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Abstract

Femtosecond laser pulses, amplified to ultrahigh intensities, can drive electrons in solids to relativistic energies via
collective motion, paving the way for miniaturized particle accelerators and powerful extreme-ultraviolet light sources.
However, precisely controlling the space-time properties of these ultra-fast electrons on sub-femtosecond timescales re-
mains a formidable challenge due to the complex nature of interaction at such extreme fields. Here, we present a novel
approach to coherently control the local fields on sub-femtosecond timescales at the interface between vacuum and a spa-
tially structured plasma generated from a periodic array of dielectric nanopillars. We experimentally demonstrate and
theoretically explain that such control of fields enables enhanced acceleration and steering of relativistic electrons in a de-
sired direction. Furthermore, our simulations predict the coherent formation of sub-femtosecond electron bunches from
the nanopillars. Our research brings nanophotonics to the realm of strong-field plasma physics and represents the enabling
advancement for in-situ control of high-energy particles, paving the way for novel applications in plasma technology.

1 Introduction1

Recent years have witnessed high and ever growing in-2

terest in plasma nanophotonics [1] – a field studying the3

interaction of ultrahigh-power lasers with matter struc-4

tured at the nanoscale. These extreme interactions have5

facilitated the creation of ultrahigh-energy-density states6

[2–5], exceptionally bright and highly energetic particles7

[6–8], tabletop-scale fusion [9, 10], relativistic attosecond8

electron pulses [11, 12], and extreme ultraviolet (XUV)9

light sources [13–16]. Relativistic electrons generated10

from these interactions [6, 7, 17] are the key to generating11

extreme states and are crucial for applications. Spatio-12

temporal control over relativistic electrons is highly de-13

sirable, yet extremely difficult to achieve. It requires pre-14

cise manipulation of local fields on sub-femtosecond (fs)15

time scales simultaneous with nanometric spatial scales,16

as these fields strongly influence the trajectories of the17

electrons. Additionally, precise control is required over18

plasma parameters.19

Despite above challenges, significant progress has20

been made using two approaches for post-interaction21

manipulation (upon which electron trajectories are con-22

trolled after the generation): either using external elec-23

tromagnets (magnetic collimation) [18, 19] or specially24

designed targets [20] with resistivity gradients (resis-25

tive collimation) [21–23]. However, these approaches26

offer only limited control, primarily affecting the elec-27

tron beam divergence. A much more attractive approach28

relies on in-situ manipulation [24, 25], controlling local29

fields (both laser and plasma field) during the interac-30

tion between the fs pulse and the plasma. This allows the31

guiding or steering of the electron beams directly during32

their acceleration phase.33

In underdense gaseous plasmas, particularly in laser34

wakefield acceleration (LWFA) [26–31], in-situ steering35

of relativistic electron beams has been demonstrated by36

engineering of incident laser pulses, including manipu-37

lating the carrier-envelope phase (CEP) and pulse front38

tilt (PFT) of the driving few-cycle laser pulse. Such39

waveform-dependent control of electron beams is how-40

ever only possible with few-cycle laser pulses (< 10 fs),41

and it is particularly challenging in laser-solid interac-42

tions. Indeed, in solids, the laser pulse interacts with the43

critical surface of the plasma, where the carrier-envelope44

phase (CEP) is fixed, while in underdense plasmas, the45

laser pulse can pass through the plasma (as in LWFA),46

and the CEP can play a vital role [26].47

Here, we demonstrate a novel method for in-situ48

spatio-temporal control of relativistic electrons from49

laser-solid interactions based on structuring solids on50

the nanoscale. Our experimental measurements and51

particle-in-cell (PIC) simulations show both enhanced ac-52

celeration and directional steering of relativistic electrons53

in a desired direction. In our research, we used a peri-54

odic arrangement of vertically aligned, near-wavelength-55

sized nanopillars as the target. The geometry of the56

nanopillars allows the manipulation of the local near-57

fields on the vacuum-plasma interface. We exploit the58

fact that the near-field pattern is due to the interference59
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Fig. 1. Schematic of the interaction of an intense fs laser
pulse with a nanostructured target, resulting in direc-
tional steering and enhanced acceleration of electrons on
the rear of the target. The guiding direction of the elec-
tron beam is tunable by changing the AOI of the laser
pulse. The inset shows the scanning electron microscope
(SEM) image of the nanostructured target, with dimen-
sions a = 280 nm, b = 450 nm, c = 700 nm, and d = 720
nm.

of the scattered field (Mie scattering) from neighboring60

nanostructures of the array, which can be controlled ei-61

ther by changing the geometry and arrangement of the62

nanostructured elements or by controlling the parame-63

ters of the driving laser pulse. We show such control on64

sub-fs time scales and nanometer spatial scales by chang-65

ing the angle of incidence (AOI) of the excitation laser66

pulse.67

Furthermore, PIC simulations demonstrate that the68

steered electron beams consist of a train of sub-69

femtosecond electron pulses. The phase difference of the70

incident laser between neighboring nanopillars plays a71

crucial role in controlling the period of these electron72

pulses. We further observe that electron bunches emit-73

ted from different nanopillars are coherently bunched to-74

gether, in a light-like wavefront structure. Our approach75

to controlling electron beams is analogous to the working76

principle of phased array antennas [32], where the ma-77

nipulation of the relative phase of the driver current be-78

tween neighboring antennas in the array enables the con-79

structive addition of radiation in a desired direction. We80

also compare our results both experimentally and via PIC81

simulations with a flat target and show enhancements in82

the electron flux and the cutoff energy of the electrons for83

the nanostructured target.84

2 Results85

2.1 Experiment86

The experiments were performed using p-polarized, 2587

fs, 800 nm laser pulses focused to a peak intensity of88

3 × 1018 W/cm2 on a nanostructured target, as depicted89

in Fig. 1. The nanostructured target consists of a periodic90

arrangement of perfectly aligned elliptically shaped sili-91

con nanopillars, deposited on a 500-µm-thick quartz sub-92

strate. For comparison, we also performed experiments93

on an equally thick (500 µm) flat quartz target without94

nanostructures. See the Methods section for more details95

on laser parameters and target fabrication. The exper-96

imental results for both nanostructured and flat targets97

are presented in Fig. 2. Fig. 2a shows the schematic of the98

experimental setup used for measuring the angular dis-99

tribution of electrons with energy greater than 100 keV100

(see Methods for more details).101

In Fig. 2b, we show the measured angular distribution102

of rear-side electrons (energy > 100 keV) from the nanos-103

tructured target for three angles of incidence (AOIs) of104

15°, 25°, and 40°, respectively. It is very interesting to105

note that for an AOI of 15° and 40°, a significant fraction106

of electrons in the rear are emitted at a totally different107

angle than is usually expected, that is, along the target-108

normal (180°) and along J×B (∼140°-165°) [33]. The emis-109

sion angle of the electron is closely related to its heating110

and acceleration mechanisms. Resonance absorption [34]111

and Brunel heating [35] are associated with near-normal112

electron emission, while J×B heating [36] is attributed to113

emission along the laser propagation direction. Emission114

at a significantly different angle in the nanopillar target115

indicates a different type of acceleration mechanism, dis-116

cussed later. A more intriguing observation is the steer-117

ing of the electron beam by simply varying the AOI of118

the laser pulse. However, for an AOI of 25°, we observe119

that the guided electrons are significantly less, and more120

electrons are still along the target normal and J×B direc-121

tions. To investigate this, we repeated the measurement122

multiple times, which shows that the fraction of steered123

electrons varies between experiments. This variability is124

highly dependent on the fabrication quality of the nanos-125

tructure and the precise alignment of the laser focal spot126

on the nanopillars. Notably, for perfectly aligned laser127

shots, a significant fraction of electrons exhibited direc-128

tional steering. In Figs. S4 and S3 of the Supplementary129

Information, we attach the measured angular distribu-130

tion and the corresponding microscopy images of these131

laser shots.132

For comparison, we show the rear-side electron angu-133

lar distribution on the flat target in Fig. 2e. In the flat tar-134

get, the measured rear electron flux is two times less, and135

most of the electrons are emitted with large divergence136

along the target normal and along the J×B direction, as137

expected [33]. In Fig. 2d, we show the measured two-138

dimensional (2D) angular profile of the steered electron139

beam measured 15 cm from the target, for an AOI of 15◦.140

As evident, the steered electrons have a beam-like profile.141

Fig. 2c shows the comparison of the energy distribution142

of electrons from nanostructured and flat targets for an143

AOI of 40°. The energy spectrum was measured along144

the front-normal direction (0°) and along the direction of145

the steered electron beam (210°) in the rear of the targets146
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Fig. 2. Experimental results for flat and nanostructured targets. a Schematic of the experimental setup for measuring
the angular distribution of emitted electrons. b Measured rear-side electron angular distribution with a lower energy
cutoff of 100 keV for three different pump AOIs of 15◦, 25◦, and 40◦, respectively, for the nanostructured target. c Com-
parison of the electron energy spectrum measured for flat and nanostructured targets along the front normal (0◦) and
guiding direction (210◦) for an AOI of 40◦. d Measured 2D angular profile of the steered electron beam for an AOI of
15◦. e Measured angular distribution of rear electrons from the flat target for comparison with b. f Comparison of the
experimentally measured steering angle of the electron beam with the results of PIC simulation and a simple theoreti-
cal model. The error bars represent the FWHM of the measured 2D angular profile of the steered beam.

(see Methods sections for details of the measurement).147

For the structured target, we observe that rear-side elec-148

trons have a cut-off energy as high as 1.2 MeV, which is149

about two and a half times that for flat target (500 keV).150

It is also interesting to note that the maximum ponder-151

motive energy [37] that can be gained by electrons near152

the peak of the laser pulse is around 400 keV; however,153

it is three times lower than the measured cut-off energy154

of 1.2 MeV for the structured target. To investigate the155

enhanced energy gain (acceleration mechanism) and di-156

rectional steering of relativistic electrons, we performed157

particle-in-cell (PIC) simulations. A comparison of the158

experimentally measured steering angle of the electron159

beam with the results of PIC simulation and a simple160

theoretical model (presented in the Discussion section) is161

shown in Fig. 2f.162

2.2 Simulations163

We performed 2D3V particle-in-cell (PIC) simulations us-164

ing the EPOCH code [38]. Simulations were conducted165

using p-polarized, 25 fs, 800 nm laser pulses, with both166

the laser and target parameters closely matching those167

used in the experiments. Details of the simulation setup168

and target parameters are provided in the Methods sec-169

tion. The simulation results for both nanostructured and170

flat targets are presented in Fig. 3. Panels (a), (b), and171

(c) are for the nanostructured target, while panels (d), (e),172

and (f) are for the flat target. Fig. 3a illustrates the z-173

component of the magnetic field (Bz) and the trajectories174

of electrons with energies exceeding 200 keV, shown as175

black dots, at an angle of incidence (AOI) of 40°, captured176

30 fs after the laser-plasma interaction. As shown, on177

the front side of the structured target, Bz represents the178

reflected laser and a diffraction mode (discussed later);179

however, on the rear side, Bz exhibits an azimuthal sym-180

metry, akin to a beam-like current of relativistic electrons.181

The electron beam deviates from the rear-normal by ap-182

proximately 30° and consists of a train of sub-fs electron183

pulses, as evident from their trajectories.184

In contrast, for the flat target (Fig. 3d) a significant185

portion of the laser light is reflected, leading to low ab-186

sorption (only 15%, see Fig. S6 of the Supplementary In-187

formation). A fraction of the absorbed energy is coupled188

to the electrons via JxB heating [36], as evident from the189

electron trajectories. The electrons are injected in the rear190
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Fig. 3. 2D-PIC simulation results for flat and nanostructured targets. a Magnetic field Bz (color plot) due to the scat-
tered laser field (front) from the nanostructured target and the quasi-static azimuthal magnetic field (rear) due to the
current of energetic electrons (shown by black dots). b Sub-fs relativistic electron bunches emitted on the rear of the
nanopillars, for an AOI of 40◦. c and f, compare the measured angular distribution of electrons with a lower energy
cutoff of 100 keV for three different AOIs of 15◦, 25◦, and 40◦, respectively, for the nanostructured (c) and flat (f) tar-
gets. d Magnetic field distribution for the flat target for comparison with a. e Electron distribution on the rear of the
flat target, for comparison with b. g Comparison of the electron energy spectrum measured at the rear of flat and
nanostructured targets for two different AOIs of 15◦ and 40◦.

side at every half cycle of the laser pulse, along the laser191

propagation direction (driven by JxB force).192

In Fig. 3b, we show electrons (energy > 300 keV)193

ejected from the nanopillars toward the rear side at the194

peak of the pump pulse (15 fs). Notably, we observe195

a train of sub-femtosecond electron bunches emanating196

from each nanopillar within the FWHM of the pump197

laser spot. The longitudinal duration of the electron198

bunches is as small as 500 attoseconds; however, as they199

propagate farther, they undergo dispersion and become200

broadened. The bunch length (h) in the transverse direc-201

tion depends crucially on the parameters of the nanopil-202

lars and the acceleration scheme (as discussed later). It203

is observe that the period of the electron bunches is ap-204

proximately 2 fs, which is smaller than the period of205

the driving laser pulse (2.66 fs). Furthermore, the elec-206

tron bunches are injected into the rearside from the al-207

ternate nanopillars (i.e., two injection points at any in-208

stant). However, both the period of the electron bunches209

and the number of injection points vary with the AOI of210

the pump pulse (see Fig. S10 in Supplementary Infor-211

mation). For comparison, the rear-side electrons (energy212

> 100 keV) ejected from the flat target are shown in Fig.213

3e. We do not observe such attosecond electron bunches,214

but a large fraction of electrons moving with large beam215

divergence along the normal and laser propagation di-216

rections (JxB). We observe electrons injected into every217

half-cycle of the laser pulse.218

In Fig. 3c, demonstrates the rear-side electron angular219

distribution for three AOIs of 15°, 25°, and 40°, captured220

after the interaction of the peak of the laser pulse with221

the nanopillar target. As shown, a significant fraction of222

electrons are steered away from the target normal, show-223

ing a clear dependence of the steering angle on the AOI224

of the pump pulse. This is in excellent agreement with225

the experimental results of Fig. 2b. For comparison, we226

show the rear-side electron angular distribution on the227

flat target in Fig. 3f. In the flat target, the electron flux228

is five times lower, and most of the electrons are emitted229

along the target normal and a few along the J×B direc-230

tion, as expected, again in very good agreement with the231

experimental results of Fig. 2e.232

Fig. 3g compares the rear-side electron energy spec-233

tra for the nanostructured and flat targets at two AOIs:234

15° and 40°. For the nanostructured target at 40°, we235

observe a high-energy cutoff of approximately 1.2 MeV,236

which aligns remarkably well with the experimental data237

(Fig. 2c). Similarly, the flat target exhibits a measured238

cutoff energy of 0.5 MeV, closely agreeing with the sim-239

ulated value of 0.45 MeV. As shown, the cut-off energy240
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Fig. 4. Guiding and accelearation scheme. a Schematic showing electron bunches pulled outside the nanopillar dur-
ing the positive half-cycle of the Ey component of the field and subsequently injected into the potential surface due
to the Ex component of the field along the guiding direction. b Schematic of coherent bunching of electrons from the
same nanopillar as more electrons are pulled by the Ey 1 fs later and then the whole bunch gaining energy due to
the potential energy surface along the guiding direction. (c,d) Ey and Ex components of the field (color plot) near the
nanopillar region correspond to the schematic shown in (a,b). The black data points show the electron bunches be-
ing pulled outside and accelerated along the guiding direction. e Fourier transform of Ex component of the field in
the nanopillar region, specifically showing the dominant guiding mode apart from the incident mode. f Schematic of
the relative phase delay induced between neighboring nanopillars as the AOI of the driving laser pulse is changed. g
Calculated phase and time delay of laser excitation between nanopillars for three different AOI of 15◦, 30◦, and 40◦, re-
spectively. (h-i) Comparison of the dynamics of sub-fs electron bunches in the nanopillar region for two different AOI
of 40◦ and 15◦, respectively.

also varies with the AOI of the laser pulse. This can be at-241

tributed to the sheath field on the target’s rear; electrons242

emitted more normally to the target are most deacceler-243

ated compared to the electrons moving at large angles.244

3 Discussion245

Here, we present a simple theoretical picture to un-246

derstand the principles behind the acceleration and di-247

rectional steering of the electron beam. The silicon-248

nanostructured target used in the study supports two249

diffraction modes in the far field. One mode is on the250

front side of the target, as shown in Fig. 3a, while the251

other is in the transmission direction (on the rear side).252

The angle of diffraction for the two modes can be calcu-253

lated using the following formula:254

θd = sin−1(sin θi ± nλ/d) (1)

where θi is the AOI of the laser, and d is the period of255

the nanopillars in the array. However, it is important256

to note that the solid nanopillars are ionized at the ris-257

ing edge of the intense femtosecond laser pulse, creat-258

ing plasma nanopillars. This overdense plasma does not259

support the diffraction mode on the rear side of the tar-260

get (as evident in Fig. 3a). However, surprisingly, we261

observe that the steered electron beam is directed in the262

same direction as the diffraction light mode on the rear263

side, a mode that does not exist for overdense plasma.264

In Fig. 2f, we compare the expected diffraction angle for265

the light mode (without plasma, using eq. 1) with the ob-266

served angles of the steered electron beam for different267

AOIs of the laser pulse. This comparison shows a very268

good agreement and suggests that the periodic plasma269

nanopillars can steer the electron beams the same way as270

the grating does to the light beam, satisfying the same271

grating equation (eq. 1).272

To investigate it further, we plot the near-field pattern273

of the total electric field in Figs. 4c and 4d. The elec-274

tric field components Ey (shown in c) and Ex (shown in275

d) arise from both Mie scattering of the incident light276

by the nanopillars and the sheath field of the plasma.277
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Notably, the field distribution of both Ey and Ex in be-278

tween nanopillars is very different than that of the inci-279

dent laser field. We observe that the phase of Ey between280

nanopillars propagates along the x direction, while the281

phase of Ex travels along the r̂ direction. The relationship282

r̂.x̂ = cos(θd) holds, where θd is the same as the steer-283

ing angle of the electron beam. This is also evident from284

the fast Fourier transform (FFT) of Ex in the nanowire285

region, shown in Fig. 4e. As shown, there are two dom-286

inant modes: one represents the incident field, and the287

other is much brighter and along the guiding direction of288

the electron beam, which is also the same as the angle of289

diffraction mode in the rear.290

We summarize both the acceleration and steering291

mechanism using the schematic depicted in Fig. 4a and292

4b. As shown in Fig. 4a, during the positive half-cycle293

of the Ey, electrons in the upside nanopillar experience a294

force in the downward direction. As a result, a bunch of295

electrons are pulled out of the nanopillar, gaining an ini-296

tial kinetic energy of around 200 keV. Once ionized, this297

bunch of electrons experience a quasi-electrostatic force298

along the r̂ direction due to the x component of the elec-299

tric field (Ex). The potential landscape, Ux = -
∫

Ex dr, ex-300

perienced by the bunch of electrons due to this force is301

offset by a phase of 90° to the y-component of the field302

Ey, as shown in the schematic. The electron bunch is in-303

jected near the top of the potential hill, where it gains en-304

ergy as it travels downhill in the potential landscape. Si-305

multaneously, the phase of Ey travels forward and more306

electrons are pulled out of the nanopillar and injected in307

phase with the earlier bunch in the potential landscape,308

as shown in Fig. 4b. However, dephasing inevitably oc-309

curs, leading to the loss of some electrons from earlier310

bunches as the field travels at the speed of light. This311

way, the electrons are pulled out throughout the whole312

length of the nanopillar and accelerated together, which313

are later injected as sub-fs bunches into the rear side with314

energy as high as 1.6 MeV. This process repeats with ev-315

ery cycle of the driving laser pulse, resulting in a train316

of sub-fs electron bunches from each of the nanopillars317

within the FWHM of the laser spot. The transverse length318

(h) of these electron bunches significantly exceeds their319

longitudinal length, as evident in Fig. 3b. This can be at-320

tributed to the differential displacement of electrons orig-321

inating from different regions of the nanopillar: those322

ionized and accelerated from the tip are subjected to the323

force in the steering direction for a longer duration, re-324

sulting in greater displacement from the nanopillar in the325

guiding direction compared to their counterparts ejected326

from the base. To test our theoretical model further, we327

simulated the steering angle of electron beams for vary-328

ing nanopillar periods and heights (Fig. S9, Supplemen-329

tary Information). The results are in excellent agreement330

with Eq. 1.331

Figure 4(f-i), shows how the AOI of the pump pulse332

can be used to control the phase of excitation. As shown333

in the schematic of Fig. 4f, when a fs pulse is incident334

at an angle to the target, because of the tilt of the pulse335

front with respect to the target surface, different spatial336

regions of the target are excited at different time delays.337

This provides a very simple method to control the phase338

of excitation between the nanopillars of the array. Figure339

4g, shows the phase delay experienced by the nanopil-340

lars within the FWHM spot of the pump pulse for three341

different AOIs. We observe that for an AOI of 15°, all the342

nanopillars are excited with a relative phase difference of343

less than pi. However, for an AOI of 40°, the neighbor-344

ing nanopillars of the array are excited with the opposite345

phase (i.e., delta phi = pi), which results in the injection of346

sub-fs electron bunches from the alternate nanopillar in347

comparison to an AOI of 15°, as evident from the scatter348

plot shown in Figs. 4h and 4i, respectively. The period of349

the sub-fs electron bunches emitted from each nanopillar350

depends on the time interval over which the phase of the351

electric field Ey oscillates between the nanopillars, with352

the following relation: t1 = t2 cos(θ), where t1 and t2 are353

the periods of the electron bunches and laser pulse, and354

θ the AOI of the laser pulse.355

In conclusion, our research bridges the fields of356

nanophotonics and strong-field plasma physics, facili-357

tating the spatiotemporal control of relativistic electron358

beams at such extreme interactions. We demonstrate,359

both via experiments and simulations, the enhanced ac-360

celeration and directional steering of the electron beam361

in a desired direction. Furthermore, we show the crucial362

role of the phase of excitations on the sub-fs dynamics363

of electrons in the nanopillars. This work opens exciting364

possibilities for manipulating secondary beams like high365

harmonics and ions in nano-structured plasmas, paving366

the way for advanced laser-plasma interactions and ap-367

plications.368

4 Methods369

4.1 Target fabrication370

Normally used fabrication techniques like chemical va-371

por deposition (CVD) or porous anodic alumina (PAA)372

templates cannot be used to fabricate the perfectly373

aligned nanopillars we need. These methods tend to pro-374

duce random nanorod meshes or undesired clustering,375

making them unsuitable for our application. Instead, we376

fabricate our samples from polycrystalline silicon on a377

quartz substrate using electron-beam lithography. For378

sample fabrication, we employ a layer of polycrystalline379

silicon (poly Si) created on a four-inch quartz wafer by380

using low-pressure chemical vapor deposition (LPCVD)381

in a horizontal tube furnace. The thickness of the Si film382

is 850 nm, and the thickness of the substrate is 500 mi-383

crometers. The pattern is written using a JEOL 9300FS384

100kV electron beam lithography (EBL) tool. Polymethyl385

methacrylate (950K PMMA A4) is used as a positive tone386

resist. A 10 nm-thick layer of Cr is evaporated on top387

of the photoresist to prevent charging during the lithog-388
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raphy. After the EBL process, wet chemistry removal of389

the Cr charge dissipation layer, and sequential develop-390

ment, one more 20 nm-thick Cr layer is e-beam evapo-391

rated and lifted off to create a hard mask on top of the392

poly-Si film. The resulting pattern is translated into the393

surface by means of anisotropic reactive ion etching (RIE)394

of the silicon layer, which is not masked by chromium.395

Finally, the Cr mask is removed by wet etching.396

4.2 Experiment397

The experiment was conducted using the 150 TW, 25 fs,398

800 nm laser system at the Tata Institute of Fundamen-399

tal Research (TIFR), Mumbai. Laser contrast was mea-400

sured to be 10−7 at 25 ps before the peak, and the fem-401

tosecond temporal profile of the pump pulse is shown402

in Fig. S2a of the Supplementary Information. These403

p-polarized laser pulses were focused on the target us-404

ing an f/3 off-axis parabolic (OAP) mirror at multiple405

incidence angles of 15◦, 25◦, and 40◦. The measured fo-406

cal spot of the pump beam was 8 microns, which corre-407

sponds to a focused peak intensity of 3× 1018 W/cm2.408

An array of silicon elliptical nanopillars arranged in409

near-wavelength spacing on a 500-micron-thick fused sil-410

ica substrate was used as the target (shown in Fig. 1).411

The flat target used for comparison purposes was a 500-412

micron-thick silicon-fused silica plate.413

The angular distributions of electrons were measured414

with imaging plates (IPs) (FUJI Film, BAS-SR 2025)415

placed in a cylindrical geometry surrounding the target,416

covering the angular range from 0 to 360 degrees (see417

Fig. 2a). The IPs were covered with 110-micron-thick418

aluminum filters to block electrons with energy below419

100 keV and to prevent exposure to X-rays, direct lasers,420

plasma emissions, and ambient light. The angular distri-421

butions for each target and angle of incidence (AOI) were422

obtained with a single laser shot. The energies of fast423

electrons were measured using electron spectrometers424

located along two different directions to the target: the425

front normal (0°) and along the direction of the steered426

electron beam (210°) in the rear of the target. Each427

spectrometer has a 0.1 Tesla magnetic field and an IP as428

a detector. The measurable range of energies in these429

spectrometers is 0.1–7.0 MeV. Each electron spectrum430

was obtained by 15 laser shots. The experiments were431

performed in a vacuum chamber at a pressure of 10−5
432

Torr.433

434

4.3 PIC Simulation435

We performed a series of 2D3v particle-in-cell (PIC)436

simulations in Cartesian geometry using the EPOCH437

code. The simulation box size is 18µm × 25µm with a438

cell size of 4nm × 5nm and 16/32 macroparticles per439

cell. The target used in the experiment was modeled440

as periodically arranged nanopillars (see Fig. 3) with441

a period of 720 nm and a height of 700 nm. These442

parameters are consistent with the target used in the443

experiment. The plasma consists of electrons with an444

initial temperature of 100 eV and neutralizing ions with445

a temperature of 10 eV. To reduce the computational cost446

and avoid numerical heating, most of the simulation447

runs were performed with a plasma density of 20 nc.448

However, we repeated a few runs at 100 nc to check the449

precision and convergence of the results. A p-polarized450

laser pulse with a wavelength of 800 nm irradiates the451

targets at various incidence angles of 15°, 30°, and 40°.452

The laser pulse is assumed to be Gaussian in both the453

longitudinal and transverse directions, with a FWHM454

pulse duration of 25 fs and a beam waist of 5 µm at455

the focus. The peak intensity of the focused laser is 3×456

1018 W/cm2, which is the same as the intensity used457

in the experiment. The laser reaches the target at t = 0458

fs. We ran the simulations for 90 fs, 150 fs, and 200 fs,459

respectively.460

461
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