. This was demonstrated at an existing LPA facility, LUX.
Here, the focus was elongated to well beyond the Rayleigh length
with the existing deformable mirror installed before the com-
pressor. The intensity profile was further tailored by carefully
tuning the relative amounts of primary and secondary spherical
aberrations. Our experimental results are supported by a theo-
retical framework and by optical simulations with LASY [18].
Finally, we considered how these techniques might extend to two
important applications, namely, multi-GeV laser-driven plasma
acceleration and the generation of flying foci for dephasingless
Wakefield acceleration.
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