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At GeV energies, the bremsstrahlung spectrum is fairly flat, with
about 40% of the energy loss from the electrons going into photons
with energy hv . E/2 (ref. 6). Once created, photons may produce
pairs in the nuclear field through the Bethe–Heitler process6, whose
cross-section (including the electron field contribution) is related to
equation (1) via20

dsgZ

dE+
(v, x) = − 1

h− x2

dseZ

dv
(−v, x) (2)

where x ; hv/Eþ (the ratio of the initial photon to the produced
positron energy). In a high-Z target, the cross-sections for other
processes, such as Compton scattering, are two orders of magnitude
smaller at GeV energies19 and can again be neglected.

The mean free path of the photons is (9/7)X0, where the radi-
ation length X0 is the distance over which the energy of the electrons
decreases by a factor of e (ref. 19)—Bethe–Heitler pair creation and
bremsstrahlung take place over comparable length scales. The con-
version efficiency of the electron beam into high-energy gamma rays
can therefore be maximized by adjusting the thickness of the target.
The optimal thickness is approximately X0, over which "1 × 108

photons with hv . E/2 are emitted. (X0 ≈ 3 mm for solid gold20.)
Using a thicker target would result in cascades and a reduction in
the number of hard photons.

For a distance from the gold target to the hohlraum of 10 cm and
a hohlraum diameter of 5 mm, a magnetic field of B " 1 T is suffi-
cient to deflect the electrons and positrons away from the hohlraum.
The probability of photon–photon interactions under the influence
of such a magnetic field is negligible21 and may be ignored.

The bremsstrahlung photons are emitted with an average angle
of "(mc2/E)ln(E/mc2) (ref. 22). For GeV energies, this is on the
order of mrad, and the photon beam is very narrowly collimated.
Multiple scattering will cause the electron beam to spread23,
although the resulting divergence of the gamma-ray beam is of
the same order as that from bremsstrahlung and is also neglected.
Over a distance of 10 cm, the beam diameter will be 0.1–1 mm,
which is smaller than typical hohlraum diameters15. We therefore
assume that all the photons will penetrate inside the hohlraum.

Through optimization of the hohlraum design and pulse length,
the ablation of the walls may be ignored on the timescales of interest
and, for a vacuum hohlraum, interactions between the high-energy
photons and radiation background take precedence. Blackbody

radiation fields24 at temperatures of kT¼ 100 eV and above
(where k is the Boltzmann constant) are routinely produced using
hohlraums of lengths up to l ≈ 1 cm (refs 25, 26). For kT "
100 eV, the normalized vector potential A0 ≪ 1 (ref. 27) and the
interaction of photons is well described in the linear regime. The
dominant channel is the two-photon Breit–Wheeler process, for
which the absorption probability per unit path length is given by9,28

dt
dx

= a2

pl!
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mc2

! "3
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where !l is the (reduced) Compton wavelength, n ; m2c4/(hvkT)
and the suppressing function
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with sgg given in terms of s¼ (E*/mc2)2, the square of the electron
energy in the CM frame. For a GeV photon propagating through the
hohlraum, v " 1 and the suppressing function is enhanced to f(v) " 1.
The probability that a photon will be absorbed in the case of l ¼ 1 cm
is t " 1 × 1026 at kT¼ 100 eV and t" 1 × 1024 at kT¼ 400 eV.
These, in combination with the estimate of 1 × 108 high-energy
photons from the bremsstrahlung source, lead to the production
on the order of 102 and 104 pairs per shot, respectively. From
equation (3) it is clear that the yields scale linearly with
hohlraum length.

To corroborate these estimates, we performed Monte Carlo
simulations that solve the exact cross-sections, equations (1) to
(3). These model the creation of the photon beam in the gold
target and its subsequent scattering in the hohlraum (see
Methods). Figure 2 shows that, for a 1 GeV electron beam and at
the optimal target width, each electron emits, on average, one
photon of energy hv . 100 MeV that will escape the target. The
number of hard photons produced is also of the same order for elec-
tron beams of energies 500 MeV and 2 GeV. The conversion effi-
ciency between the electron and photon beams is maximized for a
target thickness of between 4 and 5 mm, depending on the electron
energy, which is consistent with our previous estimate.

The Breit–Wheeler positron yield is presented in Fig. 3 for
various beam energies and hohlraum temperatures. This number
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Figure 1 | Schematic of the photon–photon collider. Bremsstrahlung
emission of ultra-relativistic electrons passing through a solid gold target is
used to create a high-energy photon beam. This is fired into a vacuum
hohlraum, where it interacts with a high-temperature thermal radiation field.
Electrons and positrons emerging from the back surface of the gold target
are deflected away from the hohlraum using a magnetic field. Breit–Wheeler
pairs produced in the hohlraum are both narrowly collimated and highly
energetic (Supplementary Fig. 2). On exiting the hohlraum, the positrons
may be separated using a magnetic field and detected using, for example,
Čerenkov radiation. The electron beam is generated and the hohlraum
heated using high-intensity and high-energy lasers, respectively.
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Figure 2 | High-energy photons emitted from the back surface of the gold
target. Photons emitted above 100 MeV as a function of target width, for
1 × 109 incident electrons of energy 500 MeV (blue), 1 GeV (black) and
2 GeV (red).
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FIG. 3. Average ion energy as a function of time, for classi-
cal and QED simulations of a HB acceleration. Dots refers
to simulation results while lines to theoretical predictions, as-
suming ta = 15 fs.

prediction in the 1D simulation with the same physical
parameters as the 3D simulation performed above. We
see that after the absorption time ta ⇡ 4.5Tl ⇡ 15 fs QED
e↵ects cause the ion energy to reduce. This absorption
time is used to compute the laser absorption and the av-
erage ion energy predicted by our model shown in figure
too. In developing the latter, we have assumed that pho-
tons are transversely emitted, in the HB frame. The 1D
simulation can be also used as a test for this assumption.
According to Lorentz transformations, if the angle of pho-
ton emission is 90� in the HB frame, in the laboratory
frame it has to be ✓ ⇡ arccos(�HB) [37]. For an average
ion energy < ✏ >⇠ 10 GeV, ✓ ⇡ 46�, while the simula-
tion predicts ✓ = arccos(< px > / < ||~p|| >) ⇡ 47�. The
assumption is therefore reasonable.

Another target-parameter which can be varied is the
thickness. By decreasing it, we can enter the LS regime
of radiation pressure ion acceleration. LS ion accelera-
tion is particularly e�cient [5]: accelerated targets can
easily reach the ultrarelativistic limit (�LS ⇡ 1). For
this reason, the QED parameter ⌘ /

p
1� �

2
LS [43] is

strongly reduced and consequently so are QED e↵ects
when compared to the HB cases considered above. This
is supported by 1D simulations similar to those described
above, but with the target thickness ` set by the condition
for optimal LS (` = a0n

rel
c /n0�l/⇡ where �l is the laser

wavelength [19]). In these simulations the target was ac-
celerated much more e�ciently than in the equivalent HB
simulations (for I ⇡ 5⇥1024 W/cm2 and n0 ⇡ 1024 cm�3

we found �LS ⇡ 1 as compared to �HB ⇡ 0.7). As pre-
dicted, in simulations of LS ion acceleration QED e↵ects
were indeed neglegible for all laser intensities considered
here, for example no absorption was seen for the LS sim-
ulation with I ⇠ 1024 W/cm2 compared to 70% for the
equivalent HB simulation.

In conclusion, QED e↵ects, specifically the creation of
a critical density pair-plasma in front of the target, can
quench HB radiation pressure ion acceleration, strongly

reducing both the average ion energy (by up to 50%)
and the e�ciency of conversion of laser energy to ion
energy (by up to 65%). We have developed a practical
model in order to estimate these reductions. This model
demonstrates the regime where laser energy is e�ciently
converted to pairs and gamma-rays but also the regimes
where this is not the case and laser energy is e�ciently
converted to ion energy. We have also found that QED
e↵ects do not a↵ect LS ion acceleration. These observa-
tions will be useful for the design of experiments as they
inform the choice of laser and target parameters depend-
ing on whether the generation of energetic ion beams or
critical density pair-plasmas is the desired aim. Conse-
quently, identifying these regimes of laser plasma interac-
tion is crucial to the application of next generation lasers
as a source of high energy ions, to enable the investigate
antimatter and pair-plasmas at macroscopic scale, and to
produce a very bright source of gamma-rays.
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Radiation-reaction effect and radiation trapping of electrons.
In extreme laser fields, the radiation damping force36–38 exerting
on electrons could be expressed as fd¼" 2e4=3m2

e c4
! "

g2
eb Eþ b$Bð Þ2" E ' bð Þ2
# $

, where e is the charge unit, me is
the electron mass, and b is the normalized electron velocity by the
light speed in vacuum c, B and E are the magnetic and electric
fields. Here we keep only the main term proportional to g2

e in the
strong relativistic case. It is shown that the damping force fd
becomes significant enough to compensate for the Lorenz force
fL¼ q(Eþ b$B), under laser intensity 41022 W cm" 2, and it
has to be taken into account in modelling laser–plasma
interaction. As a result, the electron motion is profoundly
altered. Instead of being scattered off transversely, electrons are
trapped inside the laser field and perform extreme oscillations in
the laser polarization direction. This is the radiation trapping
effect39,40, which could lead to efficient synchrotron-like g-ray
emission. However, the simple test electron model39 suggests a
threshold laser amplitude required to enter this regime, that is,

a0th (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2p2

l0

re
r0

3

s

; ð1Þ

where r0 is the laser focal spot radius normalized by the
wavelength l0 and re¼ e2/mec2 is the classical electron radius. It is
shown that the threshold is dependent on the laser focal size. In
order to excite the multi-photon BW process with synchrotron-
like g rays, the threshold laser amplitude should meet a0th ( 650,
which is currently inaccessible. Therefore, in our scheme we first
employ two cone-targets to focus the lasers. Instead of using a gas
plasma or solid, we choose NCD plasmas filled inside the cones to
increase the laser energy absorption and conversion so that more
background electrons are provided and accelerated to enhance the
g-rays emission and positrons production.

The scheme takes advantage of the radiation damping and
trapping effect in the near-QED regime39,40. Figure 1 presents the
schematic drawing of our basic configuration, where two counter-
propagating laser pulses interact with the NCD plasmas inside a
double-cone-targets. In this scheme, high-energy-density g
photons are emitted by the trapped energetic electrons in the

NCD plasmas at the laser axis, which are accelerated by the
intense laser fields. When the g-photons collide with the focused
counter-propagating laser waves from another direction, e" eþ

pairs are efficiently produced via the multi-photon BW process. A
positron beam produced in one NCD plasma can interact with
the electron beam accelerated in the other NCD plasma, behaving
like a microscopic e" eþ collider.

Here we demonstrate the feasibility of the scheme by using
full 3D PIC code EPOCH with QED effects incorporated
(see Methods). To benchmark the simulation results, we also
perform a series of reference simulations using the QED-PIC
code Virtual Laser–Plasma Lab. (VLPL37,41), which can
reproduce the main results presented below.

3D PIC simulation results. Figure 2 illustrates the simulation
results at t¼ 36T0 (T0E3.3 fs is the laser cycle), when both lasers
overlap in the double-cone junction. It is shown that the laser
intensity can be greatly boosted due to the coupling effect of
nonlinear plasma effects and tightly focusing of the laser pulse in
the cone42–44. The strengthened laser ponderomotive force
accelerates the electrons both radially and forward with
considerable radiation emitted. When the radiation damping
effect is taken into account, electrons undergo a strong backward
damping force. This force increases with the time and becomes
comparable to the laser ponderomotive force. As a consequence, a
large number of electrons are kicked back to the laser fields
radially and accumulate near the laser axis, forming a dense
electron bunch as shown in Fig. 2a. These electrons are
ultrarelativistic with a cutoff energy of B5 GeV (Fig. 3a) and
are well collimated around the laser axis with a peak density up to
40nc (nc ¼ meo2

0=4pe2 is the critical density). Additional
simulations without the NCD plasmas and cone, respectively,
indicate that the reduction of the laser threshold for the electron
trapping is ultimately attributed to the nonlinear effect of the laser
in the NCD plasmas-filled cone, which demonstrates the
advantages of the cone structure over a plasma channel40.
These trapped electrons travel almost along the laser-axis,
inducing a strong poloidal self-generated magnetic field40,43.
This results in additional pinching effect on the electrons.
Therefore, the electron trapping or pinching near the laser axis
originates from the radiation damping force and is remarkably
enhanced by the magnetic pinching effect.

The trapped electrons co-move with the focused laser in the
cone and keep oscillating with an amplitude of B2 mm in the
laser field for a long time (Fig. 2a). During the process, two
oxhorn-like electron bunches close to the cone mouths are also
formed, resulting from the strong return currents in the cone.
These trapped electrons emit a great deal of g photons. At
t¼ 36T0, the photon density is up to 850nc (Fig. 2b) and the
cutoff energy is about several GeV (Fig. 3b). The corresponding
average photon energy density is around 1018 J m" 3, which is 107

higher than the threshold for high-energy-density physics45. The
production of such relativistic g photons is crucial to studying the
plasma dynamics and collective QED effects in laser–matter
interactions46–48, which has many applications in diverse
frontiers1,21,23, especially laboratory astrophysics.

The photon emission is mainly contributed by two processes:
(1) the trapped electrons perform oscillations in the laser fields,
like betatron oscillations in the bubble regime32,49,50; (2) the
trapped high-energy electrons collide head-on with the opposite-
propagating lasers, so that energetic photons are emitted by
nonlinear Compton backscattering. Here the first process
dominates the radiation over the second because the photon
spectrum as seen in Fig. 3b is a typical synchrotron-like spectrum,
while the scattered photons in the ultrahigh laser field limit via
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Figure 1 | Extremely dense electron–positron pair production from near-
critical-density plasmas. Two counter-propagating ultraintense laser
pulses are focused from two directions onto the near-critical-density
plasmas filled inside two cones (purple). The quivering electrons in the
ultraintense laser fields experience large radiation-reaction forces by
emitting photons so that a large number of electrons are trapped in the
laser fields. These trapped electrons perform extreme oscillations in the
transverse direction and emit bright g rays (red- and blue–yellow) around
the laser axis. Finally, copious numbers of e"eþ pairs are created via the
multi-photon Breit–Wheeler process.
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How to produce e−e+ pairs from PW laser interaction with 
ultrathin foil and then initiate pair cascades? 

(i)  accelera-on	of	foil	electrons	by	an	intense	laser	field	to	high	Lorentz	factors;		
(ii)  gamma-ray	emission	by	the	accelerated	electrons	quivering	in	the	laser	

fields;				(nonlinear	Compton	scaZering	and	electron	recoil	process)	
(iii)  field-assisted	photon	decay	into	electron–positron	pairs	via	Breit-Wheeler	

process;				(mul--	or	single-photon	Breit-Wheeler	(BW)	process)	
(iv)  gamma-ray	emission	by	the	newly	created	par-cles	as	they	lose	their	

transverse	energy	through	synchrotron	emission;	
(v)  further	pair	produc-on	and	gamma-ray	emission	via	steps	(iii)	and	(iv).		
								QED	effects	become	important	when	the	quantum	dynamical	parameter	χe,γ		
approaches	or	becomes	larger	than	unity.	
								Mul--dimensional	simula-ons	were	performed	with	the	QED-PIC	code	
EPOCH	to	study	this	work.	
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a) QED cascade saturation 

2. Research Work 

𝜒 , =
𝑒ℏ 𝐹 𝑝

𝑚 𝑐
≅ (

𝛾 ,

𝐸 )|𝐸 + 𝛽 × 𝑐𝑩| 

 Ne0:    the number of foil electrons in the laser focus; 
 Ne+p:  the number of produced electrons and positrons; 
 Nγ:     the number of produced energetic photons; 
 𝛤 :     the cascade growth rate; 
Wpair:  pair production probability; 
Wγ:      photon emission probability; 
 𝛤 :     temporally averaged cascade growth rate. 

Analytical model (multi-dimensional cases) 

A. M. Fedotov et al., PRL. 105, 080402 (2010). 

V. F. Bashmakov et al., POP 21, 013105 (2014). 

Based on cascade particle dynamics 

Assumption: No particle leakage 

foil 𝑒 → 𝛾 ⇄ 𝑒 + 𝑒   
𝜒  

𝜒  

QED-PIC simulation 
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(c) (d) 

(e) (f) 

Dense pair plasma and γ-ray burst generation 
                             ---a) singe laser foil interaction 

•  Aluminum	with	thickness	
of	L	=	1	μm	and	ini-al	
density	profile	of	710nc	

•  Linearly	p-polarized	lasers	
at	intensity	of		4	×	1023	W/
cm2	with	focused	spot	size	
of	1	μm	(peak	power	12.5	
PW).		

•  Transversely	super-
Gaussian	spa-al	profile	
and	constant	temporally	
profile.		

•  The	data	are	recorded	at	
the	moment	of	t	=	30	fs.		

•  The	units	of	density	and	
energy	are	m-3	and	Joule,	
respec-vely. 

foil	electrons	 

γ-photons	 

positrons	 

SpaPal	density SpaPal	energy 



(a) (b) 

(c) (d) 

(e) (f) 

Dense pair plasma and γ-ray burst generation 
                                            ---b) counter-propagating laser foil interaction 

•  About	20%	of	the	laser	
energy	is	converted	into	γ-
rays	and	it	is	three	-mes	
higher	than	that	in	the	case	
of	one-side	irradia-on.	

•  Dense	electron-positron	
plasmas	are	simultaneously	
generated	with	a	maximum	
density	of	6	×	1027	/m3,	
which	is	eighkold	denser	
compared	to	the	one-side	
irradia-on.	

•  Such	enhancement	is	due	
to	the	symmetrical	
compression	of	the	foil	
target,	and	the	forma-on	
of	electric	poten-al	and	
standing	wave	around	the	
target.		

foil	electrons	 

γ-photons	 

positrons	 

SpaPal	density SpaPal	energy 



A CH foil (fixed thickness of 1µm) illuminated by two counter-propagating, p-polarized 

laser pulses (I = 4×1023 W/cm2, i.e. 12.5 PW, a0=540) from both sides 

Enhanced pair plasma production in the relativistic 
transparency regime 

ne=280nc	

ne=710nc	

ne=280nc	
Ø  The	foil	is	transparent		to	the	incident	lasers	
Ø  Stable	standing	wave	(SW)	is	directly	formed	by	

the	counter-propagaPng	laser	pulses	
Ø  Lower	photon	density	but	higher	positron	

density	
Ø  Bunched	positrons	in	space	due	to	the	SW	fields	

ne=710nc	
Ø  The	foil	is	opaque	to	the	incident	

lasers	
Ø  No	stable	SW	is	formed	
Ø  Higher	photon	density	but	lower	

positron	density	
Ø  Positrons	dispersed	in	space	



Right-propagating 
components 

Left-propagating 
components 

l  The hole-boring stage terminates at 
5.7T0 and the onset of transparency 
begins at 6T0, which leads to a 
transient SW 

l  A visible interruption of laser 
propagation occurs until 12T0, the 
plasma remains opaque during the 
interaction stage 

0.53 

0.15 

6.1×1010 

1.65×1010 

Enhanced pair plasma production in the relativistic 
transparency regime 

The laser energy 
conversion to e−e+ 
pairs in the relativistic  
transparency regime 
can increase four 
times compared to 
that in the opaque 
regime 

ne0 = 280nc 

t = 13.25T0 

ne0 = 710nc Fr,l = (Ey ± Bz)/2 



The plasma becomes relativistic transparency approximately 
one laser cycle earlier at double-frequency 

Ø  The early formation of SW fields enhances 
the following photon emission and e−e+ pair 
production; 

Ø  The efficient acceleration of charged particles 
by fundamental frequency lasers will 
enlarges the pair production probability; 

With relatively short durations, such as 9T0, 
the double frequency lasers are more suitable 
for pair production. For longer durations, such 
as 30T0, the fundamental frequency lasers are 
more beneficial. 

6 5 

Double-frequency single-frequency 

Enhanced pair plasma production in the relativistic 
transparency regime 

The plasma becomes relativistic transparency approximately
one laser cycle earlier at double-frequency

𝜏 = 30 𝑇

𝜏 = 9 𝑇

¾ The early formation of SW fields enhances
the following photon emission and e−e+ pair
production;

¾ The efficient acceleration of charged
particles by fundamental frequency lasers
will enlarges the pair production probability;

With relatively short durations, such as 9T0,
the double frequency lasers are more suitable
for pair production. For longer durations, such
as 30T0, the fundamental frequency lasers are
more beneficial.

65

Double-frequency single-frequency

Enhanced pair plasma production in the relativistic
transparency regime

dashed line:   𝑎 = 540, 𝜆 = 1𝜇𝑚, 𝜔 = 𝜔 , 𝑛 = 280𝑛 = 3.08 × 10 m , 𝑇 = 𝑇 = 3.33𝑓𝑠

solid line:   𝑎 = 270, 𝜆 = 0.5𝜇𝑚, 𝜔 = 2𝜔 , 𝑛 = 70𝑛 = 280𝑛 = 3.08 × 10 m , 𝑇 = 2𝑇 = 6.66𝑓𝑠

W.Y. Liu et al., Physics of Plasmas 24, 100710 (2017).

T = 9T0 T = 30T0 



The	development	of	QED	cascades 

² The	number	of	electron-positron	pairs	and	gamma-photons	grows	rapidly	as	
the	laser	intensity	reaches	a	few	1023	W/cm2.		

² However,	the	rapid	increase	is	replaced	by	much	slower	growth	when	the	
laser	intensity	is	higher	than	1024	W/cm2.	 

A	CH	foil	with	ne	=	280nc	illuminated	by	two	
counter-propaga-ng,	p-polarized	laser	
pulses	from	both	sides 
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An	analy-cal	model	to	describe	QED	cascade	
development	in	foils	irradiated	with	intense	lasers 

UNIVERSITY OF SOUTH CHINA 

a) QED cascade saturation 

2. Research Work 

𝜒 , =
𝑒ℏ 𝐹 𝑝

𝑚 𝑐
≅ (

𝛾 ,

𝐸 )|𝐸 + 𝛽 × 𝑐𝑩| 

 Ne0:    the number of foil electrons in the laser focus; 
 Ne+p:  the number of produced electrons and positrons; 
 Nγ:     the number of produced energetic photons; 
 𝛤 :     the cascade growth rate; 
Wpair:  pair production probability; 
Wγ:      photon emission probability; 
 𝛤 :     temporally averaged cascade growth rate. 

Analytical model (multi-dimensional cases) 

A. M. Fedotov et al., PRL. 105, 080402 (2010). 

V. F. Bashmakov et al., POP 21, 013105 (2014). 

Based on cascade particle dynamics 

Assumption: No particle leakage 

foil 𝑒 → 𝛾 ⇄ 𝑒 + 𝑒   
𝜒  

𝜒  

QED-PIC simulation 

(3) 
 

𝑑𝑁
𝑑𝑡 = 2𝑊 𝑁  
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Due	to	radia-ve	trapping	and	
pair	plasma	compression 



QED	cascade	satura-on 

A	foil	illuminated	by	two	counter-propaga-ng	
QED-strong	laser	pulses	from	both	sides 

How	does	QED	cascade	get	saturated?	
 

l  Efficient laser energy absorption and then 
rapid depletion of the incoming laser pulses 

l  Overdense pair plasma generation which in 
turn impedes the laser energy absorption   
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²  The	analy-cal	model	works	well	when	
describing	QED	cascades	in	foils.	

²  The	simula-on	results	also	valid	the	
predic-on	from	A.	M.	Fedotov	et	al.	Phys.	
Rev.	LeZ.	105,	080402	(2010).	

χmax 
Weak-field	regime:	
insignificant	QED	
cascades	effect.	

Scaling	law:	
	Γ+	~	exp(-1.1I24/I0)			 

Itp Transi-on	point:	
	Itp	~	1.1I24,	where	
I24	=	1024	W/cm2 



Plasma	compression	and	dense	jet	forma-on 

Density	maps	of	the	created	positrons	(contour	profile)	and	longitudinal	profiles	of	the	
normalized	electric	fields	Ey	at	y	=	0	(solid	line)	at	t	=	10T0	[(a),	(d)]	and	t	=	13T0	[(b),	(e)].	

I0	=	4	×	1023	W/cm2	 

I0	=	1.2	×	1024	W/cm2	 

Radia-on-
dominated	regime:	
Radia-on	trapping 

QED	plasma-
dominated	regime:	
Plasma	
compression	
towards	the	center 

t	=	13	T0 t	=	10	T0 



BW electron Positron 

+1.5 

−1.5 +1.5 

−1.5 

I0	=	1.2	×	1024	W/cm2	 

Plasma	compression	and	dense	jet	forma-on 



Plasma	compression	and	dense	jet	forma-on 

I0	=	4	×	1023	W/cm2	 

I0	=	1.2	×	1024	W/cm2	 

SpaPotemporal	density	evoluPons	at	y	=	0 

Lower	intensi-es:	
1.	Pairs	are	collected	in	the	
vicinity	of	the	electric	
nodes;	
2.	Photons	propagates	
outward	from	the	iniPal	
thin-foil	locaPon.	
	
Higher	intensi-es:		
1.	The	bunches	from	outer	
region	are	compressed	
towards	the	center	
2.	They	collide	with	
reflected	laser	pulses	and	
and	then	iniPate	QED	
cascades	once	again.	



I0	=	1.6	×	1024	W/cm2	 I0	=	2.4	×	1024	W/cm2	 

t	=	13	T0 t	=	10	T0 t	=	13	T0 t	=	10	T0 

Foil electrons 

Positrons 

l  	High-field	phenomena	such	as	pair	plasma	compression	and	the	consequent	
e−e+	jet	forma-on	have	also	been	observed	in	more	realis-c	3D	simula-ons.	

l  Due	to	an	addi-onal	plasma	expansion	along	the	z	dimension	the	density	of	
the	compressed	electron	and	positron	bunches	does	not	rise	as	fast	as	in	the	
2D	case	

Plasma	compression	and	dense	jet	forma-on 



l  The	3rd	and	5th	harmonic	components	are	visibly	observed.	

l  The	high	order	component	appears	at	a	later	interac-on	stage,	which	implies	
that	the	HG	happens	as	the	QED	process	is	fully	excited. the laser intensities to � q �I 4 10 W cm ,23 2 the simulation

shows that such kind of harmonic components disappear,
which means that the current HG is quite different from what
one usually observes in normal relativistic laser plasma
interactions. It should be related to the QED effects.

To see the HG process, in figure 2(a) we show the spa-
tiotemporal evolution of the left propagating field, which is
defined as � �� ( )/F E B 2,y zleft P where Ey and Bz represent

the transverse electric and magnetic fields. It can be seen that
most of the laser pulse cannot transmit through the high-
density plasma layers formed in the central region. In specific,
temporal evolutions of left propagating fields and their fast
Fourier transformation (FFT) at the three detection points are
shown in figures 2(b) and (c), respectively. One can see the
3rd and 5th harmonic components at all these detection
points, which is consistent with the spatial distribution of the

Figure 1. (a) Sketch map of the laser foil interaction and diagnosis points of the harmonics emission. The coordinates of A, B and C points are
(1, 0), (4.25, 0) and (4.5, 0) respectively. The green region, locating from 4.7 to N4.8 m in x direction and from�0.5 to N0.5 m in y direction,
is used to diagnose the positron average density in section 5. (b), (c) Spatiotemporal evolutions of target electron (b) and positron (c) densities
on �y 0 axis. (d) Spatial distribution of positron density at �t 12.5T0 and normalized electric field Ey on �y 0 axis.

Figure 2. (a) Spatiotemporal evolution of left propagating EM field ( �( )/E B 2y z ) on �y 0 axis. Dashed lines denote the three detection
points in figure 1. (b) Temporal evolutions of left propagating fields at detection points A, B and C. (c) Spectra of left propagating fields
detected at those points.
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HG	in	the	QED	plasma	dominated	regime		
I0	=	1.6	×	1024	W/cm2	 



fields shown in figure 1(d). From figure 2(b) one can see that
the initial reflected or transmitted waves only contain funda-
mental frequency components and the high order component
appears at a later interaction stage, which implies that the HG
happens as the QED process is fully excited. In the following
we demonstrate the effect of QED cascades on the HG by
changing laser foil interaction parameters, such as laser
polarization and intensity.

4. Laser polarization and intensity effects on HG

We first study the laser polarization effect on HG. While
keeping p-polarization of the left incident beam, the polar-
ization of the right incident beam is changed to s-polarization
(We call this P–S driven interaction case). By this way one
can distinguish whether the harmonics come from the trans-
mission or the reflection component of each laser pulse.

We present in figure 3(a), the spatiotemporal evolution of
positron density of the P–S driver interaction case. It is seen
that the left propagating s-polarized laser seems to have a
stronger force on the produced pair plasma leading to a tilted
distribution of positron density. This is due to a quasi-1D
effect of the s-polarization in a 2D-slab simulation structure.
The particles cannot move along the z direction such that they
accumulate around the interaction region, which enhances the
production of � �e e pairs. The FFT spectra of left propagating

p/s-polarized field components at point B are shown in
figure 3(b). Here, the left propagating s component field is
defined as � �� ( )/F E B 2.z yleft S Both left propagating p-
polarized component and s-polarized component have a peak
in the 3rd harmonic. The p component is larger than the s
component, which means the harmonics mainly come from
the reflected EM waves.

The effect of laser intensity on HG is further studied. We
reduced the laser intensity to q �4 10 W cm .23 2 The spatio-
temporal evolution of positron density and the FFT spectra of
the propagating EM fields are shown in figures 3(c) and (d),
respectively. The positron density decreases with the laser
intensity. The central high-density plasma layer disappears and
the sanding wave stays during the whole interaction process.
The FFT spectra show that the 3rd and 5th harmonics compo-
nents no longer exist at all of the three detection points, and the
amplitude of the fundamental frequency wave becomes higher
relative to the case of � q �I 1.6 10 W cm .24 2 This is mainly
due to the weaker laser absorption at the lower laser intensity.

5. QED cascade effects on HG and source of electric
currents inducing the harmonics emission

In the high-density regime, QED cascades play an important
role in the production of dense pair plasmas. To further check
the effect of the QED cascade process on the HG, in a

Figure 3. (a), (c) Spatiotemporal evolution of positron density on �y 0 axis. (b), (d) Spectra of different filed components at three detection
points. Upper and lower pads correspond to the P–S driver interactions at laser intensity of q �1.6 10 W cm24 2 and P–P driver interactions at
laser intensity of q �4 10 W cm ,23 2 respectively.
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p-polarized s-polarized 

l  The	p	component	is	larger	than	the	s	component,	which	means	the	harmonics	
mainly	come	from	the	reflected	EM	waves.	

l  The	3rd	and	5th	harmonics	components	no	longer	exist	at	the	low	laser	
intensity	case.----->	QED	cascades	effect	on	the	HG???	

p-polarized p-polarized 

I0	=	1.6	×	1024	W/cm2	 

I0	=	4.0	×	1023	W/cm2	 



l  As the QED cascade process was artificially switched off, all the 
harmonics components are vanished and only some high frequency noise 
remains in the spectra. 

simulation we turned off the QED cascade channel. We only
allow the production of the first generation of H photons. The
generation of � �e e pairs from the laser target electrons
interaction reserves, however, the succeeding cascade process
is switched off. So technically the photons with .G 2p do not
generate � �e e pairs (see also in figure 5(e)). In this case, the
pair number as well as its spatial density has a sharp decrease
as shown in figure 4(a). Accordingly, the density oscillation
of the two QED plasma layers becomes much weaker, which
further reduces the laser absorption and reflection. Figure 4(b)
shows the FFT spectra of left propagating fields at the three
detection points. It is seen that all the harmonics components
are vanished and only some high frequency noise remains in
the spectra. The peak value of the fundamental frequency is
much higher than that obtained in the cascade-turn-on case,
which means that most of the laser energy do not transfer to
the target plasmas and the � �e e pairs. Beside the lower
density of the oscillating electrons, by comparing figures 4(a)
and 1(c), one can also see that the oscillation pattern itself is
not as stable as the one in the QED cascade on case. These
two factors make the conventional HHG mechanisms (such as
relativistic oscillation mirror mechanism) be almost absent in
current laser plasma interaction region. It proves that the HG
here is mainly governed by the QED cascades and only
happens when the laser intensity becomes strong enough,
which may provide a useful way to detect the QED processes.

To investigate the mechanism of the HG in the current
study, we checked the transverse electric current evolution in
the PIC simulations. Figure 5(a) shows the spatiotemporal
evolution of Jy on �y 0 axis. It is found that from about
�t 8T0 harmonics components begin to appear in the central

area. The FFT spectra of the current derivative s s/J ty and its
two contribution terms, Ss s/v ty and Ss s/v ty are shown in
figure 5(b). One can see that in this QED cascade on case, the

Ss s/v ty term has a dominated contribution to the 5th har-
monic component. Since the frequency component of vy is
mainly one ω, it means the density derivative term should
include 4ω component. This is confirmed in figure 5(c), where
evolutions of the average positron density in the green square
region labeled in figure 1(a) for the QED cascade on and off

cases are shown. Before �t 10T0 the evolutions for the two
cases show similar behavior. A double-frequency (2ω)
component of S is seen in both cases as shown in figure 5(d),
which is mainly due to the 2ω component of the longitudinal
ponderomotive force of the driver lasers. Combined with the
one ω component evolution of v ,y both of the two terms
( Ss s/v ty and Ss s/v ty ) contribute to the 3rd component peak
in figure 5(b).

From the black lines in figures 5(c) and (d) one can also
see that besides the 2ω component, in the QED cascade on
case, a 4ω component of S also exists. Combined with the one
ω component evolution of s s/v t,y Ss s/v ty term gives the 5th
component peak in figure 5(b). And this electric current
component finally contributes to the 5th harmonic in the EM
spectrum.

To find the reason of the 4ω component of S, we used our
newly developed function of cascade order analysis.
Figure 5(e) shows the positron generation orders in the QED
cascade on and cascade off cases. When QED cascade is
artificially turned off, positrons with .�G 2e no longer exist
and as a result, the total positron number in this case is much
lower than that in the QED cascade on case. This also
explains why the average positron number in the QED cas-
cade off case decreases much quickly than the QED cascade
on case after t=12.5T0. The simulation results show that the
4ω component of pair density oscillation only appears when
the cascade process is turned on. It might because that the
pairs with higher generation number .o( )G 2e depend on the
first generation of pairs ( �oG 1e ) whose density modulation
have 2ω component. Combining with the 2ω component
contribution from the interacting lasers, the final pair density
modulations show 4ω component, which then leads to the
generation of the 5th order current and harmonic as we
mentioned before.

6. Summary and discussion

In summary, the dynamics of two ultra-relativistic intense
counter-propagating lasers interacting with a thin foil target is

Figure 4. (a) Spatiotemporal evolution of positron density on �y 0 axis for the case without QED cascade process. (b) FFT spectra of left
propagating fields at points A, B and C.
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HG	in	the	QED	plasma	dominated	regime		

studied by using QED module included PIC simulations and
harmonics up to 5th order have been observed. It shows that
such harmonics are generated due to QED effects, especially
the cascade process. Both the transmission and reflection
fields carry harmonics components, while the reflection car-
ries majority. Once QED cascade effect is turned off artifi-
cially or by reducing the driver laser intensity, � �e e pairs
production will be suppressed and harmonics component
disappears. These studies provide a new way to detect the
QED effects in the coming extreme intense laser target
interaction where the QED processes may dominate the
interaction.
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l  From about t = 8T0 harmonics components begin to appear in the central area 

l  In the QED cascade on case, the                 term has a dominated contribution 
to the 5th harmonic component 

vy∂ρ /∂t



Conclusion 

Thanks	for	your	aZen-on! 

 
•  High-field QED plasma generation and its dynamics has been attracting 

great interest due to fundamental physics studies and potential 
applications. 

•  Enhanced dense pair plasma production has been investigated through 
EPOCH simulations. 

•  A scaling of QED cascade growth with laser intensity is found, which 
shows clear cascade saturation above threshold intensity of ~ 1024 W/cm2, 
which is reachable by upcoming 10PW laser facilities.  

•  Nonlinear plasma dynamics, including pair plasma compression and 
harmonics generation, is demonstrated in the cascade saturation regime. 


