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Recent advancements in ultra-short intense pulse technology have made it possible to generate electron—
positron plasma in a laboratory. When intense lasers interact with this plasma, various non-linear effects
occur, such as self-focusing. This research aimed to investigate how self-focusing is impacted by the
primary frequencies of lasers and plasmas. The study developed a specific model that describes the
non-linear relationship between self-focusing and angular frequencies of the laser and plasma. Plasma is
characterized by the Langmuir angular frequency of all components and the electron cyclotron frequency.
The presented results indicate that without an external magnetic field, the beam focusing at different
frequencies is similar for both right-handed and left-handed polarizations. However, in the presence of
an external magnetic field, a significant difference in the behaviour of right-handed and left-handed
polarization is observed. The model also predicts the precise non-linear correlation between the beam
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width and the angular frequencies of the lasers and plasma.
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1. Introduction

Electron—positron plasma is a large class of paired
plasmas of the same mass and charge (with the
opposite sign) that exist in the early structure of
the universe, pulsars, galactic nuclei, and gamma-
ray decay. Experiments have shown that it is possi-
ble to create electron—positron plasma in laborato-
ries and fusion devices. Moreover, numerous studies
have investigated the creation of electron—positron—
ion plasma in laboratories, as well as in gamma-
ray generator meteors and solar radiation [1, 2].
The direct production of electron—positron pairs
in the collision of two photons is one of the basic
processes. Although this process has not been ob-
served in the laboratory due to the lack of intense
sources of gamma rays, the emission of synchrotron
sources caused by lasers has allowed this process
to be observed for the first time. Pair generation
during the multi-photon process has been observed
in the laboratory at the Stanford Linear Accelera-
tor Center (SLAC), in the collision of a high-energy
electron beam with a laser pulse with the power
of 102 W/cm? [3].

The SLAC experiment was carried out by collid-
ing a beam of electrons with an energy of 46.6 GeV
with a high-intensity laser pulse. Interaction of
relativistic electrons with heavy nuclei (such as
gold) also provides the possibility of producing an
electron—positron pairs. Electron—positron plasma
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is the only type of plasma that makes it possi-
ble to study the physics of plasmas with equal
masses, and it is currently made in a laboratory.
In 2015, the first experimental evidence from the
generation of neutral and dense electron—positron
plasma was reported in the laboratory [3, 4]. Elec-
tromagnetic waves demonstrate notable distinctions
in the propagation characteristics when travelling
through electron—ion plasma compared to electron—
positron-ion plasma. Rizato [5] investigated the
propagation of circularly polarized electromagnetic
waves in a cold plasma, including electrons and
positrons with stationary ions, and concluded that
this three-component plasma, which is used to
accelerate particles, can amplify electromagnetic
waves [5]. Self-focusing is one of the most impor-
tant nonlinear effects that occur when electromag-
netic radiation passes through the plasma.

The self-focusing phenomenon allows the beam to
travel several Rayleigh lengths and have a smaller
spot diameter compared to its initial size. This
phenomenon in electron—ion plasma has been the
subject of many researches [6-13]. The amount of
focusing and the impact of laser and plasma pa-
rameters on the beam-width reduction have also
been investigated in many studies [14-19]. The
effect of beam polarization on the self-focusing
of a laser beam in magnetized electron—ion (e-i)
plasma has also been studied by Sepehri-Javan
et al. [20]. In another research by Sepehri-Javan
et al. [21], the changes in the spot diameter of the
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ion—electron—positron (i-e-p) plasma were studied
using a two-fluid model. The results of these re-
search indicate that for the right-handed polariza-
tion, the effect of the external magnetic field and
electron temperature on the self-focusing beam is
greater than for the left-handed polarization. How-
ever, due to the complexity and non-linearity of the
dependence of self-focusing on the initial laser and
plasma frequencies, the impact of these parameters
on the self-focusing has not been studied so far. In
this study, the effect of the plasma and laser fre-
quencies on the beam-width reduction is investi-
gated in the presence of an external magnetic field,
considering both the right- and left-handed polar-
ization.

2. Focusing parameter

The interaction of a high-intensity laser with a
three-component hot plasma, including an electron—
positron—ion (e-p-i) component, is considered. It
is assumed that the laser beam is propagated in
the e; direction and the beam has circular polar-
ization. The intended plasma is a combination of
the primary electron—ion (e-i) plasma and electron—
positron (e-p) plasma. The individual symbols “i”,
“e1”, “ex”, and “p” refer to ions, electron— pos1tr0n,
electron—ion, and positrons, respectively. Exper-
imental research showed that the percentage of
positrons in almost all laboratory generated e-p-i
plasma is low — it is below 10% [22-27], and elec-
trons belonging to both e-i and e-p plasmas may
have different temperatures.

If the external magnetic field is applied in the z
direction as B = By €., assuming that the propaga-
tion of a circularly polarized wave is along the ex-
ternal magnetic field with a slowly changing ampli-
tude and ignoring the translational velocity of heavy
ions, the changes in electron density will be as fol-
lows [21]

1 . .
nj = ngj exp (—2 |14|2 QJ> ; J =—¢€1,€2,b, 1. (1)

Here, A is the vector potential of wave and Qe1,
Qe2, @i, Qp are defined as follows

_C Be C 5 /Be C Ci
o 1—20(,!2_'—1-5)-0‘(;_'_1 ;a (£+57,+§>
Qel — 14 I 1 & L% )
o2 oi Op
0 - 1ﬂe;a + 1%53 + 1Be;a (52 + G 52 + C1 )
2 = )
’ O+ (g +GR A+ G
Be1 + C2Be2  CpBp
Q‘ _ l-0oa l-oca 14+oa
51+C2$ +<p5* + G
e e [ [
Q _ léaloz + §2€7i + 1+Ua (5p + €2i + 4157?)
P )

5p+C2i+Ci%+Cp (2)

365

and
noi Nop Noe2
— =G, = (p; = (2,
el el Noe
Te2 _ 5 Ty _ 5 oI _ 5
T — 02, T — Ypy T i-
el el el (3)

In fact, 8; and « are also defined as 3; = ¢?/(vr;)?
and o = w./wy, where vp; = /kgT;/myg is the
thermal velocity of the particle of type j, kg is the
Boltzmann constant, mg is the electron mass, Tj
is the temperature of the particle of type j. Here,

we = £ EBO 2| is the cyclotron frequency of electron
(p051tron), Where the sign of w, is negative for elec-
tron and positive for positron. In (2), o = +1 in-
dicates a wave with a right-hand polarization, and
o = —1 with a left-hand polarization. Considering
the wave equations and the relativistic fluid model,
the equation for the variation of the spot size of
laser in the quasi-neutral approximation can be ob-
tained as follows [21]

f [1 (wkadns _
852+[fg ( p8(:2 Nlﬂo. (4)

In (4), ag is the amplitude of the dimensionless vec-
tor potential, f is the beam-width diameter (the
ratio of the diameter of the spot during propaga-
tion with respect to the initial diameter of the spot
at z = 0), £ = -4 is the normalized propagation
length, ZR is the ﬁaylelgh length, and N is as fol-
lows [21]

_ w2.el 1 Qel
N= Zg (2(1 —oa)t  2(1- O’Oé))
Wi e2 1 Qe2
+ Zg (2(1 “ o) T a1— aa))
w2. 1 Q
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In (5), wp; = 4mngje?/my is the Langmuir fre-
quency of j-th component, w, = (w2 + w3 +
wg )1/2 is the total Langmuir frequency.

In order to solve (4), the initial boundary condi-
tions (at z = 0) are considered as d =0and f =1,
which are the acceptable conditions for the 1n1t1al
flat wave front. Here, f represents the ratio of the
spot size of laser along the propagation to its initial
spot size.

The term within the innermost brackets in (4)
is due to diffraction and focusing effects, and when
the diffraction effect is dominant, this term will be
negative. However, if the focusing phenomena are
dominant, the term in the bracket becomes positive.
If the focusing and diffraction effects are equal, the
term becomes zero causing the spot size to remain
unchanged during propagation.

Equation (4) is a second order differential equa-

tion and has the following form

d%y

dx? =0 (©)
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Fig. 1. (a) Plot of FP versus cyclotron frequency.
(b) Plot of beam-width parameter versus propaga-
tion length for different cyclotron frequencies. (c)
FP versus w. for wp.p = 0.25wp.

In this type of equation with « as a constant and n
as any positive or negative number, when the initial
condition is 3§’ = 0 and y = yg, then: if a is posi-
tive, the value of y increases beyond the initial value
of yg, while if « is negative, y will be less than yg.
The amount of reduction or increase of y relative
to the initial value is also related to fhe value of a.
For example, if (6) is regarded as % +ay™3 =0
and the initial condition is taken as yy = 2, solving
the equation for positive « shows that the value of
y is less than the initial value of yy = 2, and for
negative « the value of y is larger than the initial
value of yg = 2 for all y. This means that when
a = +5, the value of y is greater than when o = +4
for a given x. Conversely, for negative values of «,
there is more reduction in y for « = —5 compared
to a = —4.

Therefore, the term in the bracket in (4) can de-
termine the amount of focusing or diverging of the
laser beam. This term is named the focusing param-
eter (FP)

2
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FP is a complex function of the laser and plasma
characteristics. Moreover, since (4) is a differential
equation, the value of f changes over the propaga-
tion distance. Therefore, it is not possible to directly
find the precise nonlinear dependence of the beam
width on the influence parameters such as the angu-
lar frequencies of positron, electrons, cyclotron and
laser. But based on the FP behaviour, it is possible
to find the precise impact of the effective parame-
ters on the self-focusing.

In the following section, the non-linear relation-
ship between the beam width and the angular fre-
quencies of positrons, electrons, laser, and cyclotron
is declared based on the FP model.

3. The impact of angular frequencies of
laser and plasma on self-focusing

According to the introduced model of focusing pa-
rameter (FP), one can analyse the impact of angular
frequencies on focusing of laser beam. By utilizing
(7), the effect of cyclotron frequency (w.), angu-
lar positron frequency (wp. ), angular frequencies of
electrons (wp.e1, wp.e2), and laser angular frequency
(wo) on self-focusing is discussed as follows.

3.1. The impact of cyclotron frequency on
self-focusing

In order to discuss the impact of the cyclotron
frequency (w. = ﬁfoc), which is related to the exter-
nal magnetic field (By), the parameter FP is plot-
ted against the cyclotron frequency and depicted
in Fig. la. The initial characteristics of laser and
plasma are assumed as: wy = 1.88 x 10 s71,
ro = 15 x 107* c¢m, ap = 0.271 (I ~ 107" W /cm?),
Tor = Teo = 10 keV, T} = 0.5 keV, T, = 5 keV,
wp.j = 0.14w,, wp.c2 = wp.e1 = 0.1wp.

Based on Fig. 1a, the FP behaviour predicts the
following results:

e Increasing the cyclotron frequency leads to an
increase in FP, namely stronger focusing oc-
curs in the presence of the external magnetic
field.

The influence of cyclotron frequency is the
same for left-handed and right-handed polar-
ization for the above mentioned initial condi-
tion. But if the initial values are changed, the
effect of w. may differ for right-handed or left-
handed polarization. For example, in Fig. 1c,
the initial value of wy , is assumed as wy, , =
0.25wq. The result indicates that the effect
of the cyclotron frequency and the magnetic
field will be different for left-handed and right-
handed polarization.
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Fig. 2. Focusing parameter versus positron fre-

quency Wp.p.

e At high cyclotron frequencies, FP undergoes
sudden changes, whereas at low frequencies,
FP changes gradually.

To validate the results discussed above, the
second-order equation for self-focusing (see (4)) is
solved, and the beam-width parameter (f) versus
the normalized propagation length (§) is plotted.
The result is shown in Fig. 1b, and good agreement
is seen between the FP predictions and the varia-
tion of beam width. For a given propagation length
(&), the value of f is smaller for larger w.. Figure 1b
also indicates that more significant changes in the
beam width occur at higher w.. This means that
when a strong external magnetic field is present,
even slight alterations in the magnetic field can re-
sult in notable changes in the laser’s spot size.

3.2. The effect of positron frequency wy, , on
self-focusing

In order to investigate the effect of positron fre-
quency on self-focusing, in Fig. 2 the focusing pa-
rameter is plotted versus wy, , for right-handed and
left-handed polarization beams. The result indicates
that increasing the positron frequency wp , in the
plasma can lead to an increase in FP, i.e., further fo-
cusing of beam occurs at larger wy, ;, for both right-
handed and left-handed polarizations. The result of
solving (4), presented in Fig. 3, shows a good agree-
ment with the above-mentioned result.

Figure 2 also indicates that in the absence of a
magnetic field @ = 0, there is no difference be-
tween the self-focusing of the right-handed and left-
handed polarizations. But in the presence of an ex-
ternal magnetic field, there is significant difference
between the focusing of both mentioned polariza-
tions. As shown in Fig. 2, before the intersection
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gation length £ (a) before the intersection point
(wp.p = 2.65 x 10 s7') and (b) after the inter-
section point.

point (wpp = 2.65 x 10 s71), the value of the
focusing parameter (FP) is less for the beam with
left-handed polarization. However, after the inter-
section point, the value of FP is greater for the left-
handed polarization than for the right-handed po-
larized beam. In Fig. 5 the beam width is plotted
versus the propagation length, and a good agree-
ment with the prediction of the FP model is seen.

In order to validate the above results, in Fig. 3
we have plotted the beam-width parameter, based
on (4).

3.3. The effect of angular frequencies of electrons
on self-focusing

The graph in Fig. 5 displays the relationship be-
tween FP and the electron—positron angular fre-
quency wpc1 and angular frequency electron—ion
wp.e2- The results indicate that FP acts in a sim-
ilar manner in wp.c1 and wy c2-
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Additionally, Fig. 5 indicates that in contrast to
Fig. 2 (plot of FP versus positron frequency wy, ), at
higher electron frequencies the focusing parameter
FP of right-handed polarization is larger compared
to the value of FP for left-handed polarization.
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However, at frequencies lower than the intersec-
tion point (wp, = 1.85 x 10 s71), the value of FP
for right-handed polarization is less than that of
left-handed polarization. To confirm this observa-
tion, we solved the beam-width equation and plot-
ted the results graphically in Fig. 6. A good agree-
ment is seen.

3.4. The effect of the laser’s angular frequency
on self-focusing

To study how the angular frequency of a laser
affects self-focusing, the dependence of FP versus
wp is shown in Fig. 7a. In Fig. 7b, one can see that
as the frequency of lasers increases, the laser beam
experiences more intense focusing.

4. Conclusions

Based on the introduced model regarding the FP
phenomena, the exact relation between the laser
and plasma frequencies on self-focusing is estab-
lished. It is found that increasing the magnetic field
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leads to stronger self-focusing and that the amount
of focusing is the same for both polarizations. In the
absence of an external magnetic field, the amount of
focusing is similar for both polarizations. But, in the
presence of an external magnetic field, there are sig-
nificant differences between the impact of positron
frequency on self-focusing for left-handed and right-
handed polarizations.
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