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Pair production in a strong wake field driven by an intense short laser pulse
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A preliminary investigation is presented of electron-positron pair production by means of plasma elec-
trons accelerated by relativistic velocities in a strong wake field. The propagation distance of the plasma
wake field, which is determined by the depletion of the short laser pulse due to wake-field generation, is
much larger than the pulse length. For this case, the total number of electron-positron pairs produced is
independent of the plasma concentration. For achievable parameters of the laser pulse, the total number
of pairs may be quite significant ( —10 Z, where Z is the nuclear charge of the plasma ion).

PACS number(s): 52.35.Nx, 52.40.Nk, 52.60.+h

I. INTRODUCTION

Recent technological advances have made possible
compact terawatt laser facilities with high intensities
(& 10's W/cm ) and ultrashort pulses ((1 psec ) [1,2].
The design of a neodymium laser with 10 TW power and
a pulse duration of the order of 1 psec [3] is in the process
of development. Using modern focusing devices, one can
focus laser radiation at a very small spatial region with
focal-spot dimensions only 2—3 times higher than the
diffraction limit. The radiation intensity in such a region
will be of the order of I=10 ' W/cm, and the corre-
sponding electric field would be E=10"V/cm, which is
two orders of magnitude larger than the internal field of
the atom. In the field of such a strong radiation, the elec-
tron oscillation energy would be much higher than its
rest energy. The character of the nonlinear response of
the medium would radically change in the presence of
these short laser pulses. In high-energy physics, the
problems of nonlinear electron physics, such as Thomson
and Compton scattering, multiphoton atomic ionization,
etc. , are of great importance. Furthermore, experimental
verification of nonlinear quantum electrodynamics has
also to be examined [4]. The plasma may be a convenient
medium for this purpose.

The possibility of electron-positron pair production by
means of powerful laser radiation has been discussed in
the literature for a long time. In the focal region of laser
radiation, the straight "pulling" of pairs from vacuum is
possible [5,6]. The electric field F. of the laser will form
electron-positron pairs, if the work done by it upon virtu-
al particles at a distance of the order of the Compton
length (A'/moc ) is of the order of the pair energy 2moc,
where A is Planck's constant, mo is the rest mass of the
electron, and c is the speed of light. Then, for the charac-
teristic electric field we find

E =2m pc /e h = 10' V / cm,

whereas the corresponding laser intensity in vacuum is

y ( I+e2E2 /m 2c 2co2)1/2 (3)

to initially nonrelativistic electrons, where Ep is the
electric-field amplitude of the laser pulse. When the os-
cillatory electron energy c exceeds 2moc, then the ac-
celerating electrons produce an electron-positron pair by
scattering off heavy ions. Accordingly, the threshold
value for the laser radiation intensity is

2X 10'
I,h-— W/cm

Xo
(4)

where A,p=2mc/cop is the radiation wavelength, measured
in micrometers. The volume, in which the electron-
positron pairs are produced, is determined by the spatial
size of the focused pulse. Because of the small volume,

I=10 W/cm . Here, e is the magnitude of the electron
charge. In Ref. [7] it has been shown that due to the pon-
deromotive potential the value of the electric field neces-
sary to produce the pairs increases further. Accounting
for this fact and the small probability of the process, one
can conclude that pair production in vacuum is practical-
ly impossible in the field of laser radiation.

However, focused laser light creates hot plasmas,
which can be used as a practical medium for pair produc-
tion. In fact, laser-plasma interactions can produce
high-energy electrons. When the electron kinetic energy
exceeds the pair-production threshold 2moc, the fast
electrons can produce electron-positron pairs by scatter-
ing in the Coulomb potential of a nucleus. A number of
authors [8,9] have presented a preliminary discussion of
pair production by relativistic electrons accelerated by an
intense laser focus. In this scheme, the radiation field
during the time (= I/coo, where the laser frequency coo is
of the order of the electron plasma frequency cov, )

transfers the energy,

2~=mo~ Tos ~

where
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the number of produced pairs should also be small. On
the other hand, the number of electron-positron pairs
produced due to the electron bremsstrahlung [10] (elec-
trons accelerating in the ion field emit high-energy pho-
tons, which are then transformed into electron-positron
pairs) should be small, since this process consists of two
stages.

In this paper, we present an efficient mechanism for
producing electron-positron pairs in a transparent plas-
rna. Specifically, we demonstrate the possibility of pair
production by the accelerated electrons in a strong elec-
tric field of the electron plasma wave, which is driven by
an intense short laser pulse.

The paper is organized as follows. In Sec. II we
present the underlying physical principles of the wake-
field generation and pair production. In Sec. III the
theory is developed. Finally, Sec. IV contains a summary
of our results.

II. PHYSICAL PRINCIPLE

mpc 2

y'. (5)

provided that the phase velocity of the plasma wave is
close to c. In such strong potential fields, the electrons
can gain the energy

all mpc yll '
2 (6)

where the relativistic y factor associated with the longi-
tudinal waves is

y =(1+p /m c }'
II

(7)

Here pll is the electron longitudinal momentum. We note
that for relativistically strong radiation yll »y„.

In Ref. [14] it has been shown that some relativistic
laser pulses (y„» 1) separated from each other by a cer-
tain time interval can generate an ultrarelativistic plasma
wave with the following potential difference:

hg»mac /e, (8)

while the energy of longitudinal oscillations of the elec-
trons in the wake field can reach

2 2' (9)

At present, new plasma-based methods for the ac-
celeration of electrons by strong electron plasma waves
are being intensively developed [11—15]. A large-
amplitude electron plasma wave can be excited by a
single-frequency short laser pulse [11—14] as well as by
relativistic electron beams [15]. In fact, the authors of
Refs. [12—14] have proposed the use of ultrarelativistic
laser pulses (viz. , eEO/mocooc &1) for generating ultra-
strong gradients of the wake field. It has been demon-
strated that in a transparent plasma,
coo » co,= (4m no e /m o )

' ~, where n 0 is the unperturbed
electron number density, an ultrashort laser pulse (or the
pulse with narrow fronts) of r =co~, ' duration would gen-
erate a longitudinal wake field behind itself. The rnax-
imurn potential difference in the wake field is reached
when y„»1,and has the value

where n is number of the pulse. Thus, for example, when
two similar short laser pulses with y„=10,a front dura-
tion ~p 0. leo, ', and a time delay between the pulses
tp=20co, ' propagate into a transparent plasma, then a
strong wake field is generated and in its field the max-
imum oscillation energy of the plasma electrons would be
of the order of 200 mpc .

Thus, in the longitudinal wake field, the electrons can
have ultra relativistic energy, which is, however, much
higher than what they would directly gain in the region
of laser pulse localization. If the electron energy in the
wake field exceeds the threshold value 3mpc, one can
then conclude that due to the electron scattering by
heavy ions, an electron-positron pair will be created not
only in the laser pulse region, but also behind it; namely,
in the wake-field region. Because of the large extent of
the wake field, the total number of pairs will be deter-
rnined by the volume occupied by the wake field rather
than by the laser pulse.

III. THEORETICAL CONSIDERATION

The pair concentration produced, as a result of the
electron scattering on the ions, is found from the equa-
tion

dna
O T~eni Vedt

(10)

y(1+p2/m2c2)1/2 (12)

It should be noted that, according to the results of Ref.
[16], the nuclear charge screening by the external ion and
electrons seems to only slightly affect the scattering pro-
cess. Equation (11)gives a good approximation at y ~ 10.
For larger y values, we shall use the well-known expres-
sion [16,17]

O'T=(28/27m }(Zro/137) ( lny) (13)

Figure 1 gives the dependence of the cross section of the
trident process on y —3, which is in agreement with the
matching of the expressions (11)and (13).

To describe the wake-field generation by a single-
frequency short laser pulse, we follow Refs. [12] and [14].
In order to carry out the numerical analysis, we shall
confine ourselves to considering a one-dimensional case.
Besides, we will neglect the change of the pulse profile.
Then the equation, describing the wake-field generation
by a circularly polarized laser radiation, takes the form

where n, and n; are the electron and ion concentrations,
respectively, v, is the electron velocity, and o T is the to-
tal cross section of the so-called trident electron-positron
pair-production process [16]. The following approximate
formula has been derived in Ref. [9] for the cross section

cr T =—9.6X10 (Zro/137) (y —3) '

where rp=2. 8X10 ' cm is the classical electron radius,
Z is the ion nuclear charge, and
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d' =, =(~'„/c')y,' [(v, /c )(1+/) [(1+/)' —y.', (g)/y,'] (14)

where

( I 2/ 2) —1/2 (15)

In order to determine the electron-positron pair con-
centrations, we make use of (12), (15), and (16) into (10) to
obtain

and

=Z —Ut. (16)

dnaP

dg

1/2 —1/2
11— non, o.

T
Vg

(18)

= (~0/cv&, )y, (17)

Here, y„ is determined from (3), P is normalized by
moc /e, Ug is the group velocity of the laser pulse, which
is close to the speed of light, and y is estimated by the
following expression [18]:

While deriving (14) and (18), the characteristic process
time was considered to be t &)co;, where co, is the ion
plasma frequency, so that the ions are at rest. That
means n; =no. Using the Maxwell and relativistic hydro-
dynamic equations for the electron motion written in the
g-frame of reference [e.g. , Eq. (16)],we have

y=[(1+/) +(vg/c) y„(g)]/[1+33t3+(vg/c)[(1+/) —y„(g)/ys]' (19)

and and the extent of the wake field is

ns
1

c dP
co&a d gno

(20)

We consider a transparent plasma in which coo&co,.
Assuming yg ))y„, we obtain from (14) the equation

(21)

4max yos max 13 Y'min yos max (22)

-28

313

= 10"-

which has been investigated in Refs. [12—14]. According
to the results of these papers, it follows that for the laser
pulse with eEO/mocooc) 1 and the characteristic width
(or the front width) b, l ~ c/co, the longitudinal wake field

excited behind the pulse has the parameter

A. =4y„,„(c/co, )E(s),

where s=(1—1/y„,„)', and E(s) is the elliptic in-

tegral of the second type. For y„» 1, we have

(23)

A. =4y„,„(c/~, ) . (24)

and

5n, /no=( —,')y„

2 — 1 2
Ei max/ 0 ( 3 )yos max

(25)

(26)

We note that a previous simulation work [19]has already
found Eq. (26).

We suggest that the distance of the laser pulse displace-
ment without substantially changing its form is deter-
mined by the depletion of the pulse energy due to the loss
by the excitation of the wake field. It is easy to show that
the order of magnitude of this distance is [18]

LD =(co oc/o, ) c~, (27)

The maximum values of the density perturbation and
the electron longitudinal energy in the wake field are, re-
spectively,

33

0 20 40 60 80 100 120 140
1 —3

where ~ is the pulse duration.
Let us now estimate the maximum concentration of the

electron-positron pairs produced. For y„~3, the pairs
will be produced in the regions occupied both by the laser
pulse and by the wake field. The rnaximurn concentra-
tion value should be expected at a distance of the order of
LD from the laser pulse. For y, y„,„»1, one can
show that

FIG. 1. Total cross section o.T of the trident process plotted
vs the dimensionless electron-energy excess above the threshold.
Here y=E/mQc .

n, „( cm )=10 non, w(y —3) Z

for y ~ 10, and
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n~,„(cm ) =4X10 non, r( lny ) Z (29)
2.5-

for y &10. Here, y (&y„,„) is the maximum value
of the relativistic factor for electrons in the wake field,
and n, =coomo/4n. e is the plasma critical density. In
(28) and (29), the number densities are measured in cm
and ~ in seconds.

Since in a transparent plasma, coo»co „ it follows
from (27) that the length LD of the stationary wake field

is much larger than the laser pulse length. Therefore, the
total number of electron-positron pairs will be mainly
determined by the volume occupied by the wake field. If
the laser and wake fields are limited by the area S in the
perpendicular plane, then for the total number of pairs
formed at the length LD, we have

2.0-
(

1,5-

1.0-

0.5.-

0'
0

I I I i
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N, „=3X10 ' n, r S(y —3) Z

for y ~10, and

N, „=1.3X10 n, r S( lny ) Z

(30)

(31)

FIG. 3. Spatial distribution of the pair concentration vs

g/A,

for y &10. Consequently, the total number of pairs
produced by the ultrarelativistic wake field in the plasma
is independent of the plasma number density and is deter-
mined by the laser pulse duration and the electron energy
in the wake field.

Figure 2 shows the potential distribution in the station-
ary wake field, calculated from (14). The pulse at the be-
ginning of the wake field corresponds to the chosen form
of the transverse field localization of the laser pulse. For
the oscillating relativistic factor [Eq. (3)], the maximum
value of y„,„=10is given in the laser pulse. As is seen
from Fig. 2, the maximum value of the normalized poten-
tial in the generated wake field is strongly relativistic, and
is 4,„=eP,„/moc =33. Figure 3 shows the distribu-
tion of the electron-positron pair concentration in the
wake field, corresponding to the solution of (18) in which
the pair-production cross section, given in Fig. 1, is used.

As Fig. 2 exhibits, the periodic distribution of the po-
tential in the wake field has peaklike minima. Therefore,
at the latter, according to (19) and (20), the electron con-
centration and energy should have sharp maxima [at the
points of the potential minimum, the denominator of (19)

40-

30-

a, 20-

10

20 40 60 80 100

FIG. 2. Spatial distributions of the laser pulse (shown as a
rectangular shape) and the dimensionless wake-field potential
(shown as a chain of three strong pnlses) vs g/A, Here
P~ =p~/moc =eEo/moctvo, @=eP/mac, g=z —vst, and

C /Ct) pe.

takes the least value]. The jumps in the electron-positron
pair concentration in Fig. 3 are explained by a rapid in-
crease of the electron concentration and energy at the
points of the potential minimum in the wake field.

Let us estimate the number of pairs which can be
formed in the wake field while using the laser proposed to
be built at Livermore [3]. The parameters of this laser
are as follows: the pulse duration ~=1 psec. , the max-
imum oscillatory relativistic factors of the electrons,
y„,„=27, and the focal spot diameter r, =10pm. Ac-
cording to (30) and (31), in a plasma with concentration
no=9. 1X10' cm at length LD =30 cm, the maximum
number of electron-positron pairs will be of the order of
10 Z, while for the maximum value of the electron-
positron pair concentration we obtain n,„=3 X 10' Z
cm

The above estimates are based on the one-dimensional
model of wake-field generation. This is justified for the
case in which the transverse scale of the localization of
the wake field is much larger than its wavelength. In es-
timating the total number of electron-positron pairs, the
transverse dimension of the wake field is limited by the
size of the laser focal spot. Although the transverse effect
in conjunction with relativistic nonlinearity may provide
the possibility of self-focusing and the guiding of intense
laser beams, the present scenario of one-dimensional
wake-field generation ought to be reexamined for a mul-
tidimensional situation. In the latter case, if the strength
of plasma waves becomes stronger, one could expect the
total number of pairs to be increased even further.

Emission of hard x-rays must also take place due to the
bremsstrahlung of the electrons in the wake field. To dis-
tinguish the wake-field x-rays from those of electron-
positron pair annihilation, a more detailed analysis is re-
quired, taking into account the distribution of pairs with
respect to their energies.

IV. SUMMARY AND DISCUSSION

To summarize, we have presented a mechanism for
creating electron-positron pairs in a transparent plasma.



6612 V. I. BEREZHIANI, D. D. TSKHAKAYA, AND P. K. SHUKLA 46

Specifically, it has been demonstrated that the ultrastrong
electric field of the plasma wave, which is driven by an in-
tense short circularly laser pulse, can accelerate an elec-
tron to relativistic velocities. The fast electron can be
scattered off in the Coulomb potential of the stationary
positive ions, thereby producing an electron-positron pair
via the trident process.

For a given intense-laser-pulse distribution, we have
calculated the wake-field profile and have used the corre-
sponding result to evaluate the number of electron-
positron pairs. It has been found that the latter are in-
dependent of the plasma number density, but they are
solely determined by the laser pulse duration and the
electron energy in the wake field.

In this paper, we have not discussed annihilation of
electrons and positrons, which is the analog of recom-
bination in plasmas composed of electrons and ions.
However, this process is relatively less important even at
an electron density of 10' cm and a temperature as
low as 1 eV, because the positron annihilation time is

greater than 1 sec [20].
In conclusion, we emphasize that the future perspec-

tive of an efficient electron-positron pair-production
scheme, as discussed here, may rest on the development
and success of plasma-based laser-wake-Geld electron ac-
celerators. If they can be made to work, then an experi-
mental endeavor for creating electron-positron pairs in a
controlled fashion should be made.
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