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bn mxe I.B. u ap. E2-2005-176
B KyyMmHOe poxkieHHe I p B I10Jl€ MOIIHOTO ONTHYECKOTO JI 3ep

U3yd ercsi B KyyMHOE POXICHHE BIEKTPOH-IIO3HTPOHHBIX II P B CKPELICHHBIX
Iy4K X MOLIHBIX ONTHYECKHX JI 3epoB. MCIIONB3yeTCS TOYHOE HEM PKOBCKOE KHHE-
THYECKOE yYp BHEHHE, CIP BEIHBOE Ul OJHOPOIHOIO 3JIEKTPUYECKOrO MOJIS C HPO-
U3BOJILHON 3 BHCHMOCTBIO OT BpeMeHH. B Cilyd e I pMOHHYECKOro MoJjs IUIOTHOCTb
I P OCUMJLIMPYET, A0CTUr s Benuuuubl mopsuk 1020 cm™3, u np Kruyecku mosuo-
CTBIO MCYe3 €T MOC/e BBIKIIOYCHH mojst. CpemHss IIOTHOCTh 3 IIEPHOL IIPOIOp-
LIMOH JIbH KB [P Ty MOJS M HE 3 BHCUT OT Y CTOTHI ¥/, B TO BpeMs K K OCT TOYH 5
ITOTHOCT HPONOPIKMOH JbH  (v/m)?. B K YecTBe BO3MOXHOIO H 6110l €MOTo Npo-
siBteHuss 3(peKT p cCcM TpPUB erTcst ABYX(POTOHH sI HHHMTWISLMA 11 p. IlomydeH
OLEHK 4YHCI T KHX COOBITHH Wi H MOOJIee MOIIHBIX ACHCTBYIOIIMX ONTHYECKHX
7 3epOB, KOTOP 1 cOCT BisieT 5—10 COOBITHI H ONHH JI 3¢PHBIH MMITYJIbC.

P Gor Bemonnen B JI Gop Topuu teoperuueckoit ¢usuku uM. H.H. Boroio-
6o OUSIU.

Ipenpunt O6beIUHEHHOTO UHCTUTYT SIIEPHBIX MccnenoB Huil. Jyou , 2005

Blaschke D.B. et al. E2-2005-176
Pair Production and Optical Lasers

Electron—positron pair production in a standing wave is explored using a
parameter-free quantum kinetic equation. Field strengths and frequencies corre-
sponding to modern optical lasers induce a material polarization of the QED vacuum,
which can be characterized as a plasma of eTe™-quasiparticle pairs with a density
of ~ 10%° cm™3. The plasma vanishes almost completely when the laser field is
zero, leaving a very small residual pair density, n,, which is the true manifesta-
tion of vacuum decay. The average pair density per period is proportional to the
laser intensity but independent of the frequency, v. The density of residual pairs
also grows with laser intensity but n, oc 2. With optical lasers at the forefront
of the current generation, these dynamical QED vacuum effects can generate 5-10
observable two-photon annihilation events per laser pulse.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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In the presence of a strong external electric field the vacuum of QED «breaks
down» via the emission of electron—positron pairs [1,2]. A theoretical under-
standing of this phenomenon is well established; e.g., Refs. [3,4], but hitherto
an experimental verification is lacking. A key obstacle is the very high value
of the electric field required to achieve this phenomenon; namely, for electrons,
Eo =m?/e=1.3-10V/cm. (We use h = 1 = c¢.) According to Schwinger’s
formula [2], the pair creation rate in a constant electric field is exponentially
damped for ¥ < E... However, a very different situation exists when the elec-
tric field is strongly time-dependent [4-9]. In this case the Schwinger formula
and its analogue for a monochromatic field become inapplicable in the weak-field
regime [10]. Despite the high value of E.,, examples do exist of physical situa-
tions in which vacuum pair production can occur, such as: relativistic heavy-ion
collisions [11]; neutron stars [12]; and focused laser pulses [13].

A description of an electromagnetic field can be obtained using F = (E? —
B2%)/2, G = E-B. No pairs can be produced when F = 0 = G, which is
the case for an electromagnetic plane wave. This is also approximately true for
the field produced by focused laser beams [14], in which case pair production is
exponentially suppressed. On the other hand, it should be possible to avoid the
lightlike field configuration with a spatially uniform field created in an antinode
of the standing wave produced by the superposition of two coherent, counter-
propagating laser beams [15]. Pair creation is a nonperturbative effect and no
complete solution of the relevant dynamical equations is available for a realistic
configuration of laser fields. However, numerous studies exist for the idealized
situation of spatially-uniform time-dependent fields [7-19] with the conclusion
that vacuum decay is not observable with the laser parameters currently available.

With recent developments in laser technology, in particular the method of
chirped pulse amplification, having yielded a remarkable increase in light intensity
at the laser focal spot [20], and with the construction of X-ray free electron
lasers (XFELs) now underway, the possibility of an experimental verification of
spontaneous pair creation from the vacuum is again attracting attention [21,22].

Vacuum decay is a far-from-equilibrium, time-dependent process and hence
kinetic theory provides an appropriate descriptive framework. We employ the
approach of Ref. [5], which allows one to consider pair production as a dynam-
ical process while accounting properly for the initial conditions. This method is
essentially nonperturbative and possesses novel features. For example, it incorpo-
rates the essentially non-Markovian character of pair production in quantum field
theory and its dependence on particle statistics [23,24], and provides for a de-
scription of the complete momentum-dependence of the single-particle distribution
function. A characteristic feature of the kinetic approach is an ability to describe
quasiparticle excitations during all stages in the evolution of an external field.



This quantum kinetic framework was used in Refs. [7,8] to study an electric
field with near critical magnitude and X-ray frequency. It was shown that a
field magnitude of approximately 0.25E., could initiate particle accumulation
and the consequent formation of a plasma of spontaneously produced pairs. The
quantum Vlasov equation of Ref. [5] has also been employed in studies of the
pre-equilibrium phase in the evolution of a quark—gluon plasma, whose creation
on earth via ultrarelativistic heavy-ion collisions is an aim at the RHIC and
LHC [25].

Herein, on the other hand, we consider the possibility of pair production with
field parameters that are achievable today at laser facilities which are already in
operation [26,27]; namely, v? < E < E.,, where v is the laser field frequency.
As gauges of creation efficiency we employ the mean density per period, (n),
and the residual density taken over an integer number of field periods, n, [9].
We argue that, in comparison with XFELs, modern optical lasers can generate
more vacuum polarization e*e~ pairs owing to the larger spot volume ~ A3,
where A is the wavelength of the laser light, and hence can provide access now to
observable signals of vacuum decay, such as coincident photon pairs from eTe™
annihilation.

The key quantity in our approach is the single-particle momentum distribution
function f(p,t). The kinetic equation satisfied by f(p,t) can be derived from
the Dirac equation in an external time-dependent electric field via the canonical
Bogoliubov transformation method [4], or with the help of an oscillator represen-
tation [28]. These procedures are only valid for simple field configurations; e.g.,
a spatially uniform, time-dependent electric field E(t) = (0,0, E(¢)), which is the
idealization we shall consider. The field is assumed to vanish at an initial time
t = tp, when real particles are absent. This is the ground state. Ignoring colli-
sions, that are valid for the relatively weak field strengths considered herein [7,8],
one can write the kinetic equation in the form [5]

af(p,t) af(p,t)
ot op

+ eE(t)
t
= %A(p,t,t) /dt1 A(p,t1,t) x [1 = 2f(p,t1)] cos[x(t, t1)], (1)
to
where the three-vector momentum p = (p,p) and
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t
x(tvtl) = 2/dt2 6(p7t27t)a (4)
ty

e2(p,t1,ta) = €% +pﬁ(t1,t2), with €2 =m? + p?.
The total field E(t) is defined as the sum of the external (laser) field F. and
the self-consistent internal field Ej,, which is determined by Maxwell’s equation

Ein(t) = —e/dg—pi{?mf(pat)

(2m)3 €0
t

+e /dt1A(p,t1,t) [1—2f(p,t1)] cos|x(t, t1)]], (5)

to

where €9 = €(p, t,t). The current density on the r.h.s. of Eq. (5) is the sum of a
conduction current, proportional to f(p,t) and tied to the particles motion, and a
polarization current, linked to the pair production rate.

Equation (1) is an integro-differential equation. Its solution is complicated
by the presence of three time-scales, which can be vastly different: 74, = 1 /m,

107 -

Number of pairs, n(t) 23
=)
~
T

—_
<
[\
T
|

107 F 1

10—8 I 1 R 1 . 1 . 1 ) 1 ) 1
0.0 0.2 0.4 0.6 0.8 1.0

Time, T

Fig. 1. )\3n(t) as a function of time, measured in units of the laser period, 7T'; i.e., the
number of pairs produced within a volume A by the field in Eq. (8). Solid line — optical
laser (weak field case) [26]: ES = 3-10 °E.: and Ao = 795 nm. Dotted line — XFEL
(strong field) [7,8,21]: EX = 0.24 E.; and Ax = 0.15 nm. The value of the residual
pair density, n,., is marked in both cases. NB. (Ao/Ax)* = 1.5 10"



the quantum time-scale that expresses intrinsically quantum field theoretic ef-
fects; 7w = m/(eF), the time-scale characterizing the separation between pair-
production events; and 7, = 1/v, the laser period. For the fields of interest
herein 7, > Tqu and 7, > 74,. However, despite this appearance of two small
parameters, one cannot develop a perturbative solution because of the tempo-
ral nonlocality expressed in the source via the coherent phase oscillation term:
cos[z(t,t')]. Simplification is nevertheless possible because, with optical laser-like
parameters, £ < E.,, and consequently [7, 8] the quasiparticle number density
is small; viz., [1 — 2f(p,t)] & 1, and the internal field Fj, is negligible. Under
these conditions, the solution is
t

fo.) = 5 [ d Apoti,

to
t1

X / dty A(p, t.t) cosla(t, t2)], ©)

to
from which the result is obtained directly via numerical integration subject to the
initial condition f(p,to) = 0. The number density is

3
nt) =2 [ £ fe.0) )

We consider herein a simple model for the field formed in the superposition
of two coherent, counter-propagating laser beams; i.e., a harmonic field, with
magnitude F,, and angular frequency w = 27v, that persists for z periods of
length T'=1/v:

E(t) = By, sinwt, 0<t<2T. ®)
In Fig. 1 we plot the time dependence of the quasiparticle pair density gen-
erated by fields of the type in Eq.(8). Two field strengths are considered:
one that represents the parameters of a working Ti:sapphire laser [26], with
EQ ~ 3.107%E. and \o = 1/v = 795 nm; and another which mimics the
planned XFEL at DESY [21], with Efﬂ( =024 F; and Ax = 0.15nm. It is
apparent that the density of eTe™-quasiparticle pairs oscillates in tune with the
field frequency [7,8].
We now introduce the residual and mean pair densities:

1 to+zT

n, :=n(zT), (n) = —/ dtn(t). 9
z to

For fields of the type in Eq. (8), one finds

eEm ’ m_)\ ’ nr w_2 (10)

m2 2 | 7 (n)  m2’

N3 (n) ~ [



and for optical lasers, as one would anticipate, this ratio is very small. For
example (see Fig. 1), with the model optical laser parameters n, ~ 10*4)\53,
(n) ~107A5* and n,./(n) ~ 10~'; whereas for the XFEL parameters n,. ~ \y°,
(n) ~ 10*A\5* and n,./(n) ~ 1072

On the other hand, these results reveal that despite the fact that the residual
density under XFEL conditions exceeds that of optical lasers by many orders of
magnitude, the number of etTe™-quasiparticle pairs within the spot volume is far
greater for optical lasers. Indeed, on average, optical lasers produce roughly 107
virtual pairs in their spot volume during each laser period. This corresponds to
a vacuum polarization pair density of ~ 102°cm~3; i.e., a dense plasma of
eTe™ -quasiparticle pairs that vanishes almost completely at the field’s nodal
points. NB. This outcome is readily understood: the spot volume for optical
lasers is much larger than that for a typical XFEL.

One may compare our result with that of Ref. [9], which employs an imag-
inary time method that yields n, ~ z but no information about (n). In Eq.(10)
we report that the mean density of e*e™-quasiparticle pairs is independent of v,
while n,, ~ v2. Both densities are proportional to the laser’s intensity and this
leads to the accumulation effect for n, in near critical fields [8]. For subcritical
fields, the number of ete™ pairs remaining after an integer number of periods is
negligible in comparison with the mean density. (NB. Eq.(10) is not applicable
for pulse-shaped fields, which may be a more realistic model for crossed lasers.
For this geometry n, depends strongly on the parameters that determine the pulse
shape but this is not material to our subsequent discussion, which is based on
results determined numerically.)

In Fig.2 we plot the single-particle momentum distribution at an antinode of
our model for an optical laser field. Consistent with Ref. [7], even for this weak
field the distribution function has a longitudinal and transverse momentum space
width ~ m. This is in contrast to a common assumption that the longitudinal
momentum of the produced pairs vanishes [11].

We have shown that an optical laser can induce a significant polarization of
the QED vacuum. To determine whether this has observable consequences we
estimate the intensity of eTe™ — ~y annihilation from the polarization volume.
The v+ signal, with mean total energy ~ 1 MeV (cf. the laser photon energy of
~ 1 eV), should be seen outside the laser spot volume. The ~~ rate is

AN+ o~ d’py &
ete :/ 1 b2 fl(plvt)f2(p27t)x

dt d3zx (2m)3 (27m)3

x o(p1,p2) vV (Vi — v2)2 — (vi x v)2, (11)

where v is a particle’s velocity and o is the cross section for two-photon annihi-
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Fig. 2. Single-particle momentum distribution function at an antinode of the electric field
in Eq. (8) for optical laser parameters; viz., Em = 3 - 107° E¢,

For this estimate, we consider a laser-induced field specified by the following
parameters [26]: pulse intensity 7 = 102° W/cm?; pulse duration 77, = 85 fs
and A = 795 nm; and spot diameter 2.5 pm, and find there are 5-10 annihilation
events per laser pulse. We depict the wavelength dependence of the mean particle
number and spot-volume production rate in Fig.3. Plainly, as noted in Ref. [8],
if all other factors can be maintained, there is merit in increasing A. While more
dramatic signals must likely await XFEL capacities [7, 8], this study suggests the
intriguing possibility that contemporary laser facilities may be sufficient for the
first observation of an intrinsically nonperturbative effect in QED.
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Fig. 3. Solid line — A-dependence of the mean quasiparticle number, \*(n); dotted

line — ~y-production rate/laser period from the spot volume, A\*(dN + - /dt/d*z) (with
the time-averaging procedure defined in Eq. (9)). Both curves were calculated with a fixed
field strength E,, = 3-107° E., in Eq. (8)

We explored the possibility of eTe™-pair production using the present gener-
ation of optical lasers as a parameter-free application of nonequilibrium quantum
mean-field theory. With an idealized model for a crossed-laser electric field as
input to the quantum Vlasov equation, we found a significant polarization of the
QED vacuum. It is characterized by a dense plasma of e e~ -quasiparticle pairs,
which disappears almost completely once the laser field vanishes, leaving a very
small residual pair density. The mean density is independent of the laser fre-
quency, v, while the density of residual pairs increases with v2. These dynamical
QED vacuum effects may be signalled by the appearance of coincident photon
pairs, from e*e™ annihilation, with a mean energy of ~ 1 MeV and an intensity
of 5-10 events per laser pulse. This represents a nonlinear transformation of soft
laser photons to y-quanta with a frequency ratio of > 10,
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novsky, R. Sauerbrey and S. V. Wright for useful discussions. This work was sup-
ported by Department of Energy, Office of Nuclear Physics, contract
No.W-31-109-ENG-38; and the A.v. Humboldt-Stiftung via a F.W.Bessel
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