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An all-optical scheme for high-density pair plasmas generation is proposed by two laser pulses colliding in a cylinder
channel. Two dimensional particle-in-cell simulations show that, when the first laser pulse propagates in the cylinder,
electrons are extracted out of the cylinder inner wall and accelerated to high energies. These energetic electrons later run
into the second counter-propagating laser pulse, radiating a large amount of high-energy gamma photons via the Compton
back-scattering process. The emitted gamma photons then collide with the second laser pulse to initiate the Breit—-Wheeler
process for pairs production. Due to the strong self-generated fields in the cylinder, positrons are confined in the channel
to form dense pair plasmas. Totally, the maximum density of pair plasmas can be 4.60 x 102’ m~3, for lasers with an
intensity of 4 x 1022 W-cm~2. Both the positron yield and density are tunable by changing the cylinder radius and the
laser parameters. The generated dense pair plasmas can further facilitate investigations related to astrophysics and particle

physics.
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1. Introduction

Dense electron—positron pairs are demonstrated to be in
the early universe, in solar atmosphere, and in inertial con-
finement fusion schemes using ultra-intense lasers.!'=3] One
expects to uncover some mysteries of the universe by study-
ing dense pair plasma state created via laser—plasma interac-
tions in the laboratory.[*! For example, ultra-bright gamma ray
burst is generally accepted as arising from synchrotron emis-
sion of relativistic shocks in pair plasmas.® The strong mag-
netic field required in this process should have a long life time
of > 1000/ @,, where @, = (4me’n, /me)'/?
of pair plasma, e is the charge of electron, n, is the plasma

is the frequency

density, me is the electron mass, and c is the light speed in
vacuum. To initiate this process, one should reduce the thresh-
old (1000/@,) as low as possible. Thus the key issue to study
gamma burst in laboratory becomes to obtain high-density pair
plasmas. [©]

A lot of pioneering works have been done to study
positron generation and pair plasmas via laser—plasma

[7-12

interaction. I Since the first observation of positrons in-
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duced by laser pulses in the laboratory,!'3! ultra-intense laser—
plasma interaction becomes one of the most important meth-
ods for obtaining high-flux and high-density positrons. First,
an indirect positron generation process is proposed, which
first utilizes a low intensity laser pulse to accelerate electrons
to high energies, and then strikes these electrons onto a tar-
get with high-Z nucleuses.!'*! If positrons are generated via
electrons colliding directly with the nucleuses, this process
is named as the trident process.“sl Instead, if the interaction
of electrons and nucleuses is mediated by a real photon, it is
called the Bethe—Heitler (BH) process.!!®!7 Recently, a di-
rect positron generation process attracts increasing attention
with the rapid development of the laser technologies. This is
the multi photon Breit-Wheeler (BW) process.!'8] It actually
relies on three steps: firstly, one laser pulse is directly incident
onto a solid target, generating energetic electron beams;!"!
secondly, bright gamma rays are emitted from these energetic
electrons; finally, a real photon—photon annihilation takes
place and electron—positron pairs are produced. Positrons gen-

erated via this process have their unique properties, such as
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high flux, high energy, and high density.?*-?1 For example,
by striking a 4 x 102> W-cm~?2 laser pulse onto an aluminum
(Al) slab, it has shown that ~ 10'° positrons are generated
with a maximum pair plasma density of 102® m—3.123] Fur-
ther increasing the intensity of the incident laser, both the
yield and the maximum density become even higher. For
the BH process, the required laser intensity is not as high as
that of the BW process.>! However, the achieved positron
density via the BH process is much smaller and the energy
conversion efficiency is lower. For the BW process, how-
ever, previous works showed that the required laser intensity
is > 10%* W-cm~2,[2223.251 which is one order of magnitude

s.[28] How to obtain

higher than achievable in state-of-art laser
dense pair plasmas in present laboratories becomes an impor-
tant issue.

In this paper, we report an all-optical scheme for dense
pair plasmas generation by lowering the laser intensity to
1022 W-cm 2. In the scheme, we collide two laser pulses in a
cylinder channel. The first longer pulse with a spot size larger
than the cylinder inner radius is utilized to extract and accel-
erate electrons in the channel. When these electrons are accel-
erated to high energies, they collide with the second counter-
propagating shorter laser pulse to emit strong gamma radia-
tions via the Compton back-scattering process. The radiated
gamma photons further interact with the second laser pho-
tons to initiate the multi-photon BW process. Finally, high-
flux and high-density pair plasmas are produced. Our two-
dimensional (2D) practice-in-cell (PIC) simulations indicate
that the final pair plasma density is up to 4.60 x 10>’ m~3,
though the peak intensity of the laser pulse used in the simu-
lation is only 4 x 10> W-cm™2. We also study the parametric
influences of the laser and channel size on the positrons gen-
eration and an optimal channel radius is obtained. The gener-
ated dense pair plasma may facilitate investigations related to

astrophysics and particle physics.
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2. Simulation model

The simulations are carried out by using the relativistic
PIC code EPOCH2D.!?>-27] Here, we only consider the BW
process for positron generation as the laser intensity is ultra-
intense. For simplicity, the BW process can be expressed by
% +ny — e~ +e™, where ¥ is a radiated gamma photon by
an energetic electron and 7 is a laser photon. Provided that the
energy of generated electrons and positrons are high enough,
a cascade may occur. In our scheme, two counter-propagating
laser pulses with different durations are utilized, as schemati-
cally shown in Fig. 1. The shorter one transmits from the left
to the right with a pulse duration of 15 fs and a spot radius of
2 um. The longer pulse propagates oppositely with a duration
of 40 fs and a spot radius of 4 um. Here, the longer pulse
is expected to extract and accelerate electrons from the chan-
nel inner wall, while the shorter one provides laser photons
for the Compton back-scattering and the BW process. Both
of the two laser pulses have a Gaussian profile and are circu-
lar polarized with a peak intensity of / = 4 x 10> W-cm ™2
and a wave length of Ap = 1 wm. The corresponding di-
mensionless maximum amplitude of the laser electric field is
ap = [1/(2.74 x 10'%)]'/2 ~ 120.1%] The simulation box size is
3520 long and 20y wide, divided into 1725 x 1000 cells with
each cell size of 0.02Ay x 0.02Ay. As the laser—plasma inter-
action is highly nonlinear in our case and the interaction du-
ration is very short. The plasma temperature increases signif-
icantly in a few laser cycles. The corresponding Debye wave-
length and the relativistic corrected skin length become much
larger, making it comparable with our cell size. An Al cylinder
channel is located between 0 < x < 3540 and 21y < |y| < 4A0.
Considering the ultra-high laser intensities in our scheme, the
cylinder is assumed fully ionized (Al'3*) with an initially elec-
tron density of 700n., where ne = m.@;/4me? is the crit-
ical density corresponding to the incident laser pulses, and
wy =27/ Ty is the laser frequency. (29301 In each cell of plasma,
40 macroparticles are initially set.
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Fig. 1. (color online) Schematics of two circularly polarized laser pulses colliding in a cylinder channel. Electrons are firstly extracted out
of the cylinder inner wall and accelerated to high energy by the laser pulse (a), and then radiate high energy gamma photons in the counter-
propagating pulse via the Compton back-scattering process (b). The radiated photons further interact with the laser photons to generate copious

positrons (c).
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3. Simulation results

When the longer laser pulse is incident onto the cylin-
der channel, electrons at the cylinder inner wall are firstly ex-
tracted out by the transverse electric field E,. Neglecting the
charge-separation field, the energy an electron acquired from
E, can be estimated by dEi,/ds = —eE,, where Eyj, is the
electron kinetic energy and s is the displacement of the test
electron in the y direction.?!] After electrons are extracted
out, the V x B force will turn these electrons in the laser
propagating direction.[??! Meanwhile, the longitudinal com-
ponent of the electric field arising from the transverse mag-
netic (TM) modes!33! and the laser ponderomotive force!34-301
will continue to accelerate the electrons to high energies. In
our scheme, two counter-propagating laser pulses are incident
onto the cylinder from the openings at the same time, as shown
in Fig. 2(a). As the spot radiuses of the two laser pulses are
2 um and 4 pum respectively and the cylinder inner radius is
set only 2 um, a lot of electrons are extracted from the inner
wall of the channel by the pulses, especially by the one with
larger spot size. The transverse electric field E, responsible
for extracting electrons out of the cylinder inner wall can be
up to ~ 10 V/m. It is noted from Fig. 2(b) that the extracted
electrons distribute firmly according to the local laser electric
fields distribution. The electron density stripe interval is equal
to the laser wavelength.

an

Fig. 2. (color online) (a) The transverse laser field Ey in unit of V/m and
(b) the electron number density distribution in unit of ¢ at t = 157.

As the two laser pulses propagate deep into the chan-
nel, more electrons are extracted out. On the one hand, these
electrons are accelerated together with the incident laser pulse
and move towards the counter-propagating laser pulse. On the
other hand, they are centralized to the longitudinal axis, where
the peak laser intensity lies. Both the acceleration and the cen-
tralization of these high-flux electrons are of significant im-
portance in the positron generation via the BW process, due to
their potentials for high-energy-density gamma photons emis-
sion.

Figure 3 shows the divergences and spectra of electrons
and photons. At an early time, e.g., t = 157, electrons trans-

mit in the channel with a small divergence along the laser pulse
by which they are extracted out. Electrons extracted out by
the shorter pulse are in the x direction, while those extracted
by the longer pulse are in the —x direction. As the two laser
pulses propagating deeply into the cylinder, more electrons are
extracted out at t = 227. At the same time, the divergence
of electrons becomes larger. This is due to the strong trans-
verse force from the electric field Ey. The transverse force
gets stronger as electrons moving close to the laser axis. At
t = 32Ty, these electrons run into the opposite laser pulse. As
they suffer an opposite force from the opposite laser pulse,
electrons on either side of the cylinder will be decelerated,
some of which even change their directions. Electrons only
dominate in the —x direction, as noted in Fig. 3(a). It can be
seen from Fig. 3(c) that electron energies increase till pulses
collision at r = 227y. The cutoff energy of electrons at this
time is ~ 6 GeV. The high energy part of the electron spectrum
resembles a relativistic Maxwellian distribution, whose effec-
tive temperature is ~ 1.14 GeV. However, after pulses collision
at t = 22Ty, the cutoff energy of electrons decreases greatly.
Besides the opposite force electrons suffer, most electron en-
ergies are passed to gamma photons via the Compton back-
scattering process. When the shorter pulse passes through the
longer one, the cutoff energy of electrons increases again. At
t = 42Ty, the cutoff energy is only a little higher than that at
t = 32Ty. Though electrons only suffer the accelerating force
from one laser, the increased energies are partially lost via ra-
diations. Figure 3(b) shows divergences of photons at different
times. Taking the third dimension into account, we have mul-
tiplied the numbers of generated photons and positrons by a
factor of \/2r so that we can compare it with the real particle
numbers in the 3D case.!?37] Here, r is the laser spot size. At
t = 15T;, when electrons are extracted out of the inner wall of
the cylinder, there are already a lot of photons radiated. These
photons dominate in directions of each laser pulse. As the two
laser pulses propagate deep into the cylinder, the photon diver-
gence gets larger, while the photon number increases quickly.
When electrons run into the opposite propagating laser pulse,
their divergence gets larger as shown in Fig. 3(a), which in-
duces larger photon divergence. Electrons colliding with the
opposite propagating laser pulse increase the probability of
Compton back-scattering. Photons radiated at an early time
before pulses collision have a low energy (Fig. 3(d)). Photon
energy increases as electrons are accelerated in the channel. At
t = 42Ty, the cutoff energy is ~ 3 GeV with mean photon en-
ergy ~ 6.05 MeV, which is much higher than the positron gen-
eration threshold Ey = 2mc? = 1.022 MeV. These high-energy
photons can generate high-energy electron-positron pairs by
further interacting with the laser photons via the BW process.
If the energy of pairs is still high enough to radiate photons
with energy > Ej, thus a cascade for pair generation occurs.
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Fig. 3. (color online) Divergences ((a) and (b)) and spectra ((c) and (d)) of extracted electrons ((a) and (c)) and radiated gamma

photons ((b) and (d)) at t = 15Ty, 22Tp, 32Ty, and 42Ty, respectively.

For more details, figure 4 shows the number density and
energy density of photons. At t = 157y, when electrons are
extracted and accelerated, the number density distribution and
energy density distribution of photons correspond to the dis-
tribution of electrons as compared the Fig. 2(b) with Figs. 4(a)
and 4(d). The maximum photon number density can be tens
of n¢, while the energy density is up to 10'> J/m?. These high-
energy-density photons are very beneficial to positrons gen-
eration via the BW process. However, there are no positrons
generated at this time. For positrons generation via the BW
process, the controlling parameter is y ~ (hwy/2mec?)|E| +
k x cB|, where k is the direction of gamma photons, E is
the electric field component perpendicular to k, and B is the
magnetic field. At ¢t = 157y, the two laser pulses have not
collided with each other, and electrons/photons transmit with
each pulse separately, which means the electric field F | is al-
most cancelled by k x ¢B, resulting in ¥ ~ 0. When pulse
collision begins at t = 22Ty, both the number density and the
energy density are greatly increased as shown in Figs. 4(b) and
4(d). The photon energy density can be up to 10'7 J/m? at this
time. These high-energy-density photons distribute in the col-
lision region within the channel. At ¢ = 327Tj, the extracted
electrons almost run into the counter-propagating pulse, and
the Compton back-scattering process is greatly enhanced. It is
noted from Figs. 4(c) and 4(f) that the photon number density
mainly distributes at the cylinder inner wall in the collision

region, and the maximum density is increased to hundreds of

n.. However, the high-energy-density photons are still cen-
tralized in the center of the channel in the collision region.
Components of E/| and k x ¢B are almost in the same direc-
tion, which provides an optimal controlling parameter y for
positron generation via the BW process. The positron genera-
tion is greatly enhanced.

When the two laser pulses collide with each other at
t = 22Ty, the controlling parameter ) increases suddenly. It
can be seen from Fig. 5(a) that copious positrons are gener-
ated at this time with a maximum density around the criti-
cal density n.. Subsequently at t = 427, the positron yield
can be increased by two orders of magnitude with the maxi-
mum density up to a few n.. These positrons generated via
the BW process can be marked as two parts: laser photons of
the shorter pulse interacting with photons radiated from elec-
trons accelerated by the longer pulse and laser photons of the
loner pulse interacting with photons radiated from electrons
accelerated by the shorter pulse. The generated positrons are
mainly centralized in the channel, forming dense pair plasmas.
If we count only positrons in the channel, 87.2% of the gen-
erated positrons are confined in the channel, which is useful
for investigations of solar atmosphere*®! and others related to
astrophysics. When firstly generated at ¢ = 227y, positrons are
uniformly distributed in the channel, which can be seen from
Fig. 5(a). As the interaction continues, the generated positrons
are pushed by the longer pulse, as compared the number den-
sity distribution of positrons in Fig. 5(b) with 5(c). Figure 5(d)
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shows the spectra of positrons in the channel. It can be seen
from Fig. 5(d) that the cutoff energy of positrons is ~ 500 MeV
with an average temperature ~ 154 MeV at t = 427y. How-

ever, the cutoff energy at r = 427) increases no longer as com-
pared to t = 327y. On the contrary, the average temperature
decreases, as shown in Fig. 5(d).
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Fig. 4. (color online) Distributions of the photon number density (blue) in unit of n. and the photon energy density (red) in unit of
J/m3 atr = 15Ty ((a) and (d)), 227, ((b) and (e)), and 327 ((c) and (f)), respectively.
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Fig. 5. (color online) Positron density in unit of n. at t = 227 (a), 32Ty (b), 42T (c), and the spectra of positrons in the channel (d).

To uncover the underlying physics, figure 6 shows the
self-generated field in the channel at = 327;. As we can see,
positrons are distributed in the strong laser field and suffer
a strong accelerating force. As most positrons are generated
via the shorter pulse colliding with radiated gamma photons
from electrons extracted by the longer pulse, the force from

the longer pulse pushes positrons in the —x direction. How-

ever, the field as marked by 1 in Fig. 6(d) provides a force
in the x direction, which decelerates positrons from acceler-
ating out of the left opening. It is noted from Figs. 6(b) and
6(e) that the strong transverse electric field Ey forms a trap at-
tached to the cylinder inner wall. Positrons are trapped in the

cylinder channel instead of transmitting transversely out of the
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channel. When moving along the channel, positrons suffer a
strong transverse force from the magnetic field B,, as shown
in Figs. 6(c) and 6(f). The force of V' x B changes the di-
rection of positrons, and prevents positrons from accelerating

out of the channel. This is the reason why the cutoff energy
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of positron no longer increases as shown in positron spectrum
(Fig. 5(d)). Due to the electric field E;, and the transverse mag-
netic field B;, positrons are confined in the cylinder channel,
forming dense pair plasmas. At ¢ = 427p, the maximum den-

sity of positrons is ~ 4.60 x 10’ m—3, which is about 4.18x,.
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Fig. 6. (color online) Distributions of the field E, (a), E, (b), B, (c) in unit of V/m and T, and their profiles along the x axis (d) and x = 204
((e) and (f)) at r = 32Ty, respectively. Here, the laser field has already been cancelled out by averaging it every laser period.

4. Discussion

To investigate influences of the channel radius on positron
generation, we carry out a series of simulations with differ-
ent radiuses. Figures 7(a) and 7(c) show the electron energy
density in simulations of channel radius 4 pm and 1 pm at
t = 15Ty.
fewer electrons are extracted out of the channel inner wall

When the channel radius is large (e.g. 4 um),

with smaller energy density. When the pulses collision is ini-
tiated, electrons extracted out may not run into the counter-
propagating pulse, by passing the edge of the pulse. Provided
the channel radius large enough, it is believed that no elec-
trons will be extracted out. Thus, no photons are radiated via
the Compton back-scattering process, resulting in no positron
generation. When the channel radius is 1 um (Fig. 7(c)), high-
energy-density electrons are extracted out and almost fill in the
channel. In a channel with smaller radius, high-energy-density
electrons will initiate strong gamma photons emission. Taking
the laser pulse into account, it is noted from Fig. 7(b) that the

laser transverse field decreases quickly as the channel radius
gets smaller than 2 pm. If the channel radius is too small, most
laser energy is consumed by extracting and accelerating elec-
trons, resulting in a weak laser intensity at the time of pulses
collision. Firstly, collision of electrons with a weak laser pulse
weakens the Compton back-scattering process, which reduces
the number and energy of radiated gamma photons. Secondly,
in the BW process, the quality of laser photons also deter-
mines positron generation. A weak laser pulse is undesirable
for high-flux positron generations via the BW process. In the
end, though the energy density of electrons in the channel is
very high, the positron yield decreases as the channel radius
gets smaller than 2 um. In our scheme, a channel radius of
2 um is optimal for positron generations with the given laser
focus spot, as seen in Fig. 7(d). A smaller or a larger channel

radius will induce fewer positrons generation.
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Fig. 8. (color online) (a) The positron yield as a function of the laser
intensity and (b) photon spectra at t = 327 in simulations with different
laser intensity (W-cm™2).

Besides, positron generation is firmly related to the laser
intensity.[*! Figure 8(a) shows the positron yield as a func-
tion of the laser intensity. In these simulations, the channel
radius is 2 um and the other parameters of the cylinder and
laser pulses are also kept unchanged except the laser inten-
sity. It can be seen that the positron yield increases by more
than 2 orders of magnitude as the laser intensity increases from
2% 10?2 W-cm™2 to 1 x 10> W-cm™2. The maximal density
can be increased from 2.39 x 10>’ m 3 t09.28 x 10>’ m~3. On
the one hand, increasing the laser intensity can provide high
electric field for extracting and accelerating electrons, which

results in high-flux and high-energy electrons in the chan-
nel. These high-flux and high-energy electrons directly in-
duce high-flux and high-energy photon radiations. Figure 8(b)
shows the spectra of radiated photons at t = 327y. It is noted
that both the cutoff energy and the number of radiated photons
are increased as the laser intensity increases. When the laser
intensity is 2 x 10?2 W-cm™2, the cutoff energy of photons is
2 GeV. If the laser intensity is increased to 1 x 10> W-cm~2,
the cutoff energy of photons is greater than 4 GeV. The yield
of radiated photons is increased by more than 1 order of mag-
nitude. On the other hand, high laser intensity also provides
high-energy-density laser photons in the BW process to en-
hance positron generations. Increasing the laser peak intensity
can also increase the positron energy. The cutoff energy of
positrons is increased by 100 MeV when the laser peak inten-
sity is increased from 2 x 10> W-cm™2 to 1 x 102> W.cm™2.
This demonstrates that the yield and the energy of positrons
are tunable by controlling the laser intensity. In real, how-
ever, it seems difficult to raise the laser intensity greater than
10%* W-cm~2 under current laboratory conditions.

5. Conclusion

A new scheme for dense pair plasma generation is pro-
posed via two colliding laser pulses at an intensity of 4 x
1022 W-cm™—2,
trons from the inner wall of the cylinder and accelerate them

The longer pulse is utilized to extract elec-
to high energy in the cylinder channel. The shorter pulse
provides fields for high-energy and high-flux photon radia-
tions and laser photons for positron generation via the BW
process. When electrons run into the opposite laser pulse,
gamma photon radiations via the Compton back-scattering of
electrons are quickly initiated, and the cross section for radi-
ated photons interaction with the laser photons is greatly in-
creased. The BW process is greatly enhanced in the cylin-
der channel with high-flux positron generations. When the
two pulses transmit through the channel, the self-generated
field can confine positrons in the channel to form dense pair
plasmas. Finally, under the present available laser intensity of
4 x 10 W-cm™2, dense pair plasmas with a maximum den-
sity of 4.60 x 107 m~3 are obtained. Provided a constant
laser spot size, the cylinder radius has significant influences
on positron generation by affecting the number and energy of
extracted electrons. It is also found that in our scheme, an op-
timal cylinder radius for positron generation is 2 pum, while
a larger radius will induce fewer electrons extracted out and
a smaller one prevents electrons from acceleration. When the
laser intensity is increased, the positron generation is enhanced
because of more electrons extracted out and higher energies
they acquire. The obtained dense pair plasmas can further fa-
cilitate many investigations in the future, such as gamma burst
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in universe, the study of black hole, and even physics in iner-

tial confinement fusion.
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