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Nonlinear Compton scattering of polarized photons in plane-wave backgrounds
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We investigate the phenomenology of nonlinear Compton scattering of polarized photons by unpolarized
electrons in plane-wave backgrounds. The energy and angular spectra of polarized photons are calculated for
linearly and circularly polarized pulses, monochromatic fields and constant crossed field backgrounds. When the
field intensity is in the weakly nonlinear regime, photons in different polarization states are predicted to possess
very different energies and angular distributions. We explain this difference by calculating the spectrum for
nonlinear Thomson scattering in a linearly polarized monochromatic background and projecting the electron’s
trajectory onto the different polarization directions. Finally, we calculate a scenario for multi-GeV electrons and,
by considering the energy and angular-resolved photon polarization purity, find one can achieve a GeV-photon

beam with polarization purities of over 90%.
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I. INTRODUCTION

The process in which an electron collides with a laser pulse
and absorbs more than a single laser photon before radiating
is referred to as nonlinear Compton scattering (NLC): e —
e + y. It has been studied theoretically in a constant crossed
background [1], in a monochromatic plane wave [1-4], and in
a finite pulse [5-9] and has been adapted to numerical Monte
Carlo simulations [10-14]. Experimentally, up to the fourth
harmonic has been observed in the E144 experiment [15],
which collided a high-energy electron of 46.6 GeV with an
intense laser pulse [16]. Evidence of the quantum effect of
recoil in radiation reaction has recently been seen in laser-
plasma experiments [17,18], and experimental campaigns in
E320 at FACET-II [19] and in LUXE at DESY [20] plan
to measure the transition of NLC to the nonperturbative
regime.

There has been recent attention given to the description
of electron and photon polarization in NLC. Using a non-
precessing polarization basis [21], one can calculate the rate of
polarization flip in single NLC events, which have been added
to laser-plasma simulation codes [22]. It is necessary to intro-
duce some asymmetry in the background field to prevent the
spin-polarizing effect of the laser pulse from averaging out to
zero, and various schemes such as counterpropagating pulses
[23] or using an elliptically polarized beam [24] have been
suggested to achieve higher spin-polarization purities. Using
a simulation approach based on the locally constant field
approximation (LCFA) [25-30] in the quantum-dominated
radiation-reaction regime [31], it was recently suggested [32]
that, by using high-energy spin-polarized electron beams
colliding with an intense laser pulse, and an energy cut to
the emitted photons, a highly polarized photon beam could
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be achieved. At the same time as the current article was in
preparation, Wistisen and Di Piazza [33] performed a QED
calculation valid for arbitrary pulse length and spin-polarized
electrons in a circularly polarized background, and they con-
cluded that the deterioration in photon polarization purity
that accompanies an increasing nonlinearity parameter can be
compensated for by also using an angular cut.

A further importance of polarized single (dressed) ver-
tex processes is their occurrence in higher-order processes.
It has been shown several times [34-38] that, to correctly
factorize the “two-step” trident process of NLC followed by
nonlinear Breit-Wheeler pair creation, observed in the E144
experiment [39,40], one is required to consider the transverse
polarization of the intermediate photon (whereas the “one-
step” process involves all polarization states of the photon
[41,42]). Analogously, in double NLC, it is the polarization
of the intermediate electron that must be calculated for a
correct factorization [21,43,44], and this “gluing” approach
has recently been extended to QED cascades [45] (where
a chain of dressed-vertex processes such as NLC and pair
creation can occur [10,46-51]). Therefore it is of use to have
expressions for polarized processes in a range of backgrounds,
which also can be employed in higher-vertex calculations.

In the current paper, we focus on the polarization of
the emitted photons in NLC and focus on the high-energy,
intermediate intensity regime that is planned to be probed
in E320 [19] and LUXE [20]. Being able to prepare high-
energy photon beams with a high degree of polarization purity
is advantageous for phenomenological studies. For example,
it has been suggested that combining polarized high-energy
photons with currently available laser facilities would allow
the first measurement of real photon-photon scattering, either
directly [52-55] or via the Kramer-Kronig relation that links
the process to polarized Breit-Wheeler pair creation [56,57].
A general framework for incorporating polarized NLC to
numerical simulations was derived in Ref. [11] and applied
to study electromagnetic cascades in rotating electric fields.
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We derive photon-polarized NLC from unpolarized elec-
trons in a pulsed plane-wave background and show that the
energy and angular spectra of the emitted photons depend
sensitively on their polarization states. Therefore, by using
angular and energy cuts, one can achieve a significantly high
degree of polarization. We find that the angular distribution
of the photons in different polarization states are qualitatively
different, exhibiting typical patterns of the different orders
of multipole radiation. By deriving photon-polarized NLC in
circularly and linearly polarized monochromatic backgrounds
and comparing with a classical analysis of the electron tra-
jectory, we find an explanation for the familiar multipole
structures in the angular spectrum that can be traced to the
projection of the electron’s motion on the photon polarization
directions.

The paper is organized as follows. Section II gives an
overview of the finite-pulse derivation and defines important
quantities that are used throughout the paper. In Sec. III, we
outline the derivations for the production of linearly polarized
photons in linearly polarized backgrounds: a pulsed field, a
monochromatic field, and a constant crossed field, and then
in Sec. IV, we proceed with the production of circularly po-
larized photons in circularly polarized backgrounds: a pulsed
field, a monochromatic field, and a constant crossed field. In
Sec. V, we display numerical results that show the significant
discrepancy in the polarized photon energy spectrum and
angular distribution by the QED result compared with the
LCFA. In Sec. VI, we outline a classical calculation of the
equivalent number of photons in the radiated field and demon-
strate how, by decomposing the classical trajectory along the
photon polarization directions, we recover the leading-order
behavior of the QED result. In Sec. VII, we conclude.

II. SCATTERING IN PULSE BACKGROUND

All the electromagnetic backgrounds we consider are of a
transverse plane-wave nature with a reduced vector potential
a(¢) = eA(¢), for positron charge e and vector potential A,
and ¢ = s - x is the external-field phase with wave vector s =
wp(1, 0,0, 1) satisfying #* =0, -a=0,and wy is the field
frequency. The scattering-matrix element for NLC is then

ik-x

NGYTS

where p and ¢ are the incoming and outgoing electron mo-
menta, respectively; k and € are the scattered photon momen-
tum and polarization, respectively, satisfying k - € = 0, and
we recap the Volkov state

#4(9) Up
LS
Vr= |: +2% P] V2PV

We wish to express the photon polarization in terms of
the eigenstates of the polarization operator in the background
field, which ensures photon polarization will not change after
the emission. (The probability for photon-photon scattering
[58] is very small, so that deviations in experiment from
the plane-wave background are not expected to appreciably
impact our assumption that the photon polarization remains
constant after emission.) In linear background fields with

Sii = —ie /d4xw Y, — )

Ifb 21]ﬂ(w> a*(p)

—ip-x—i 35ep do

polarization ¢; = (0, 1, 0, 0) [or &, = (0, 0, 1, 0)], the eigen-
polarization can be expressed in terms of the orthogonal basis
[59]:

k- €1 k- &
€L =& — >, €) = &) — >,
ko @)
ey = YA
=7 2k
which satisfies the normalization: €} = €3 = > = —e =

—1, and up to a sign, the photon transverse polarization
vectors are related to the invariants

k-F k-F

BTy N T

where F is the Faraday field tensor and F its dual. However,
in circular background fields with polarization (¢, £ ig;)/ ﬁ,
the eigenbases € , are replaced with

€12 —> €1+ = %(61 + i€2).
Whilst we use a polarization basis related to the photon for
its propagation through the background field, one should bear
in mind that any measurement of the photon’s polarization
will necessarily involve a polarization basis specified by a
detector (see, e.g., Sec. 65 of Ref. [60]). We are interested in
the polarization of GeV photons, for which the process of pair
polarimetry has been suggested as a method of measurement
[54], which relies upon the Bethe-Heitler process of photon
decay to an electron-positron pair in a Coulomb field.
We then calculate the probability P; for NLC of a photon
with polarization €; to be
3, 73
Py =2 [[USutePham 55

where (-)spin refers to averaging over initial spins and sum-
ming over final spins of the electron, j =1 and 2 in the
linear background field and j =+ and — in the circular
field. Expanding the photon polarization in the basis Eq. (2),
only the photon’s transverse polarization states (€; and €, in
linear backgrounds, €, and €_ in circular backgrounds) will
survive, allowing us to write the total probability P as a sum
of the probability of scattering into each of these polariza-
tion states P = P; + P, (P = P, + P_) for linear (circular)
background fields. Since the only nontrivial dependency on
x is in the dependency on s - x, one acquires a momentum-
conserving § function in three coordinates, and we choose to
integrate out the scattered electron momentum g. Eventually
we arrive at the intermediate stage:

a 1 [ls
P, = — | =ds [ d** | dpde’
j (2n)2n§,/otS/ r/‘M’

[T(E )gl((¢ @)~ 1f¢ 7”“2@(7 2 dw] 4)

a =¢*/4r is the fine-structure  constant,
np = - p/m?*, s = s -k/»- p is the light-front momentum
fraction of the scattered photon, 7r=1—s, and
c=(kt +qgt —ph)/2:°. We use light-front coordinates:
E=x0+x3 =2, and rt= k*/sm is the
normalized photon momentum in the plane perpendicular to

3)

where

022809-2



NONLINEAR COMPTON SCATTERING OF POLARIZED ...

PHYSICAL REVIEW A 102, 022809 (2020)

the laser propagation direction, and it relates directly to the
outgoing angle of the scattered photon:

L mnp sin 6

= o0 13 cos 9(0051// sin y), (@)

where 0 is the polar angle measured from a head-on collision
of the photon with the laser pulse and v is the azimuthal angle.
The dependence of the emission probability P; on the photon
polarization state ¢; is included in

T(e)) = Fq(¢)¢f p(¢)Fp(¢')¢qu(¢’),
and we use the shorthand
J/f¢i(¢)} up
E =1+ —= .
(@) |: + 22 p Tpo

III. LINEARLY POLARIZED PHOTON

A linearly polarized background field has linearly polar-
ized photon eigenstates. Here, we consider a laser background
of the following form:

a(p) = még(¢)sin(P)ey, (6)

which has polarization &, intensity parameter &, and pulse
envelope g(¢).

The derivation is very similar to that of the well-known un-
polarized case [1,2]. Performing the calculation for T(¢;), we
arrive at the linearly polarized photon-momentum spectrum:

d3P/' o k”]’
i _ do e @—22)
dsd?r+ (27‘[)2 / ¢/ ge

2
x[n<¢>-e,-n<¢’)-e,-+A;—t], )

where we define the instantaneous classical electron momen-
tum in a plane wave,

2p-a(@) — a*($)
2x-p ’

and use the following shorthand: A = [a(¢) — a(¢')]*/m?,
I(¢) = mp(¢p)/m — k/ms. The window average of f is de-
noted by (f) = (¢ — ¢')~! f; f(@)de. Equation 7 contains a
(divergent) contribution from a pure phase term, which per-
sists outside the laser pulse and therefore must be regularized.
Since we are interested in angular distributions, we cannot
use the standard “ie” prescription [61,62], but instead must
regularize in the way introduced in Ref. [5] and recently
further developed in Ref. [30]. This then leads to inserting
regulation factors R(¢) [R(¢)],

k-m,(¢)
k-p

wherever necessary in Eq. (7) to ensure the integrand is zero
outside the pulse, which means IT(¢) — Ireg (¢0):

7p(9) = p —a(p) + »

R(¢)=1- ®)

ieg (@) = —LR(P) — a(@)/m, )]
where £ is the normalized shifted momentum:
k
(=~ _7 (10)
sm m

So far this derivation has been quite general, we now
specify it in a standard way to short pulses by defining an
average ¢ = (¢ + ¢’)/2 and interference phase ¢ = ¢ — ¢’
[29,63,64]. Integrating over the transverse momentum k*
[65], we arrive at the photon-polarized light-front-momentum
spectrum: Py, = (P £ AP)/2, where P =P, + P, is the
total unpolarized probability and AP = P; — P is the change
in probability due to scattering into a particular polarization
state:

dP o *© dv
@ n—n,, w(f Gr-3)
dAP
= / / —(al—a2)5m< ), (11b)
n,

where
1+41¢2 )
K=[1-A + sin [ 222 ,
4t 2npt

the Kibble mass . = u(p, ¥) = 1 — (a®)/m* + (a)*/m?, and
a; =[{a-¢g;) —al@)-gll{a-e;) —al@)- 8j]/m2. One sig-
nificant difference in the standard derivation of NLC in a pulse
is that, when one considers polarized electrons or photons, a
term arises of the following form:

dd
[ Sz (12)

in addition to the usual terms with preexponent integrands of
the form 1/7. The regularization of this term proceeds in the
same way as for the 1/9 term (i.e., one can write 1/92 =
—d(1/9)/dv, integrate by parts, and use the Sokhotsky-
Plemelj theorem on the remaining 1/ term). (The regular-
ization of this integral has also been dealt with in Ref. [61].)

(11a)

A. Photon-polarized NLC LCFA

The LCFA can be acquired from Eq. (7) by performing a
Taylor series in the interference phase. To make the connec-
tion, let us specify the field to be a'(¢) = m&(¢) &1, where
&(p) includes the pulse amplitude and the wave form. Then
making the following substitutions,

A — —%E%(p),

0<k.np>% kemy(@) y 1 s8%(0) o5

- q my 24 mp '
2

@) @) -¢; - M) -6 0" s,

in Eq. (7), one can simply perform the integral over ¥ to
acquire the polarized photon triple differential spectrum:

d3Pj o d A( ) [H( ) ]2 +8 +S2
= —_— 1 - £ . —_ s
dsd’rt  7n, ¢ A1y ¢)-ejliz 401y + 5y
(13)
where

2k - m,(p) ( s )2/3
= —-——2 = _ s

s m2 7 Xpt

and x, = x,(¢) = £(¢)|n,. We note that this angular-
resolved LCFA result depends not only on the local electric
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field &€ (¢) but also on the local vector potential a(¢) included
in 7 (¢). Integrating over transverse momenta k*, the light-
front momentum spectrum becomes

dP o . 1421
o5 = ——/d<p|: ; ], (14a)
ddAP = —/d(p —Ai'(z), (14b)

which is just an integration over the pulse shape of the NLC
result in a constant crossed field [21].

B. Linearly polarized monochromatic background

Beginning with Eq. (7), we derive photon-polarized NLC
for a linearly polarized monochromatic background [corre-
sponding to g(¢) =1 in Eq. (6)]. The main complication
introduced by linear polarization of the background is that a?
is not constant. This means that one is faced with a squared
sinusoidal function in the exponent and preexponent. These
can be handled straightforwardly by a Fourier decomposition.
To this end, let us define the functions I'; , via

oo
> Thae™,  (15)

COSh ¢ei(—§/ sin ¢+p sin2¢) —

where
s§ ks
{1 = Z &1, ﬁ - (16)
n, 8tn,,
We then find that Ty, = Y o Ju(B)Fhma($), with
FO,m,n = J2m+n(§1)v
Fl,m,n - %[J2m+n+l (cl) + J2m+n—l (cl)]a
FZ,m,n = %[JZernJrZ(é-l) + 212m+n(€/) + ]2m+n72(§1)]'

where J,(¢) is the Bessel function. Unlike for the pulsed
background case, there is no need to introduce an explicit
regularization (being infinite in extent, there is no place where
the monochromatic background disappears). Finally, we find
P, = 2,1_7 P; ., where

N 1
Pin= “_2‘*’/ ds/dzri 28c+28—n)
‘ n, Jo t
X|:(5'8jro,n—51j<§r1,n)2

2 2
— (Dol —T2,) : ] (17)

4t

and we label Ny = §(x)|y—0 = fd(/)/27r as the number of
laser cycles, which is formally infinite, but which we subse-
quently set equal to a finite value for the purpose of compari-
son with the pulsed result. The § function

_ s P
8(c+2/3—n)—5[%(1+?+ﬁ>—nj| (18)

fixes n > 0 (where n is often interpreted as the net number of
absorbed laser photons) and also gives the kinematic range of

the nth harmonic [4], 0 < s < s, ,, Where

2nn,

_— 19
2nm, + 14+ £2/2 (19)

Sin =
1. Linearly polarized angular spectrum

Integrating out s in Eq. (17) gives the angular dependency
aNy d*r 2 )
Pi,=— | —21W-eT9, -8,
Js "”712, (1 +£ﬂ)2 ( €ilo, l]g 1, )
EZ 2
— (M2l — 1) —2—— |, 20
(P20 = i) 37 +£n)] (20)
where
2nn,
2 +1+82)2
and the arguments of the I functions have become

L, L,
é‘/_>§‘/,n=S ﬁ%ﬁn:%‘ .
Np 81

2n

n =

2. Linearly polarized light-front momentum spectrum

If Eq. (18) is used to integrate out the perpendicular photon
momentum instead, we acquire

N
P, = ¢’f dsf do, [(e,, £;Ton — 8,171 )

2
s2E?

- (Pl 115 | @)

where £, e = —|{,|cos6,, £, & = —|{,|sinf,, and we

define |€,| = \/2nn,(s,
I" functions becomes

— 8)/(s5,,). The argument ¢, of the

5§

& = G =——1€,]cosb,.
I,

IV. CIRCULARLY POLARIZED PHOTON

In this section, we consider the background to be a circu-
larly polarized field,

a(¢) = mé&g(P)le) cos(¢) + &2 sin(¢)], (23)

which has a right-handed polarization,

&L = L(81 + igy).
V2
The derivation is very similar to the linearly polarized case.
Repeating the previous derivation and replacing the photon
polarization with €1, we acquire the circularly polarized
photon-momentum spectrum:

i = gy [ 40 [ aveeHE

dsd*r-  (2mn,)*t

1 SzA HL HL /

+ if,TT" () x Hl(¢')} (24)
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in which we define f; = 1+ s%/2¢, and use the shorthand:
xt oyt =xly! +x%y? and x* x ¥yt = x'y? — x*y!. We employ
here the same regularization as in the linear case: IT*(¢) —
IT;., (¢). Performing the integration over the transverse mo-
mentum, we acquire the light-front momentum spectrum:

T
2nnp/dsfd¢(/ _Ki_5>’ @

[, .1 ey | SO
ICi—|:l 2fSA:l:lfS(b b):|sm<2mp>, (26)

:t

where

where b = [a(¢') — (@)] - &1 [a($) — (@)] - &2/m” and b* =
[a(¢p) — (a)] - &1 [a(¢') — (a)] - &2/m>. Summing over polar-
izations in Eq. (25) then recovers the same polarization-
averaged probability, P = P, + P_, as in the linear polariza-
tion case, Eq. (11).

A. Photon-polarized NLC LCFA

With the same procedure as in the linear case, we acquire
the LCFA result for circular polarization:

dSPi o
— = dol(2yf, — 2)Ai
dsd?rt an/,,/ PlQ2yfs — 2)Ai(y)

£ 2£i165 ()7 T (9) x EX(P)IVZAI (], (27)

in which £+(¢) := a’*(¢)/m includes the field amplitude, the
direction, and the pulse envelope. In the same vein as the
linearly polarized case, we can integrate over the transverse
photon momenta to acquire the light-front momentum spec-
trum of the LCFA:

dPi o . 1 ./
el ——/dcp |:A11(z)+2fs—A1 (Z)]~ (28)
2n, z

ds

For a constant crossed field background, when one integrates
over the transverse photon momentum, one is simultaneously
integrating over the trajectory of the electron since there
is a one-to-one mapping between the component of photon
momentum parallel to the background field and the electron’s
phase position [25]. Due to the symmetry of a circularly
polarized background, after this integration over the trajec-
tory, no information is retained about the polarization of the
background field. Therefore the spectrum in Eq. (28) is the
same for photons in different circularly polarized states (this is
not the case for the angularly resolved LCFA, for the same rea-
son). The probability changes due to scattering into different
polarization states: AP =P, — P_ = 0. However, we note
that, when the intensity of the linearly polarized laser field is
twice as large as the intensity of the circularly polarized laser
field, the total unpolarized probability is indeed the same for
linear and circular cases (P =P; + P, =P, +P_).

B. Circularly polarized monochromatic field

The derivation is very similar to the linearly polarized
monochromatic case [where now g(¢) = 1 in Eq. (23)] with
the added simplification that > = —m?£? is a constant and
so only one Jacobi-Anger expansion is required for each
phase integration, resulting in an expression with products

of two Bessel functions (rather than products of four Bessel
functions as in the linear case). We find the probability
P.=3Y7" _ Pi, where

ds/d2 i-a(c+4ﬁ —n)

{ﬁé L2+ a0 = 207) =T
£ 2£,E2s(1 4+ E2)/(npt) — nlia/C), (29)

and the argument of the Bessel functions J, = J,(¢.) [J, =
Jy(&)] s

S
Le=E 7| —.
npt

The § function again fixes the net number of absorbed laser
photons n > 0 and gives the kinematic range of the nth
harmonic, 0 < s < s, ,, where

2nn,

_— 30
2nn, + 1+ &2 60

Seon =

which is the linear case, Eq. (19), with the substitution
£2/2 — g2
1. Circularly polarized angular spectrum

Evaluating the § function by integrating over s, we obtain
the angular spectrum:

dzpi,n _ (¥N¢ Crzl 1

dredry, — 202 (1+C)%n
x {2200 + T —202) = J?
+ 2£,ECa(1 + E2)/np — Nl Ty T/ e}, (B1)
where

2nn,
()2 + 1482

and the argument of the Bessel functions becomes

é‘c — Zc,n - %‘ |£L|Cn/np

C,=

2. Circularly polarized light-front momentum spectrum

Integrating the 6 function over the transverse momentum
r*, we acquire the energy spectrum:

dPi’n 7TO[N¢ f > > >
&, {55 (Ui i = 20) =,
1 2 1
+0fE (s +é ) J,;Jn}, 32)
rnp cn

where the argument of the Bessel functions is replaced:

Seon — S
Ce = Cen = S |KL|_, |€;| = 21’17)1,

Pt Sc,n

Summing over polarization states, we recover the unpolarized
formula [60].
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V. NUMERICAL CALCULATIONS

In this section, we consider an example scenario of a
head-on collision between an 8-GeV electron and an eight-
cycle (full width at half maximum, 11 fs) laser pulse with
intermediate intensity £ = 1 and frequency wg = 1.55 eV. The
corresponding pulse envelope is g(¢) = cos?(¢p/40), with
|¢| < 2mo and o =4, and the electron energy parameter
is n, =0.095. This choice of parameters is motivated by
upcoming high-energy experiments such as LUXE and E320.
In this parameter region, the scattered photons are colli-
mated in the electron incident direction with a very small
angular spread. We refer to €; and €, as “E-polarization”
states, because they are almost parallel to background fields
with polarization ¢; and ¢, in the linear and circular cases,
respectively [almost parallel, because photons are emitted
with finite (small) angles]. €, and e_ are then referred
to as “B-polarization” states, as they are (almost) parallel
to the magnetic field in each case. The polarization pu-
rity is defined as the fraction of the E-polarized photons:
P =P;/P in the linear case and P = P, /P in the circu-
lar case. For the nth order of harmonic, the polarization
purity is P, = Py ,/(Pi.n+ P2,) in the linear case and
Pn = P+,/(P4+, + P_,) in the circular case.

A. Linearly polarized background

Figure 1 shows the energy spectra of the polarized photons
and the behavior of the polarization purity for different values
of s in the linear background field. As shown in Fig. 1(a),
the relative values of the polarized spectra depend sensitively
on the photon light-front momentum s: in the low-energy
limit s — 0, the photons are unpolarized (P = 0.5) as shown
in Fig. 1(b). However, in the high-energy region, starting
around the Compton edge [vertical black line in Fig. 1(a), the
kinematic bound of the first harmonic s, ,], photons are more
likely to be scattered into the E-polarization state, reaching a
high purity >90%.

An evident harmonic structure can be observed in the pho-
tons’ energy spectra in Fig. 1(a) for the eight-cycle laser pulse.
The harmonic structure corresponds to the multipeak structure
in the polarization purity [red solid line in Fig. 1(b)]. To
illustrate this, we plot the polarization purity (blue dash-dotted
line) from a monochromatic background, which broadly
agrees with the pulsed result. We can also see that the highest
purity (about 95%) results from the first harmonic, which is
dominant in the E-polarization state and becomes purely E-
polarized at the Compton edge. For higher-order harmonics,
the polarization purity becomes smaller, and in the low light-
front momentum region it can even display a dominance of
B-polarized photons where P < 0.5, for P, 3 in Fig. 1(b).

In Fig. 2, we show the angular spectra of the polarized
photons, dzP/drxdry, for the same parameters as in Fig. 1.
[Only photons with 0 < s < 0.4 have been included as higher
values of s are strongly suppressed for these parameters, as
shown in Fig. 1(a)]. We observe that E-polarized photons are
tightly collimated with the incident electron propagation di-
rection (r* = 0) with an angular spread: 2|r*|/y, ~ 2§ /[y, ~
0.13 mrad. This is much narrower than the B-polarized
photons’ distribution, and with the peak value 1 order of
magnitude larger than that of the B-polarized photons. We

Linear Polarization

0.25 [ T LI I l-_-l LI I LB I LB I LB I LB I LI
i H ]
C —P ]
0.2 - ---P .
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FIG. 1. (a) Polarized energy spectra: Exact QED results and
LCFA results. The black vertical solid line denotes the upper limit
of the first harmonic s,, from Eq. (19). (b) Polarization purity:
Exact QED results, LCFA results, and monochromatic results. The
markers denote the polarization purity of the first three harmonics
‘P,.. Head-on collision is considered with the following parameters:
E=1and wy = 1.55¢eV.

also see that the B-polarized photons are scattered in a four-
peak quadrupole distribution, while the E-polarized photons
are scattered into the typical dipole-radiation distribution. In
order to compare with the monochromatic results, we pick a
scaling factor N4 by replacing the integration over the phase
with an integral over the pulse envelope, Ny = [ d¢/2nw —
fdd) g(¢)/2m = 4. In Figs. 2(c) and 2(d), we see good quan-
titative agreement with the pulsed results and also that the
multipole structure is clearly reproduced.

The significant difference in the angular distribution of
the polarized photons results in the particular structure in
the distribution of the photon polarization purity shown in
Fig. 3(a). Around the electron incident direction, |r*| < 0.5
corresponding to the photon angular spread of ~0.064 mrad,
we can achieve an almost purely E-polarized (P > 96%)
photon beam, and for a broader angular spread of ~0.1 mrad,
photons are emitted with the polarization purity of 85%. Here
we want to emphasize that because high-energy photons are
tightly collimated in the electron incident direction, a highly
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FIG. 2. Angular distribution d*P/dr.dr, of the linearly polar-
ized photons. Left column: E polarization. Right column: B polar-
ization. Upper panels (a) and (b): Exact QED calculation for a pulse.
Central panels (c) and (d): QED calculation for a monochromatic
field. We take N, = 4. Bottom panels (e) and (f): The LCFA results.
The axes r,, are dimensionless and relate directly to the scattering
angle of the photon [see Eq. (5)]. The parameters are the same as
those used in Fig. 1.

E-polarized y-ray can be generated if we exclude the photons
with a large scattering angle [66].

For comparison, we also show the corresponding LCFA
results in Figs. 1, 2, and 3. As expected [29], in this
intermediate-energy region, LCFA cannot reproduce the har-
monic structure in the spectra and therefore cannot be used
in this regime to give an accurate prediction of the purity of
the emitted photons. As shown in Fig. 1, for lower-energy

(a) QED (b) LCFA
2 2F
1 1
S0 o
-1 1F
2 2F

2 -1 0 1 2 2 -1 0 1 2
TZ 'rm

FIG. 3. Angular distribution of the polarization purity P in a
linearly polarized background. (a) The exact QED calculation for a
pulse. (b) The LCFA results. The parameters are the same as those
used in Fig. 1.
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FIG. 4. (a) Polarized energy spectra: Exact QED results and
LCFA results. The black vertical solid line denotes the upper limit
of the first harmonic s, from Eq. (30). (b) Polarization purity: Exact
QED results, LCFA results, and monochromatic results. The markers
denote the polarization purity of the first three harmonics P,. The
parameters are the same as those as in Fig. 1.

photons, s — 0, the LCFA prediction for dP/ds diverges, as
is well known, and hence it overestimates the polarization
purity. For higher-energy photons, the LCFA result averages
through the harmonic structure. We can also see that the
angularly resolved LCFA result shows large deviations from
the exact QED calculations shown in Fig. 2. The LCFA
broadens the angular distribution of E-polarized photons and
merges the four-peak structure in the distribution of the B-
polarized photons into a double-peak structure. Therefore,
the LCFA predicts a significantly different polarization purity
distribution in Fig. 3. As the LCFA result overestimates the
peak value of the photon distribution, especially for the B-
polarized photons, the value of the polarization purity in the y
direction (perpendicular to the field polarization direction) is
underestimated.

B. Circularly polarized background

Figure 4(a) shows the energy spectra of the circularly
polarized photons in a circularly polarized background field.
Unlike in a linearly polarized background, the lower-energy
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FIG. 5. Angular distribution d?P/dr.dr, of the circularly polar-
ized photons. Left column: E polarization. Right column: B polariza-
tion. Upper panels (a) and (b): Exact calculation for a pulse. Central
panels (c) and (d): Calculation for a monochromatic field (N, = 4).
Bottom panels (e) and (f): The LCFA results. Photons are included
in the range 0 < s < 0.4, and the parameters are the same as those in
Fig. 4.

photons, s — 0, are purely B-polarized, P — 0, whereas
higher-energy photons, with s > s.1 [s.1 is the Compton
edge, vertical black line in Fig. 4(a)], are highly polarized in
the E-polarization state. Thus the polarization purity increases
from P = 0 at the low-energy limit up to P > 70% in the
higher-energy region as shown in Fig. 4(b). This tendency can
be explained via the monochromatic result, which as shown
in Fig 4(b) (black dash-dotted line), matches well with the
pulse result (red solid line). This change in the polarization
purity as s is increased from O can be explained mathemati-
cally. From Eq. (32), the perturbative expansion relation for
a small argument of the Bessel function, J,(¢) ~ ¢", can
be used to show that in the s — O limit for the nth order
of harmonic gives dPy ,/ds ~ 2 f§(n* F n*)¢ 2%, whereas
in the s — s, limit, dPy ,/ds ~ 2fE0(n® + nz)gg’,’l_z. Thus
the harmonics are purely B-polarized (P, = 0) at s — 0 and
purely E-polarized (P, = 1) at the harmonic bound s — s,
as also shown in Fig 4(b). Furthermore, the low polarization
purity of each harmonic at s < s., reduces the purity of
the sum of all the harmonics and finally results in the lower
polarization purity at larger s in the circular case than in the
linear case.

In Fig. 5, we present the angular distribution of the po-
larized photons. As shown, the azimuthal symmetry is main-
tained in an eight-cycle pulse. Similar to the linear case, the E-

QED (b) LCFA

2 2
1 1
£ 0 0
-1 -1
-2 -2
-2 -1 0 1 2 -2 -1 0 1 2
Tz Ty

FIG. 6. Angular distribution of the polarization purity in the
circularly polarized background. (a) The exact QED calculation for
a pulse. (b) The LCFA results. The parameters are the same as those
used in Fig. 4.

polarized photons are more collimated in the electron incident
direction with an angular spread of 2|r*|/y, ~ 2& /y, ~ 0.13
mrad, and the distribution peak value is 1 order of magnitude
larger than that of the B-polarized photons. In Fig. 6, we plot
how the polarization purity depends on the scattering angle.
We observe that the photons scattered with the smallest angle
have the highest purity. For the current parameters, within
an angular spread of < 0.077 mrad the scattered photons
are almost purely E-polarized with P > 96%, and within an
angular spread of ~0.1 mrad they have a purity of P ~ 88%.
Alternatively, we could concentrate on large-angle scattering
and find that, for angles >0.33 mrad, photons are highly
B-polarized (P < 5%) instead.

In Figs. 4, 5, and 6, we also show the LCFA results
for comparison. Away from the center of the distribution in
Fig. 6, the LCFA predicts a polarization purity of 0.5, which is
equal to the ratio one acquires after integrating out transverse
photon momenta, and shows that the LCFA cannot resolve
the polarization state of wide-angle scattering. In the center
of the distribution, we see that the LCFA predicts a narrower
peak than the QED result, suggesting that the actual situation
is more favorable in this regime than simulations based on the
LCFA would predict. Because the LCFA result overestimates
the value of the B-polarized photon distribution, the peak
value of the polarization purity in Fig. 6 is underestimated to
be less than the exact QED value: P < 96%.

VI. CLASSICAL ANALYSIS

In Figs. 2(a) and 2(d), we observe the multipole-radiation
structure in the angular spectra of the polarized photons.
To show this structure more clearly, we present the angular
distribution of the first three harmonics in Fig. 7. As shown,
the angular distributions of the different harmonics display
different orders of multipole radiation [67].

In order to interpret the origin of the orbital-type shapes in
the angular spectra, which persist when the quantum param-
eter x, < 1, we perform a classical calculation of nonlinear
Thomson scattering. The classical analog of the differential
probability of photon emission, d*P%/dk?, is given by the
energy of the emitted field in units of frequency:

&P 1 PP
k3 kO di3
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FIG. 7. Angular spectra d*P; ,/dr.dr, of the first three harmon-
ics in the linearly polarized monochromatic field: £ =1 and n, =
0.095 (8-GeV electrons). Left column: E polarization. Right column:
B polarization. Upper panels: First harmonic. Central panels: Second
harmonic. Bottom panels: Third harmonic.

where P" is the four-momentum of the field emitted by
the electron through interaction with the electromagnetic
background. Proceeding from Coleman [68], we write

2

pet = /d‘*k“*k’“lkekoak?, 33

2n)? i (k)y™ (k)8 (k)8 (k7) (33)

where 7 = f d*x j(x)explik - x] and we use a definition for

the classical current of j*(x) =e [ W [x —x'(s)In" () dT,

where 7 is the proper time, related to the external-field phase
by dt/d¢ = (mn,)~". This then leads to

o ds d*k* ; o
P = / S dpdy m(p) - m (@)L
P
(34)

At this point, we decompose the trajectory using the basis
introduced in Eq. (2) and the derivation is then very similar
to the QED version. The total probability can be written as
P = P{" + P$", where P = ", P and

20 (d ~
P = =~ / g / sdsd®r*8(¢ + 2B, — n)
: ny J 2m
X {(Sj‘z(r . SZ)ZFSJL + 8_/"] [(r . 81)2F3,n
+2mér e T ulon + €T, ]} (35)

where the arguments of the I'; , functions are now

__&s s _ &

dg=—r-¢& fs=-—.
p 81,

We note that energy-momentum conservation is different in
the classical case, because the electron experiences no recoil
classically. This is reflected by the modified §-function argu-
ment:
o5 (105 e) ]
§(C+2B,—n) =8| — 1 +=4+ @) ) —n|,
2np 2
which on comparison with the quantum version Eq. (18) has
been modified by a replacement s/(1 —s) — 5. (Recalling
that the scattered electron energy parameter 1, = 17,(1 —s),
we see that setting 1 — s — 1 is equivalent to neglecting the
electron recoil). There is also an extra term in the classical
integrand which originates from the e directions, of the form
[1 4+ @)?]0G, =26 7 e1T0ul 10 + 6 Toal 2,
but this disappears, because it is a boundary term in the
integration over ¢ and ¢’ (it is proportional to k - 7, which
occurs in the exponent).
One immediate consequence arises in the angular spectrum
when s is integrated over in Eq. (36):

) d 2 d@r S
pe. _ 2 / dy / / dr rsy{8,2(c" - £2)°T3,
np 27 Jo 2w n

n

—|—8j’1[(I'L . 81)2F§7n—2m‘§ re- €1 Fl,nFO,n—i—ézrin]}’
(36)

where s7 =y from Eq. (21). However, because there is no
electron recoil in the classical description, s < 1, whereas
the equivalent QED parameter, y;;, is unbounded. This means
that there exists a classical “angular edge” in analogy with the
Compton edge [4] but in the angular spectrum:

Fu = 0ty Uy =210, —1—82/2. (37)

Therefore, the smoothing of the angular harmonic edges is a
quantum effect.

Upon comparison with the quantum version for the total
probability, Eq. (22), we note two further differences. First,
the decomposition that we have made to the electron’s trajec-
tory, by projecting the instantaneous electron momentum onto
the directions &; », matches the decomposition in the quantum
case, €1, of the photon polarization. This mainly originates
from the choice of polarization basis, in which p-€; =r - g
and p- €, =r - &. We see thereby the mapping between the
classical electron’s motion and the polarization of the emitted
photon in the QED case. The second difference, is that there
are terms from QED that are absent in the classical formula,
in particular the term

§2

—2(mé& )2m [T2..T0.0 — TL,]-
This term is of purely quantum origin, which is made mani-
fest when we recall that s = 1 /n, = » - k/3c - p oc li, and so
when we take the limit of 7 — 0 of the quantum expression,
this term disappears. (Incidentally, the other terms survive,
because we have the combination n;] f ds, which survives
in the limit of 7 — 0.)

The angular harmonic spectrum of photons emitted with
polarization perpendicular to the field resembles the spherical
harmonic decomposition of the Green’s function of the wave
equation from classical electrodynamics [67]. A connection
to this expansion can be made by noting that the leading term
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dictating the shape of the angular harmonics is given by 1"5,”,

where
nd 25 sr cosf
Ton= Y Jz<§—)fzt+n<—$ ) (38)
81, n

t=—00 P

For the lowest harmonics, s < 1 and our analysis leads to the
highest polarization purities when & /7, is not too large, so the
Bessel arguments are, in general, small. It turns out that the
limit [69]

Ju(z) = lim m"P," (cos 5), (39)
m— 00 m

where P," are the associated Legendre polynomials, is al-
ready well approximated for a small argument |z] < 1 at
m = 1. Then we see that the leading term can be approximated
by

[e’e] 2 2
Fon= Z ],(g—};)Pl_(ZH")[l — (M) :| (40)

t=—00 p
Upon comparison with the form of the spherical harmonics,
Y/ (6, ¢) = Ne™ P/"(cos 6), (41)

and noting that P oc P/", we see that each higher-harmonic
n is associated with a higher value of the index m.

VII. CONCLUSION

We investigated the polarization of a photon generated by
nonlinear Compton scattering of an electron in a plane-wave
background. Our analysis considers the generation of linearly
polarized and circularly polarized photons in correspondingly
polarized background fields. We considered a finite pulse,
a monochromatic background, and the locally constant field
approximation (LCFA) for each polarization case. The light-
front momentum and angularly resolved spectra for each case
were presented.

Motivated by the upcoming high-energy experiments
LUXE at DESY and E320 at FACET-II, we focused attention
on having a plane-wave laser pulse of intermediate-intensity
parameter £ = 1. We found that the harmonic structure of the
photon spectrum is reflected in the polarization purity of the
scattered photons. The angular spectrum of emitted photons
is substantially different for photons polarized parallel to
the electric field (E-polarized) to the angular spectrum of
photons polarized parallel to the magnetic field (B-polarized),
in both linearly and circularly polarized cases. By performing
a classical calculation for the equivalent process of nonlinear
Thomson scattering, we identified an explanation for the
different angular distribution of different photon polarization
states due to the motion of the electron in a plane-wave
background in the electric- and magnetic-field directions.

Approaches based on the LCFA (which is the main method
by which quantum effects are included in numerical simula-
tions of high-intensity laser-matter interactions) cannot repro-
duce the structure of the angular distributions at intermediate
intensities. In particular, for the linearly polarized case, the
multipole structure is beyond local approaches, and for the
circularly polarized case, the spherical harmonic structure
is beyond local approaches. The LCFA approach is thus

Linear Polarization Circular Polarization

20 f——P;
---Pb,

Relative error (%)
s

Y
S

FIG. 8. Relative error (dP;/ds —dP'™/ds)/(dP;/ds) in the
energy spectra of each LCFA result d F’.',.Cfa /ds compared with the
corresponding monochromatic result dP;/ds in the region 0.01 <
s < 0.6. The parameters are § = 8 and n, = 0.095.

incapable of describing the angular distribution of the photon
polarization purity in the parameter regime of interest in high-
energy experiments at intermediate field intensity. The LCFA
also performs poorly at predicting the yield of photons with
a given polarization in the low-energy part of the spectrum as
well as around the first harmonic (the Compton edge), which
is an identified experimental observable of interest [20].

This naturally raises the question as to whether one should
use the polarized LCFA or the unpolarized LCFA to de-
scribe the dynamics of QED cascades. To answer this, we
would first point out that QED cascades driven by the laser
field are necessarily in the high-intensity regime, whereas in
the current paper, we are concerned with the intermediate
intensity regime of & ~ O(1). Therefore, the error in the
different LCFAs will be reduced. Second, in each link of the
cascade it is usually assumed to be a good approximation
that this emission is forward; i.e., the angular spread we have
calculated here for each polarization case is not resolved. In
Fig. 8, we compare the relative error in the energy spectra of
each polarized LCFA with the unpolarized LCFA, for £ = 8
and 1, = 0.095.

As one can see, in the linearly polarized case, the relative
error of the LCFAs is very similar and rather low (at small
s, the relative error can be about a factor 20% larger, but this
is not usually the parameter range of interest in cascades). In
a circularly polarized background, although the difference in
the error grows with s, it remains rather small over the en-
tire spectrum at around 5%. Therefore, the photon-polarized
LCFA describes QED cascade dynamics to a level of accuracy
similar to that of the unpolarized LCFA.

We finish by highlighting that, at intermediate intensities,
the significant difference in the angular and energy depen-
dency of E- and B-polarized photons lends itself to the possi-
bility of generating highly brilliant, highly polarized sources
of y photons, as explored in Ref. [66].
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