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Abstract: The momentum of light in a plasma and the momentum transfer from light to plasma is cal-

culated for a uniform plane of light incident into a uniform plasma. At low irradiance, the Minkowski

and Abraham expressions for photon momentum are shown to be equivalent. We evaluate relativistic

electron motion at a high irradiance for a plasma and show that most light momentum is transferred

to the electrons associated with motion parallel to the light propagation at an irradiance correspond-

ing to the reduced vector potential ao ≈ 3.7 (reduced irradiance Iλ2 ≈ 2 × 1019 W cm−2
µm2). Our

results show that to ensure the maximum momentum transfer from photons to electrons in motion

parallel to the k-direction for fixed laser pulse energy, the laser focusing should be adjusted to achieve

ao ≈ 3.7, even if tighter focusing, and thus higher ao values, are possible.

Keywords: plasma; light; momentum

1. Introduction

We consider the momentum transfer from light to plasma when light propagates through
plasma. Many experiments involving high-power lasers depend directly or indirectly on
the momentum transfer from light to plasma. For example, the electron density profile of
plasma material expanding from laser-irradiated solid targets has been modified due to light
pressure [1–3], and there have been proposals to use direct light momentum to compress
plasma material for inertial fusion studies [4–6]. Light pressure can accelerate electrons in
laser-plasmas to high energies that are useful for many applications [7–11]. Electrons acceler-
ated by light pressure may be used as a heating source for fusion ignition when the electrons or
co-moving ions are injected into laser-compressed deuterium/tritium [12–14]. The interaction
of light with electrons in the conduction band of solids can be modeled as light–plasma in-
teractions. For a first approximation, the refractive indices of a conductor or semiconductor
can exhibit similar dependencies to plasmas with “free” electrons. Quantum plasmonics
involves the study of the quantum properties of light and its interaction with such elec-
trons, usually when there are solid nanoscale interfaces, and often involving applications
where the light is confined to below-diffraction distances [15]. The momentum of light and
light-momentum transfer to electrons in solids is important in solid-state plasmonics.

Special relativity predicts the vacuum momentum of a photon of light to be h̄ω/c = |h̄k0|,
where k0 is the vacuum wave-vector of the photon, ω is the photon angular frequency,
and c is the vacuum speed of light. To many commentators, the appropriate value of
the momentum of a photon in a dielectric medium has been less clear-cut. Over 100
years ago, Minkowski [16] proposed a photon momentum of η h̄k0 and Abraham [17],
a photon momentum of (1/η) h̄k0, where η is the refractive index of the medium of
propagation. The different and seemingly incompatible proposals for photon momentum
have become known as the Abraham–Minkowski controversy with many experiments,
“thought experiments”, and much theoretical work undertaken in an effort to resolve the
controversy (for reviews, see [18–22]).

Quantum theories of light propagation have determined a momentum operator for
a radiation field in order to evaluate the progression of electromagnetic waves [23,24].
Quantum optics then associated the Minkowski photon momentum with the momentum of
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the field, plus the momentum associated with the medium polarization, while the Abraham
photon momentum considered the momentum of the electromagnetic field alone [25]. The
momentum of light has become an increasingly important parameter in structured light
studies where, for example, orbital angular momentum due to the field spatial distribution
is produced [26]. In plasmas, an electromagnetic wave interacts with free electrons.
Considering the classical (non-quantum) electron motion in an electromagnetic wave, we
show in this paper that for a plasma, the Minkowski and Abraham expressions for photon
momentum are equivalent.

With focused laser light, the number of photons in a laser pulse can be large. For
example, for a peak irradiance of 1016 W cm−2 and 1 micron wavelength, there are typically
≈1016 photons per picosecond per micron focused radius in a laser pulse. Nevertheless,
the energy or momentum transferred from light to plasma can be usefully evaluated per
unit of photon energy h̄ω or photon momentum h̄k. We follow this “per photon” approach
in our treatment in this paper, as it aids comment on the Abraham–Minkowski controversy.
We evaluate the energy and momentum per photon transferred from light to plasma over a
range of irradiances, including the extremely high irradiances now possible with focused
high-power, short-duration laser pulses.

2. Photon Momentum at Low Irradiance

When an electromagnetic wave of low irradiance is incident into a plasma, the motion
of the free electrons in the plasma are, to a good approximation, parallel to the electric field
of the wave in a direction transverse to the wave-vector k. We consider a plasma with
an electron number density ne much less than the critical electron density, so that wave
reflection, light scattering, and electron-collision processes are negligible. A plasma profile
could reflect light (and to a lesser extent, scatter light), but in a “gedanken” experiment, we
can assume sufficiently small refractive index deviations from unity that these processes are
negligible or, alternatively, only consider the light impinging on a uniform plasma that had
not been reflected or scattered. For most laser-plasma experiments, ignoring collisions in
the light–plasma interaction has resulted in very accurate approximations. Even at electron
densities approaching critical density, the mean free path for collisions is much greater
than the electron oscillation range in an electromagnetic wave. For example, the electron–
electron mean free path is ≈2 µm at a temperature of 30 eV and an electron density of
1020 cm−3 (see Section 5.3 [27]), while the electromagnetic oscillation distance is ≈0.02 µm
for a wavelength of 1 micron and an irradiance of 1016 W cm−2 (see Section 4.1 [28]). Due
to the mass difference between electrons and ions, the electron–ion interaction difference
is much greater than the electron–electron mean free path. The assumption that electron
oscillation in an electromagnetic field is collision-less and local over distances much smaller
than typical focal point sizes has been an excellent approximation used widely to evaluate
local refractive indices and other parameters in laser-produced plasmas.

A linearly polarized electromagnetic wave varying in time as E = E0 cos(ωt) with a
frequency of ω accelerates an initially stationary free electron at a rate of −Ee/m0, where e
is the charge on the electron and m0 is the rest mass of the electron. Integrating the electron
acceleration with respect to time gives the electron velocity as v = −eE0/(m0ω) sin(ωt)
with an electron energy U, given by:

U = (1/2)m0v2 =
e2E2

0

2m0ω2
sin2(ωt). (1)

The average of a period of oscillation yields the time-averaged ponderomotive, or quiver
energy, <U> of an electron in a propagating electromagnetic wave with an electric-field
amplitude of E0:

<U>=
e2E2

0

4m0ω2
. (2)
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The ponderomotive energy of a single electron in an electromagnetic wave has been
discussed in many texts (see, for example, Section 2.4.1 of Tallents [29]). The ponderomotive
energy per unit volume in a plasma of electron number density ne is given by ne <U>.

The energy density UL of an electromagnetic wave in a vacuum is related to the
electric-field amplitude E0 by the following:

UL = (1/2)ǫ0E2
0 (3)

where ǫ0 is the vacuum dielectric constant. The vacuum density of photons per unit of
volume is then simply UL/(h̄ω). The ponderomotive energy per incident photon WP in a
plasma is given by the ponderomotive energy per unit of volume ne <U> divided by the
vacuum density of photons per unit of volume UL/(h̄ω). We find the following:

WP =
ne <U>

UL/(h̄ω)
=

nee2

2m0ǫ0ω2
h̄ω = (1/2)

ω2
p

ω2
h̄ω (4)

where the natural oscillation frequency ωp of the electrons in a plasma (known as the
plasma frequency, see, e.g., Section 8.1 of Rybicki and Lightman [30]) is given in SI units by
the following:

ω2
p =

nee2

m0ǫ0
. (5)

The relationship between the wave-vector k in plasma and the wave-vector k0 in a
vacuum is readily obtained by the dispersion relationship of light in a plasma (see, e.g.,
Section 4.4 of Tallents [28]). A plasma medium has a dispersion relationship according to
the following:

k2 =
ω2 − ω2

p

c2
. (6)

Re-arranging Equation (6), we find the following:

k =

(

1 −
ω2

p

ω2

)1/2
ω

c
=

(

1 −
ω2

p

ω2

)1/2

k0 (7)

Refractive indices vary depending on whether the index is related to the phase or the
group velocity of a propagating electromagnetic wave. The phase velocity vp is defined by
ω/k, where k is the amplitude of the wave-vector of the wave, while the group velocity
vg = dω/dk. In a vacuum, both the phase and group velocities are at the same speed-
of-light c, but in a dielectric medium, vp = c/ηp, and vg = c/ηg, where ηp is the phase
refractive index and ηg is the group refractive index. For a plasma, the phase refractive
index is given by the following:

ηp =

(

1 −
ω2

p

ω2

)1/2

. (8)

Similarly, the group refractive index is given by the following:

ηg =

(

1 −
ω2

p

ω2

)−1/2

. (9)

The standard derivation of the phase and group refractive index expressions has been given,
for example, in Section 8.1 of Rybicki and Lightman [30] and in Section 2.1.2 of Tallents [29].
Using Equations (7)–(9), we have two expressions for the photon momentum:

pphot = h̄k = ηp h̄k0, (10)
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and

pphot = h̄k =
1

ηg
h̄k0. (11)

Equation (10) corresponds to the Minkowski description of the photon momentum [16],
while Equation (11) corresponds to the Abraham description of the photon momentum [17].

The Abraham–Minkowski controversy has been generally resolved if an appropri-
ate phase or group refractive index is employed, respectively, in the Minkowski and
Abraham expressions [31,32], though this conclusion has been obscured by associating
Minkowski’s interpretation with the words “canonical or wave momentum” and Abra-
ham’s interpretation with the “kinetic momentum”, rather than referring directly to the
phase (Minkowski) or group (Abraham) velocities of light (see [19,20,33,34]). For example,
the diffraction of light was determined by the phase of the light, so in diffraction calcula-
tions, the Minkowski photon momentum should be used (see, for example, the diffraction
“thought experiment” discussed by Padgett [35]). The propagation of information and the
energy of light in a medium depends on the group velocity and, thus, requires the Abra-
ham photon momentum.Our short discussion here has demonstrated that the distinction
between the Minkowski and the Abraham evaluations of photon momentum vanishes for
a plasma medium.

3. Light Momentum Transfer to Plasma at High Irradiance

At higher electromagnetic wave irradiances, the motion of the accelerated electrons
parallel to the direction of the wave propagation becomes important. At the highest
irradiances, we also need to use an appropriate relativistic expression for the electron
kinetic energies, and during the electron-acceleration calculations, we need to make an
allowance for a relativistic “mass increase” from the electron rest mass of m0 to γm0, where
γ is the Lorentz parameter. We also need to consider the dielectric plasma effect on the
electric and magnetic fields of the electromagnetic wave. When the electron density is
below the critical electron density, the plasma refractive index ηP modifies the vacuum
electric field E to E/

√
ηp and the vacuum magnetic field B to

√
ηP B.

Electrons accelerated by an electromagnetic wave in the direction of the electric field
are accelerated by the magnetic field B of the wave due to the Lorentz −ev × B force.
The magnetic field of a linearly polarized electromagnetic wave produces acceleration in
the direction of the beam propagation (the wave-vector k-direction) with an acceleration
magnitude of (−e/γm0) v B

√
ηP, where B is the vacuum magnetic field. Given a velocity

oscillation in the form of v = −eE0/(
√

ηP γm0ω) sin(ωt), where E0 is the vacuum electric
field and the magnetic field oscillation in the form of B = B0 cos(ωt), the acceleration in the
k direction has a magnitude e2E2

0/(γ2m2
0ωc) sin(ωt) cos(ωt), provided that the electron

motion in the k-direction is small. Integrating in time, we obtain the velocity vk of an
electron in the direction of the k-vector when irradiated by an electromagnetic wave:

vk =
e2E2

0

2γ2m2
0ω2c

sin2(ωt). (12)

Integrating again, we can obtain the electron position zk parallel to the k-vector:

zk =
e2E2

0

4γ2m2
0ω3c

(ωt − (1/2) sin(2ωt)) (13)

For a small relativistic mass increase (i.e., γ approaching unity) and linearly polarized
light, an electron oscillates in the k-direction at a frequency of 2ω with a time-averaged
drift velocity in the k-direction. The electron oscillates at a frequency of ω perpendicular
to k and 2ω parallel to k, so the electron trajectory follows a figure-eight motion with a
superimposed time-averaged drift velocity in the direction of the k-vector (see Figure 1).
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After averaging a period of oscillation of the electromagnetic wave, the time-averaged drift
velocity in the k-direction becomes the following:

<vk >=
e2E2

0

4 <γ>2 m2
0ω2c

(14)

where <γ> is the cycle-averaged Lorentz factor for the oscillating electron. After averaging
over the time of a cycle of electromagnetic oscillation, the net velocity of an electron in an
electromagnetic field is given by Equation (14).

E

B

k

v
k

Figure 1. Schematic showing the oscillating electric field E (solid red curve) and magnetic field

B (broken curve) of an electromagnetic wave with a drawing of a figure-eight electron motion

superimposed on the drift velocity vk which is directed parallel to the wave-vector k. All electrons

(circles) in a uniform field exhibited the same drift and oscillation.

The quantities in Equation (14) can be conveniently grouped into a single parameter,
known as the reduced vector potential ao, and defined by the following:

a2
o =

e2E2
0

m2
0ω2c2

. (15)

For small values of ao, the drift velocity of an electron in an electromagnetic field is
< vk >= a2

o/4. A useful quantitative indication of the value of ao in laser-plasma ex-
periments has been found by relating the electric-field amplitude E0 to the irradiance I of
an electromagnetic wave measured in units of W cm−2. Converting the angular frequency
ω to wavelength λµm in microns, we can write the dimensionless reduced vector potential
as the following:

a2
o =

Iλ2
µm

1.37 × 1018
. (16)

Inertial fusion experiments have typically utilized laser pulses with ao << 1, but some
short-pulse (<100 fs) laser-plasma experiments have achieved ao > 100. It has been shown
(see, for example, Landau and Lifshitz [36], Umstadter [37] and Section 4.3 Tallents [28])
that the cycle-averaged relativistic Lorentz factor for the electrons accelerated in an electro-
magnetic field can be found by the following:

<γ>=

(

1 +
a2

o

2

)1/2

. (17)

Allowing for the “de-phasing” of the electron in the electromagnetic wave oscillation due
to the k-directed motion, it was also readily shown (see Section 4.1 Tallents [28]) that, when
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motion in the k-direction was large, the time-averaged velocity in the k-direction at large
values of ao can be expressed as the following:

<vk >

c
=

a2
o

4 + a2
o

. (18)

In the laboratory frame, the kinetic energy of an electron in a frame of velocity v with
Lorentz factor γ can be written as (γ2/(1 + γ))m0v2. The energy of electrons moving
parallel to k with a drift velocity <vk > in a plasma of electron density ne is expressed by
the following: <γ>

2/(1+ <γ>) nem0 <vk >
2. Using Equations (3) and (18), the energy

per incident photon is given by the following:

ne <Uk >= ne

(

<γ>
2

1+ <γ>

)

m0 <vk >
2

UL/(h̄ω)
=

(

<γ>
2

1+ <γ>

)

nem0c2

(1/2)ǫ0E2
0/(h̄ω)

(

a2
o

4 + a2
o

)2

.

Using Equation (17) for the Lorentz parameter <γ>, Equation (15) to convert the maximum
electric field E0 to the reduced vector potential ao, and Equation (5) for the plasma frequency
ωp, we can write the following for the directed electron energy per incident photon:

ne <Uk >=
ω2

p

ω2

(

1 + a2
o/2

1 + (1 + a2
o/2)1/2

)

2a2
o

(4 + a2
o)

2
h̄ω (19)

At low irradiances (small ao), ne <Uk > varies as (1/16)(ω2
p/ω2)a2

o h̄ω. At high irradiances

(large ao), the directed electron energy per photon ne <Uk > varies as (1/(9
√

2))(ω2
p/ω2)

(ao)−1 h̄ω, suggesting a drop in the “efficiency” of the energy transfer from the photons
to the k-directed electrons. The k-directed electron energy ne < Uk > decreases as the
irradiance of the beam increases to extreme values (high ao). The “optimum” irradiance
for the maximum transfer of kinetic energy in the direction of the light propagation per
photon is the reduced vector potential ao ≈ 3.7 (see Figure 2).

1.0 10 102 103 1040.110-2

ao
2

n
e
<
U
k
>
/(
ħ

)/
(

p
2
/

2
)

Figure 2. The electron kinetic energy per photon directed in the k-direction in a plasma as a function

of the square of the reduced vector potential a2
0 of incident light. The kinetic energy per photon is

plotted in a reduced form ne <Uk > /(h̄ω)/(ω2
p/ω2), where ωp is the plasma frequency and ω is

the frequency of the light.

4. Discussion

The acceleration of the electrons parallel to k in a plasma has often been referred to
as J × B acceleration in the laser-plasma literature, as it is caused by the electron current
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flow J, parallel to the electric field producing a force due to the magnetic field B of the
electromagnetic wave. For a pulse of light incident into a plasma, J × B acceleration can
be equivalently expressed as being caused by the ponderomotive force on each electron,
which is represented by the gradients −∇<U> in the k-direction of the time-averaged
ponderomotive energy <U> (see Section 4.1 Tallents [28]). The leading edge of a light pulse
incident into a plasma with increasing ponderomotive energy accelerates electrons in the
direction of the light propagation, while the trailing edge with decreasing ponderomotive
energy de-accelerates the electrons back to a zero velocity. When a light pulse interacts
with a low-density plasma in front of a solid target, the electrons can be accelerated to
collide with the high-density plasma before being de-accelerated (resulting in the term
J × B “heating” of the target used in the laser-plasma literature; for example, in [2,38]).

Recently measured and simulated electron temperatures at laser irradiances from
Iλ2 = 1019 to 1022 W cm−2

µm2 have shown evidence that the focal spot size can affect the
temperatures in laser-plasmas produced at high, constant irradiances [39]. We showed that
the electron kinetic energy per photon for the electron motion in the direction of a beam, as
shown in Figure 2, exhibites a maximum at a laser irradiance corresponding to the reduced
vector potential ao ≈ 3.7. For fixed laser pulse energy (and, hence, a fixed photon number),
this result suggests that to ensure the maximum energy transfer from photons to electron
motion, parallel to the k-direction, the laser focus should be adjusted to achieve ao ≈ 3.7
(reduced irradiance Iλ2 ≈ 2 × 1019 W cm−2

µm2), even if a tighter focus, with consequent
higher ao values, is possible.

5. Conclusions

The momentum of light in a plasma was evaluated from low to extreme irradiances.
Expressing the energy and momentum of light propagating in a plasma in terms of the
average incident photon energy and the photon momentum enabled a direct comment on
the 100-years-old Abraham–Minkowski controversy regarding light in a plasma dielectric:
The photon momentum is ηp h̄k0 (the Minkowski determination) and equivalently 1/ηg h̄k0

(the Abraham determination), where ηp is the phase velocity refractive index and ηg is
the group velocity refractive index. We evaluated the relativistic electron motion at high-
to-extreme irradiances and showed that most of the energy per photon is transferred to
the electron energy associated with the motion parallel to the light propagation, at an
irradiance corresponding to the reduced vector potential ao ≈ 3.7.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article.
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References

1. Max, C.E.; McKee, C.F. Effects of flow on density profiles in laser-irradiated plasmas. Phys. Rev. Lett. 1977, 39, 1336–1339.

[CrossRef]

2. Wilks, S.C. Simulations of ultraintense laser-plasma interactions. Phys. Fluids B 1993, 5, 2603–2608. [CrossRef]

3. Willi, O.; Evans, R.G.; Raven, A. Time resolved density profiles of laser-heated plasmas. Phys. Fluids 1980, 23, 2061–2065.

[CrossRef]

4. Hora, H. New aspects for fusion energy using inertial confinement. Laser Part. Beams 2007, 25, 37–45. [CrossRef]

5. Hora, H.; Fuerback, A.; Ladouceur, F.; McKenzie, W. Green energy generation via optical laser pressure initiated nonthermal

nuclear fusion. Opt. Eng. 2021, 61, 021004. [CrossRef]

6. Tallents, G.J. A numerical investigation of laser pressure effects in underdense plasmas. Laser Part. Beams 1983, 1, 353–366.

[CrossRef]

7. Finlay, O.; Gruse, J.; Thornton, C.; Allott, R.; Armstrong, C.; Baird, C.; Bourgeois, N.; Brenner, C.; Cipiccia, S.; Cole, J.; et al.

Characterisation of a laser plasma betatron source for high resolution X-ray imaging. Plasma Phys. Control. Fusion 2021, 63, 084010.

[CrossRef]

8. Hooker, S.M. Developments in laser-driven plasma accelerators. Nat. Photonics 2013, 7, 775–787. [CrossRef]

9. Malka, V.; Faure, J.; Gauduel, Y.A.; Lefebvre, E.; Rousse, A.; Phuoc, K.T. Principles and applications of compact laser–plasma

accelerators. Nat. Phys. 2008, 4, 447–453. [CrossRef]

http://doi.org/10.1103/PhysRevLett.39.1336
http://dx.doi.org/10.1063/1.860697
http://dx.doi.org/10.1063/1.862893
http://dx.doi.org/10.1017/S0263034607070073
http://dx.doi.org/10.1117/1.OE.61.2.021004
http://dx.doi.org/10.1017/S026303460000046X
http://dx.doi.org/10.1088/1361-6587/ac0fcf
http://dx.doi.org/10.1038/nphoton.2013.234
http://dx.doi.org/10.1038/nphys966


Appl. Sci. 2023, 13, 5225 8 of 8

10. Mangles, S.P.D.; Thomas, A.G.R.; Kaluza, M.C.; Lundh, O.; Lindau, F.; Persson, A.; Tsung, F.S.; Najmudin, Z.; Mori, W.B.;

Wahlstrom, C.G.; et al. Laser wakefield acceleration of monoenergetic electron beams in the first plasma-wave period. Phys. Rev.

Lett. 2006, 96, 215001. [CrossRef] [PubMed]

11. Arefiev, A.V.; Khudik, V.N.; Robinson, A.P.L.; Shvets, G.; Willingale, L.; Schollmeier, M. Beyond the ponderomotive limit: Direct

laser acceleration of relativistic electrons in sub-critical plasmas. Phys. Plasmas 2016, 23, 056704. [CrossRef]

12. Culfa, O.; Sagir, S. Plasma scale length and quantum electrodynamics effects on particle acceleration at extreme laser plasmas. J.

Plasma Phys. 2021, 87, 905870602. [CrossRef]

13. Macchi, A. Theory of light sail acceleration by intense lasers: An overview. High Power Laser Sci. Eng. 2014, 2, e10. [CrossRef]

14. Robinson, A.P.L.; Zepf, M.; Kar, S.; Evans, R.G.; Bellei, C. Radiation pressure acceleration of thin foils with circularly polarized

laser pulses. New J. Phys. 2010, 10, 013021. [CrossRef]

15. Tame, M.S.; McEnery, K.R.; Ozdemir, S.K.; Lee, J.; Maier, S.A.; Kim, M.S. Quantum plasmonics. Nat. Phys. 2013, 9, 329– 340.

[CrossRef]

16. Minkowski, H. Die Grundgleichungen für die elektromagnetischen Vorgänge in bewegten Körper. Nachrichten von der Ges. der

Wiss. zu Göttingen 1908, 1, 53.

17. Abraham, M. Zur Elektrodynamik bewegten Körper. Rend. Circ. Matem. Palermo 1909, 28, 1. [CrossRef]

18. Bethune-Waddell, M.; Chau, K.J. Simulations of radiation pressure experiments narrow down the energy and momentum of light

in matter. Rep. Prog. Phys. 2015, 78, 122401. [CrossRef]

19. Kemp, B.A. Resolution of the Abraham–Minkowski debate: Implications for the electromagnetic wave theory of light in matter. J.

Appl. Phys. 2011, 109, 111101. [CrossRef]

20. Milonni, P.W.; Boyd, R.W. Momentum of light in a dielectric medium. Adv. Opt. Photonics 2010, 2, 510–553. [CrossRef]

21. Pfeifer, R.N.C.; Nieminen, T.A.; Heckenberg, N.R.; Rubinsztein-Dunlop, H. Momentum of an electromagnetic wave in dielectric

media. Rev. Mod. Phys. 2007, 79, 1197–1216. [CrossRef]

22. Chichkov, N.B.; Chichkov, B.N. On the origin of photon mass, momentum, and energy in a dielectric medium. Opt. Mater. Express

2021, 11, 2722– 2729. [CrossRef]

23. Loudon, R. The Quantum Theory of Light; Oxford University Press: Oxford, UK, 1983.

24. Huttner, B.; Serulnik, S.; Ben-Aryeh, Y. Quantum analysis of light propagation in a parametric amplifier. Phys. Rev. A 1990, 42,

5594–5600. [CrossRef] [PubMed]

25. Abram, I. Quantum theory of light propagation: Linear medium. Phys. Rev. A 1987, 35, 4661–4672. [CrossRef] [PubMed]

26. He, C.; Shen, Y.; Forbes, A. Towards higher-dimensional structured light. Light Sci. Appl. 2022, 11, 205. [CrossRef]

27. Spitzer, L. Physics of Fully Ionized Gases; Interscience: New York, NY, USA, 1967.

28. Tallents, G.J. An Introduction to Special Relativity for Radiation and Plasma Physics; Cambridge University Press: Cambridge, UK, 2022.

29. Tallents, G.J. An Introduction to the Atomic and Radiation Physics of Plasmas; Cambridge University Press: Cambridge, UK, 2018.

30. Rybicki, G.B.; Lightman, A.P. Radiative Processes in Astrophysics; Wiley: New York, NY, USA, 1979.

31. Bliokh, K.Y.; Bekshaev, A.Y.; Nori, F. Optical momentum, spin and angular momentum in dispersive media. Phys. Rev. Lett. 2017,

119, 073901. [CrossRef]

32. Dodin, I.Y.; Fisch, N.J. Axiomatic geometrical optics, Abraham–Minkowski controversy and photon properties derived classically.

Phys. Rev. A 2012, 86, 053834. [CrossRef]

33. Barnet, S.M. Resolution of the Abraham–Minkowski dilemma. Phys. Rev. Lett. 2010, 104, 070401. [CrossRef]

34. MacLeod, A.J.; Noble, A.; Jaroszynski, D.A. On the energy-momentum tensor of light in strong fields; an all optical view of the

Abraham-Minkowski controversy. Proc. SPIE 2017, 10234, 102340F.

35. Padgett, M.J. On diffraction within a dielectric medium as an example of the Minkowski formulation of optical momentum. Opt.

Express 2008, 16, 20865. [CrossRef]

36. Landau, L.D.; Lifshitz, E.M. The Classical Theory of Fields, 3rd ed.; Pergamon: Oxford, UK, 1971; p. 118.

37. Umstadter, D. Review of physics and applications of relativistic plasmas driven by ultra-intense lasers. Phys. Plasmas 2001, 8,

1774–1785. [CrossRef]

38. Cai, H.; Yu, W.; Zhu, S.; Zheng, C. Short-pulse laser absorption via J X B heating in ultrahigh intensity laser plasma interaction.

Phys. Plasmas 2006, 13, 113105. [CrossRef]

39. Dover, N.P.; Nishiuchi, M.; Sakaki, H.; Kondo, K.; Alkhimova, M.A.; Faenov, A.Y.; Hata, M.; Iwata, N.; Kiriyama, H.; Koga, J.K.; et

al. Effect of Small Focus on Electron Heating and Proton Acceleration in Ultrarelativistic Laser-Solid Interactions. Phys. Rev. Lett.

2020, 124, 084802. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevLett.96.215001
http://www.ncbi.nlm.nih.gov/pubmed/16803242
http://dx.doi.org/10.1063/1.4946024
http://dx.doi.org/10.1017/S0022377821000982
http://dx.doi.org/10.1017/hpl.2014.13
http://dx.doi.org/10.1088/1367-2630/10/1/013021
http://dx.doi.org/10.1038/nphys2615
http://dx.doi.org/10.1007/BF03018208
http://dx.doi.org/10.1088/0034-4885/78/12/122401
http://dx.doi.org/10.1063/1.3582151
http://dx.doi.org/10.1364/AOP.2.000519
http://dx.doi.org/10.1103/RevModPhys.79.1197
http://dx.doi.org/10.1364/OME.436306
http://dx.doi.org/10.1103/PhysRevA.42.5594
http://www.ncbi.nlm.nih.gov/pubmed/9904698
http://dx.doi.org/10.1103/PhysRevA.35.4661
http://www.ncbi.nlm.nih.gov/pubmed/9898073
http://dx.doi.org/10.1038/s41377-022-00897-3
http://dx.doi.org/10.1103/PhysRevLett.119.073901
http://dx.doi.org/10.1103/PhysRevA.86.053834
http://dx.doi.org/10.1103/PhysRevLett.104.070401
http://dx.doi.org/10.1364/OE.16.020864
http://dx.doi.org/10.1063/1.1364515
http://dx.doi.org/10.1063/1.2372463
http://dx.doi.org/10.1103/PhysRevLett.124.084802
http://www.ncbi.nlm.nih.gov/pubmed/32167312

	Introduction
	Photon Momentum at Low Irradiance
	Light Momentum Transfer to Plasma at High Irradiance
	Discussion
	Conclusions
	References

