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1. Introduction

The Large Hadron Collider (LHC) at CERN (Geneva, Switzerland)
is currently starting operation [1]. It will reach ion energies up to
7 TeV/nucleon corresponding to proton beams with a Lorentz fac-
tor of y &~ 7000 and Pb nuclei with y = 3300. The main physics
objectives of this new machine are the search for the Higgs boson
and for physics beyond the Standard Model [2]. In this note we
describe an application of the LHC for exploring a yet unobserved
nonlinear quantum electrodynamic (QED) process, namely lepton-
antilepton pair creation in combined nuclear and laser fields via
the multiphoton Bethe-Heitler effect. Also other QED processes
probing the structure of the physical vacuum in this kind of field
combination are presently under the active scrutiny of theoreti-
cians, such as photon-fusion or Delbriick scattering [3]. This re-
search domain might become interesting for LHC once its major
tasks have been accomplished.

The creation of ete™ pairs in intense laser fields is encounter-
ing a growing interest in recent years [4]. It has been stimulated by
a pioneering experiment at SLAC (Stanford, USA) where eTe~ pair
creation was observed in the collision of a 30 GeV y -photon with
an optical laser pulse of 10'® W/cm? intensity [5]. The high-energy
photon was first produced by Compton backscattering of the same
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laser beam off a 46 GeV electron beam. Due to the high photon
density in the intense laser pulse, the simultaneous absorption of
more than one laser photon is possible with a non-negligibly small
probability. In the experiment, n =5 laser photons of hwg ~ 2 eV
combined their energies with the y-photon upon the collision to
overcome the pair creation threshold: y +nwy — eTe™ (nonlinear
Breit-Wheeler process). The characteristic feature of intense laser
radiation to allow for such multiphoton processes is intensively be-
ing studied at lower energies in atomic physics [6].

Inspired by the SLAC result, several theoreticians have calcu-
lated the production of ete~ pairs in head-on collisions of rel-
ativistic ion beams with laser radiation (see [7-13] and refer-
ences therein). The counterpropagating-beam geometry enhances
the laser frequency to w ~ 2y wp in the nuclear rest frame by
the relativistic Doppler shift. In this situation the Compton chan-
nel is suppressed by the large projectile mass and pair creation
occurs predominantly through the nonlinear Bethe-Heitler mech-
anism where a virtual photon from the Coulomb field combines
with n real laser photons to produce the pair:

Te~. (1)

Pair creation in relativistic laser-ion collisions thus represents a
different nonlinear QED process than the one observed at SLAC,
due to the off-shell character of one of the photons involved.
A particularly interesting aspect is that, by employing nuclei of in-
creasing charge, also nonperturbative effects with respect to the
Coulomb field could be studied in a situation where already the

Y ¥ +nwy—e
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laser field couples nonlinearly to the leptons. Moreover, replace-
ment of the projectile-electron by a nucleus introduces a new
channel: bound-free pair production, where the electron is pro-
duced in a bound atomic state of the ion. The corresponding pro-
cess is known from relativistic heavy-ion collisions, where it ex-
hibits a pronounced nonperturbative character [14]. Similarly, in
the present case the bound-free channel is beyond first order in
the interaction with both the laser and the nuclear Coulomb field
[see Eq. (7) below].

While the usual Bethe-Heitler process by a single high-energy
photon was measured already in the late 1940s [15], its nonlin-
ear generalization (1) has not been observed yet. The theoreti-
cal proposals have been based on the hypothetical combination
of two large-scale facilities: (a) either the LHC together with a
petawatt-class infrared laser of intensity I ~ 102! W/cm? such as
the HERCULES laser at the University of Michigan (Ann Arbor, USA)
[16] or the VULCAN laser at Rutherford Appleton Lab (Didcot, UK)
[17]; (b) or an ordinary but still powerful ion accelerator pro-
viding y 2 50 combined with an X-ray free-electron laser (XFEL)
of frequency hwg ~ 10 keV; corresponding XFEL beam lines are
presently under development at SLAC and DESY (Hamburg, Ger-
many) [18]. These mergings are difficult to realize since in all cases
the ion accelerator and laser facility are large in size and located
at different places. (Note that the HERA proton accelerator at DESY
has been shut down in 2007, unfortunately.)

In the present Letter we show that a solution to this obsta-
cle is offered by a new development in laser science. Via high-
harmonic generation from laser-irradiated atomic gas jets it has
recently become possible in various laboratories to produce intense
trains of attosecond laser pulses with frequencies in the xuv do-
main (fiwp ~ 100 eV) and focussed intensities of I ~ 10 W/cm?
[19,20]. Even higher intensities might be reachable with attosec-
ond pulses from plasma surface harmonics [21]. These ultra-short
pulses hold promising prospects for time-resolved spectroscopy of
the electron dynamics in atoms and molecules. Here, however, we
propose an unusual application of the attosecond technology in
high-energy physics. Since the corresponding experimental devices
are of table-top size it is conceivable to bring them to LHC. The
Doppler-shifted laser frequency in the ion frame would be suffi-
ciently large to generate ete™ pairs by few-photon absorption. We
present corresponding production rates for proton and Pb impact,
which indicate experimental feasibility of the process. We also
briefly discuss u™ ™ pair creation by utilizing envisaged table-top
X-ray devices.

It should be mentioned that ete~ pair production has also
been observed in recent studies on relativistic laser-plasma inter-
actions [22,23]. In these experiments, a solid target is irradiated
by an intense laser pulse which creates a hot plasma and accel-
erates electrons to high energies. In the field of the ions, the fast
electrons emit bremsstrahlung which is converted into eTe~ pairs
through the ordinary (linear) Bethe-Heitler effect. The laser field
plays an indirect role only in the pair production here, by serv-
ing as a particle accelerator. In contrast to that, the Bethe-Heitler
processes discussed in the present Letter proceed nonlinearly via
multiphoton absorption, with direct participation of the laser field
in the pair creation step (1). With respect to the linear Bethe-
Heitler effect by a single high-energy photon, it is interesting to
note moreover that the influence of a strong low-frequency back-
ground laser field on this process has been calculated recently
[24]; the laser assistance leads to a pronounced channeling of the
created particles.

2. Electron-positron pair creation

From a theoretical point of view the available attosecond pulse
trains (APTs) are weak in the sense that the Lorentz-invariant in-
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Fig. 1. Graphical equation in terms of Feynman diagrams describing free e*e~ (or
™) pair production in combined laser and Coulomb fields. The interaction of
the leptons with the latter is treated within the first order of perturbation theory
here and indicated by the dashed lines. The interaction with the laser wave is ac-
counted for to all orders within the framework of laser-dressed QED, as expressed
by the first Feynman graph where the double lines represent the exact lepton wave-
functions in the laser field (Volkov states). Expanding the Volkov states with respect
to the lepton-laser coupling results in a perturbation series, some typical low-order
terms of which are shown by diagrams (a)-(d). The laser photons are symbolized
by the wavy lines and the arrows indicate whether the respective laser photon is
emitted or absorbed during the process.

tensity parameter & = eEg/mwp is much smaller than unity. Here,
Eo denotes the peak electric field strength of the linearly polarized
laser beam, —e and m are the electron charge and mass, respec-
tively, and we employ natural units (h =c = 1). For the available
APTs its value is £ ~ 10~4. In this regime of laser-matter coupling
a process involving n photons could be calculated within nth or-
der of perturbation theory in the photon field. It is, however, more
convenient to work within the framework of laser-dressed QED
employing relativistic Volkov states [25,26]. The latter are exact
analytical solutions of the Dirac equation in the presence of an
external plane-wave laser field. They allow to include the interac-
tion of the leptons with the laser field up to all orders (see Fig. 1).
With regard to nonlinear Bethe-Heitler creation of free pairs, the
remaining interaction with the nucleus may be treated in lowest-
order of perturbation theory. Within this approach, the amplitude
taken in the nuclear rest frame reads

S =—ie / dxW o OVien ¥, 5, (), 2)

with the static nuclear potential Viy,(r) = Ze/r, the nuclear charge
number Z, and the Volkov states ¥, s, (x). The leptons are charac-
terized by their four-momenta p+ and spin projections s+ outside
the laser field. Although the laser field is treated as a classical elec-
tromagnetic wave, photons arise from a mode expansion of the
oscillatory parts in Eq. (2) which contains multiphoton processes
of arbitrary order. The leading-order rate for nonlinear Bethe-
Heitler pair creation by absorption of n laser photons scales like
R™ ~ g2n_ Accordingly, the SLAC experiment found a reaction rate
~ £10, Higher-order corrections stem from additional photon ex-
change which goes beyond the minimum photon number required
from energy conservation. For example, when pair creation is ener-
getically possible by two-photon absorption there will be small ad-
ditional contributions where more than two photons have been ab-
sorbed. These corrections to the leading-order term are suppressed
by an additional &2 factor. As an alternative to the S-matrix ap-
proach, the laser-dressed polarization operator can be employed to
calculate total pair creation rates [11].

The lowest-order term of the rate expansion in powers of &2
gives the famous result of Bethe and Heitler for pair creation by
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Table 1

Lepton pair creation rates in collisions of ultrarelativistic proton and Pb beams with xuv or X-ray laser pulses. The rates were obtained by numerical calculations based on
Eq. (2) and refer to a single projectile ion. The xuv (X-ray) laser intensity is 1.78 x 10 W/cm? (2.54 x 10%2 W/cm?). The laser fields are assumed monochromatic and

linearly polarized.

produced pair projectile y hao [keV] hw [MeV] photon order lab-frame rate [s~!]
free ete™ p 7000 0.1 14 1 5.79 x 102

p 3300 0.1 0.66 2 3.76 x 106

Pb 3300 0.1 0.66 2 2.53 x 102
bound-free ete~ p 7000 0.1 14 1 6.09 x 103

Pb 3300 0.1 0.66 2 4.08 x 107!
free utpu~ p 7000 12 168 2 8.25 x 10>

p 3300 12 79 3 7.77 x 10712

Pb 3300 12 79 3 6.59 x 1071

a single photon (see Fig. 1(a)). In the high-energy limit w > 2m,
the rate can be written in closed-form as
o_ T 242 2wy 109

RY = 187 (xZ)“& a)|:ln< o ) 5 i| 3)
referring to the rest frame of the nucleus. Here, o denotes the
QED fine-structure constant. The rate (3) can be converted into
a cross section by dividing out the photon flux j = wm?£2?/8ma.
This result is independent of the photon polarization. We note
that in multiphoton physics total probabilities are preferably given
as reaction rates since the cross section for a multiphoton pro-
cess o™ = R™ /j still involves powers of £2 and thus depends on
the incoming photon intensity. The next-to-leading order correc-
tion term to Eq. (3) has been obtained in [11]:

AR:—E(QZ)ZE“Q)[In(z—w) —EIHZ—E]. (4)
907 m 13 195

It contains the process of two-photon pair production (see Fig. 1(b))
as well as £2-corrections to one-photon pair creation (arising,
e.g., from the interference between the diagrams in Figs. 1(a)
and 1(d)). The correction (4) would have an appreciable effect
in stronger laser fields with & > 0.1 where it reaches the per-
cent level. Corresponding xuv intensities are likely to be attainable
from plasma harmonics [21]. Signatures of the additional photon
involved would also arise in the energy spectra of the created par-
ticles. In the opposite nonrelativistic limit close to the energetic
threshold (w — 2m <« m) the one-photon Bethe-Heitler rate reads

(@Z)> w—2m\>
1 _ 2
RY = 9% & w( o ) . (5)

For frequencies in the range m < w < 2m the Bethe-Heitler pro-
cess can only proceed nonlinearly via two-photon absorption (see
Fig. 1(b)). Close to threshold, the corresponding rate reads

@ @2)? 4, (o-m 2
R == 5\ (6)

for a linearly polarized laser wave [11]. It is interesting that the
frequency scaling becomes ~ (w —m)* for circular laser polariza-
tion. Polarization dependence is a characteristic feature of nonlin-
ear processes, in general.

Let us consider the collision of an intense APT (wg = 100 eV,
& = 1.4 x 10~*) with the LHC ion beams. For proton impact with
y = 7000 an ete~ pair is produced by one-photon absorption
since w = 1.4 MeV. By numerical calculations based on Eq. (2)
we obtain a corresponding lab-frame rate of Rl(;g ~5.79 x 10% s~
which is in reasonable agreement with the threshold formula (5).
The latter slightly overestimates the rate by a factor of 2 since the
frequency value lies above its range of applicability. Note that the
rate in the lab-frame is reduced by a factor y ! because of rela-
tivistic time dilation with respect to the ion-frame. When Pb pro-
jectiles with y =3300 are used instead, two photons are needed

to overcome the energy barrier. The higher-order in £2 leads to a
smaller total rate of Rl(:g ~2.53 x 1072 s~1, Coulomb corrections
to the first-order treatment of the nuclear field in Eq. (2) could
slightly modify this value. For comparison we note that a proton
at the same speed leads to a rate of Rg}; ~3.76 x 1076 s~1, These
numbers agree with Eq. (6), again within a factor of 2. Our results
are summarized in Table 1. The rates can be transformed into to-
tal yields by taking the laser pulse length and repetition rate as
well as the projectile beam density into account. We assume that
in the experiment a single LHC ion bunch containing Nig, ~ 10!
particles is used. It has a transverse radius of about pjo, &~ 16 pm
and circulates with a revolution frequency of fion ~ 11 kHz [2]. An
APT of 30 fs total duration is supposed, consisting of 25 single at-
tosecond pulses with a duration of 300 as each. The effective time
when the field is present in the APT thus amounts to 7 = 7.5 fs.
Note here that the individual attosecond bursts are separated by
half a period of the driving optical laser. The train repetition rate
can be synchronized with the circulating ion beam, i.e. fapr = fion-
The typical diameter of an APT is on the order of 10 um so that
we may assume perfect overlap with the ion beam. The num-
ber of pair creation events per unit of time is determined by
Ney = RiabNion fionT /2, With the factor of 1/2 arising from the rela-
tive beam velocity. We obtain 0.1 nonlinear Bethe-Heitler pair cre-
ation events per second via two-photon absorption from the APT
colliding with the LHC Pb beam. This event rate seems to render
experimental observation feasible. For comparison we note that
about 2400 ete~ pairs per second are produced through the or-
dinary (linear) Bethe-Heitler process when the 7 TeV proton beam
is used instead.

We point out that the duration of the single attosecond spikes
in the APT amounts to 300 as/2y ~ 30 zs in the projectile frame
[27,28]. This value approaches the natural QED time scale of 1/m ~
1 zs =1072! s. The combination of ultrarelativistic particle beams
with ultrashort laser pulses might therefore allow for pump-probe
experiments on the structure of the physical vacuum when a first
zeptosecond spike prepares a certain electron-positron state which
is analyzed by a subsequent spike. The pump-probe technique is
very successfully applied in atomic physics for time-resolved mea-
surements of processes occurring on the fs and sub-fs scale [19].

3. Bound-free electron-positron pair creation

A variant of the Bethe-Heitler process (1) is represented by
bound-free e*e™ pair creation [28-30]. Here the e~ is created not
as a free particle but in a bound atomic state of the projectile
ion. The corresponding process has been observed in relativistic
heavy-ion collisions, for example at CERN-SPS [14,31]. Bound-free
pair creation by a high-energy photon in a nuclear field was, in
principle, already calculated by Sauter in the early 1930s [32-34].
Its multiphoton generalization in laser fields can be calculated in a
way similar to Eq. (2), with the electronic state given by a bound
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Coulomb-Dirac wave function. When n = 2 laser photons partici-
pate in the process, the production rate approximately scales like
[29]

K
W — Wnj
RE ~ Z9g4( ——m0 ) | 7)
m

Here, wmi, denotes the threshold photon frequency determined by
Nwmin = 2mM — &, with the atomic binding energy &,. The exponent
k depends again on the laser polarization: x ~ 0.5 for linear polar-
ization and k ~ 1 for circular polarization. The Z scaling is typical
for an electron capture process [14]. Note that in Eq. (7) the inter-
actions with both the laser and the nuclear field enter beyond first
order.

When an LHC proton collides with an xuv pulse, bound-free
pair creation proceeds by single photon absorption (Sauter limit)
with a rate of R](Jlf) ~ 6.09 x 1073 s~1, as shown in Table 1. For
Pb impact the absorption of two photons is required so that an
additional £2 ~ 10~® factor appears in the total rate. The reduc-
tion by this factor, however, is overcompensated by the strong Z
dependence in Eq. (7). As a result, the two-photon rate from Pb
is larger than the one-photon rate from protons and amounts to
Rl(ff) ~4.08 x 10~! s~1. In both cases the electron is assumed to be
captured to the 1sq,2 ground state which gives the major contribu-
tion to the process due to its broad momentum distribution. The
contribution from higher atomic levels slightly enhances the rate
by ~ 15% [29,33]. The rate for nonlinear bound-free pair creation
by Pb impact is larger by an order of magnitude than the corre-
sponding creation rate of free pairs. This is due to the stronger
Z scaling in combination with the weaker frequency dependence
of the bound-free channel [cf. Egs. (6) and (7)]. The total num-
ber of events, taking the spatio-temporal beam parameters into
account, is 1.6 s~' which should be accessible to experiment. It is
interesting to note that antihydrogen atoms could be produced in
collisions of APTs with antiprotons, with the rate Rl()lf) given above.
The corresponding process in relativistic antiproton-ion collisions
was realized a decade ago at the CERN-LEAR facility [35].

4. Muon pair creation

With X-ray rather than xuv frequencies also nonlinear ™~
pair creation could be realized at LHC [36]. Corresponding table-
top sources of intense APTs with frequencies up to the keV domain
are anticipated by surface harmonics in the relativistic regime
of laser-plasma interaction [21]. Moreover, apart from the large-
scale XFEL facilities presently under development, there are also
efforts to build table-top XFEL devices [37]. According to opti-
mistic estimates, these might reach comparable operation param-
eters (wo ~ 10 keV, I ~ 10'® W/cm?) due to very high quality of
the laser-generated driving electron beam with a peak current of
~ 100 kA (see Table 1 in [37]). w*T ™~ production requires higher
laser frequencies because of the large muon mass m,, ~ 207m and
the rate scaling ~ 55", where &, =&m/m,, and n~m,/w. In con-
trast to ete™ creation, the finite size of the projectile nucleus has
to be taken into account here since the typical momentum trans-
fer g ~m,, is of the order of the inverse nuclear radius. As usual,
this introduces the nuclear form factor F = F(q?) into the reaction
rate by virtue of [38]

R, =Ro[Z?F*+Z(1-F?)]. (8)

The term ~ Z2 accounts for the elastic channel where the nucleus
remains in its ground state and the Z protons act coherently; the
term ~ Z describes the inelastic channel involving nuclear exci-
tation and incoherent proton action. Ry denotes the reaction rate
for a pointlike proton; for the case of two-photon muon creation

close to threshold, Rp is given by Eq. (6) with the replacements
m — my, and & — &,. For simplicity we employ in our calcula-
tions a spherically symmetric Gaussian charge distribution, whose
free parameter is adjusted to reproduce the measured rms charge
radius. We assume an X-ray beam of frequency wo = 12 keV and
intensity parameter &, = 6.8 x 107> [18]. This corresponds to an
intensity of order 102 W/cm? which can be achieved by im-
proved X-ray focussing techniques. When colliding with the LHC
proton beam, muon pair creation is possible via two-photon ab-
sorption and occurs with a rate of R,(f) ~ 8.25 x 107> s~! (see
Table 1). This result has already been reported in [36]; a similar
rate can be expected for 77~ creation. We note that because of
pronounced recoil effects, the y-factor which would be required
for two-photon p* ™ production by a projectile electron is much
larger: ¥ > 10°, corresponding to a yet unavailable electron energy
in the TeV range. The LHC Pb beam produces muons with much
lower efficiency since three photons are needed to bridge the en-
ergy gap (see Fig. 1(c)), which suppresses the process by a factor
éﬁ ~ 1078, Besides, the production mainly proceeds through the
inelastic channel because of the large nuclear size of Pb, so that
its charge enhances the rate by a factor Z only. As a consequence,
Coulomb corrections are of minor importance here [14]. The result-
ing rate is R}’ ~6.59 x 10~"3 s~ which seems hardly observable.
Experimental studies of p* ™ production should therefore rely on
the LHC proton beam. The total event rates are reduced by the fact
that the beams overlap only partially since a sub-um waist size
of the X-ray pulse is required to obtain sufficiently high intensity.
As a background process, also eTe~ pairs are produced by single-
photon absorption in the nuclear field. The rate is given by Eq. (3)
and amounts to ~ Z2 x 10" s~! in the lab frame. We emphasize
that this rather strong background process does not deplete the
X-ray beam: assuming a pulse duration of 100 fs and a focal ra-
dius of 100 nm, the latter contains about 10! photons, whereas
only ~ Z2 x 1072 e*e™ pairs are generated per ion.

Finally, we point out that ete™ pair production might also
become feasible within an all-optical setup where a relativistic
proton beam is generated by laser wakefield acceleration instead
of the LHC. In the so-called laser-piston regime, proton energies
corresponding to y =~ 50 have been predicted [39]. According to
the simulations, each proton bunch contains ~ 10'2 particles and
has a transverse radius of about 5 pm. When combined with an
ultrashort X-ray pulse produced from plasma harmonics (wo ~
5-10 keV), the energy threshold for ete~ pair creation would
bezovercome by two-photon absorption leading to a total rate of
RZ ~5s71.

5. Conclusion

In conclusion, lepton pair creation via the nonlinear Bethe-
Heitler process in relativistic laser-ion collisions has been consid-
ered. A feasible setup for the first observation of this process could
be obtained by combining two cutting-edge technologies which are
usually considered unrelated, namely an attosecond xuv photon
source with CERN-LHC. In contrast to earlier proposals this com-
bination is, in principle, readily available since such laser pulses
are produced by table-top devices. In conjunction with the LHC
Pb beam, event rates approaching Ney ~ 1 s~! could be achieved
for the creation of free or bound-free eTe~ pairs via absorption
of two real photons. By envisaged compact X-ray devices and the
LHC proton beam also p* ™ pairs could be produced in this man-
ner, though at lower rates [40]. Nonlinear laser polarization effects
could be tested and contributions from next-to-leading order terms
revealed. The zeptosecond duration of the pulses in the ion frame
holds prospects for time-resolved pump-probe studies on the QED
vacuum.
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