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Longitudinal spin polarization in multiphoton Bethe-Heitler pair production
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Helicity transfer in electron-positron pair production by a relativistic proton colliding with an intense laser beam
of circular polarization is studied. The pairs are produced nonlinearly via absorption of few laser photons. Our
approach relies on the laser-dressed description of the leptons by relativistic Volkov states and the spin-projection
formalism. We calculate spin-resolved production rates, differential in the energy and emission angle of one of
the created leptons. The degree of longitudinal polarization is shown to depend on the number of laser photons
involved, even when the total energy and momentum absorbed from the laser field is kept constant.
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I. INTRODUCTION

Since the discovery of electrons with longitudinal spin
polarization from nuclear 8 decay [1], the role of the electronic
spin has been investigated in manifold processes. Polarized
electron beams may arise, in particular, when electrons
interact with photons of definite helicity. Corresponding
studies were carried out on photoionization [2], Compton
scattering [3], and bremsstrahlung [4,5]. The spin polarization
was also studied for the electrons and positrons produced via
the Bethe-Heitler effect,

Z+w, — Z+ete, (1)

where a y photon of energy hiw, > 2mc? decays into an e*e™
pair in the vicinity of an atomic nucleus of charge number Z [4,
5]. We note that reaction (1) is currently utilized for the gener-
ation of polarized electron and positron beams [6,7], which are
of interest, e.g., for future experiments in high-energy physics.

The photoinduced processes mentioned above possess
nonlinear generalizations when the applied photon intensity is
very large. Then, multiphoton reactions can take place, where
several or even many laser photons participate jointly. Photon
intensities this high can be obtained when the photon source
is an intense laser field. Nonlinear processes in strong laser
fields are being studied intensively both in experiment and
theory [8—11]. In particular, the influence of the electron spin
on laser-induced processes has been examined theoretically
during the last decade with respect to free-electron motion
[12,13], two-photon ionization [14,15], high-harmonic gener-
ation [16], nonlinear Compton scattering [17], laser-assisted
Mott scattering [18,19], and pair production by a high-energy
y photon and a laser field [20,21]. In addition, characteristic
differences between fermionic and bosonic particles have been
found for pair production in an oscillating electric field [22]
and in recent investigations of the Klein paradox [23].

Also the nonlinear Bethe-Heitler process,

Z+nw, - Z+ete, )

involving simultaneous absorption of n > 1 laser photons
of energy hwy, has encountered sustained interest in recent
years. This interest has been stimulated by the prospect that
process (2) may come into experimental reach by combining
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an intense laser source with a powerful ion accelerator. The
setup of colliding laser and nuclear beams effectively enhances
the laser field strength and frequency in the projectile frame
by the relativistic Doppler effect. For example, when a beam
of x-ray photons with iw;, = 5 keV collides head-on with a
counterpropagating proton beam of Lorentz factor y = 50,
then the Doppler-boosted photon energy in the proton frame
is enhanced by a factor 22y and thus closely approaches mc?.
In a similar setup based on ultrarelativistic electrons colliding
with an intense optical laser beam, nonlinear pair creation by
a high-energy y photon in a laser field has been observed
at the Stanford Linear Accelerator Center (SLAC; Stanford,
California, United States) [24].

Different interaction regimes of reaction (2) can be dis-
tinguished [25]. They are mainly characterized by the ratio of
laser electric field amplitude F; and laser frequency, which can
be combined into a dimensionless parameter § o« Fp/wy [see
Eq. (15) below]. When £ « 1, the pair production is said to
occur in the multiphoton regime; the corresponding production
rate shows a power-law dependence of the form R ~ £%". In
contrast, when £ > 1 (but F; is still undercritical), the rate
exhibits a nonperturbative exponential behavior reminiscent
of a quantum tunneling process. Therefore, process (2) in this
regime is often referred to as tunneling pair production.

Various aspects of the nonlinear Bethe-Heitler process have
already been investigated. Total pair-production rates as well as
angular and energy distributions of the created particles in the
various interaction regimes have been calculated by several
authors [26-32]. The influence of bound atomic states [33],
of the nuclear recoil [34,35], and of the relative phase in a
bichromatic laser field [36] have been analyzed as well. While
these calculations always involved a summation over the spins
of the produced leptons, spin-resolved calculations have been
performed only very recently [37,38]. Both articles considered
the tunneling regime. Via a helicity analysis it was found
that leptons with the same helicity as the laser photons are
emitted in the laboratory frame under slightly larger angles
with respect to the nuclear beam than those with opposite
helicity [37]. In addition, the internal spin-polarization vector
of the electron was shown to be proportional in magnitude
to Fp and, to leading order, directed along the electron’s
transverse momentum component [38]. For pair creation by
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a real high-energy photon propagating in a laser field, similar
studies based on helicity states and the internal spin vector,
respectively, have been carried out [20,21].

In the present paper we perform a spin analysis of the
nonlinear Bethe-Heitler process in the multiphoton regime
(§ < 1). Pair production by absorption of n = 1,2, and 3 laser
photons of definite helicity is considered. The present study
thus complements the previous considerations in [37,38]. Our
approach incorporates the spin-projection formalism into the
well-established theoretical framework of treating reaction (2)
by using relativistic Volkov states [26,27,29-31]. We calculate
spin-resolved production rates in both the proton’s rest frame
and the laboratory frame for various laser parameters. The he-
licity transfer is evaluated in terms of the degree of longitudinal
polarization of one of the created leptons. We demonstrate
that our calculations represent a multiphoton generalization of
the well-known results on the spin polarization in the linear
Bethe-Heitler process (1). Moreover, the degree of longitudinal
polarization obtained in the nonlinear Bethe-Heitler process is
shown to depend on the photon number n, even under the
condition that the total energy nhwy, is kept constant.

This paper is organized as follows. In Sec. II we present
the theoretical tools used, including the spin formalism of rel-
ativistic quantum mechanics and our calculational framework
to obtain pair-production rates for each leptonic spin constel-
lation. The results of these calculations for the single-photon
case will be presented in Sec. I1I and for the multiphoton case
in Secs. IV and V. The main focus of our discussion will
be on the degree of longitudinal polarization of the produced
particle beams for different sets of laser parameters. Section VI
gives a conclusion of the main results and an outlook on the
possibilities for an experimental realization.

II. THEORETICAL FRAMEWORK

This section deals with the theoretical methods that are used
to calculate spin-resolved pair-production rates in a circularly
polarized laser field and a nuclear field. The produced particles’
spin states are taken into account by way of the spin-projection
formalism, which is briefly summarized for the reader’s
convenience in Sec. I A.In Secs. II B and C the spin-dependent
matrix elements and production rates for the nonlinear Bethe-
Heitler reaction (2) are evaluated. The laser field will be treated
as a classical electromagnetic plane wave of definite helicity.
The nucleus is described as an external Coulomb field; the
nuclear spin degree of freedom is not taken into account.

Throughout this section, atomic units (with 7z =m =
e =4mey = 1) are used in order to simplify the notation.
We apply the metric tensor of flat Minkowskian space-
time n*” = diag(+, —, —,—), so that the scalar product of
two four-vectors a* = (a”,a) and b* = (b°,b) is given by
(ab) = nuwa*b® = a®b® — ab. Furthermore, Feynman’s slash
notation is used, ¢ = (ya), where y* are the y matrices in
Dirac representation.

A. Spin formalism

The operator projecting on lepton states associated with a
certain spin direction reads [39]

() =10+ 9. 3)
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This operator allows decomposing a given spinor in two
contributions depending on whether the spin is parallel
or antiparallel to a certain direction, defined by the spin
four-vector s* = (s,s). In a particle’s rest frame, this spin
vector

st = (0,h) “4)

is strictly spacelike, pointing into a direction of choice given
by the unit vector . Its scalar product with the momentum
four-vector p* = (E/c, p), which is given by (c,0,0,0) in the
particle’s rest frame, therefore obeys the relation

(sp)=0 ®)

in any frame of reference. Together with its normalization
condition,

s2=—1, (6)

a spin vector s* can be constructed which is related not to a
particle at rest but to a moving particle. To account for the
lepton spin, the free spinor wave functions are labeled u,,
for a positive-energy eigenstate (an electron) and v, ; for a
negative-energy eigenstate (a positron).

While the theoretical method developed in the next section
is applicable to any spin basis, in the subsequent numerical cal-
culations we will focus on the particular spin basis associated
with helicity eigenstates. This basis corresponds to the case
where the spatial components of the spin vector are parallel
(or antiparallel) to the direction of the particle’s motion given
by p. One can easily solve the relations (5) and (6) for s* under
the assumption that the vector s is parallel or antiparallel to
the momentum vector p. The solutions are

|| £
. SRL=E=5P, (N
c ¢

sg,L ==+
with the unit vector p = p/|p|. The corresponding spinor
wave functions are eigenstates of the helicity operator with
eigenvalues 1. Accordingly, the vector sg (s1) is referred to
as the spin four-vector of a right-handed (left-handed) particle.
The spin basis (7) is distinguished by the property that the
helicity can be measured simultaneously with the particle
momentum since the corresponding operators commute.

B. Spin-dependent production rates

The nonlinear Bethe-Heitler pair creation of Eq. (2) occurs
due to the superposition of the nuclear field and the laser
field. It is convenient to perform the calculation of the pair-
production rate in the rest frame of the nucleus. In this frame,
the nuclear four-potential A’ (x) consists only of a static scalar
component:

VA
Aly = (4%.0,0,0) with A}, = =k ®)
r

The laser field is assumed to be a left circularly polarized laser
wave, so that all photons have helicity +1. The four-potential
of the laser field accordingly reads

Al (x) = af cos(kx) + ab sin(kx), 9)
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where k* = (1,0,0,1) wnye/c denotes the wave four-vector,
with @y, = (1 4+ B)y wp being the photon energy in the
nuclear rest frame. 8 = (1 — y~2)!/2 denotes the reduced
velocity of the proton in the laboratory. The potential is given
1n radiation gauge so that the vectors a; = (0,a,0,0) and

= (0,0,a,0) are strictly spacelike. The laser electric field
strength amounts to Fy nyc = dwnyc/c in this frame.

Within the standard approach to the problem, the process
of nonlinear Bethe-Heitler pair production is considered as a
transition from a Volkov state with negative energy to a Volkov
state with positive energy induced by the Coulomb field A?\,
of the nucleus. The corresponding transition amplitude reads

l —_(—
Spases = - / U A d. (10)
The Volkov states are exact solutions of the Dirac equation in
the presence of an external electromagnetic field in the form of
a plane wave. As a consequence, the transition amplitude (10)
accounts for the interaction of the leptons with the laser field
to all orders, this way allowing the treatment of multiphoton
processes. The interaction with the nuclear field is treated in
the lowest order of perturbation theory.
For a general plane laser wave, the Volkov states can be
given as [40]

AL i
(+) SAD
v ()= (1 + 2c(kp)> W, 5 €XP <hA ) (11)

where the upper index denotes the sign of the particle’s charge.
According to that index, the spinor w,, is either a free
electronic spinor u, s or a free positronic spinor v, [39].
The occurring action is given as

1
A = H(px) + ——

n 1
&) [(pAL)¢ZA%}dﬁ, (12)

where n = (kx). In these Volkov states, due to the dressing by
the laser field, the leptons attain an effective mass

=/1+8& (13)

and effective momenta

c?

g¢"=pr+E— 20p) K" (14)
Here,
1 A2
§=—5y—-A1 (15)
C

denotes the dimensionless Lorentz invariant intensity parame-
ter mentioned in the Introduction which may be associated to
the plane-wave laser field. For the circularly polarized wave
of Eq. (9), we have £ = a/c?. The normalization constant in
Eq. (11)is chosenas N, = (c/q")'/2.

Including the explicit form of the laser wave (9) into the
Volkov states (11), the transition amplitude (10) becomes (see
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also Eq. (8) in [26])

lZ d*x {¢ B a*(ek)
Souse.p-s- /qo q° Il Ups- 2¢2(kp)(kp-)
iy ik
* [2c<kp+> 2c<kp>} oS
iy okt | Y.
2etkpy)  2ctpy |0 ] e
x efial sin n+ia; cos nei(q_+q+)~x. (16)

Here we introduced the notation € = (1,0,0,0), so that ¢ =
y?, and o = E’zl’q’::; — i’zl’(ﬁi; for j = 1,2. In order to perform
the space-time integrations, it is useful to apply the series

expansion [41]

o0

e—i{ sinn — Z Jn(é.)e—il’ln (17)

n=—00o

to the periodic functions depending on the space-time coordi-
nates in Eq. (16). J,,(¢) denotes the nth order Bessel function
of the first kind. The transition amplitude can then be written
as

iz d*x
— (n) i(q++q——nk)
Spiseps. = — Zm;+s+,p_s_ |r| glarta-——nkyx
q+q9- n
(18)
with a momentum- and spin-dependent matrix element
oM that does not depend on any of the space-time

P+S+,P—5— . . . L.
coordinates. This matrix element will be dealt with in the next

section.

Performing the integration over time in Eq. (18) produces
an energy-conserving delta function 8(¢" + ¢° — nk®). Note
that, accordingly, only integer multiples of the photon energy
can be absorbed from the radiation field, although we did
not take quantization of the laser wave into account in the
first place. Consequently, a minimum number of photons ng
exists that has to be absorbed to overcome the threshold energy
for pair production in the proton’s rest frame. This minimum
number is given by

no :=min{n € N : nwpe > 2m.c?}. (19)

Also the spatial integral in Eq. (18) can be taken ana-
lytically, producing the Fourier transform of the Coulomb
potential. As a result, we obtain

iZ 4
Yo —52mw8(00), (0)
Ja%q® wsm Q,

with the four-vector Q) = (09, Q,) = ¢" + ¢
ing the momentum transfer to the nucleus.
The squared absolute value of the transition amplitude is

Spisips. =

— nk* denot-

given by
2 n 2
|SP+5+»P—L| = Z S(P+)S+»P—-L ’ 1)
n=ngp
with
0 2 2 23273
S;gu,p,s, = qg)rqg ’ (p+)S+,p7L’ Qi S(Qn)CT' (22)
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Dividing out the interaction time 7 and multiplying by the
infinitesimal phase space of the two created particles gives the
partial production rate

2 d3q+ d3q_

(2m)} (2n)}
for any n > ng in a fully differential form.

For later use, we also give the partial rate for detecting

one of the produced leptons (e.g., the positron) with a certain
longitudinal spin polarization,

dZRR,L ZZ 1 B
. =2 / qu* |q+||4q | Z ’m(ls?sk LsP-5—
qu+ delh T Q '

d°R, = —|S% |

1
?| P+S+,P-5—

(23)

2

’

n S_

(24)

where g% = (¢+.x,9+ ) denote the momentum components
transversal to the laser beam direction. The positron’s spin
vector in Eq. (24) is chosen to be either sg or 51, and the matrix
element is summed over the two electron spin configurations.
The integration is carried out over the full solid angle of
the emitted electron. The sum of derlf (dzR,];) of Eq. (24)
over n gives the probability rate for measuring a right-handed
(left-handed) positron with certain energy and certain emission
angle at the detector.

C. Spin-dependent matrix element )t

The complex matrix element first occurring in Eq. (18) is
defined as

ome =u, , ™y, ., (25)

DSt poS_

with the matrix I'™ given by

w):( L aek) k>3 +( fhdy ke >C

2c2(kp)kp-)" ) " \2etkpy)  2ctkp) )"
( fhdr  dakd > - 26)
2¢(kpy)  2c(kp-)

The complex factors B,, C,, and D, denote the Fourier
expansion coefficients resulting from application of Eq. (17).
They read

B, = J, (&)einng s

1 ; :
Cu = 5@ + gy @e "), @7)

1 ; ,
Dy = —[dns1 @)V — Jy g (@)D",

2i
where @ =,/a} + & and the introduced angle 1, is defined by
cosny = a1 /& and sin gy = o /.

We note that the matrix element (25) contains all dependen-
cies on the laser parameters and the lepton spins. It enters into
expression (24) for the production rates in terms of its squared
absolute value. In index notation, we have

|

2 =, 2 = ) = T
p+s+,p,s,| = IuaFa'gvﬂI = uaFa'gvﬁvﬁ/FWﬂ/arua/
= T s T ittty - (28)

The tensor products of the free Dirac spinors with themselves
just equal the product of the energy projection and spin-
projection operators (see [39]). Hence, Eq. (28) can be
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rewritten in form of a trace as

| (n)

me | = Tr{w) W —c) (1 +y5¢+>}
4 2¢c 2
(o) (54 o

This expression can be evaluated by using the standard trace
technique for Dirac matrices [39]. The calculation, involving
traces with up to ten Dirac matrices, is straightforward but
rather tedious. The lengthy final expression shall not be given
here.

However, one important property of the matrix element
should be mentioned. It is symmetric under exchange of the
leptons, i.e.,

|ﬁﬁ(”)

P+5+,P-S—

= o

|2
PoS_.piss

(30)
As a consequence, the differential production rates of Eq. (24)
and the polarization properties of the electron and the positron
are identical within the present approach. This symmetry
would vanish when higher orders of the Coulombic interaction
were accounted for.

III. SINGLE-PHOTON PROCESS

In this section, we consider the polarization properties of a
lepton beam produced via the linear Bethe-Heitler process (1),
involving only a single photon of energy hw, > 2mc*. We
assume that only one of the produced leptons is detected. The
corresponding degree of longitudinal polarization for, say, a
positron beam has first been calculated by McVoy [4] and
Olsen and Maximon [5], both using a perturbative approach.
The mechanisms of helicity transfer in the single-photon
process have also been studied via explicit calculation of
matrix elements by Pratt [42].

In the high-energy limit7iw, > 2mc?, McVoy [4] gives the
energy-dependent spin-resolved cross sections, from which the
degree of longitudinal polarization, depending on the detected
particle’s energy E, is obtained:

dor — doy, 4x — 1
P\(E) =~ = — : (31)
O’R~|—dUL 4.X —4X+3

where x = E /hw, denotes the fraction of the incident photon
energy transmitted to the considered particle. We note that
Eq. (31) has been obtained after integration by the polar
emission angle of the particle. This is justified because, for high
photon energies, the particles are emitted into a very narrow
cone. The fundamental kinetic properties of the produced
particles are exemplified in [40].

As a suitable test for the theoretical framework developed
in the previous section, we have used our approach to calculate
the degree of longitudinal polarization of one of the leptons
produced by a 20-MeV photon impinging on a nucleus at rest.
A very small value of the laser intensity parameter has been
assumed (£ = 107?) to make sure that the contributions from
higher photon orders (n > 2) as well as mass shift effects
[see Eq. (13)] are negligible. By dividing out the incident
photon flux, we can transform the relevant pair-production
rates d RF’L into cross sections. Alternatively, since from the
degree of longitudinal polarization P (representing a ratio
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FIG. 1. (Color online) Energy-dependent degree of longitudinal
polarization of a lepton beam produced via the linear Bethe-Heitler
process with 20-MeV photons. The gray solid line represents the
analytical result from Eq. (31), whereas the blue dashed line shows
the numerical result obtained from the present approach.

of cross sections) the photon flux drops out anyway, we may
express Py also directly via the production rates.

Our result for the energy-dependent degree of polarization
of the lepton beam is shown as the blue dashed line in Fig. 1
together with the degree of polarization predicted by Eq. (31)
(solid gray line). We find overall an excellent agreement
of both theories. Small deviations only arise at low lepton
energies. They are due to the different approximations applied.
McVoy [4] used Sommerfeld-Maue states for the derivation
of Eq. (31). These are convenient for the representation of
leptons moving at high velocities in a Coulomb field but
are not as appropriate at small lepton energies. For low
energies, our approach is even more approximate since the
Volkov description of the leptons neglects interactions with
the Coulomb field completely. This is the reason for the small
differences visible at low lepton energies in Fig. 1. We note,
however, that in case of Bethe-Heitler pair production on
a proton (Z = 1) the influence of higher-order corrections
in the Coulomb field is rather weak, rendering the present
approximation reasonable. The convincing agreement of the
numerical result obtained within our laser-dressed approach
with the well-established result of Eq. (31) indicates that our
theory is suitable for the description of polarization effects
in the Bethe-Heitler process and their generalization to the
multiphoton case (2).

Before proceeding to the multiphoton case, we wish to give
an intuitive interpretation of the result shown in Fig. 1. The
main feature is that the faster of the produced particles is more
likely to be polarized in the same direction as the photon than
the slower partner. It is interesting to note that this finding is not
explicable in terms of angular momentum conservation, as was
shown in [4]. Indeed, subtle quantum-mechanical interference
cancellations between matrix elements prevent this line of
argument. Instead, the following picture of helicity transfer in
the high-energy limit (iw, > 2mc*) may be drawn. Let us
assume that the photon transfers the main part of its energy
to one of the particles, whereas the other one is produced
almost at rest. Then the faster particle will be ultrarelativistic.
Its kinematics may thus be considered as photonlike, in the
sense that it fulfills the energy-momentum relation E = | p|c
of a massless particle [43]. According to Fig. 1, the photonlike
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nature of the particle is not only restricted to its kinematical
features but also comprises its polarization properties. In fact,
the more energetic the produced lepton is, the more likely
it will preserve the photon’s helicity. Thus, in our case where
photons with positive helicity are considered, the faster particle
exhibits a high positive degree of longitudinal polarization.

IV. MULTIPHOTON PAIR CREATION: RESULTS FROM
THE PROTON REST FRAME

Our analysis extends to the multiphoton regime where, in
accordance with Eq. (2), an electron-positron pair is produced
via the absorption of several photons from a laser field with
& « 1. The question naturally arises whether the degree of
longitudinal polarization can be enhanced in this case where
more than one photon of the same helicity is absorbed to
produce the pair. In this section we discuss the process in the
rest frame of the proton where a comparison with the known
results on the linear Bethe-Heitler effect can be carried out.

We note that, due to the small value of £ in the multiphoton
regime, only the process of lowest photon order ng typically
makes a significant contribution to the total production rate.
The production rate with photon order ny + 1 is suppressed
by a factor of &2 compared to the leading-order process.
Therefore, a genuinely multiphoton pair-creation process
requires the photon energy to be less than 2mc? (in the
proton rest frame) because otherwise the linear Bethe-Heitler
reaction will dominate the pair production. This situation will
be studied in detail in Sec. IV B. First, however, we examine
in Sec. IV A a different case where the pairs are created by
absorption of a few photons each having an energy larger than
2mc?.

We also note that in the multiphoton regime an explicit
distinction between effective lepton momenta ¢ and free
lepton momenta p* is not crucial. In the case of low-intensity
parameters (& < 1) the relations ¢g* ~ p* and m, ~ m are
well fulfilled [see Eqgs. (13) and (14)].

A. Total photon energy of 20 MeV

In Sec. III we discussed Bethe-Heitler pair creation by a
single photon of 20-MeV energy. As a direct generalization
of Fig. 1, let us consider pair production by the absorption
of n =2, 3, or 4 laser photons which possess the same total
energy (i.e., nfiwy,. = 20MeV). The corresponding degrees
of longitudinal polarization are shown in Fig. 2, together with
the result for n = 1. The curves have very similar shapes and
display a clear trend towards higher values of the polarization
degree when the number of photons grows. Hence, under
the present circumstances, multiphoton absorption can indeed
enhance the degree of polarization of the produced leptons.

However, it is clear that when photons of, for example,
10 MeV energy (as in the case of n = 2 in Fig. 2) impinge
on a proton at rest, then electron-positron pairs can already
be produced by single-photon absorption. As mentioned
above, the corresponding production rate R, for two-photon
absorption will be suppressed by a factor of &2 compared to
the rate R; for the single-photon case. Hence, leptons with
energies in the interval from mc? to (10 MeV — mc?) will be
created predominantly by the single-photon process absorbing

022109-5



TIM-OLIVER MULLER AND CARSTEN MULLER

1.0
0.8
0.6 1
0.4 r
02r

P (E)

0.0

-02¢[

-04rt, . . . J
0 5 10 15 20

E (MeV)

FIG. 2. (Color online) Energy-dependent degree of longitudinal
polarization of one of the leptons produced via the reaction p +
nw — p +ete forn = 1,2,3,4 as indicated. The total energy of the
n absorbed photons is kept at the constant value of nfiw,,. = 20 MeV.

10 MeV from the laser field. At energies above 10 MeV,
however, the single-photon channel is closed, and the produced
leptons originate from two-photon absorption.

B. Total photon energy of 1.5 MeV

Now we turn to pair-production processes which exhibit
a genuine multiphoton nature. We consider photons from a
laser field with an invariant intensity parameter of £ = 1072,
The total amount of photon energy absorbed is assumed
to be nhwpe = 1.5MeV in the nuclear rest frame. The
absorption of this certain amount of energy can be realized
in genuine multiphoton processes involving ny = 1,2, or 3
photons. (Note that distributing 1.5 MeV equally over four
photons would lead to Aiwy, = 0.375 MeV, so that three
photons would be sufficient to overcome the pair-production
threshold.)

Figure 3 shows the degree of longitudinal polarization for
these three different processes. It is defined as the asymmetry
ratio between the rates for measuring right-handed and left-
handed positrons, according to

d*Rg — d*Ry.
dzRR + dzRL ’

where dZRR/L = dzR,lfo/ L(E ,0) is the double-differential pro-
duction rate with respect to a given energy and polar angle
of the particle [see Eq. (24)]. Note that, in contrast to Secs.
IIT and IV A, an integration over the polar emission angle
is not appropriate here. The particles are emitted into a
rather wide angular range because their energies are not
ultrarelativistic.

Figure 3 illustrates that both positive and negative degrees
of longitudinal polarization are attained in all three cases.
Negative degrees of polarization [red areas] are obtained in
the region of low energy and orientations antiparallel to the
laser direction. High positive degrees of polarization [blue
areas] can be obtained both in the region of extremely small
angles or in the region of energies close to the maximum.

The lepton energies and angles which provide significant
contributions to the pair-production rate are determined by
the matrix element in Eq. (25), in conjunction with obvious
kinematic restrictions imposed by energy conservation. The
contours in Fig. 3 are drawn equidistantly in the interval from

P(E,0) = (32)
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FIG. 3. (Color online) Color-coded degree of longitudinal polar-
ization for the absorption of (a) one, (b) two and (c) three photons with
a total energy of nhiw,,. = 1.5 MeV as a function of the transversal
and parallel momentum components of the lepton with respect to the
laser beam. Negative degrees of polarization [red areas in the lower
left of each panel] occur at large emission angles in the proton rest
frame, while positive degrees of polarization [blue areas] arise at
high energies and at small angles. Contours of the double-differential
production rates are plotted as black lines at every fifth part of the
corresponding maximum value [see Eqgs. (33)—(35)].

zero to the maximum value of the double-differential rate. In
tlAle case of Fig. 3(a), the maximum occurs at the peak values
E ~ 1.55mc? and 6 ~ 0.197 and amounts to

dZRRJrL -1

ny=1 oS
—_— ~83x10" —. 33
dE db x (mc?)rad (33)

max

We can therefore conclude that the produced positron beam
has, on average, a moderately positive degree of polarization
of P [ 1 / 4.

By considering laser photons with only half the energy
as before (hwgy,e = 0.75 MeV), the production channel corre-
sponding to the absorption of only one photon is closed, and
the most favorable process of lowest possible photon order
takes place at ng = 2. Figure 3(b) shows the same quantities
as Fig. 3(a), but for the two-photon case. The maximum of the
double-differential rate is

dZRE(;IE 6 g1
=2 o x 100 — (34)
dE do (mc?)rad

max

It is located at £ ~ 1.7mc* and § ~ 0.27r. Compared to the
one-photon process involving a laser photon with twice the
energy, the distribution of angles has become narrower, and
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the energy distribution has shifted to higher values (see also
[34]). Nevertheless, the main part of the positrons is still
produced in a region where no significantly high degrees
of polarization are achieved. Most of the particles are again
produced with positive but low degrees of polarization (P ~
1/4).

Taking the photon energy in the proton rest frame to be
hwne = 0.5MeV ensures that both the processes involving
one and two photons are kinematically forbidden. The leading
photon order is ny = 3 in this case. Figure 3(c) shows the
degree of longitudinal polarization depending on the positron
momentum components. The distribution of the production
rate in momentum space has slightly narrowed. The maximum
production rate is

d?RRAL -1

n0=3 ~ S

_ §—-— 35
dEdY | (mc?)rad (35)

at a peak energy of E ~ 1.65mc?> and a peak angle of
=~ 0.227. Even when absorbing three photons all carrying
the same helicity, the distribution of polarization does not
change significantly. Only moderate degrees of longitudinal
polarization can be achieved with non-negligible probability.
This circumstance promotes the concept of strong coupling
between helicity transfer and energy transfer.

To give more quantitative results, Fig. 4 presents the double-
differential rates d> R, as a function of the lepton energy E at
a fixed angle 6 for all the three processes. The spin-resolved
rates dzR,lfo/ " are shown, together with the total (i.e., spin-
summed) rate d 2 REOJFL. In each case, the peak value 0 has been
chosen for the angle, and the rates have been scaled with their
corresponding maximum values [see Egs. (33)—(35)]. We find
that the shape of the total production rates (black lines) for
the different photon orders shifts only slightly toward higher
energies for increasing photon order. However, it can clearly be
seen that right-handed particles are more likely to be detected
with higher energies (cf. blue dashed lines), while the mean
energy of left-handed particles lies below the corresponding
value of E (cf. red dotted lines).

From Fig. 4 one can extract the corresponding degrees of
longitudinal polarization, which are shown in Fig. 5. While the
polarization degree is positive everywhere, sizable values of
Py ~ 0.7 are reached only around the minimum and maximum
lepton energies. In these regions, however, the underlying
production rates are very small. In the region around E ~ E,
where the production rates are largest, only small degrees of
polarization are reached, P| ~ 0.25. As a comparison, we note
that for the parameters of Fig. 1 the production rate is largest
around E =~ 10 MeV (where the leptons share the photon
energy in approximately equal amounts); the corresponding
degree of longitudinal polarization is substantial and amounts
to P |~ 0.5.

The smaller degrees of longitudinal polarization found for
the parameters of Fig. 5 as compared with Fig. 1 may be
attributed to the largely different energies which the leptons
have in each case. While in the situation of Fig. I, the
typical lepton energy is ultrarelativistic, the lepton kinematics
is only weakly relativistic in Fig. 5. In fact, for a genuinely
multiphoton process with ny > 1, the maximum kinetic energy
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d 2R(E) (scaled units)
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FIG. 4. (Color online) Double-differential rates at fixed angle 0
plotted against the created lepton’s energy in the proton’s rest frame
for the absorption of (a) one, (b) two, and (c) three photons with
a total energy of nhw,, = 1.5 MeV. Each graph shows the total
spin-summed rate (black solid line) together with the corresponding
probability rates for measuring a right-handed (blue dashed line)
or left-handed (red dotted line) lepton in the proton’s rest frame.
The rates are scaled to their corresponding maximum values [see
Egs. (33)-(35)].

of one of the leptons is given by

2mc?

max __ max 2
Egy = nohwy,s — 2me” =

T (36)

Here, hwy®* is the maximum photon energy which allows

multiphoton pair production with the leading photon order
being n. For higher photon energies, a lower-order process

1.0 1

0.8

0.6

P (E.0)

0.4

0.2

1.0 1.2 1.4 1.6 1.8
2

E (units of mc~)

FIG. 5. (Color online) Degree of longitudinal polarization at fixed

angle 6 = /5 plotted against the created lepton’s energy in the

proton’s rest frame for the absorption of n = 1,2, or 3 photons, as
indicated. The total photon energy is nfiwy,. = 1.5 MeV.

022109-7



TIM-OLIVER MULLER AND CARSTEN MULLER

will be the most favorable [ng — (np — 1)]. According to
Eq. (36), the energies of the leptons produced in a genuinely
multiphoton process cannot be highly relativistic. Thus, none
of the produced particles may be considered as photonlike.
Our intuitive picture of helicity transfer developed in Sec. III
therefore suggests that leptons generated through a genuinely
multiphoton process cannot attain degrees of polarization as
high as in the high-energy single-photon case.

V. MULTIPHOTON PAIR CREATION: RESULTS FROM
THE LABORATORY FRAME

In the previous section we discussed the polarization
properties of the leptons in the nuclear rest frame. These
results are mainly of theoretical interest since the particles can
naturally be considered to be produced in that frame. In the
following, we analyze the lepton polarization in the laboratory
frame where the nucleus is moving with high Lorentz factor
y and high velocity v = Bc. This is the frame where an
experimental measurement would actually be carried out.

The helicity of massive particles is not a Lorentz invari-
ant quantity. Therefore, in order to study the longitudinal
polarization in the laboratory frame, the spin vectors have
to be determined with respect to the momentum vectors in
this frame. Both the momentum vectors and the spin vectors
may then be Lorentz transformed to the nucleus’ rest frame,
where the production rates are evaluated. We recall that our
theoretical framework in Sec. II can be applied to any spin
basis.

The spin vectors entering the matrix element (29) are related
to the four-momentum p* = (E/c,p,,p;) in the proton
frame via

y 1
S 2
me \/pi +(p1 - BvE)

with the newly defined four-component vector §* given by

i
SR.L =

5, (37

i E
9= pl +p) (P - /3—>7

Cc

E
51 = (? - ﬁP)PLv (38)
y , E E
5§ =BpL+ ;(P —ﬂ;)

The spatial coordinates have been split up into their compo-
nents parallel and transversal to the z direction. When the spin
vectors (37) are transformed back to the laboratory frame,
they will be parallel (or antiparallel) to the momentum vectors
of the leptons in this frame. Hence, the transformation of the
spin-resolved production rates calculated in the nucleus’ frame
with the spin vectors (37) gives helicity-resolved production
rates in the laboratory frame.

We consider nonlinear Bethe-Heitler pair production in a
situation where the Lorentz factor of the proton is y = 100 and
a total photon energy of nhw, = 7.5 keV is absorbed (n =
1,2,3). Accordingly, in the proton frame, the absorbed photon
energy amounts to 1.5 MeV as in Figs. 3-5. The optimum
values (E ,é) given in Sec. IV B are denoted by (Elab,élab) after
Lorentz transformation to the laboratory frame.
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FIG. 6. (Color online) Double-differential pair-production rates
in the laboratory frame at a fixed lepton energy E\y,, plotted against the
lepton emission angle with respect to the laser beam direction for the
absorption of (a) one, (b) two, and (c) three photons with a total energy
of nhwy, = 7.5keV. The photons collide with a proton beam of
94-GeV energy (y = 100). Each graph shows the total spin-summed
rate (black solid line) together with the corresponding probability
rates for measuring a right-handed (blue dashed line) or left-handed
(red dotted line) lepton in the laboratory frame. The rates are scaled
to their corresponding maximum values.

Results for double-differential production rates in the
laboratory frame are presented in Fig. 6. They have been
scaled to their respective maximum values and are plotted
against the polar angle 6y, at the fixed energy Elab ~ 60mc?,
for ny = 1,2,3. We find that the cone into which the leptons
are emitted is very narrow, O, > 179°. This is due to the large
amount of momentum carried by the relativistic proton, in
comparison to the negligible amount of momentum carried
by the laser photons in the laboratory frame. We further
observe that right-handed leptons are preferably emitted under
slightly smaller angles than left-handed leptons, which is a
consequence of the Lorentz-transformation-induced inversion
of the cone in which the particles are produced. This means that
in the inner region of the lepton beam that travels essentially in
the direction of the nuclear beam the particles are more likely to
be found in a left-handed state, while in the outer region of the
beam the leptons are preferably detected in right-handed states.

Figure 7 shows the degree of longitudinal polarization in
the laboratory frame as a function of the lepton energy. Since
the leptons are emitted into a very narrow angular range, an
integration over this angle has been performed (see also Figs. 1
and 2). In fact, all leptons are moving approximately along
the proton beam direction so that the degree of longitudinal
polarization essentially refers to this direction. One can see
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n ﬁwlab =7.5keV
y =100

Py (Eyp)
=
o
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FIG. 7. (Color online) The degree of longitudinal polarization is
shown for a total amount of energy nfiw,,c = 1.5MeV at an invariant
intensity parameter of & = 1072 for all possible different leading
orders with the same combined energy, i.e., n = 1,2,3. The proton is
moving at a velocity of y = 100.

in Fig. 7 that in the energy range around E, ~ 0.6ymc?,
where the majority of particles are actually produced, the
degree of longitudinal polarization is very small but negative
and is zero at Ej, &~ 0.7ymc? for all the considered photon
orders. In the limit of high energies, the degree of longitudinal
polarization is largest for the process with ny = 1. However,
there are essentially no leptons produced at energies far
above 2ymc?.

We conclude this section by pointing out a general feature
of the degree of longitudinal polarization in the laboratory
frame. According to relation (36), the lepton energies and
momenta in the proton frame are (at most) weakly relativistic.
By Egs. (37) and (38), this implies that already for moderate
values of the nuclear Lorentz factor, y 2 10, the spin vectors
in this frame will essentially become independent of y.
Therefore, as long as the photon energy in the proton
frame remains constant (which can be achieved by varying
the laboratory-frame laser frequency in accordance with the
change of y), we may expect that, for sufficiently high
proton energies, the degree of longitudinal polarization only
depends on the ratio Ey/y, that is, Py = Pj(Ej/y). This
scaling behavior has been verified by numerical calculations
for y values up to 1000 at nphwp,. = 1.5MeV (ng = 1,2,3).
The functional character of Pj(Ej/y) was indeed found
to be practically indistinguishable from the result shown
in Fig. 7.

VI. CONCLUSION

We investigated the longitudinal spin polarization of the
electron and positron produced via multiphoton absorption
in the collision of a relativistic nucleus with a high-intensity
laser beam of circular polarization. Our treatment combined
the established laser-dressed approach to nonlinear Bethe-
Heitler pair production using relativistic Volkov states with
the spin-projection formalism. In contrast to previous studies,
the multiphoton regime of the process was considered where
the laser frequency is very high whereas the laser intensity is
relatively low.

First, we investigated the transfer of helicity from the pho-
tons to the leptons in the nuclear rest frame. The well-known
result for the degree of longitudinal polarization obtained in the
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ordinary Bethe-Heitler process involving a single high-energy
photon has been reproduced, and an intuitive explanation of
its main characteristics has been offered. Then, we showed
that the degree of longitudinal polarization is increased when
the pairs are produced by absorption of several photons
with the same total energy such that nfiwg, > 2mc>. In
a genuinely multiphoton process where nfiwy,. = 2mc?, the
polarization of the leptons also exhibits a dependence on
the number of laser photons absorbed, but the achievable
degrees of polarization are substantially reduced. From these
results we may conclude that the efficiency of helicity transfer
depends on an interplay between the number of photons
involved and the total photon energy absorbed, with the latter
parameter being more relevant. In view of practical purposes
of producing electron and positron beams with a high degree
of longitudinal polarization, our study has shown that the
established procedure of exploiting the linear Bethe-Heitler
effect (1) with a single high-energy photon is more effective
than utilizing its nonlinear generalization (2) due to the lack
of high-energy transfer in a genuinely multiphoton process.

In the laboratory frame, where the nucleus is moving at high
speed, we have found that leptons with the same helicity as the
laser photons are more likely to be detected under larger angles
with respect to the proton beam than those of opposite helicity.
This feature has also been obtained in the tunneling regime of
nonlinear Bethe-Heitler pair production [37]. In addition, the
degree of longitudinal polarization in the laboratory frame was
shown to become independent of the proton Lorentz factor at
sufficiently high proton energies, provided that the laser photon
energy in the proton rest frame remains constant.

Our results could, in principle, be probed in an experimental
facility which combines an intense laser beam of circular
polarization with a powerful ion accelerator. The required
laser photon energies of the order of mc? in the nuclear
rest frame can be achieved when (i) an intense xuv laser
source (hw; ~ 20-70 eV, I; ~ 107 W/cm?, £ ~ 1072) is
operated at the proton beam line of the Large Hadron Collider
at CERN (y ~ 3000-7000) or (ii) a high-intensity x-ray
laser facility (hew; ~ 10 keV, I; ~ 10*2 W/cm?, £ ~ 1072%)
could be combined with an ion accelerator providing Lorentz
factors of y ~ 25-75. We note that proton beams of the
corresponding energy might also become available via violent
laser acceleration [44]. For comparison we briefly comment
on the present status of high-intensity xuv and x-ray laser
sources. The free-electron laser-based FLASH facility (DESY,
Germany) generates brilliant photon beams with xuv photon
energies of iw; ~ 100 eV and intensities up to ~10'7 W/cm?
[45]. The free-electron laser at the Linac Coherent Light
Source (SLAC, Stanford) is currently able to produce x-ray
beams with iw; ~ 1keV at peak intensities of ~10' W /cm?
[46]. A considerable further increase of the achievable photon
intensities is envisaged at both laboratories. Intense coherent
xuv and x-ray pulses are also attainable by high-harmonic
emission from laser-irradiated plasma surfaces [47].
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