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Electrons in plasmas produced by next-generation ultraintense lasers (I > 5 × 1022 W/cm2) can be spin

polarized to a high degree (10%–70%) by the laser pulses on a femtosecond time scale. This is due to electrons

undergoing spin-flip transitions as they radiate γ -ray photons, preferentially spin polarizing in one direction. Spin

polarization can modify the radiation reaction force on the electrons, which differs by up to 30% for opposite spin

polarizations. Consequently, the polarization of the radiated γ -ray photons is also modified: the relative power

radiated in the σ and π components increases and decreases by up to 30%, respectively, potentially reducing the

rate of pair production in the plasma by up to 30%.

DOI: 10.1103/PhysRevA.96.043407

I. INTRODUCTION

At the intensities which will be reached by next-generation

ultraintense lasers (�5 × 1022–1024 W/cm2), such as several

of those comprising the Extreme Light Infrastructure [1],

light-matter interactions are predicted to reach the new

quantum electrodynamic (QED) plasma regime. Matter in

the laser focus is rapidly ionized, creating a plasma whose

behavior is characterized by the interplay of relativistic plasma

and “strong-field” quantum electrodynamic processes [2].

Understanding this interplay is of fundamental interest: this

regime is similar to that inferred to exist in extreme astrophys-

ical environments such as pulsar [3] and active black-hole

magnetospheres [4]. The QED processes can strongly modify

the plasma’s behavior, for example, leading to complete

absorption of the laser pulse, with consequences for potential

applications of these lasers, ranging from compact particle

accelerators [5] to x-ray source generation [2]. Despite its

importance, the role of fermion spin in collective high-intensity

laser-matter dynamics has rarely been considered [6].

The important strong-field QED processes in laser-created

QED plasmas are [2,7,8] (i) incoherent emission of MeV

energy γ -ray photons by electrons and positrons on accelera-

tion by the macroscopic electromagnetic fields in the laser-

produced plasma (strongly nonlinear Compton scattering),

with the resulting radiation reaction strongly modifying the

dynamics of the emitting electron or positron [9,10], and

(ii) pair creation by the emitted γ -ray photons in the same

electromagnetic fields (the multiphoton Breit-Wheeler process

[11]). For example, nonlinear Compton scattering and the

resulting radiation can lead to almost complete laser absorption

[12,13]; pair cascades (where pairs emit further γ -ray photons,

which generate even more pairs), can lead to the creation of

critical density pair plasmas [14–17]. It is therefore essential
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that we correctly include these QED processes in our models

of the interaction of next-generation laser pulses with matter.

Previous treatments of γ -ray photon emission in QED plasmas

have averaged over the spin.

In this article we demonstrate a process, analogous to the

Sokolov-Ternov effect in a strong magnetic field [18,19], in

which the electrons in laser-generated QED plasmas rapidly

spin polarize due to asymmetry in the rate of spin-flip

transitions, i.e., interactions where the spin changes sign during

the emission of a γ -ray photon. We discuss several signatures

of the spin polarization of the plasma. (i) Consideration of

the spin of the electrons leads to a quantum correction to

the radiation reaction force: in the energetically favorable spin

configuration the total power radiated and so radiation reaction

force are enhanced compared to the unfavorable configuration,

leading to an enhancement in total power radiated by the

plasma compared with the prediction assuming the spin is

unpolarized. (ii) The relative energy emitted in the two possible

polarizations of the γ -ray photons is modified. (iii) This

modification could decrease the rate of pair production.

Spin-polarized electron beams are important in high-

energy physics; the use of properly polarized beams in

electron-positron colliders can suppress the standard-model

background in searches for new physics beyond the standard

model [20]. Spin-polarized beams are also used in electron

spectroscopy for studying surface and thin-film magnetism and

the electronic structure of metal semiconductor surfaces and

films [21,22]. Spin polarizing plasma may enable applications

of ultraintense lasers in these areas.

This paper is organized as follows. In Sec. II we

demonstrate the laser-induced process of electron spin

polarization by deriving a simple predictive model and

applying it to the case of electrons orbiting at the magnetic

node in the field of two counterpropagating lasers. In Sec. III

we discuss signatures and consequences of spin polarization.

Finally, in Sec. IV we draw conclusions.

II. SPIN POLARIZATION BY LASER PULSES

We focus on the case of electrons orbiting in a rotating

electric field, a configuration that may be realized in the
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plasma created at the magnetic node of two colliding, circularly

polarized laser pulses. The electric field E at the magnetic

node, say, the plane z = 0, rotates with constant amplitude

[23]. Consequently, electrons subjected to E also rotate in the

plane z = 0 with (normalized) velocity β.

To describe the spin-polarization dynamics of electrons

in the rotating electric field (indeed, in any arbitrary elec-

tromagnetic field) we need to use a proper nonprecessing

spin-polarization basis ζ for which dζ/dτ = 0 [24], defined in

the rest frame of the electron, where τ = t/γ is the proper time.

Spin-up and spin-down electron states, defined with respect to

that basis, do not mix. According to the Bargmann-Michel-

Telegdi equation [25], which describes the precession of the

expectation value of the spin-polarization vector in an external

electromagnetic field [26], the only nonprecessing spin basis

for an electron rotating in the rotating electric field is

ζ =
E × β

‖E × β‖
= ez. (1)

We will therefore consider spin polarization in the transverse

direction where ζ is perpendicular to β. ζ is analogous to

the direction along the magnetic field in the discussion of the

Sokolov-Ternov effect.

Each electron in the rotating electric field has a projection of

its spin in the direction of the vector ζ of sh̄/2, where s = ±1

and h̄ is Planck’s constant. We therefore divide the plasma

electron population into two fractions ns , characterized by

their spin projection being parallel (s = 1 =↑, higher energy)

or antiparallel (s = −1 =↓, lower energy) to ζ . The number

density of electrons with spin s =↓, for instance, evolves

according to the master equation

d

dτ
n↓(t) =

dN↑↓

dτ
n↑(t) −

dN↓↑

dτ
n↓(t). (2)

The γ -ray photon emission rates dN ss ′
/dτ =

∑

ρ dN ss ′

ρ /dτ ,

summed over photon polarization states ρ, describe the

transitions from one spin state to the other on emission of a

γ -ray photon, i.e., spin-flip transitions. An analogous equation

holds for n↑, the number density of electrons with spin s =↑.

A. Rate of spin-flip transitions

The expressions for the rate of spin-flip transitions

can be simplified when the strength parameter a0 =
85.5λ/μm

√

I/(1022 W/cm2) of the laser electromagnetic

waves is large. In that case, the formation phase interval

for the emission of a photon becomes very short, ∝1/a0,

and multiple-photon emissions can be considered incoherent.

a0 is indeed large in the cases considered here, where the

intensity of each of the counterpropagating laser pulses I

is ≫ 1018 W/cm2 and λ = 1 μm, a typical wavelength of

ultraintense lasers that is assumed in all our calculations. It

is also the case that the electric field at the magnetic node is

much less than the critical field of QED: the Sauter-Schwinger

field ES = m2
ec

3/(eh̄) [27], where me and e are the electron

mass and charge, respectively, and c is the speed of light (all

in Gaussian units). Under these two assumptions the rates of

γ -ray photon emission (and pair production) are well described

by the corresponding rates in constant crossed electric and

magnetic fields [8,18,28,29]. The rates of photon emission

in this constant crossed-field approximation depend only on

the electron’s initial and final spin projections s and s ′, the

emitted photon’s polarization ρ, and the quantum efficiency

parameter η = ERF /ES [28]. Here, ERF = γ ‖E‖ is the

electric field’s magnitude in the electron’s instantaneous rest

frame. The electron-spin- and photon-polarization-dependent

photon emission rates read [18,30]

dN ss ′

ρ

dτ
= Pclass

∫ η/2

0

dχ
dy

dχ

F (η,χ,s,s ′,ρ)

h̄ω/γ
, (3)

with the classical dipole radiation emission power

Pclass =
2m2

ec
3e2η2

3h̄2
. (4)

The photon quantum parameter

χ =
h̄ωE

2mec2ES

(5)

depends on the γ -ray photon energy

h̄ω =
γmec

2ξy

1 + ξy
, (6)

with ξ = 3η/2 and

y =
4χ

3η(η − 2χ )
. (7)

F (η,χ,s,s ′,ρ) is the spin- and photon-polarization-dependent

quantum synchrotron function. It is given by

F (η,χ,s,s ′,ρ) =
9
√

3y

16π (1 + ξy)4

×

(

1 + ss ′

2

{

(

1 +
1

2
ξy

)2[∫ ∞

y

K5/3(x)dx

+ρK2/3(y)

]

+
[

ξ 2y2

2

∫ ∞

y

K1/3(x)dx

−s ′(2 + ξy)ξyK1/3(y)

]

1 + ρ

2

}

+
1−ss ′

2

ξ 2y2

4

{∫ ∞

y

K5/3(x)dx−ρK2/3(y)

+
[

2

∫ ∞

y

K1/3(x)dx−4s ′K1/3(y)

]

1−ρ

2

})

,

(8)

where K is the modified Bessel function of the second kind.

The variable ρ refers to the photon polarization, where ρ =
1 = σ (polarized orthogonal to ζ ) and ρ = −1 = π (polarized

in the direction of ζ ).

Figure 1(a) shows the rates in Eq. (3), summed over

photon polarizations, dN ss ′
/dτ = dN ss ′

σ /dτ + dN ss ′

π /dτ , as

functions of laser power of one of the counterpropagating

pulses (the rates depend on η, which in turn depends on a0, as

explained in the next paragraph) and normalized to the unpolar-

ized rate for a single electron dN/dτ =
∑

ss ′ dN ss ′
/dτ .1 The

1Our dN/dτ is twice that defined in Refs. [9,29] because two

electron populations, characterized by their polarization, are involved.
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FIG. 1. (a) The rates in Eq. (3), summed over photon polarization and normalized to the unpolarized rate dN/dτ , as functions of the

strength parameter of the laser electromagnetic waves a0. (b) Degree of electron spin polarization antiparallel as a function of a0 and of time

normalized to the laser period T ≈ 3.33 fs.

rate of processes resulting in a final spin aligned antiparallel

to ζ (dN↓↓/dτ + dN↑↓/dτ ) is higher than those resulting in a

final spin aligned parallel (dN↑↑/dτ + dN↓↑/dτ ) due to the

difference in the rates of spin flip. This means that the electron

spin tends to align itself antiparallel to ζ on a time scale which

we denote as the spin-polarization time tpol.

In order to calculate the rates in Fig. 1(a) we had to

determine η. The electrons rotating in the electric field reach

a steady state when the radiative losses due to γ -ray photon

emission balance the acceleration due to the electric field. In

this case [12] η ≈ 206εradγ
2, where

εrad =
4πe2

3mec2λ
≈ 1.18 × 10−8 (9)

and the electron’s Lorentz factor is given by

[g(η) εradγ
4]2 + γ 2 = a2

0 . (10)

The factor

g(η) =
∑

ss ′ρ

P ss ′

ρ

Pclass

=
∑

ss ′ρ

∫ η/2

0

dχ
dy

dχ
F (η,χ,s,s ′,ρ) (11)

accounts for the reduction of the power radiated due to

quantum effects [9], compared to classical emission, where

Pss ′
is the power radiated during an emission where the initial

and final spins are s and s ′, respectively.

The Sokolov-Ternov effect in a magnetic field has been

observed after 1 h in storage rings [18], for which the quantum

efficiency parameter η ∼ 10−6 or less [31]. Next-generation

ultraintense lasers are expected to reach more extreme

regimes, in which η ∼ 0.1–1 [23]. These high values of η

can also be achieved in the interaction of relativistic particles

with strong crystalline fields [32], as has been experimentally

observed [33].

B. Spin-polarization time

We may determine the degree of spin polarization antipar-

allel to E × β (i.e., ↓) in time t by solving (2) with the rates

(3). We find that it evolves as

n↓ − n↑

n0

=
dN↑↓

dt
− dN↓↑

dt

dN↑↓

dt
+ dN↓↑

dt

(1 − e−t/tpol ), (12)

with the spin-polarization time tpol = γ (dN↑↓/dτ +
dN↓↑/dτ )−1 and assuming initially unpolarized electrons

with total density n0 = n↑ + n↓. By inverting the signs of s

and s ′ this equation describes the polarization of positrons as

well [34].

In Fig. 1(b) we plot the solutions of Eq. (12) as a function

of time, normalized to the laser period T = λ/c ≈ 3.33 fs,

and of a0. We see that for laser intensities just beyond the

current limit (a0 ≈ 200; I ≈ 5 × 1022 W/cm2) a significant

(≈10%) spin polarization is expected to occur rapidly, i.e.,

within a single laser period. Note that �50% spin polarization

is expected in one laser period for lasers of intensity well

within the reach of next-generation laser systems (a0 � 600;

I � 5 × 1023 W/cm2), and a maximum spin polarization of

70% after one laser period is expected at a laser intensity of

5 × 1024 W/cm2 (a0 ≈ 2000).

The orbit considered here is unstable on a time scale of the

order of the laser period [35]. However, as we have shown, a

high degree of spin polarization can, indeed, occur on such a

short time scale.

III. CONSEQUENCES OF SPIN POLARIZATION

Let us now discuss several immediate consequences of

the electron polarization on the subsequent QED plasma

dynamics. Figure 2(a) shows the spin-dependent gs(η) =
∑

s ′ρ P
ss ′

ρ /Pclass by polarized electrons. The intensity of emis-

sion from an electron initially in the state s =↓ is up to 30%

higher than that from an electron initially in the state s =↑.

Hence, the power radiated and, consequently, the radiation

reaction force depend on the spin of the electron. This is

currently not included in the modeling of high-intensity laser-

matter interactions. As a result complete spin polarization of

the plasma will increase the total power radiated by the plasma

by up to 15% compared to the emission from an equivalent

unpolarized plasma; this could provide an observable signature

of the spin polarization. Moreover, we would expect this to

cause an increased rate of laser absorption.

Note that the effect of spin on η and γ through the spin-

dependent g(η) is smaller than on the total power radiated

(<5% instead of 15%, as numerically tested). Therefore, it was

neglected in the calculation of the degree of spin polarization.
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FIG. 2. (a) Spin-dependent gs(η) factor normalized to its unpolarized analog. (b) Power radiated by polarized and unpolarized electrons in

both σ and π polarizations at t = T , normalized to the total power emitted by unpolarized electrons. All the quantities are plotted as functions

of a0.

The electron spin polarization also affects polarization of
the emitted γ -ray photons. The power radiated in both σ and
π polarizations, Pσ,π =

∑

ss ′ n
sP ss ′

σ,π at t = T , is plotted in
Fig. 2(b), normalized to the total power emitted by unpolarized
electrons. Electron spin polarization causes the relative power
radiated as σ photons to increase by up to 30% compared to the
unpolarized case (and vice versa for π photons). The relative
yields of σ and π photons provide another signature of the
spin polarization of the plasma.

The γ -ray photons emitted by the electrons can decay to
pairs in the electromagnetic fields of the laser pulses by the
multiphoton Breit-Wheeler process. Pair cascades become
important rapidly as a0 exceeds 1200 (I = 2 × 1024 W/cm2)
[23,36–38]. The polarization of the γ -ray photons has been
shown to modify the rate of pairs produced by up to 30% [39].
The modification to the polarization of the γ -ray photons,
caused by the spin polarization of the electrons, would be
expected to produce a reduction in the rate of pair production
of the same order, and thus, both electron and positron spin and
photon polarization must be included in cascade simulations,
yet they are currently neglected. The generated positrons
will also spin polarize (parallel to ζ ). Although prolific pair
production by a cascade will add source terms to equations
for dn↑/dτ and dn↓/dτ (plus two additional equations for
positrons), we would not expect a qualitative change to the
spin-polarization trend in the magnetic node. Indeed, the rapid
increase in the rate of pair production with laser intensity
means that either the interaction is in a regime where a cascade
does not occur and the number of positrons is small or the
cascade is rapidly quenched as the number density of pairs
reaches the relativistic critical density and the source term
shuts off.

The spin magnetization of electrons in a plasma at the

magnetic node, resulting from the spin polarization, can be

deduced by multiplying Eq. (12) by μBn0 [40], where μB is the

Bohr magneton. Assuming the plasma density is equal to the

relativistic critical density (upper limit for laser propagation),

the spin magnetization for 1 μm wavelength lasers with

I > 5 × 1022 W/cm2 (a0 > 200) is M ∼ kG after one laser

period. This quantity may be considered another observable

effect of spin polarization.

IV. CONCLUSIONS

We have shown that electrons in a plasma created

by two counterpropagating, ultraintense (a0 > 200;

I > 5 × 1022 W/cm2) laser pulses can spin polarize (to

10%–70%) on a femtosecond time scale. In this laser

configuration, assuming the plasma is sufficiently rarefied

that collective effects are negligible, the only experimental

parameter that influences the degree of spin polarization is

the laser intensity since the wavelength is currently fixed to

∼1 μm by technological limitations.

Spin polarization can enhance the radiation reaction force

on electrons and positrons in the plasma by up to 15%

compared to the prediction for unpolarized electrons. Con-

sequently, the power radiated by the plasma is enhanced by

the same percentage. The polarization of the radiated γ -ray

photons is also modified, by 30%, potentially reducing the

number of pairs produced in the plasma by 30%.

The spin polarization must therefore be accounted for in

the modeling of next-generation laser-matter interactions. The

possibility of producing spin-polarized electrons and positrons

with ultraintense lasers also opens up new applications. Polar-

ized electrons are fundamental for the study of particle physics

and are used in the spin-polarized electron spectroscopy.

The data required to reproduce the results in this paper

are available from the University of York at https://doi.

org/10.15124/1afd25a0-a1e3-49ec-afa8-2e5f6d868124.
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