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Impacts of spin-polarization of an ultrarelativistic electron beam head-on colliding with a strong laser pulse

on emitted photon spectra and electron dynamics have been investigated in the quantum radiation regime. We

simulate photon emissions quantum mechanically and electron dynamics semiclassically via taking spin-resolved

radiation probabilities in the local constant field approximation. A small ellipticity of the laser field brings about

an asymmetry in angle-resolved photon spectrum, which sensitively relies on the polarization of the electron beam.

The asymmetry is particularly significant in high-energy photon spectra, and is employed for the polarization

detection of a high-energy electron beam with extraordinary precision, e.g., better than 0.3% for a few-GeV

electron beam at a density of the scale of 1016 cm−3 with currently available strong laser fields. This method

demonstrates a way of single-shot determination of polarization for ultrarelativistic electron beams via nonlinear

Compton scattering. A similar method based on the asymmetry in the electron momentum distribution after the

interaction due to spin-dependent radiation reaction is proposed as well.

Relativistic spin-polarized electron beams are extensively

employed in nuclear physics and high-energy physics, e.g., to

determine the neutron spin structure [1], to probe nuclear struc-

tures [2], to generate polarized photons and positrons [3], to

study parity violation [4], and to explore new physics beyond

the Standard Model [5]. They are generally produced either

via an indirect method, first extracting polarized electrons from

a photocathode [6] or spin filters [7–9] and then accelerating

them, e.g., via laser wakefield acceleration [10], or via a direct

way, transversely polarizating a relativistic electron beam in a

storage ring via radiative polarization (Sokolov-Ternov effect)

[11–15]. Relativistic polarized positrons are commonly gen-

erated by Compton scattering or Bremsstrahlung of circularly

polarized lasers and successive pair creation [16, 17]. And,

spin rotation systems can be utilized to alter the polarization

direction [18].

With rapid developments of strong laser techniques, stable

(energy fluctuation ∼ 1%) ultraintense (peak intensity ∼ 1022

W/cm2, and magnetic field ∼ 4×105 Tesla) ultrashort (duration

∼ tens of fs) laser pulses have been generated [19–22]. Spin

effects in nonlinear Compton scattering in such strong laser

fields have been widely studied [23–27]. Due to the symme-

try of the laser fields the radiative polarization of an electron

beam, similar to the Sokolov-Ternov effect, is vanishing in a

mononchromatic laser field [28] and rather small in the laser

pulse [29], but can be extremely large in a model setup of

strong rotating electric fields [30, 31]. Recently, the feasibility

of significant polarization of an electron beam in currently

achievable elliptically polarized (EP) laser pulses has been

demonstrated due to spin-dependent radiation reaction (the po-

larization higher than 70% can be reached) [32]. The positrons

from pair production can also be highly polarized in a simi-

lar setup (polarization up to 90%) [33], or in an asymmetric

two-color laser field [34].
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The experiments with polarized electrons require a high pre-

cision and reliable polarimetry. Currently, the polarimetry for

relativistic electron beams employs the following physical prin-

ciples: Mott scattering [35], Møller scattering [36, 37], linear

Compton scattering [38], and synchrotron radiation [39, 40].

The polarization of relativistic electrons is detected via asym-

metries in electron or photon momentum distribution. However,

the Mott and Møller polarimeters are only applicable at low en-

ergies (< 10 MeV) [41, 42] and at low currents (. 100 µA, due

to target heating and subsequent depolarization at higher beam

currents) [43–45], respectively, and, the Compton polarimeter

usually has to collect a large amount (& 105 [46–48]) of laser

shots to reach a small statistical uncertainty of ∼ 1%, due to

low electron-photon collision luminosity. For low-repetition-

rate dense ultrarelativistic electron beams, e.g., produced via

strong laser pulses [10, 32–34] with an energy ∼ GeV, a to-

tal charge ∼ pC, a duration ∼ 10 fs (current & 100 A), and

a repetition rate (∼ Hz), those first three methods are inap-

plicable. In addition, their precisions for few-GeV electron

beams are typically worse than 0.5% [48–51], which cannot

satisfy stringent request of proposed high-energy experiments,

e.g., . 0.4% [48, 52]. The polarimetry with synchrotron ra-

diation is relatively slow (measurement time ∼ 1 s) and not

very accurate (precision ∼ 4%) [40], and finally can be carried

out only in a large-scale synchrotron facility. Thus, a more

efficient polarimetry with a better precision and applicable

for low-repetition-rate ultrarelativistic electron beams is still a

challenge.

In ultraintense laser fields, the Compton scattering would

reach the nonlinear realm due to multiphoton absorption [53–

55], which offers new paths for polarimetry, being especially

attractive because of the remarkable increase of the number of

emitted photons [56].

In this Letter, we theoretically develop a new polarimetry

method based on nonlinear Compton scattering, which

can determine the polarization of a dense ultrarelativistic

electron beam via a single-shot interaction with a strong

laser pulse, reaching a precision better than 0.3%, see the
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FIG. 1. Scenario of a polarimetry of nonlinear Compton scattering.

A strong EP laser pulse, propagating along +z direction, collides with

a transversely polarized (in y axis) electron bunch. The major axis of

the polarization ellipse is along x-axis. The black curve in the sub-

panel indicates the transverse laser field. Asymmetric angle-resolved

spectra of all photons and filtered high-energy photons are shown on

Image plate I and Image plate II, respectively.

interaction scenario in Fig. 1. We consider an EP laser

pulse of currently available intensity head-on colliding with

a polarized ultrarelativistic electron bunch in the quantum

radiation regime. Because of the spin-dependence of radiation

probabilities, the electron most probably emits photons

when its spin is anti-parallel to the laser magnetic field in

its rest frame (chosen as the spin quantization axis (SQA)).

Consequently, the photon emission intensity of the polarized

electron beam in adjacent half laser cycles is asymmetric.

Moreover, in this specific EP setup the photons from different

half cycles are emitted in opposite directions with respect to

the minor polarization axis (y-axis) of the laser field, creating

asymmetric angular distribution of radiation, see detailed

explanation below in Fig. 3. Since radiative spin effects

are particularly conspicuous for high-energy photons, after

filtering a more visible asymmetric spectrum of high-energy

photons shows up, which is exploited for the polarization

determination.

We employ a Monte Carlo method to simulate photon emis-

sions during the electron semiclassical dynamics in external

laser field [32], which is based on the spin-resolved quan-

tum radiation probabilities in the local constant field approx-

imation (LCFA), valid at the invariant laser field parameter

ξ ≡ |e|E0/(mω0c) ≫ 1 [55, 57], where E0 and ω0 are the am-

plitude and frequency of the laser field, respectively, e and m

the electron charge and mass, respectively, and c is the speed

of the light in vacuum. The employed radiation probabilities

in LCFA are derived with the QED operator method of Baier-

Katkov [58] and depend on the electron spin vectors before

and after radiation, Si and S f (|Si, f | = 1) [59]. Summing over

S f , the radiation probability depending on the initial spin is

obtained (summed up by photon polarization) [58]:

d2W f i

dudη
= 8WR

{
−(1 + u)IntK 1

3
(u′) + (2 + 2u + u2)K 2

3
(u′)

−uSi · [β × â] K 1
3
(u′)
}
, (1)

where, WR = αmc/
[
8
√

3πŻc (k · pi)(1 + u)3
]
, u′ = 2u/3χ,

u = ωγ/
(
εi − ωγ

)
, IntK 1

3
(u′) ≡

∫ ∞
u′

dzK 1
3
(z), Kn is the n-order

FIG. 2. (a) Angle-resolved spectrum of selected high-energy photons

(ωγ > 0.1ε0): log10[d2εγ/(mc2dθxdθy)] (rad−2) vs. the transverse de-

flection angles θx = arctan(px/pz) and θy = arctan(py/pz), the initial

average polarization S y = 1. (b) dε̃γ/dθy =
∫

d2εγ/(dθxdθy)dθx vs. θy,

with S y = 1 (black-solid) and S y = −1 (blue-dashed), respectively.

(c) Differential asymmetryD for the case of S y = 1. (d) Asymmetry

A vs S y. The photons used to calculateA are shown in the boxes in

(a). The laser and electron beam parameters are given in the text.

modified Bessel function of the second kind, α the fine

structure constant, Żc = ~/mc the Compton wavelength, ωγ
the emitted photon energy, εi the electron energy before

radiation, η = k · r the laser phase, β the electron velocity

normalized by c, pi, r, and k are the four-vectors of the

electron momentum before radiation, coordinate, and laser

wave-vector, respectively, and â = a/|a| with the acceleration

a. The case when Si and S f are along the magnetic field

in the rest frame of electron is given in [60]. Averaging

Eq. (1) by Si, the widely used radiation probability is obtained

[61–65]. The probabilities are characterized by the quantum

parameter χ ≡ |e|~
√

(Fµνpν)2/m3c4 [55], where Fµν is the

field tensor, and ~ the Planck constant. When the electron

counterpropagates with the laser beam, χ ≈ 2(~ω0/mc2)ξγ,

with the electron Lorentz factor γ. The spin dynamics due to

photon emissions are described in the quantum jump approach

[66, 67]. After a photon emission, the electron spin state is

stochastically collapsed into one of its basis states defined with

respect to the instantaneous SQA (along β × â) [59]. Between

photon emissions, the electron dynamics in the external laser

field is described by Lorentz equations, and the spin precession

is governed by the Thomas-Bargmann-Michel-Telegdi

equation [59, 68–71].

Polarization determination via nonlinear Compton scattering

is illustrated in Fig. 2. We employ a tightly-focused EP laser

pulse with a Gaussian temporal profile. The spatial distribution

of the electromagnetic fields takes into account up to (w0/zr)
3-

order of the nonparaxial solution [59, 72], where w0 is the laser

beam waist size, and zr the Rayleigh length. The laser peak

intensity I0 ≈ 1.38×1022 W/cm2 (ξ = 100), wavelength λ0 = 1

µm, pulse duration τ = 5T0, w0 = 1.5 µm, and ellipticity ǫ =

|Ey|/|Ex| = 0.25. The feasibility of such elliptical polarization

of ultrastrong laser beams is demonstrated in [73, 74]. The

cylindrical electron bunch propagates at a polar angle θe =

180◦ (with respect to the laser propagation direction) and an
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azimuthal angle φe = 0◦ with an angular divergence of 1 mrad.

The electron initial kinetic energy is ε0 = 1 GeV, and the energy

spread ∆ε0/ε0 = 0.06. In these conditions χmax ≈ 0.4, and

the pair production is neglected. The bunch radius we = 2λ0,

length Le = 15λ0, and density ne ≈ 5.3 × 1016 cm−3 with a

transversely Gaussian and longitudinally uniform distribution,

which can be obtained by laser wakefield accelerators [75, 76]

and polarized via radiative spin effects [32–34]. Note that the

case of relatively low-density electron bunchs produced by

conventional accelerators or storage rings is also applicable

[59].

Figure 2(a) demonstrates an asymmetric angle-resolved

spectrum for high-energy photons ωγ > 0.1ε0. The asym-

metry is more visible in the spectrum integrated over θx,

see Fig. 2(b). The spectra for S y = ±1 cases are the most

asymmetric, and other cases of −1 < S y < 1 would ap-

pear between them. For the quantitative characterization of

asymmetry we introduce the differential asymmetry param-

eter D = (dε̃+γ /dθy−dε̃−γ /dθy)/(dε̃
+
γ /dθy+dε̃−γ /dθy), between

the values of dε̃γ/dθy at θy > 0 (“+”) and θy < 0 (“−”)

with a same |θy|, respectively, and the asymmetry parameter

A = (Ẽγ
+
− Ẽγ

−
)/(Ẽγ

+
+ Ẽγ

−
), with Ẽγ

+
=
∫ 0.01

0.0025
(dε̃γ/dθy)dθy

and Ẽγ
−
=
∫ −0.0025

−0.01
(dε̃γ/dθy)dθy. The differential asymmetry

D is shown in Fig. 2(c). As |θy| rises from 0 to 15 mrad, |D|
first increases rapidly, reaches the peak of about 11.5% at |θy| =
4.25 mrad, and then decreases slowly to 5%. For the asym-

metryA the photons are selected in the regions of −10 mrad

≤ θy ≤ −2.5 mrad and 2.5 mrad ≤ θy ≤ 10 mrad, where D
is apparently large. This angular region exceeds the uncer-

tainty angle of the electron beam θuncert ∼ 1/γ ≈ 0.7 mrad

[59], as well as the currently achievable angular resolution for

gamma-ray detection (< 1 mrad) [77, 78].

The asymmetry parameterA is well suited to determine the

polarization, see Fig. 2(d). As S y continuously increases from

-1 to 1,Amonotonously decreases from 0.103 to -0.103 for the

case of ωγ > 0.1ε0. As the chosen photon energy decreases (in-

creases) to ωγ > 0.05ε0 (0.2ε0), the slope ofA curve decreases

(increases) as well, withAmax = 0.09 (0.134), which surpasses

the asymmetry of the Compton polarimeter (< 0.05) [46–48].

The precision of the polarization measurement can be esti-

mated via the statistical uncertainty δAA ≈
1

A
√

Nγ
[79], reaching

about 0.265%, 0.31% and 0.372% for the cases of ωγ > 0.05ε0,

0.1ε0 and 0.2ε0, respectively, with the gamma-photon number

Nγ ≈ 1.75×107, 1×107 and 0.4×107, respectively, in our sim-

ulations. In the case of considering all photons,Amax = 0.078,

and the precision is about 0.16% with Nγ ≈ 6.87 × 107 [59].

However, the experimental systematic uncertainty is inversely

proportional toA [50], which requires a largeA.

Note that the polarimetry can also be developed via using

the asymmetry of the angular distribution of photon number,

rather than photon energy in Fig. 2, however, with a bit smaller

Amax [59].

The reasons of appearance of asymmetric spectra are ana-

lyzed in Fig. 3. In Eq. (1), as the electron spin Si is anti-parallel

to the instantaneous SQA (along β × â), the photon emission

probability is the largest and apparently larger than the parallel

FIG. 3. (a) Photon emission probabilities, dW f i/dη, with the spin

vector parallel (blue-dashed) and anti-parallel (red-solid) to the in-

stantaneous SQA, respectively, and their relative difference W ≡
(dW

anti

f i /dη−dW
paral

f i /dη)/(dW
anti

f i /dη+dW
paral

f i /dη) (black-dash-dotted)

vs. ωγ/εi. (b) Variations of Ex (green-dashed), χ (blue-solid), and

px (black-dotted) and py (red-dash-dotted) components of electron

momenta, normalized by their maximal values in arbitrary units, with

respect to η. (c) Normalized laser pulse intensity (black-dotted), S y

(black-dashed), and photon number density (red-solid) vs. η. The

laser and electron beam parameters in (a) and (c) are the same with

those in Fig. 2 with ωγ > 0.1ε0.

case, see Fig. 3(a). The relative difference of probabilitiesW
is remarkable for high-energy photons and reaches the peak,

about 28%, at ωγ ≈ 0.6εi. Thus, the asymmetry of high-energy

photons is more visible, as indicated in Fig. 2(d). However,

the high-energy photons are much fewer, since the radiation

probability declines gradually with the increase of ωγ. Con-

sequently, an appropriate photon energy ωγ should be chosen,

e.g., in Fig. 2(d) the precision in ωγ > 0.05εi case is the best.

As demonstrated in Fig. 3(b), for the left-handed laser pulse

Ex has a π/2 phase delay with respect to Ey. The electron

tranverse momentum in the laser field p⊥ = −eA(η), with

the vector potential A(η), is ahead by π/2 with respect to the

field E(η). Thus, compared with Ex (green-dashed), px (black-

dotted) is ahead by π/2, and py (red-dash-dotted) is ahead by π.

The radiation probability is determined by χ ∝ γξ ∝ Ex. In the

half cycles of Ex > 0, the SQA is along β × â ∝ eβ × E, i.e.,

+y direction, and consequently, the spin-down (with respect

to +y direction) electrons more probably emit photons, whose

py are certainly negative, but px uncertain. In Ex < 0, the

SQA is along −y direction, and the spin-up electrons more

probably emit photons, whose py are certainly positive. Thus,

an asymmetric spectrum can appear along y axis for the EP

laser pulse, but not for the linearly polarized (LP) case. For

the circularly polarized (CP) case, the SQA rotates, py and

px components of emitted photons are both uncertain, and

consequently, the spectrum is symmetric in x-y plane.

Due to radiative stochastic spin flips, the polarization of

the electron beam is depressed during propagating through

the laser pulse, see Fig. 3(c), which could weaken the con-

sidered asymmetry. For ultrashort laser pulses, the chosen

high-energy photons are mainly emitted at the front edge of
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FIG. 4. (a)-(d): Impacts of ξ, ε0, ǫ and τ on the asymmetry parameter

A. In (b), for the cases of ε0 = 0.5 and 2 GeV, the detection θy ranges

are 5 < |θy| < 12.5 and 1.25 < |θy| < 8.75, respectively. In (c), for

the cases of ǫ = 0.1 and 0.5, 1 < |θy| < 8.5 and 5 < |θy| < 12.5,

respectively. Other parameters are the same as those in Fig. 2.

FIG. 5. Polarization determination by the electron momentum distri-

bution asymmetry. (a) dNe/dθy (black-solid) and De (red-dashed)

vs. θy with S y = 1. The calculation of De is the same as D
in Fig. 2 except replacing εγ by Ne. (b) The asymmetry parame-

ter, Ae = (Ñe

+ − Ñe

−
)/(Ñe

+
+ Ñe

−
), with respect to S y. Ñe

+
=∫ 0.001

0.00025
(dNe/dθy)dθy, and Ñe

−
=
∫ −0.00025

−0.001
(dNe/dθy)dθy. ξ = 20,

τ = 20T0, ǫ = 0.1, w0 = 2λ0, ε0 = 4 GeV, the electron beam di-

vergence is 0.3 mrad, and other parameters are the same as those in

Fig. 2.

the pulse, where the beam initial polarization is maintained

well, and the asymmetric spectrum corresponds to the initial

polarization. However, the asymmetric spectrum of low-energy

(ωγ ≪ ε0) photons, which are still substantially emitted at the

back edge of the pulse, can be significantly altered due to the

beam depolarization.

Furthermore, we analyze the cases of larger energy spread

∆ε0/ε0 = 0.1, larger angular divergence of 2 mrad, different

collision angles θe = 179◦ and φe = 90◦, and 2% fluctuation

of laser intensity. All show stable and uniform results [59].

We underline that radiation reaction effects are not crucial for

generating the asymmetry in photon spectra [59].

Impacts of the laser and electron beam parameters on the po-

larimetry is analyzed in Fig. 4. First, as the laser intensity rises,

e.g., ξ increases from 25 to 150 in Fig. 4(a), not only the yield

of high-energy photons increases, but the depolarization effect

is also enhanced [59]. Consequently, theA curve stays stable.

The conditions of quantum regime χ ≈ 2(~ω0/mc2)ξγ & 1

and having a large amount of photons Nγ ∼ Neαξτ/T0 ≫ Ne,

restrict the lower limit of ξ. Ne is the electron number. As

ξ ≫ 1 and χ ≫ 1, the pair production and even cascade have

to be considered, which would seriously affect high-energy

photon spectra. As ε0 increases, e.g., from 0.5 GeV to 2 GeV

in Fig. 4(b), the deflection angle of photons and the uncer-

tainty angle of the electron beam both decrease. The corre-

sponding detection angle ranges have to be adjusted to include

the majority of high-energy photons and exceed θuncert, and

the A curve changes slightly. The photon deflection angle

θy ∼ py/pz ∝ Ey ∝ ǫ. As ǫ rises, e.g., from 0.1 to 0.5 in

Fig. 4(c), θy rises as well, but the rotation effect of SQA in

x − y plane is enhanced (cf., the ultimate case of the CP laser),

and consequently, the depolarization effect is enhanced as well.

As ǫ is too small (cf., the ultimate case of the LP laser), the

photons mix together, and the asymmetry is weakened and

even removed. As the laser pulse duration increases, e.g., from

3T0 to 10T0 (currently achievable cases) in Fig. 4(d), Amax

decreases, since the beam polarization declines due to radiative

spin effects, as demonstrated in Fig. 3(c).

Finally, we point out that a similar method of polarimetry

can be suggested via the electron momentum distribution

asymmetry in the same EP laser setup, see Fig. 5. About

26% electrons, which are in the range from 0.25 mrad to

1 mrad exceeding the uncertainty angle θuncert, are used.

Ae,max ≈ 0.092, and the precision is about 0.67%. Compared

with above method, this method gives a lower precision,

because the considered electron number is smaller than the

emitted photon number due to multiple photon emissions as

ξ ≫ 1, but is more efficient for low laser intensities when

Nγ/Ne ∼ αξτ/T0 . 1.

In conclusion, we have developed a new method of

polarimetry based on nonlinear Compton scattering in the

quantum radiation regime. The electron beam polarization

can be measured via the angular asymmetry of high-energy

gamma-photon spectrum in a single-shot interaction of the

electron beam with an EP strong laser pulse of currently

achievable intensity. The precision for the polarization

measurement is better than 0.3% for dense few-GeV electron

beams, evidently exceeding those of presently available

common techniques.
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[4] D. Androić et al. (The Jefferson Lab Qweak Collaboration), Na-

ture 557, 207 (2018).

[5] G. Moortgat-Pick, T. Abe, G. Alexander, B. Ananthanarayan,

A. Babich, V. Bharadwaj, D. Barber, A. Bartl, A. Brachmann,

S. Chen, J. Clarke, J. Clendenin, J. Dainton, K. Desch, M. Diehl,

B. Dobos, T. Dorland, H. Dreiner, H. Eberl, J. Ellis, K. Flttmann,

H. Fraas, F. Franco-Sollova, F. Franke, A. Freitas, J. Good-

son, J. Gray, A. Han, S. Heinemeyer, S. Hesselbach, T. Hirose,

K. Hohenwarter-Sodek, A. Juste, J. Kalinowski, T. Kernreiter,

O. Kittel, S. Kraml, U. Langenfeld, W. Majerotto, A. Martinez,

H.-U. Martyn, A. Mikhailichenko, C. Milstene, W. Menges,

N. Meyners, K. Mnig, K. Moffeit, S. Moretti, O. Nachtmann,

F. Nagel, T. Nakanishi, U. Nauenberg, H. Nowak, T. Omori,

P. Osland, A. Pankov, N. Paver, R. Pitthan, R. Pschl, W. Porod,

J. Proulx, P. Richardson, S. Riemann, S. Rindani, T. Rizzo,

A. Schlicke, P. Schler, C. Schwanenberger, D. Scott, J. Shep-

pard, R. Singh, A. Sopczak, H. Spiesberger, A. Stahl, H. Steiner,

A. Wagner, A. Weber, G. Weiglein, G. Wilson, M. Woods, P. Zer-

was, J. Zhang, and F. Zomer, Phys. Rep. 460, 131 (2008).

[6] D. T. Pierce and F. Meier, Phys. Rev. B 13, 5484 (1976).

[7] H. Batelaan, A. S. Green, B. A. Hitt, and T. J. Gay, Phys. Rev.

Lett. 82, 4216 (1999).

[8] M. M. Dellweg and C. Müller, Phys. Rev. Lett. 118, 070403

(2017).

[9] M. M. Dellweg and C. Müller, Phys. Rev. A 95, 042124 (2017).

[10] M. Wen, M. Tamburini, and C. H. Keitel, arXiv: 1809.10570

(2018).

[11] A. A. Sokolov and I. M. Ternov, Sov. Phys. Dokl. 8, 1203 (1964).

[12] A. A. Sokolov and I. M. Ternov, Synchrotron Radiation (Aka-

demic, Germany, 1968).

[13] V. Baier and V. Katkov, Phys. Lett. A 24, 327 (1967).

[14] V. N. Baier, Sov. Phys. Usp. 14, 695 (1972).

[15] Y. Derbenev and A. M. Kondratenko, Zh. Èksper. Teoret. Fiz.
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