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Abstract
A concept for a femtosecond pulse compressor based on underdense plasma prisms is presented. An analytical model is 
developed to calculate the spectral phase incurred and the expected pulse compression. A 2D particle-in-cell simulation 
verifies the analytical m odel. Simulated intensities (∼ 1 016 W/cm2) were orders of magnitude higher than the damage 
threshold for conventional gratings used in chirped pulse amplification. Theoretical geometries for compact (10s cm 
scale) compressors for 1 PW, 10 PW, and 100 PW power levels are proposed.

1. Introduction1

Since the invention of the chirped pulse amplification2

technique for generating high power, ultrashort pulses [1],3

there has been a rapid development of petawatt class4

facilities around the world; from one in 1998 to more than5

50 in the mid-2010s [2] to several at the 10 petawatt level and6

beyond today [3]. There are multiple limitations to continuing7

to extend these facilities to ultra-high powers, but one critical8

technology that has been identified as a challenge [4] is the9

pulse compressor, which currently relies on large gratings.10

Conventional optics have a damage threshold that depends11

on the coating type and either the fluence or intensity of the12

incident laser light. In practice, the fluence threshold is at13

most 1 J/cm2 [5]. Thus, for the 0.1-1 kJ energies required14

to make petawatt laser pulses the gratings must be on the15

square meter scale or larger, which is both a technological16

and a cost limitation. There is, however, a scientific interest17

in going to further increasing the power for studies of, for18

example, optics in the relativistic regime [6] and beyond to19

the behavior of matter in extremely strong electromagnetic20

fields [7–9].21

One alternative to conventional chirped pulse amplification22

using a grating compressor is the use of plasma, which23

has intensity limits for degradation of performance that are24

many orders of magnitude higher than conventional optical25

elements. In principle, plasma could be used to compress26

a chirped pulse through group velocity dispersion, which27

recently has been theoretically demonstrated for mm-scale,28

near critical-density plasma [10]. At lower plasma densities,29

however, the required path lengths would be too long30

for practical use. This motivates the use of a structured31

plasma which can take advantage of geometric dispersion32

to compress a pulse over a much smaller region of space (or33

with a much smaller spatial footprint).34

The use of parametric processes, such as Raman [11,12] and35

Brillouin [13,14] scattering has been explored for amplifiers36

or for volume compression using plasma Bragg gratings [15].37

These schemes rely on the generation of periodic structures38

and operation at near-relativistic laser intensities, Iλ2 ≳39

1017 W/cm2, where I is the intensity and λ is the40

wavelength. At such intensities there are multiple nonlinear41

processes that can degrade performance, e.g. wavebreaking42

and pre-depletion of the pump laser pulses by thermal43

plasma [16], and laser filamentation instabilities [17]. More44

recent studies have considered the replacement of the45

conventional gratings with transient plasma transmission46

gratings [18,19]. As transmission gratings require a small47

amount of plasma and the dispersion comes from geometric48

considerations the scheme should be less sensitive to49

nonlinearities or plasma inhomogeneity. Another method50

for obtaining the required angular dispersion is through51

transverse plasma density gradients, which have previously52

been studied in the context of plasma lenses [20–22] and for53

laser steering [23,24].54

In this paper, we present an approach for pulse compression55

using prisms of uniform underdense plasma that may56

be made using shaped gas cells, as shown in Figure 1.57
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Figure 1. Schematic of a plasma prism based on ionization of hydrogen gas
in an additively manufactured gas cell [25].

This design has the advantages of beginning only with58

gas (and so reproducible at high repetition-rate), using59

simple geometry, withstanding intensities several orders of60

magnitude higher than conventional gratings, and remaining61

relatively compact. With these advantages, plasma-prism62

compression may offer an approach to plasma-based compression63

for the next generation of high-power lasers.64

2. Dispersion in plasma65

The linear dispersion relation for light propagating in an66

unmagnetized plasma is ω2 = c2k2 + ω2
p, where ωp =67 √

e2ne/meε0 is the plasma frequency for electron number68

density ne. The refractive index is therefore n(ω) =69 √
1− ω2

p/ω
2. For convenience, we define the relative70

density of plasma N = ne/nc, where nc = ε0meω
2
0/e

2 is71

the critical density for the central frequency of the laser, ω0,72

and ε0, e, and me are the vacuum permittivity and electron73

charge and mass.74

The temporal profile of a linearly-chirped Gaussian pulse75

can be expressed as76

E(t) = E0ℜ{e−iω0te−
1
2 (1+iC0)(t/τ0)

2

} (1)

where E0 is the pulse amplitude, τ0 is the half-width at77

1/e level of intensity, and C0 is the linear chirp factor.78

The bandwidth-limited duration of the pulse is τ1 =79

τ0/
√
1 + C2

0 . The frequency bandwidth of the pulse may80

be quantified by the half width of |Ê(ω)|2 at 1/e level,81

∆ω = 1/τ1
[26].82

A frequency component ω propagating in a dispersive83

medium will incur a spectral phase Ψ(ω) = ωP/c, where84

P is the optical path length,85

P =

∫
n(r⃗)dr (2)

integrated along the frequency-dependent path of propagation.86

Expanding Ψ in a Taylor series about ω0 yields87

Ψ = Ψ0 + (ω − ω0)Ψ
′
0 +

1

2
(ω − ω0)

2Ψ ′′
0

+
1

6
(ω − ω0)

3Ψ ′′′
0 + . . .

(3)

where Ψ0 = Ψ(ω0) and Ψ ′
0 = ∂Ψ/∂ω|ω=ω0 are the phase88

and group delays, respectively, which only displace the pulse89

but do not affect the phase fronts or temporal profile. The90

second order phase91

Ψ ′′
0 ≡ ∂2Ψ

∂ω2

∣∣∣∣∣∣
ω0

=
1

c

(
2
∂P

∂ω
+ ω

∂2P

∂ω2

) ∣∣∣∣∣∣
ω0

(4)

is the Group Delay Dispersion (GDD) incurred within the92

medium.93

Depending on its sign, the GDD will increase or decrease94

the linear chirp of a pulse. For instance, the GDD necessary95

to compress a linearly chirped pulse to the bandwidth limit96

is Ψ ′′
0 = C0τ

2
0 /(1+C2

0 )
[26]. Third Order Dispersion (TOD),97

Ψ ′′′
0 ≡ ∂3Ψ

∂ω3

∣∣∣∣∣∣
ω0

=
1

c

(
3
∂2P

∂ω2
+ ω

∂3P

∂ω3

) ∣∣∣∣∣∣
ω0

(5)

and higher order terms will distort the Gaussian pulse98

shape. The spectral phase incurred within an optical system99

will affect a pulse traveling through it via Epost(ω) =100

Epre(ω)e
iΨ(ω).101

3. Compressor Design102

The prism compressor is constructed from four plasma103

prisms. Figure 1 shows a concept for implementation104

of such a plasma prism in practice, based on additively105

manufactured gas cells that have been used successfully in106

laser-wakefield acceleration experiments [25]. The prisms are107

arranged symmetrically across a central “mirror” axis, as108

shown in Figure 2. The apexes of the prisms are spaced a109

distance L apart with the second prism apex elevated above110

the first, forming an angle α. The mirror axis is at a distance111

M from the tip of the second prism. Each prism has a112

uniform relative plasma density N < 1. All frequency113

components enter the first prism and exit the second prism114

at Brewster’s angle θB = arctan
(√

1−N
)

with respect to115

the surface. The half-angle of each prism is Brewster’s angle116

in plasma θ′B = arctan
(
1/

√
1−N

)
. A ray with frequency117

ω enters the second prism at an angle φ2, which becomes118

φ′
2 inside the prism. On the other boundary, it exits the119

plasma at angle φ′
1, which becomes θB upon exit to vacuum.120

These angles can be expressed in terms of the frequency and121

refractive index of the plasmas as follows:122
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φ2(ω) = arcsin

(
sin 2θ′B ·

√
n2(ω)− sin2 θB − cos 2θ′B · sin θB

)
(6)123

φ′
2(ω) = 2θ′B − φ′

1(ω) (7)
124

φ′
1(ω) = arcsin (sin θB/n(ω)) (8)

Figure 2. Path of lower frequency (red) and higher frequency (blue) rays
through the plasma prism compressor.

A ray with frequency ω which travels through the tip of the125

first prism will travel a length a1 between the two prisms, a2126

within the second prism, and a3 from the second prism to the127

mirror. Lengths a1, a2, and a3 are a function of frequency128

and are derived from the geometry of the prism arrangement129

as follows:130

a1 = L
cosα

cos (α+θB−2θ
′
B)

cosφ2
(9)

131

a2 = L
cosα

sin 2θ
′
B sin (2θ

′
B−θB−α−φ2)

cosφ2 cosφ
′
1

(10)
132

a3 = M − L
cosα

sin θB cosφ′
2 sin (2θ′

B−θB−α−φ2)

cosφ2 cosφ′
1

(11)

Assuming sharp vacuum-plasma boundaries, the integration133

in Eqn. 2 can be estimated as P (ω) = 2[a1(ω) +134

n(ω)a2(ω) + a3(ω)]. In principle, it is not necessary for135

the boundaries to be sharp for the concept to work, since136

for refraction under the ray-tracing approximation Snell’s137

law holds for non-sharp transitions, but it simplifies the138

calculations. In practice, the additional phase accumulation139

from boundary ramps could be pre-compensated using a140

spectral phase control device.141

The overall spectral phase applied by the compressor is142

parameterized by N , L, and α, i.e. Ψ = Ψ(ω;N,L, α). The143

compressor geometry was optimized using these parameters144

such that Ψ ′′
0 = C0τ

2
0 /(1 +C2

0 ) and higher order distortions145

were minimized. To quantify the distorting effect of TOD146

in particular, the parameter q = 1
6Ψ

′′′
0 ∆ω3 is defined as the147

contribution of TOD to the incurred phase at ω = ω0 +∆ω.148

Figure 3 shows the parameter phasespace of L and α such149

that Ψ ′′
0 = 10000 (e.g., designed to compress a pulse with150

τ0 = 1000, C0 = 100 fs to τ1 = 10 fs) for normalized151

densities N varying from 0.1 to 0.005 and assuming sharp152

plasma boundaries. The angle α is defined to be negative

Figure 3. Allowed values of L and α such that Ψ ′′
0 = 10000 for densities

N varying from 0.1 to 0.005 (colored lines, labeled).

153

when the apex of the second prism is below the first, and154

is limited above by the angle of refraction of the highest155

frequency in the pulse and limited below by the first prism.156

Thus α is constrained by Ψ
′′

0 (ωmax) < 2θ′B−θB−α < π/2,157

where ωmax can be approximated as ω0 + 2∆ω. Larger158

densities and more negative values α apply the necessary159

GDD in less distance. While the initial linear chirp is160

eliminated from the pulse, TOD is significant in this region161

of parameter space. Using Eqns 9-11 and 5, we calculate q162

along each line plotted in Figure 3 and plot it in Figure 4. q163

decreases with decreasing N and decreasing α, but always164

remains q > 2. The criteria for minimal shape distortion is165

q ≪ 0.1, which is not possible by optimizing parameters N ,166

L, and α alone.

Figure 4. Third-order distortion q for densities N varying from 0.1 to 0.005
such that Ψ ′′

0 = 10000 showing that TOD needs compensation for.

167
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Figure 5 shows the shape distorting effects of TOD on168

a bandwidth-limited pulse. When q is 0, the pulse is near169

transform-limited. As |q| increases, the peak intensity drops,170

and additional peaks appear earlier in time.

Figure 5. Effects of third order dispersion on a bandwidth-limited pulse
showing that q > 2 corresponds to a severe TOD phase error.

171

3.1. Third order dispersion correction172

To correct third order dispersion errors, the spectral phase of173

the uncompressed pulse may be pre-compensated in the front174

end of the laser chain. Alternatively, a correcting plasma175

slab with a polynomial density profile can be inserted at the176

mirror axis to compensate for the TOD. This is the position177

where the frequency components of the incoming pulse are178

spatially dispersed, vertically.179

Halfway through the compressor, a ray with frequency ω180

is located a distance y above the first prism:181

y(ω) = L
cosα

[
sinα+

cos θB cosφ′
2 sin(2θ′

B−θB−α−φ2)

cosφ′
1 cosφ2

]
(12)

which to first order in frequency is y(ω) = y0 +A(ω− ω0).182

Define a rectangular slab of plasma centered horizontally at183

the mirror axis with width W and relative density profile184

N(y(ω)) = N0 + B(y − y0)
3. The spectral phase185

accumulated over a length W is186

Ψ(ω) =
ω

c
Wn(ω) =

ω

c
W

√
1−

N(ω)ω2
0

ω2
(13)

for which the GDD is187

∂2Ψ

∂ω2

∣∣∣∣∣∣
ω0

=
W

cω0

√
1−N0

(
N0

1−N0

)
, (14)

and the TOD is188

∂3Ψ

∂ω3

∣∣∣∣∣∣
ω0

=
−3W

cω2
0

√
1−N0

(
N0

(1−N0)2
−BA3ω3

0

)
. (15)

From Eqn. 5 and Eqn. 15, it follows that B must equal189

B =
1

A3ω3
0

(
N0

(1−N0)2
+ Ψ ′′′

0

cω2
0

3W

√
1−N0

)
(16)

and the correcting slab will compensate for the TOD incurred190

by the other four prisms.191

4. Simulation in Osiris192

The full plasma-prism compressor, including TOD compensation,193

was simulated in 2D with the particle-in-cell framework194

Osiris [27,28]. Osiris solves Faraday and Ampere’s laws195

in differential form using the finite-different-time domain196

technique. By solving these equations, OSIRIS captures197

effects that cannot be modelled with raytracing, such as198

the finite pulse width and duration and nonlinear plasma199

dynamics.200

The laser pulse is initialized with a Gaussian temporal and201

transverse profile with 1/e intensity duration τ and width202

w0. The pulse in vacuum and the simulation window move203

in the x direction at the speed of light. The window was204

4000 c/ω0× 4500 c/ω0 = 509 µm × 573 µm in size and205

had 8192 × 8192 = 6.7 × 107 grid points. The time step206

used was ∆t = 0.395/ω0 = 0.168 fs. Each simulation cell207

contained 2 electrons, for a total of 1.3×108 particles. For a208

pulse wavelength of 0.8 µm, the (angular) frequency is ω0 =209

2.355 fs−1. The laser pulse started with length τ0 = 100210

fs, chirp factor C0 = 10, amplitude a0 = 0.05, and spot211

size w0 = 12.84 µm, corresponding to a Rayleigh length of212

zR = 647 µm. a0 = eE0/(mecω0) is the normalized vector213

potential amplitude of the laser electric field. The pulse was214

polarized in the x-y plane. The prism system had relative215

plasma density N = 0.2, distance between apexes L = 800216

µm, and angle α = −8◦. The correction slab had width217

W = 100 µm, central relative density N0 = 0.03, and density218

growth factor B = 1.512× 10−7 µm−3.219

Figure 6 shows the intensity profile of the pulse overlaid on220

the prism compressor at seven locations along its trajectory.221

Simulation outputs are plotted roughly every 1.8 ps. The222

pulse can be seen compressing in duration as it it travels from223

left to right through the system. The system is symmetric224

about the mirror axis at x = 1350 µm. The dashed lines225

show the results of ray tracing through the compressor for226

frequencies ω0 ± 2∆ω, calculated by applying Snell’s law227

at each boundary and propagating to the next boundary. The228

simulated pulse remains confined by these paths for roughly229

three Rayleigh lengths before the effects of diffraction can230

be observed in the transverse spreading of the pulse. This231

spreading could be mitigated by beginning with a larger spot232

size w0 ≥ 2
√
c(L+M)/ω0, such that the length of the233

system is no more than one Rayleigh length.234

Figure 7 compares the initial and final pulse profiles235

with the transform-limited profile and theoretically predicted236

profile. The simulated pulse ends with a full width at237

half-maximum (FWHM) of 22.4 fs, a compression ratio238

of 7.4 from its initial duration of 166.5 fs and 1.3 times239

the transform-limited duration of 16.6 fs. The simulated240

profile has a 20% narrower FWHM and longer tails than the241

analytical profile, likely due to wavefront curvature that the242
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Figure 6. Full compression of a pulse with duration τ0 = 100 fs is simulated in Osiris using a plasma prism system. The plasma density profile is plotted
in yellow. Seven simulation outputs are plotted with timestamps. The dashed lines show the expected paths of ω0 ± 2∆ω frequency components.

theory cannot account for. Both have a peak power of 83243

GW.

Figure 7. Comparison of initial, simulated, analytical, and
transform-limited pulse power profiles.

244

5. Discussion245

The Osiris simulation confirms the feasibility of femtosecond246

pulse compression using plasma prisms. Estimating the247

resulting pulse shape given a particular compressor geometry248

with the analytically derived expressions can be completed249

near instantly, whereas the Osiris simulation ran in parallel250

for roughly 12 hours on 36 cores. The compressor used251

a relatively high density of N = 0.2 to shrink the system252

to less than 3mm in length to reduce computation time.253

There are other effects which need to be accounted for to254

improve the accuracy of this analytical estimation, including255

diffraction, wavefront curvature, and more realistic density256

profiles at the prism-vacuum interfaces. However, it should257

be noted that, having been successfully demonstrated by258

direct ab-initio simulation at high density/compact size,259

scaling up to higher powers with larger focal spots, where260

the Rayleigh length is longer, would be even more accurately261

described by the ray-tracing.262

The compression of a pulse is sensitive to the exact263

GDD incurred. The simulation geometry applies a GDD of264

864 fs2, 13.6% less than the 1000 fs2 necessary to achieve265

the transform limit. The resulting pulse is 35% longer and266

has 38% less power than if it were transform-limited. The267

system geometry could be further optimized to compress268

pulses closer to the bandwidth-limit.269

Additional Osiris simulations (not shown) indicate that270

the trajectory of the pulse remains largely unaffected when271

the sharp plasma boundaries are replaced by 200 µm ramps.272

However, the GDD is sensitive to the presence of the ramp273

(because of the added optical path). To incorporate this274

into the analytical expressions one would need to trace the275

frequency-dependent trajectory in a density gradient and276

integrate the optical path length in Eqn. 2. Step-function277

boundaries were assumed in the derivation of Eqns 9-11 so278

that closed-form expressions for the partial derivatives in279

Eqns 4 and 5 would exist.280

In the case of femtosecond pulses, the damage threshold281

for conventional diffraction gratings is on the order of282

1013-1014 W/cm2 [29,30]. The peak intensity of the simulated283

pulse reached 1.14 × 1016 W/cm2. At this intensity, no284

nonlinear phenomena that could disrupt the compression285

process were observed. Though the simulated pulse power286

reached 83 GW, self-focusing was not observed. The critical287

power for self-focusing is Pcr ≈ (17/N) GW [31], which288

for the parameters here means that P/Pcr ∼ 1. Even for289

higher powers, however, previous studies have shown that290

self-focusing may not occur for ultra-short pulses even if291

the pulse peak power is many times larger than the critical292

power [32,33].293

The fastest growing parametric instability that can disrupt294

the compression would be stimulated Raman scattering295

(SRS). A positive chirp in ultra-short pulses in underdense296

plasma has been found to increase backward SRS [34,35].297

Limiting backward SRS by constraining γ0τFWHM < 12,298

where γ0 = (1/2)a0ω0

√
(ωp/ω0)/(1− ωp/ω0) is the299

SRS growth rate [36], imposes an upper bound on the peak300

laser intensity and optimal system geometry. In terms of301

the prism density N , this constraint can be expressed as302

N < 1/(1 + (ln 2/144)(ω0a0τ0)
2)2. For the simulated303

parameters N = 0.2 is less than NSRS = 0.36, which is304

consistent with the absence of SRS in the simulations.305

Given the constraints on beam spot size and prism density,306

Table 1 lists theoretical design parameters that could be307
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1 PW 10 PW 100 PW
a0 0.01 0.01 0.01

w0 [mm] 1.7 5.5 17
N 0.05 0.03 0.01

α [◦] -6 -16 -24
L [mm] 131 151 364
M [mm] 100 100 140

N0 0.01 0.01 0.01
W [mm] 10 10 10
B [mm−3] 3.79×10−4 9.70×10−4 1.75×10−3

Table 1. Proposed design parameters for higher power compressors that
supply a GDD of 1000 fs2.

used for compact high power systems that incur a GDD of308

1000 fs2, such as for compressing a τ0 = 1 ps, C0 = 100309

pulse to τ1 = 10 fs. The total system size for these310

compressors is on the scale of 1 meter. Note that in practice,311

the gas would require ionization. For hydrogen gas the312

barrier suppression ionization (BSI) intensity is of order313

1014 W/cm−2, which is two orders of magnitude below314

the peak intensity and so the gas may be considered to315

be fully ionized far before the main pulse peak intensity.316

However, the initial 1 ps long chirped pulse would be317

close to the BSI intensity and may therefore require some318

system for (pre-)ionizing the plasma along the laser path,319

e.g., ionization by a second laser, electrical discharge or320

cylindrically focusing in the z direction to result in higher321

intensity in the earlier prisms.322

6. Conclusion323

Ionization of the plasma will be an important consideration324

for an experimental demonstration. It should also be noted325

that the studies here only considered only collisionless326

ideal plasma, but it is clear that thermal corrections,327

fluctuations, collisional effects, etc. will affect the dispersive328

properties of the plasma prisms and potentially laser329

energy absorption. For random fluctuations, however, the330

resulting phase errors may be expected to average to zero331

over long scales. The effects of ionization and neutral332

gas as well as non-sharp plasma-vacuum boundaries may333

generate non-zero averaging phase errors that may need334

compensation. Proof-of-principle experiments and detailed335

calculations investigating these effects are left for further336

work.337

A novel compressor for high-power femtosecond pulses338

based on underdense plasma prisms, can operate at intensities339

that are orders of magnitude higher than systems using340

diffraction gratings or solid-state prisms. An analytical341

model was developed to calculate the spectral phase acquired342

in the compressor and the corresponding pulse compression.343

The theory was verified with Osiris PIC simulations. Using344

only plasma prisms, it is impossible to completely eliminate345

TOD through geometric optimization. However, the TOD346

could be compensated in laser front end or by introducing a347

plasma slab with a cubic density profile at the center of the348

compressor. Within these constrains, a compact high-power349

compressor with overall dimensions less than 1 meter can350

be designed. At the intensities simulated (1016 W/cm2),351

neither self-focusing nor stimulated Raman scattering were352

observed.353
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