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Spatiotemporal shaping of broadband 
helical light pulses at relativistic intensities
 

Andrew Longman    1  , Danny Attiyah    1,2, Elizabeth S. Grace    1, 
Christopher Gardner    2, Tayyab Suratwala1, Gary Tham1, Colin Harthcock1, 
Robert Fedosejevs    3 & Franklin Dollar    2

Spatiotemporal control of laser pulses at relativistic field strengths is a 
long-standing goal in laser–plasma interactions and extreme-field science. 
Helical wavepackets that couple spectral and orbital angular momentum 
(OAM) modes produce rotating intensity distributions, often referred to 
as light springs. Here we demonstrate the generation of light springs at 
relativistic intensities, reaching peak values above 1.4 × 1018 W cm−2, using 
a scalable and high-power-compatible optical architecture. By spectrally 
separating a broadband high-power pulse, imprinting distinct helical 
phases using off-axis spiral phase mirrors, and coherently recombining 
the components with engineered dichroic optics, we realize controlled 
spatiotemporal OAM in a geometry compatible with large-scale laser facilities. 
Hyperspectral imaging combined with off-axis holography enables full 
spatiotemporal reconstruction of the focal fields, revealing tunable transverse 
rotation. Furthermore, controlled spectral chirp allows manipulation of the 
temporal evolution of the transverse mode structure. These results establish a 
scalable route to relativistic light fields with tailored spatiotemporal OAM and 
provide new opportunities for structured laser–plasma interactions.

Spatiotemporal shaping of ultrafast (<100 fs) laser pulses has emerged 
as a powerful tool for generating, probing and controlling matter across 
a wide range of disciplines1,2. By combining spectral and spatial phase 
manipulation, laser fields can be engineered with tailored intensity and 
phase distributions in both space and time3–7. Of particular interest are 
pulses whose transverse intensity profile rotates about the propagation 
axis as a function of time, a class of spatiotemporal structures often 
referred to as self-torquing beams or light springs8. One of the first 
experimental demonstrations of such fields was reported by Rego et al.9, 
where rotating spatiotemporal structures were generated through 
the interference of high harmonics produced by overlapping orbital 
angular momentum (OAM) beams from a gas. Since then, a variety of 
time-dependent fields arising from the coherent superposition of two 
or more co-propagating, helically phased beams of different frequen-
cies have been demonstrated10–15.

Light springs possess several programmable properties that 
distinguish them from conventional structured beams, including a 

controllable transverse rotation velocity, explicitly time-dependent 
OAM content and dynamic focal-spot evolution. At sufficiently high 
intensities, these features enable resonant coupling to helical plasma 
waves through a time-dependent ponderomotive force16–19. This stands 
in contrast to single-OAM-mode beams, which maintain azimuthally 
symmetric intensity profiles and therefore exhibit no leading-order 
transfer of OAM to plasma dynamics20.

Theoretical studies have explored enhanced laser–plasma OAM 
coupling using light springs and predict a range of novel interactions, 
including rotating plasma wakefields15,21, radiation sources with struc-
tured angular momentum22, mitigation of laser–plasma instabilities23,24, 
enhanced proton acceleration25 and the generation of strong axial mag-
netic fields for particle guiding and confinement26. Experimental access 
to these regimes requires relativistic field strengths, corresponding to 
normalized vector potentials on the order of a0 = eE0/(mecω0) ≈ 1, where 
e, E0, me, c and ω0 are the electron charge, laser electric field amplitude, 
electron mass, speed of light and laser frequency, respectively.
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custom-engineered dichroic beamsplitters to spectrally separate 
a high-power laser pulse, impart distinct helical phases and coher-
ently recombine the components within a facility-compatible and 
damage-tolerant architecture. We demonstrate three broadband 
light-spring configurations reaching a0 ≈ 0.8, with controlled hand-
edness, temporal evolution of modal content and tunable transverse 
rotation velocity. These results establish a scalable route to struc-
tured relativistic light fields and open access to previously unexplored 
regimes of OAM-mediated laser–plasma interactions.

Results
Generation mechanism
Our proof-of-principle platform generates broadband light springs 
by manipulating a laser pulse in the near field after amplification and 
compression but before focusing, using four primary optical elements, 
as illustrated in Fig. 1. A broadband pulse with central wavelength λ0 
is first spectrally divided by a short-pass dichroic beamsplitter (BS1; 
Fig. 1d), whose transmission–reflection inflection point λBS is centred 
near λ0. The idealized transmission and reflection functions of the 
short- and long-pass dichroic can be written as

TSP,LP,RSP,LP = [1 + exp (±,∓λ − λBS
Λ )]

−1

, (1)

where Λ characterizes the spectral slope of the coating. The transmitted 
and reflected spectral components, hereafter referred to as the ‘blue’ 
and ‘red’ arms, are routed along separate optical paths.

A range of spatial and temporal pulse-shaping techniques have 
been implemented at high-power laser facilities where relativistic inten-
sities are routinely achieved27. These include programmable dispersive 
filters for temporal control28 and flying-focus schemes that enable 
dynamic control of the longitudinal focal position29–31. Advances in 
large-aperture spiral phase mirrors (SPMs) and phase plates have also 
enabled the conversion of high-power laser beams into optical vortices 
composed of Laguerre–Gaussian modes32–37, leading to the first demon-
strations of single-OAM-mode beams at relativistic intensities. However, 
extending these capabilities to full spatiotemporal shaping of ultrashort 
pulses has remained an outstanding optical engineering challenge.

So far, experimental realizations of light springs have relied on 
spatially dispersing broadband beams using gratings or axicons, fol-
lowed by the application of OAM to individual spectral components 
via spatial light modulators, phase masks, metasurfaces or nonlinear 
frequency conversion11–13,38,39. These approaches are fundamentally 
incompatible with high-power laser systems. Spatial light modulators 
and metasurfaces are limited by aperture size and optical damage 
thresholds, while the large beam diameters typical of petawatt-class 
facilities preclude the use of most spatially dispersive optics without 
substantial modifications to existing beamlines. Generating light 
springs in these facilities therefore requires near-field optical elements 
capable of handling ultrashort-pulse fluences on the order of 0.1 J cm−2, 
introducing minimal dispersion and scaling to large apertures.

Here we present the first experimental platform for generat-
ing and fully characterizing light springs at relativistic intensities 
(a0 ≈ 1). Our approach combines large-aperture off-axis SPMs with 
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Fig. 1 | Generation of high-intensity broadband light springs.  
a,d, A compressed broadband laser pulse (a) is spectrally split into red and 
blue components using a short-pass dichroic beamsplitter (BS1, d). b,e, Both 
the red-arm beam (b) and blue-arm beam (e) are reflected from off-axis SPMs, 
denoted as Lr and Lb, respectively. c,f, The two beams are recombined using a 
long-pass dichroic beamsplitter (BS2, c), producing the spectrum shown in (f), 

and subsequently focused by an off-axis parabola (OAP), to generate a spatio
temporally structured focal spot. g–i, Simulated focal spot intensity isosurfaces 
(0.5, 0.25, 0.125 and 0.025 of peak intensity) and corresponding spectral/temporal- 
topological correlations for three representative configurations: Lb = 0, Lr = 1, 
GDD = 0 fs2 (g), Lb = 1, Lr = −1, GDD = 0 fs2 (h), and Lb = 0, Lr = 2, GDD = −200 fs2 (i).
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Each spectral arm is reflected from an off-axis SPM, denoted Lr 
and Lb for the red and blue beams, respectively33. The SPMs impose a 
wavelength-dependent helical phase, such that the complex near-field 
of each beam may be written as

ψnf (ρ,ϕ, λ) = U0(ρ, λ) exp (iLb,rϕ
λ0
λ )TSP,LPRLP,SP (2)

where U0(ρ, λ) is the spectral–spatial amplitude envelope and (ρ, ϕ) 
are transverse coordinates. The topological charge imparted by each 
SPM is given by L = 2H/(λ0 cosθi), where H is the step height and θi is 
the angle of incidence33,36. By selecting H such that L is an integer at λ0, 
each SPM converts the incident flat-phase beam into a spectrum of 
Laguerre–Gaussian modes with a single azimuthal index ℓ = L (ref. 40).

Owing to the finite bandwidth and spectral separation of the two 
arms, off-centre spectral components experience a wavelength mis-
match with the SPM that results in superpositions of low-order radial 
modes with dominant azimuthal indices ℓb = Lb and ℓr = Lr. As shown 
in our previous work, the fractional energy coupled into adjacent 
azimuthal modes and higher-order radial modes remains small even 
for relative bandwidths approaching 10% (ref. 40).

The spectrally and topologically distinct beams are recombined 
using a long-pass dichroic beamsplitter (BS2; Fig. 1c), whose spectral 
slope, Λ, is closely matched to that of BS1. Although some energy loss 
arises from spectral clipping near the crossover region of the coatings, 
optimization of the coating design yields an overall system efficiency of 
approximately 70%, with scope for further improvement. The recom-
bined output spectrum is shown in Fig. 1f, normalized to the input 
spectrum in Fig. 1a.

The combined beam is subsequently focused by an off-axis para-
bolic mirror (OAP), producing a high-intensity spatiotemporally struc-
tured focal field. Because different spectral components carry distinct 
OAM content, their coherent superposition in the focus produces a light 
spring whose transverse intensity distribution evolves dynamically in 
time according to the imposed spectral–topological correlation.

Numerical simulations
Given the spatial–spectral description of the near field in equation (2), 
the corresponding spatiotemporal focal field can be numerically recon-
structed. For each wavelength, the near-field complex amplitude  
ψnf(ρ, ϕ, λ) is propagated to the focus using a transverse spatial Fourier 
transform, ψȺ(r,θ, λ) = ℱ{ψnf(ρ,ϕ, λ)} , corresponding to propagation 
through the OAP under the paraxial approximation. The full spatiotem-
poral field is then obtained by performing an inverse Fourier transform 
along the frequency axis at each transverse coordinate, yielding the 
temporal evolution of the focal electric field.

The simulations incorporate the measured laser spectrum 
together with the experimentally characterized transmission and 
reflection curves of the dichroic beamsplitters shown in Fig. 1. They 
therefore represent a best-case estimate of the achievable focal struc-
ture in the absence of additional spatial or spectral aberrations.

Simulated intensity isosurfaces for three representative configu-
rations are shown in Fig. 1g–i. In each case, isosurfaces are plotted at 
0.5, 0.25, 0.125 and 0.025 of the peak intensity. Figure 1g shows a light 
spring generated with Lr = 1, Lb = 0 and zero applied group-delay disper-
sion (GDD). The resulting field forms a single-fold helix twisting about 
the propagation axis. Supplementary Videos 1–6 show the transverse 
focal-plane intensity evolution for all configurations.

Alongside each intensity isosurface, the spectral–topological 
correlation plot shows the relative energy contained in each azimuthal 
mode ℓ as a function of wavelength. These correlations are obtained 
by decomposing the focal field into Laguerre–Gaussian modes, 
⟨ψℓ

p|ψȺ(r,θ, λ)⟩, and summing over all radial indices p. This isolates the 
intrinsic OAM content at each wavelength. Additional details are pro-
vided in the Methods. For the configuration in Fig. 1g, the energy is 

concentrated primarily in the ℓ = 1 mode, consistent with the spectral 
splitting wavelength λBS ≈ 795 nm, which places greater energy in the 
red arm. Figure 1h,i shows simulated light springs formed with Lr = −1, 
Lb = 1 and Lr = 2, Lb = 0, respectively. The number of transverse intensity 
lobes corresponds to the absolute topological-charge difference,  
∣Δℓ∣ = ∣ℓb − ℓr∣. Accordingly, Fig. 1h shows two rotating lobes with a rota-
tion direction opposite to that in Fig. 1g, owing to the reversed slope 
of the spectral–topological correlation dℓ/dλ. In Fig. 1i, an applied GDD 
of −200 fs2 produces a chirped pulse with time-dependent OAM, evolv-
ing continuously from an ℓ = 0 mode to an ℓ = 2 mode. This behaviour 
is highlighted in the temporal–topological correlation shown beside 
the isosurface.

Although only a limited subset of configurations is demonstrated 
here, the approach provides access to a wide range of spectral–topo-
logical mappings. In principle, arbitrary mappings can be realized by 
shifting the beamsplitter crossover wavelength, selecting different 
SPM charges, adjusting the compressor GDD or introducing spectral 
notch filters to remove selected wavelength bands.

Experimental demonstration
Figure 2 illustrates the experimental platform used to generate and char-
acterize broadband light springs. The drive laser was a 15-mm-diameter, 
7 mJ, 34 fs titanium sapphire pulse with a quasi-Gaussian spectrum 
centred at 800 nm (Fig. 1a). The beam was spectrally separated by 
a short-pass dichroic beamsplitter (BS1), directing the blue- and 
red-shifted components into separate arms. Each arm reflected from 
either an SPM or a flat mirror (Fig. 2a,b). By alternately placing an L = 1 
SPM in one arm and a flat mirror in the other, two configurations were 
realized: Lr = 1, Lb = 0 and Lr = 0, Lb = 1. The spectral components were sub-
sequently recombined using a long-pass dichroic beamsplitter (BS2).

To minimize dispersion and nonlinear phase accumulation, BS1 and 
BS2 were fabricated from 1-mm-thick fused-silica substrates polished 
to a flatness of ≤λ/10. The short-pass splitter had a centre wavelength 
of 797 nm with a transition slope of 10.3 nm, while the long-pass split-
ter was centred at 795 nm with a slope of 6.2 nm. At 45° incidence, each 
optic substrate contributed approximately 50 fs2 of GDD and a non-
linear phase (B-integral) of ~0.3. The coatings further constrained the 
second- and third-order dispersion to ≤200 fs2 and ≤2,000 fs3, ensuring 
a recombined pulse duration below 50 fs. The beam was focused using 
a 50 mm off-axis parabolic mirror, corresponding to f# ≈ 3, for which 
paraxial approximations remain reasonably accurate41.

The spatiotemporal structure of the light spring was recon-
structed by measuring the amplitude and phase of each spectral 
component across the focal plane using a multi-shot implementation 
of STRIPED-FISH42. Measurements were performed at reduced pulse 
energy by inserting a wedge upstream of the light-spring generator 
and extrapolated to full energy, ensuring operation below both the 
diagnostic damage threshold (~0.5 J cm−2) and the nonlinear response 
regime of the optics.

The far-field spatial amplitude of individual wavelength com-
ponents was measured using a high-resolution imaging system con-
sisting of a 20× long-working-distance objective and an f1 = 1 m relay 
lens. Individual spectral slices were isolated using a tunable 1 nm 
interference band-pass filter (IBPF) rotated about its axis (Fig. 2d). 
Spatial phase retrieval was performed via off-axis holography using 
a reference beam picked off before the dichroic beamsplitters with 
a removable 50:50 beamsplitter. The reference beam was apodized 
to a 0.5 mm diameter with an iris, co-aligned with the signal beam, 
laterally offset by d ≈ 20 mm and temporally overlapped using delay 
stage DS1 (Fig. 2e). Fourier filtering of the holograms yielded the ampli-
tude and phase of each spectral component (Fig. 2f), as described in 
the Methods.

Because the light-spring generation scheme does not introduce 
spatially dependent spectral modulation in the near field, the spectral 
amplitude and phase were spatially integrated and independently 

http://www.nature.com/naturephotonics


Nature Photonics | Volume 20 | July 2026 | 843–849 846

Article https://doi.org/10.1038/s41566-026-01948-6

measured using frequency-resolved optical gating (FROG; Fig. 2c).  
The FROG signal was obtained from a removable pick-off beamsplit-
ter after the recombination stage and before focusing. Together with 
calibrated energy measurements, these data enabled reconstruction 
of the full spatiotemporal field and intensity distribution.

Figure 3 presents results for the Lr = 1, Lb = 0 configuration. Eight 
temporal slices of the focal plane (Fig. 3a) reveal a rotating intensity 
distribution with a reconstructed peak exceeding 1.4 × 1018 W cm−2, 
corresponding to a normalized vector potential of a0 ≈ 0.8. The associ-
ated intensity isosurface plot (Fig. 3b) shows the characteristic helical 
spatiotemporal structure of a light spring. The spectral–topological 
correlation (Fig. 3c) exhibits a positive slope, dℓ/dλ > 0, consistent with 
the expected ordering of OAM with wavelength. Residual dispersion 
was minimized by compensating beamsplitter-induced GDD in the 
compressor, resulting in a final pulse duration of 47 fs full width at half 
maximum (FWHM).

Interchanging the SPMs reverses the helicity, as shown in Fig. 4 for 
the Lr = 0, Lb = 1 configuration. Here the spectral–topological correla-
tion exhibits a negative slope, indicating an inverted wavelength–OAM 
ordering. The peak intensity is reduced to ~9 × 1017 W cm−2 (a0 ≈ 0.6), 
primarily owing to asymmetric spectral energy partitioning from the 
dichroic beamsplitters.

Introducing additional dispersion enables generation of light 
springs with time-dependent OAM content. Figure 5 presents a nega-
tively chirped pulse (GDD = −1,490 fs2), for which the ℓ = 0 component 
precedes the ℓ = 1 component in time. Despite the applied chirp, the 
peak intensity remains relativistic at ~1.3 × 1018 W cm−2, demonstrating 
dynamic control of the OAM content within a single ultrashort pulse. 
The corresponding temporal–topological correlation (Fig. 5c) directly 
resolves the sequential arrival of the ℓ = 0 and ℓ = 1 modes.

For a bichromatic light spring, the far-field intensity can be 
written as15

Ibichromatic = I1 + I2 + 2√I1I2 cos (Φ) , (3)

where Φ = Δℓθ + Δkz − Δωt is the spatiotemporal phase. Contours of 
constant phase correspond to rotating intensity maxima, with angular 
rotation rate ̇θ = Δω/Δℓ (ref. 8). Taking the characteristic radius to be 
the focal-spot size, r = w0 ≈ f#λ, the normalized rotational velocity 
is approximately

vθ
c ≈ k0f#

Δλ
Δℓ . (4)

For a 30 nm bandwidth centred at 800 nm and f# = 3, this yields  
vθ/c ≈ 0.7. From Fig. 3a, the light spring rotates by approximately π/2 
radians between 6 fs and 20 fs. Using a characteristic radius of ~2 μm 
gives vθ/c ≈ 0.75, in good agreement with the theoretical estimate. 
Although no energy or information propagates superluminally, such 
apparent motion may enable new regimes of ponderomotive control 
analogous to flying-focus schemes30 and support dephasing-free par-
ticle acceleration and novel plasma-wave excitation mechanisms43–45.

Discussion
The generation and full spatiotemporal characterization of 
relativistic-strength light springs demonstrated here establishes a 
previously inaccessible regime of structured light in which spatial and 
temporal degrees of freedom are intrinsically coupled through an 
engineered OAM spectrum. By extending the light-spring concept 
into the relativistic domain and reaching normalized vector potentials 
approaching and potentially exceeding a0 ≈ 1, our platform enables 
experimental access to laser–plasma interactions in which OAM can 
be transferred directly from the driving electromagnetic field to col-
lective plasma modes on femtosecond timescales.
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Fig. 2 | Experimental platform for generating and measuring relativistic-
intensity light springs. The beam is first split by a removable 50:50 beamsplitter 
(BS), with the transmitted portion spectrally separated by a short-pass dichroic 
beamsplitter (BS1). a,b, Each spectral component reflects off an SPM, shown for 
L = 1 (a) and for L = 0 (b). The beams are then recombined using a long-pass dichroic 
beamsplitter (BS2). c, A second BS picks off a portion for spectral phase analysis 

via FROG. d, The transmitted beam is imaged onto a high-resolution CMOS 
sensor using a 20× long-working-distance objective (Obj.) and a f1 = 1 m lens, with 
a tunable interference bandpass filter (IBPF) selecting the focal spot wavelength. 
e,f, A reference beam, delayed via a stage (DS1) and apodized to 0.5 mm, 
interferes with the main beam to generate holograms of each wavelength (e), 
enabling amplitude and phase extraction (f).
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This transfer is resonantly driven by the beating of two electro-
magnetic modes with frequency difference and wavevector mismatch 
given by

ωp = ω1 − ω2, kp = k1 − k2, (5)

with conservation of OAM imposing the additional selection rule16

ℓp = ℓ1 − ℓ2. (6)

By selecting a plasma density ne such that the plasma frequency 
ωp = √e2ne/meϵ0 matches the laser bandwidth, both energy and OAM 
can be efficiently exchanged through processes analogous to stimu-
lated forward Raman scattering16. For many titanium–sapphire laser 
systems, a bandwidth of Δλ ≈ 35 nm corresponds to ωp ≈ 1014 rad s−1 or 
a plasma density of ne ≈ 1018 cm−3. These densities are routinely used in 
laser wakefield acceleration experiments, making extension to 
light-spring-driven plasma interactions experimentally accessible.

In contrast to previous demonstrations using discrete bichromatic 
Laguerre–Gaussian modes, the broadband nature of the light springs 
realized here implies a continuous spectrum of (ω, ℓ) pairs and there-
fore a simultaneous resonant drive of plasma modes spanning both 
frequency and OAM. Nevertheless, extensions of bichromatic models 
are expected to remain applicable, provided that the laser bandwidth 
and spectral splitting slope Λ are mapped onto an effective frequency 
separation in the two-colour description. Future work will develop 
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dedicated modelling frameworks and particle-in-cell simulations for 
broadband light-spring interactions.

Our proof-of-principle experiment was performed at the 7 mJ 
energy level with 15 mm beam diameters, but the approach can be 
scaled to larger apertures and higher pulse energies. Scaling to a 
150-mm-diameter laser pulse would enable laser powers exceeding 
30 TW, roughly 150 times that demonstrated here. The primary limita-
tion of the present scheme arises from nonlinear effects in transmissive 
optics, which introduce spectral phase distortions and accumulated 
B-integral. These effects could be mitigated through an all-reflective 
implementation using partially reflective optics, reducing system effi-
ciency to approximately 50% while substantially improving scalability.

Our experimental demonstration was limited to mixing the  
L = 0 and L = 1 modes, producing two distinct light springs and a 
time-dependent OAM beam. Extension to higher-order modes is nev-
ertheless possible, enabling higher-OAM light springs and configura-
tions with multiple intertwined intensity lobes, as illustrated in Fig. 1h. 
However, scaling to large OAM mode numbers using spiral phase optics 
remains challenging because conversion efficiency decreases with 
increasing topological charge, redistributing energy into higher-order 
radial modes rather than the desired azimuthal mode21. Improved spiral 
phase optics and optimized laser near-field profiles could partially 
mitigate these losses.

As shown in Figs. 3–5, a notable fraction of the energy resides 
outside the desired focal mode, primarily owing to diffraction from 
the SPM step edge and residual wavefront aberrations. Generating 
symmetric OAM ring-type focal spots in high-power laser systems is 
notoriously difficult, since spatial and spectral aberrations can pro-
duce azimuthal lobe structures around the focus36. Such lobes may 
seed azimuthal modulation instabilities, leading to beam breakup and 
filamentation in nonlinear media46.

Aberrated light springs present additional diagnostic challenges 
because high-intensity lobes are intrinsic to their field structure. 
Although partial correction through alignment of the focusing optics 
is possible, the full spatiotemporal field is not resolved in real time, 
and residual aberrations are revealed only during post-processing. 

Their impact on propagation in nonlinear media therefore remains an 
open question. Plasma channels used in laser wakefield accelerators 
may preferentially filter higher-order modes and wavefront distor-
tions, suggesting that light springs could exhibit partial self-cleaning 
during propagation.

Despite these challenges, the realization of relativistic-intensity 
light springs opens new opportunities for structured laser–plasma 
interactions inaccessible with conventional beams. The ability to reso-
nantly couple laser OAM to plasma waves provides a pathway to driving 
helical wakefields, with implications for magnetic field generation, 
particle acceleration and radiation sources. In addition, dynamically 
programmable transverse focal motion may offer new strategies for 
mitigating laser–plasma instabilities and tailoring energy deposition 
in high-energy-density plasmas. While the behaviour of light springs 
in nonlinear plasma environments remains largely unexplored, the 
platform demonstrated here establishes a foundation for systematic 
studies of spatiotemporal OAM coupling.
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Methods
Measurement and characterization of the spatiotemporal light springs 
can generally be performed using various spatiotemporal field recon-
struction methods47,48. In our experiment, we used a multi-shot imple-
mentation of STRIPED-FISH42,49, which reconstructs the electric field in 
the focal plane from three primary measurements: a FROG trace and 
a combined hyperspectral imaging system with off-axis holography, 
as summarized in Fig. 2.

In this scheme, the time-resolved electric field of the laser pulse 
is reconstructed by taking the inverse Fourier transform of the 
frequency-resolved electric field measured in the far field,

ELS(x, y, t) = ℱ−1 {ẼLS(x, y,ω)} = ℱ−1 {E0(ω)ψȺ(x, y,ω) exp [−iφ(ω)]} (7)

where E0(ω) and φ(ω) are the spectral amplitude and phase of the pulse, 
obtained from a FROG measurement, and ψff(x, y, ω) is the complex 
spatial field in the far field, measured via off-axis holography and 
hyperspectral imaging.

The Fourier transform imposes constraints on the spectral and 
temporal resolution through the standard relationships, Δω = 2π/T 
and Δt = 2π/Ω, where T and Ω are the temporal and spectral windows, 
respectively. For example, a 1 ps time window corresponds to a maxi-
mum spectral sampling interval of Δω ≤ 6.2 × 1012 Hz, or equivalently, 
Δλ ≈ 2.1 nm at 800 nm.

Hyperspectral imaging, off-axis holography and 
spatiotemporal reconstruction
To resolve the focal-spot amplitude at each wavelength with Δλ ≤ 2.1 nm, 
we used a narrowband IBPF with a nominal transmission window of 1 nm 
and centre wavelength λCWL = 825 nm. The IBPF was rotated about its axis 
to scan the transmitted central wavelength according to the relation

λc = λCWL

√√√
√

1 − sin2θi

n2
eȺ

(8)

where neff ≈ 1.80 is the effective refractive index of the IBPF and θi is 
the angle of incidence. The corresponding relationship between θi 
and the transmitted wavelength λc is shown in Fig. 2d. In our experi-
ment, the IBPF was rotated in 1° increments from 0° to 42°, yielding a 
maximum spectral step of Δλ = 2.3 nm, beyond which the transmitted 
signal was negligible.

The focal spot is imaged onto a high-resolution CMOS sensor 
using a 20× long-working-distance objective and a 1 m focal length 
lens (Fig. 2, f1), yielding a magnification of approximately 100×. To 
retrieve the spatial phase for each spectral slice, a pick-off beamsplitter 
(Fig. 2, BS) is inserted upstream of the light-spring generation optics. 
The reference beam is apodized using an iris to a diameter less than 
0.5 mm and injected off-axis into the focal-spot imaging system at a 
lateral distance d ≈ 20 mm from the main beam path. Temporal overlap 
in the focal plane of lens f1 is achieved by adjusting the optical delay line 
(DS1) in the reference arm.

Each image acquired for a given wavelength contains the spatial 
interference pattern between the reference and light-spring fields, as 
illustrated in Fig. 2e. The reference electric field at each wavelength, 
Eref(λ), is shaped by the near-field pinhole and thus has a spatial enve-
lope substantially broader than that of the light spring in the far field 
Eff(x, y, λ). As a result, the reference field can be approximated as spa-
tially uniform with a flat phase profile. The recorded interference 
pattern is given by

Imeas(x, y, λ) ∝ |EȺ|
2 + |Eref|

2 + E∗ȺEref + E∗refEȺ (9)

To isolate the spatial phase of the light-spring field, a transverse Fou-
rier transform is applied to each interferogram. One of the off-axis 
(AC) terms is selected via masking in the Fourier domain and shifted 

to the origin before applying an inverse Fourier transform. The phase  
ϕ(x, y, λ) is then extracted using a phase unwrapping algorithm, while 
the amplitude is computed as

|E∗ref(λ)EȺ(x, y, λ)|
2

|Eref(λ)|2
≈ |EȺ(x, y, λ)|2 ∝ IȺ(x, y, λ) (10)

The resulting complex field at each wavelength is reconstructed as

ψȺ(x, y, λ) = √
IȺ(x, y, λ)

∬ IȺ(x, y, λ)dA
exp[iϕ(x, y, λ)]. (11)

The complex field at each wavelength is then combined with the 
spectral phase φ(ω) and spectral amplitude E0(ω) measured via FROG 
to reconstruct the electric field in frequency space. An inverse Fourier 
transform is then performed along each frequency at each transverse 
spatial point to obtain the electric field as a function of space and time, 
ELS(x, y, t). While it is possible to extend this reconstruction to include 
the propagation direction z using Fourier optics propagators, such 
analysis is beyond the scope of this work.

Determination of peak intensity
Direct measurement of laser intensity at these field strengths is chal-
lenging, as conventional optics and imaging detectors have damage 
thresholds far below those demonstrated here. While several tech-
niques are under development to directly determine the focal-spot 
structure and peak intensity of high-power laser pulses50, these meth-
ods become considerably more complex for spatiotemporally struc-
tured beams and are beyond the scope of this work.

As in previous high-power laser experiments51, the peak intensity 
reported here is inferred from spatial and temporal characterization 
performed at reduced energy and extrapolated to full power, assuming 
linear scaling of the system. Such extrapolation can, in principle, be 
affected by nonlinear wavefront distortions, including thermal lens-
ing within the laser amplifiers. To mitigate these effects, the laser was 
operated at full power throughout all measurements, and the reflection 
from a wedged optic was used to attenuate the beam only for diagnostic 
purposes before the dichroic beamsplitters.

The total pulse energy was measured using a calibrated calorim-
eter after the beam-splitting optics to account for losses on the dichroic 
mirrors and diffraction losses from the SPMs. The energy contained 
within each spectral band was then determined using the spectral 
amplitude retrieved from the FROG measurement (Fig. 2).

In principle, it is also possible to reconstruct the full electric field 
of the laser pulse49. However, we did not retrieve the carrier-envelope 
phase, as its shot-to-shot fluctuations lead to an arbitrary relative offset 
between frequency bands when using multi-shot measurement tech-
niques. A single-shot diagnostic such as STRIPED-FISH could enable 
such a measurement and will be pursued in future works.

Modal decomposition
To compute the spectral–topological correlations, the measured 
far-field complex field must be decomposed into Laguerre–Gauss-
ian modes. Each complex spatial field is first normalized such that 
〈ψff(λ)∣ψff(λ)〉 = 1, enabling the spectral–topological correlation to be 
computed as40

𝒞𝒞(λ, ℓ) = ∑
p
||⟨ψℓ

p|ψff(λ)⟩||
2 (12)

where the Laguerre–Gaussian modes in the focal plane are defined,

ψℓ
p =√

2p!
π(|ℓ| + p)!

1
w0

(
√2r
w0

)
|ℓ|

exp (− r2

w2
0
+ iℓθ) L|ℓ|p (2r

2

w2
0
) (13)
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with w0 ≈ f#λ representing the beam waist in the focal plane, and L|ℓ|p (X) 
the associated Laguerre polynomial. While a non-optimal choice of w0 
can increase the number of contributing radial modes p, it does not 
affect the decomposition of the azimuthal index ℓ (ref. 40).

However, the choice of the coordinate origin, specifically, where 
the radial coordinate r is centred in the image, can introduce discrepan-
cies in the calculated value of ℓ. To illustrate this, consider the angular 
momentum density of a paraxial beam measured off-centre from its 
propagation axis,

Mz = ϵ0[(r − r0) × E × B]z. (14)

This expression reveals two distinct contributions to the OAM: an 
intrinsic part and an extrinsic part. The intrinsic OAM, which arises 
from the internal structure of the field, is given by52

ℓint(λ) = −i ⟨ψȺ(λ)|∂θ|ψȺ(λ)⟩
⟨ψȺ(λ)|ψȺ(λ)⟩

(15)

while the extrinsic OAM, resulting from the transverse displacement of 
the beam relative to the coordinate origin (x0, y0), is given by

ℓext(λ) = −i
x0⟨ψȺ(λ)|∂y|ψȺ(λ)⟩ − y0⟨ψȺ(λ)|∂x|ψȺ(λ)⟩

⟨ψȺ(λ)|ψȺ(λ)⟩
(16)

Incorrect selection of x0 and y0 can introduce spurious contributions 
to the measured spectral–topological correlations owing to extrinsic 
OAM. This issue is particularly pronounced in mixed OAM states, where 
the optical axis is not trivial to identify. To mitigate this, we deter-
mined the beam centre using spectral regions dominated by a single, 
well-defined mode, typically found at the spectral extremities, and 
adopted this centre as a common reference for all wavelength slices.

Finally, we define the energy-normalized spectral–topological 
correlations as in units of J m−1,

𝒞𝒞(λ, ℓ) = 𝒞𝒞(λ, ℓ)
∬𝒞𝒞(λ, ℓ)dλdℓU0 (17)

where U0 is the laser energy in the focus.

Off-axis SPMs and dichroic beamsplitters
The off-axis SPMs were fabricated from fused silica substrates, with 
the helical surface profile directly polished into the optic using 
magneto-rheological finishing. An example surface profile map is 
given in Fig. 2a, with a root mean squared deviation of ~5 nm from the 
designed phase structure. To accommodate the broad laser spectrum, 
the mirrors were coated with a high-bandwidth multi-layer dielectric 
coating centred at 800 nm, achieving a reflectivity exceeding 99.5% 
across the entire spectral bandwidth.

The dichroic beamsplitters were fabricated from 1-mm-thick fused 
silica, with their transmission, reflection and GDD curves shown for 
the short-pass and long-pass filters in the supplementary figure. In 
both plots, the measured laser spectrum is shown in black, while the 
reflection and transmission spectra are shown in blue and orange, 
respectively. Dashed lines indicate the GDD for each optic, referenced 
to the right vertical axis.

The transmission and reflection characteristics of the filters can be 
modelled by fitting the data with a logistic function given in equation 
(1). For the short-pass filter, we find Λ ≈ ±10.3 nm and λb = 797 nm. For 
the long-pass filter, Λ ≈ ±6.2 nm and λBS = 795 nm.

Using these slope parameters enabled a steep transition between 
reflection and transmission across the laser spectrum while also mini-
mizing the GDD. For the short-pass filter, the GDD remained at or below 
100 fs2 across all wavelengths of interest. For the long-pass filter, the GDD 
stayed at or below 200 fs2 for the majority of the spectral bandwidth.

The dichroic beamsplitters were fabricated from 1-mm-thick, 
high-quality fused silica substrates with surface flatness (≤λ/10). A 
primary concern when using transmissive optics with short-pulse, 
high-fluence lasers is optical damage and nonlinear phase accumula-
tion owing to the Kerr nonlinearity of the material. For ultrafast pulses 
near 800 nm, fused silica has a nonlinear refractive index of approxi-
mately 2 × 10−16 cm2 W−1 (ref. 53). Given a laser pulse energy of 7 mJ and 
a near-field beam diameter of approximately 15 mm, we find a fluence 
of ~0.004 J cm−2, and the accumulated nonlinear phase (B-integral) 
acquired during transmission through the beamsplitter estimated as

B = k0∫ n2Idz ≈ 0.29. (18)

This value is sufficiently small and is generally considered acceptable 
for high-power laser systems, indicating negligible nonlinear distor-
tion of the wavefront. Scaling the laser power to approximately 30 TW 
while maintaining the same B-integral would require increasing the 
beam diameter to roughly 150 mm. Such beam sizes are well within 
the capabilities of current high-power laser facilities; however, scaling 
substantially beyond this level would become increasingly challeng-
ing owing to practical limitations on optic size and system footprint.

The fluences required to induce nonlinear phase accumulation are 
substantially lower than typical laser-induced damage thresholds for 
fused silica (~0.5 J cm−2). Consequently, optical damage is not a limiting 
factor for the present experiments.

Alignment, timing and calibration
A key challenge in implementing the light-spring generation scheme is 
achieving precise spatial alignment and temporal co-timing of the two 
laser pulses. Spatial overlap was established in two stages using three 
sets of irises: one positioned near the laser output, one upstream of the 
dichroic beamsplitters and one downstream of the combining optics. 
By partially closing the first iris, Airy diffraction rings were generated 
and propagated through the beamline. A camera placed after the third 
iris imaged these rings, enabling iterative adjustment of beamline 
mirrors to accurately co-align the two beam paths through all three 
irises in the near field.

Using this procedure, transverse beam alignment better than 
100 μm was routinely achieved, corresponding to an angular pointing 
uncertainty of approximately δθ ≈ 0.03° = 524 μrad. However, overlap 
of the focal spots in the far field imposes a notably stricter require-
ment. For a focal length of f = 50 mm, achieving a focal-spot overlap 
of δx ≈ 1 μm requires an incoming pointing uncertainty of δθ ≈ δx/f ≈ 
25 μrad. To meet this requirement, the second dichroic beamsplitter 
was finely adjusted while monitoring the focal spots in the far-field 
imaging system, until spatial overlap was achieved. The optic mounts 
used for this adjustment provide a tip-tilt sensitivity of 5 mrad per full 
revolution. Consequently, achieving the required angular correction 
corresponds to a knob rotation of order ~1.5°. While this level of preci-
sion is achievable by careful manual adjustment, it is readily accessible 
using piezo-actuated mounts.

Co-timing of femtosecond laser pulses can also be challenging. In 
our configuration, we exploit the fact that the two pulses share over-
lapping spectral components and therefore produce spectral beating 
when temporally overlapped. This beating was observed directly in the 
FROG spectrometer and used to synchronize the pulses. The delay of 
one interferometer arm was scanned using delay stage 2, and the rela-
tive timing was optimized by maximizing the spectral fringe spacing 
in the interferogram. Using this method, the pulses were temporally 
overlapped with a precision better than 5 μm of stage displacement, 
corresponding to a timing uncertainty of approximately ±15 fs. Because 
this delay-stage adjustment is small compared with the transverse 
pointing alignment tolerance of the beams, its effect on spatial align-
ment was found to be negligible.
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Delay stages 1 and 2 were high-precision translation stages with 
micrometre-level resolution. Temporal overlap of the two main pulses 
was achieved using spectral beating and fine adjustment of delay stage 
2. Delay stage 1 was used to synchronize the off-axis holography probe 
with the far-field image. Given that the IBPF has a narrow spectral win-
dow (1 nm), the probe pulse was effectively stretched to approximately 
1 ps, corresponding to a range of ±150 μm on delay stage 1, well within 
the tolerance for straightforward alignment.

Calibration and characterization of the imaging system magni-
fication were performed using an encoded, high-precision transla-
tion stage. In this procedure, the objective was positioned to image 
the focal spot, ideally a near-Gaussian profile, at best focus where 
20–30 images were acquired. The objective was then displaced trans-
versely by approximately 50 μm, and an additional 20–30 images were 
recorded. Each image was fit with a two-dimensional Gaussian function, 
allowing extraction of the centroid position and beam waist. From 
the distribution of centroid positions before and after translation, we 
determined both the focal-spot pointing jitter and the magnification 
of the imaging system.
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