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Radiation mechanism

Let two Langmuir waves propagate in a cold uniform plasma in opposite directions along the same z-axis with
equal phase velocities. In the linear approximation, the electrostatic potential can be written as the sum:

Φ(t, r) = Φ1(r⊥)eikz−iωt + Φ2(r⊥)e−ikz−iωt + c.c.

Amplitudes of density and velocity perturbations for plasma electrons take the form:

v1‖ = − k
ω

Φ1(r⊥), v2‖ =
k

ω
Φ2(r⊥),

δn1,2 =
1

ω2
(∆⊥ − k2)Φ1,2(r⊥).

Nonlinear interaction of these waves generates the longitudinal electric current

J‖ = −(δn1v2‖ + δn2v1‖)e
−i2ωt + c.c.,

which is able to radiate electromagnetic waves transversely to the propagation axis.
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Radiation mechanism

The nonlinear current

J‖ =
k

ω3
(Φ1∆⊥Φ2 − Φ2∆⊥Φ1)

can generate the 2ωp-radiation if colliding Langmuir waves have di�ering transverse pro�les

Φ1(r⊥) 6= Φ2(r⊥). (1)

THz

I.V.Timofeev, V.V.Annenkov, E.P.Volchok. Generation of high-�eld narrowband terahertz radiation by counterpropagating plasma

wake�elds. Phys. Plasmas 24, 103106 (2017)
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Excitation of wakes by laser pulses

Axially symmetric gaussian laser pulses with the
envelopes

as = a0s
σ0s

σs(z)
e−r

2/σ2
s(z) sin2

(
π(t± z)

2τ

)
,

σs(z) = σ0s

√
1 + z2/R2

s, Rs = ω0σ
2
0s/2.

act on plasma electrons through the ponderomotive
force and excite plasma wakes with the following
potential pro�les

Φs(r) = Φws

(
σ0s

σs(z)

)2

e−2r2/σ2
s(z),

Φws =
3

4
a20s

sin τ

(4− 5τ2/π2 + τ4/π4)
.

Optimal duration of laser pulses is τ ≈ π/ωp.

Radiation power

The amplitude of radially propagating THz wave at the
plasma boundary (r = R) can be presented in the form

E0 =
3Φw1 Φw2 Fσ

2
√

(2
√

3RJ1 − J0)2 + 16R2J2
0

, (2)

Fσ =
σ2
01σ

2
02

∣∣σ2
2 − σ2

1

∣∣
(σ2

1 + σ2
2)2

exp

[
−3

8

σ2
1σ

2
2

σ2
1 + σ2

2

]
, (3)

where Jn = Jn(
√

3R) are the Bessel functions of the
order n. The total radiation power is

P

P0
= πR

∫
E20dz, P0 =

m2
ec

5

4πe2
≈ 0.69 GW.

These formulas allow to �nd the optimal overlapping of

colliding wakes.
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We have con�rmed our theoretical predictions by PIC simulations in plane geometry (two 500 fs CO2 laser pulses
with equal amplitudes a1,2 = 0.7 are injected into the uniform plasma layer with the density 1.5 · 1016 cm−3).
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Tunability of radiation frequency

Radiation frequency fR = ωp/π ∝
√
n

Laser pulse duration: τ ≈ π/ωp ∝ 1/
√
n

E�ciency of plasma wake excitation ∝ ωp/ω0.
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Optimal parameters for demonstration experiment

We propose to carry out a proof-of-principle experiment on the
collision of two gaussian laser pulses in a supersonic gas jet
using TW laser system (λ0 = 830 nm, 0.2 J).

Parameter Value

Laser wavelength, λ0 830 nm
Energy of the 1st laser pulse, WL1 16 mJ
Energy of the 2st laser pulse, WL2 184 mJ
Spot-size of the 1st laser pulse, σ01 6.3 µm
Spot-size of the 2st laser pulse, σ02 18 µm
Maximal laser strength, a01 0.67
Maximal laser strength, a02 0.8
Duration of laser pulses, τ 39 fs
Density of plasma electrons, n0 2.5 · 1018 cm−3

Radius of plasma channel, R 40 µm
Length of radiating plasma channel 0.6 mm
Nozzle diameter 1.5 mm
Frequency of THz radiation, 2ωp/(2π) 28.4 THz

I.V.Timofeev et al. Plasma Phys. Control. Fusion 62, 045017 (2020)
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PIC simulations of experiment

E�ects not accounted for in theory

Theory does not predict the duration of
2ωp-radiation. It depends on

energy transfer from a primary wake to
non-radiating harmonics due to electron
nonlinearities (δn ∼ 0.5),

ion dynamics (what gas is better to use?).

What is the real size of a plasma channel produced
by the �eld ionization and how does the nonuniform
density pro�le in�uence on 2ωp-emission?

E�ects of laser beams collision. What is the optimal
delay between laser pulses?

How does the radiation power depend on the
collision angle?

Simulation layout

We use two numerical models:

2D3V axially symmetric PIC model with virtual laser
pulses for full-scale simulations,

2D3V PIC model in Cartesian geometry with real
laser pulses.
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E�ects of ion dynamics
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E�ects of ion dynamics

Theory predicts correctly the amplitude of radiated THz wave in each
spatial point, but the predicted amplitude pro�le is not simultaneously
established along the whole radiating plasma length due to a small
duration of 2ωp-emission.

Due to this e�ect, the total power emitted from the whole plasma volume
turns out to be twice lower than the predicted value and reaches 30 MW.

The duration of 2ωp-emission due to the mechanism of wakes collision is
limited by 1 ps.

Finite-mass ions play the positive role by switching on the mechanism of
plasma antenna:

(ω, k) + (0,−q)→ (ω, k − q)

(ω, k) + (ω, k − q)→ (2ω, 2k − q)

Since q = 2k in a standing wave, the nonlinear current radiates EM waves
at 2ω transversely to the laser axis. Half of the total energy is radiated via
the antenna mechanism. For light gases (H, He), the energy conversion
e�ciency reaches 0.02%.

We chose He as a target gas.
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Field ionization of He
To calculate the probability of s-fold ionization of He

Ps = 1− exp

− t∫
t0

Ws(t
′)dt′

 ,

we will use the ionization rate Ws(t) which goes through
di�erent regimes with increasing electric �eld:

Ws(E) =


WTI(E), E < E1

WBM (E), E1 < E < E2

WBSI(E), E > E2

Tunnel ionization in a static �eld limit:

WTI = ωak
2
sCs

(
2

Fs

)2ns−1

exp

(
−

2

3Fs

)
,

ks =

√
Is

IH
, Cs =

22ns

nsΓ(2ns)
, Fs =

E

k3sEa
,

Bauer-Mulser ionization rate:

WBM ≈ 2.4
ωa

k4s

(
E

Ea

)2

.

Barrier-suppression regime:

WBSI ≈ 0.8
ωa

ks

(
E

Ea

)
.

Kostyukov et al. Field ionization rate for PIC codes. arXiv:1906.01358
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The radius of fully ionized He plasma is large enough not to in�uence on wakes.
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Overlapping of laser �elds

Ion density is rapidly modulated with the wavelength λ0/2 by a
standing EM wave in the overlapping region.

Both wake�elds and 2ωp-radiation inside this region is strongly reduced.

It is reasonable to shift this region from the focus.

Optimal time-delay
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The use of helium allows to shift the
region of laser beams overlapping far
from the focus.

The narrow laser pulse should be
delayed by 2-2.5 ps compared to the
wide one in experiments.

The pulse of narrowband

2ωp-radiation (28 THz with the

line-width 2.5%) is predicted to

reach the maximal power of 30 MW

and total energy of 70 µJ.

(Timofeev et al. submitted to Phys.

Plasmas)
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Accuracy of the ponderomotive approach
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The model of virtual laser pulses overestimates the e�ciency of laser-to-THz energy conversion by no more than

30% (> 20 MW, > 50 µJ).
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E�ects of �nite collision angle and angular distribution of 2ωp-emission

In the far zone, the angular distribution of radiation
power is calculated as

dP

dΩ
=

P0k

8π2ωε

∣∣∣∣∫ [J× k] e−ikrd3r

∣∣∣∣2 ,
where k = (

√
3 sin θ cosϕ,

√
3 sin θ sinϕ,

√
3 cos θ)

is the wavevector of radiated EM wave and ε = 3/4
is the plasma dielectric constant. It is seen that

the total radiation power decreases
monotonically with the increase of angle

at small angles < 5◦, this decrease does not
exceed 20%
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Head-on collision

Boundary problem
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=
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Angular distribution at α = 5◦

the direction of radiation propagation rotates together with a more narrow laser pulse

E.P.Volchok et al. Electromagnetic emission due to nonlinear interaction of laser wake�elds colliding in plasma at an oblique angle //

submitted to Plasma Phys. Control. Fusion
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Emission angle in PIC simulations
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Laser system

We use two-channel multi-terawatt femtosecond laser system based on OPCPA in BaB2O4 (BBO) and LiB3O5

(LBO) crystals operating at the wavelength 830 nm with the pulse energy 0.2 J, duration 20 fs and repetition
rate 10 Hz. A feature of this system is the high angular stability of the output radiation (5-7 µrad).

Institute of Laser Physics SB RAS (Novosibirsk)
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Experimental setup

Layout of experimental setup (without the THz diagnostic).
1 � remote controlled 2D-turn parabolic mirrors, 2 � remote
controlled 3D-move supersonic jet device, 3 � high-power

laser beam, 4 � interferometer beam.

Vacuum chamber with a pumping system is ready to

operation. Level of 2 · 10−6 mBar is reached.

Testing of supersonic jet device prototype.
1 � vacuum translation stage, 2 � de Laval nozzle and

fast pulsed gas valve, 3 � gas input tube.

Design parameters of a gas �ow are obtained (with

nitrogen): diameter of �at region ∼ 1.2 mm,

density 1018 − 1019 cm−3, Mach number ∼ 4,

backpressure is up to 9 atm.
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Diagnostic of 2ωp-emission (28 THz, 10-11 µm)

CaHgTe detector AgCl:AgBr waveguide

Technical parameters of detector Resistor Diode

Wavelength of peak sensitivity, µm 14.9 9.9

Long-wavelength limit of spectral
sensitivity by 0.1λ0,1, µm 19 11.7

Response time, ns 160 70

Threshold power in peak
sensitivity, W·Hz−0.5 10−13 10−12

2ωp-radiation will be transmitted from a given spatial point
inside the chamber to the cooled CaHgTe detector by the
AgCl:AgBr waveguide with the following spectral dissipation

Options of resistor type and diode type detectors are

considered. The construction, testing and calibration of the

complete measurement system is started. Detailed study of

system properties is planning at the Novosibirsk FEL.
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Scheme of interferometric measurements

Jet: diameter is 1.2÷ 1.5 mm, gas density is 1018 ÷ 1019

cm−3, Mach number is 3÷ 4, pulse duration ∼ 6 ms.

Optical diagnostic of the gas density is on λ = 532 nm.

de'Laval nozzle Supersonic jet

Scheme of the interferometric diagnostic; C1, C2 � vacuum chambers, SB � ps laser beam , MB � main fs laser beam, PM - parabolic

o�-axis mirror, SSJ � supersonic jet, UB � ps probe beam, HM � hot mirror, DM1 � DM6 � dielectric mirrors, L1, L2 - lenses, BP �

Fresnel biprism, F1 � neutral density �lter , F2 � selective �lter, CCD camera.
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Interferometric study of supersonic jet characteristics

The experimental setups with a biprism interferometer: 1 is a supersonic nitrogen jet, 2 is the

de'Laval nozzle, 3 is the vacuum chamber, 4 is the pulse valve, 5 (Laser) is the Nd-YAG laser, 6

are lenses of a telescope system, 9 is a neutral density �lter, 10 is a Fresnel biprism, 11 is a

focusing lens.

(c) The retrieved gas density maps of the nitrogen supersonic jets after 6 ms delay relative

voltage pulse to a valve, and (d) gas density radial distributions after 7 ms delay at various

distances from the nozzle exit: 1 � 0.01 mm, 2 � 0.46 mm, 3 � 0.67 mm, 4 � 1.13 mm, 5 � 1.58

mm, 6 � 2.04 mm and 7 � 2.5 mm; the backing pressure is 9 bar.

S.V. Avtaeva, K.V. Gubin, V.I. Trunov, and P.V. Tuev. Algorithm for supersonic gas jet density pro�le retrieval from interferometric

measurement// JOSA A, 2019, Vol. 36, No. 5 , pp. 910-917
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Çàêëþ÷åíèå

Ïðåäëîæåíû îïòèìàëüíûå ïàðàìåòðû ëàáîðàòîðíîãî ýêñïåðèìåíòà, êîòîðûé äîëæåí
ïðîäåìîíñòðèðîâàòü âîçìîæíîñòü ãåíåðàöèè 2ωp-èçëó÷åíèÿ ñ óçêîé ñïåêòðàëüíîé ëèíèåé
∆ω/ω < 3% çà ñ÷¼ò ëîáîâîãî ñòîëêíîâåíèÿ äâóõ ïëàçìåííûõ êèëüâàòåðíûõ âîëí, âîçáóæäàåìûõ â
ñâåðõçâóêîâîé ñòðóå ãåëèÿ ïàðîé ãàóññîâûõ ëàçåðíûõ èìïóëüñîâ ñ äëèíîé âîëíû 830 íì,
äëèòåëüíîñòüþ 40 ôñ è ïîëíîé ýíåðãèåé 0.2 Äæ.

Ñ ïîìîùüþ àíàëèòè÷åñêîé òåîðèè è PIC ìîäåëèðîâàíèÿ ïîêàçàíî, ÷òî ôîêóñèðîâêà âñòðå÷íûõ
ëàçåðíûõ ïó÷êîâ â ïÿòíà ðàçëè÷íûõ ðàçìåðîâ (6 è 18 ìêì) ñ íåñîîñíîñòüþ < 50 ñîçäà¼ò â ãàçîâîé
ñòðóå êàíàë ïîëíîñòüþ èîíèçîâàííîé ïëàçìû ñ äèàìåòðîì > 50 ìêì, âíóòðè êîòîðîãî íåëèíåéíîå
âçàèìîäåéñòâèå êèëüâàòåðíûõ âîëí ãåíåðèðóåò èìïóëüñ 2ωp-èçëó÷åíèÿ (28 ÒÃö) ñ õàðàêòåðíîé
äëèòåëüíîñòüþ 3 ïñ, ïîëíîé ìîùíîñòüþ ∼20 ÌÂò è ýíåðãèåé 40 ìêÄæ, ÷òî ñîîòâåòñòâóåò
ýôôåêòèâíîñòè ïðåîáðàçîâàíèÿ ýíåðãèè 2 · 10−4. Â äàëüíåé çîíå èñòî÷íèêà ãåíåðèðóåìîå èçëó÷åíèå
íàïðàâëåíî ïîïåð¼ê îñè òîíêîãî ëàçåðíîãî ïó÷êà è èìååò âåñüìà óçêèé óãëîâîé ðàçáðîñ 20.
Ìàêñèìàëüíàÿ ýôôåêòèâíîñòü 2ωp-ýìèññèè äîñòèãàåòñÿ, åñëè òîíêèé ïó÷îê ïðèõîäèò â òî÷êó
ôîêóñà íà 2-2.5 ïñ ïîçæå, ÷åì òîëñòûé.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà íà ñòàäèè ñáîðêè: ïîëó÷åíû íåîáõîäèìûå âàêóóìíûå óñëîâèÿ,
ðàçðàáîòàíà ñõåìà èíòåðåôåðîìåòðè÷åñêèõ èçìåðåíèé ïëîòíîñòè ãàçà è ïëàçìû, íà÷àòà êàëèáðîâêà
äåòåêòîðà èçëó÷åíèÿ ñ äëèíîé âîëíû 10 ìêì íà ËÑÝ.
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