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A Cherenkov-type terahertz electromagnetic radiation is revealed, which results efficiently from the collective

effects in the time-domain of ultrafast pulsed electron current produced by ultrafast intense laser—plasma interaction.

The emitted pulse waveform and spectrum, and the dependence of laser pulse parameters on the structure of the

radiation field are investigated numerically. The condition of THz radiation generation in this regime and Cherenkov

geometry of the radiation field are studied analytically.
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1. Introduction

Plasmas created by high-intensity laser pulses
with ultrashort durations have received considerable
attention as rich sources of electromagnetic radiations
Par-
ticularly, because the plasmas have no limit to the

including coherent and incoherent radiations.

damage threshold, as a coherent radiation medium,
it has the potential of generating high power tera-
hertz (THz) radiations as compared with the conven-
tional THz radiation generation mechanism such as
electro-optic effect based on the laser-triggered solid-
state.l'! The recent studies demonstrate that the gen-
eration of coherent radiation in the THz band from the
laser—plasma interaction is achievable by two compo-
nents, i.e. sub-ps electron bunch produced by a com-
pact laser—plasma accelerator and the coherent transi-
tion radiation resulting from the accelerated electron
bunch at the boundary of plasma and vacuum.?—4
In the process of interaction of an intense ultra-
short pulse laser with a plasma, electrons can be ef-
ficiently accelerated to a high energyl® and form a
pulsed energetic electron bunch. In this paper, we
demonstrate that the collective effect of this ultrafast
pulsed electron bunch or current results in the elec-
tromagnetic emission of Cherenkov-type radiation in
a THz range, which is another powerful mechanism
to generate the pulsed THz radiation by the ultrafast

terahertz radiation, Cherenkov, ultrashort pulse laser, plasma

laser—plasma interaction. The emitted pulse waveform
in time-domain and radiation spectrum, and the de-
pendence of laser pulse parameters on the structure of
the radiation field are investigated numerically. The
condition of THz radiation generation in this regime
and Cherenkov geometry of the radiation field are re-
vealed analytically.

2. Basic equations

When an ultrashort intense laser pulse propagat-
ing through a plasma the density of electron current,
due to the action of the laser radiation field, is given
by!6:7]

J = —e(no + n)v, (1)
where e is the electronic charge, ng and n are the ambi-

ent and disturbed electron densities, respectively, and
v is the electron velocity. The normalized electron

density within the laser pulse can be derived as®*]
n c op
—=—=V-|=+Vy], 2
no ws ([% te 7) )
where w, = \/4me?ng/me is the plasma frequency,
p= s the dimensionless electron momentum, and
c
v = (1+p*)"? the Lorentz factor. Substituting

Eq.(2) into Eq.(1) and expanding the momentum p
in power into p = p1 + P2 + - - - , and retaining terms
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up to the second order of the momentum in Eq.(1),
one can obtain

9p:1

) ) . c
J ~ —engc(pr + p2) + enocplﬁv - (3)

p

The first-order momentum p; is dependent on the
form of laser pulse in the linear approximation and
usually is expressed as

1
p1 = §[a(r, t)exp(—iwot +iko - r) + c.c.],  (4)

where a(r,t) is the complex amplitude that is sup-
posed to be a slowly varying function both in time in
the laser radiation period (27/wp) and in space in its
wavelength (27/ko), wo and ko are the frequency and
the wave vector of the laser pulse, respectively. Using
Eq.(4) and the hydrodynamic equations, the second

order momentum P, can be presented as!®9
N c ’ /e / 0 ~2 /
P2 = —Ev N dt’ sinfwp (t — t')] Epl(r,t ). (5)

Introduce a dimensionless function
t
o=un [ dsnlt-OMFEO. O

which is the solution of the equation

0%¢ A
iz TRt = Wit (7)

then, in accordance with Eq.(5), we will have
. c 09
=—-——V—. 8
2?2 Ot ()
Therefore, the quasistatic current for one pulse dura-
tion can be derived from Eq.(3) as
- 2 _0¢

J = GTLOEVE, (9)

b= ﬁ/ at’ sinfw, (t — t)]|a(r, )% (10)

3. Emission of Cherenkov radia-
tion

We now restrict our consideration to a steady ax-
isymmetric laser pulse in a cylindrical coordinate sys-
tem and assume that the incident laser pulse has the
form |a(r,t')|? = a3 f1(2,t) f2(p), where ag denotes the
peak value of the normalized laser intensity and func-
tions f1(z,t) and fa(p) determine the shapes of the

pulse in the longitudinal and the transverse directions,
respectively.

To find the emitted radiation analytically, as an
example, the longitudinal envelope of the pulse is
taken as the form

fi(z,t) = sin®[kp, (2 — vgt)], (11)

and the transverse shape of the pulse is assumed to be
in the Gaussian form

f2(p) = exp[—p*/pg), (12)

where vg is the group speed of the laser pulse in the
plasma; kr, = 27/L; L and pg are the space length and
effective radius of the beam spot of the laser pulse, re-
spectively. From Eq.(10), we have

é=— ajf1(p)
o AR k)
x [kf — k2 + K cos(kL(z — vgt))
— ki cos(kp (2 — vgt))]. (13)

Substituting Eq.(13) into Eq.(9), the quasistatic cur-
rent components for one pulse duration can be pre-

sented as follows:

_ 02

2
J, =eng agpfi(p)

23 2(kf — K2)Ag
X [kgkngsin(kL (z — vgt))
— ki kpvgsin(kp (2 — vgt))], (14)
7 ¢ agfi(p)
J, = —eng—s — 7
2w2 4(k¢ — k2)
X [kgk%vgcos(kL(z — Ugt))

— kikgvgcos(kzp(z — vgt))]. (15)

Equations (14) and (15) show that the generation of
the quasistatic electron current in a pulse duration is
due to the fact that a group of electrons inside the
laser pulse induces an ultrafast collective effect.
From the d’Alembert equation, the vector poten-
tial of the emitted radiation due to the pulsed current,

as a function of time at the viewpoint x, reads!*%11]

J(@',t — R/vy)
Az, t) = | =2 2qV’ 16
@)= [ H e
where R is the distance from the current centre to the
viewpoint, and v, is the phase speed of the radiation
wave. Assuming pp << R and considering the far field

radiation, we have R =~ /p? + (z — 2/)2. Substituting
Egs.(14) and (15) into Eq.(16) yields
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2 augkp ki
A :eno_ogip
r 2w2 2(kf — k2)p
o [ el R psinlh (= vt = B/v,) — kasinlhy (2 = vl = B g,
cR
and
A = — ong & 5VskgkL
N 2wg 4(k% — k:g)
% / PleXP[—P/Q/P%][COS(kL(Z/ —vg(t — Rg@))) — cos(kp (2" — vg(t — R/vy)))] dp'dz’. (18)
c

Therefore, the magnetic field of the radiation, accord-
ing to the relation B =V x A, can be written as

0A, 09A
B, =% C2
P Op’

B,=0, B,=0. (19)
Substituting Eqgs.(17) and (18) into Eq.(19), we can
carry out the numerical calculation of the radiating

magnetic field, and the results are shown in Fig.1.
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Fig.1. The radiating magnetic field in time-domain for
different values of laser pulse and plasma parameters,
ap=0.5, po=1pm, A= 1.06pm, 71,=200fs, and L = hAp
(h=1.5, 2, 3).

In Fig.1, 7, is the laser pulse duration and X, is
the wavelength of the plasma wave. When h = 2, the
corresponding plasma density is about 10'¥cm—2. Fig-
ure 1 shows that the electromagnetic radiation is emit-
ted when the ultrashort intense laser pulse propagates
in plasma and the waveform is dependent on plasma
density. It implies that, theoretically, the waveform
can be shaped by changing the plasma density. When
h is an integer, the radiated magnetic field is sym-
metrical with respect to the centre of radiation pulse
as shown in Fig.1 with dot dash and dotted curves,
respectively. This is the resonant modulation of the

plasma wave to the radiation field. From Fig.1 one can
also see that the duration of radiation pulse is close to
that of laser pulse, which means that the response of
free electron to the laser pulse is fast compared with
the response of the laser-triggered solid-state to the
laser pulse.

The spectrum of radiation field is obtained by per-

forming the Fourier transform
B(w) :/ B(t)exp(iwt)dt. (20)

Using Eqgs.(17)—-(20), we perform the numerical calcu-
lation and the results are shown in Fig.2.
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Fig.2. The spectra of the radiation corresponding to

those in Fig.1, in which ap=0.5, po=1pm, Ar,= 1.06um,
71,=200fs, and L = hA, (h=1.5, 2, 3).

It is shown in Fig.2 that the frequencies of the
emitted radiation field lie in a THz range, which im-
plies another approach to generating a THz source by
the ultrashort pulse laser—plasma. One can see from
Fig.2 that when 71,=200fs the first central frequency
of the radiation spectrum has a shift of 5-7THz for
different plasma densities. But it is worthy to be em-
phasized that the second central frequency appears
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and the central frequencies display a diploid relation 4. Discussion and conclusion

when L = 3\, which may be the radiation of plasma

harmonic field.
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Fig.3. The spectra of the radiation for different laser pulse
durations, in which ap=0.5, po=1pm, A;,= 1.06pm, and
L =2\p.

Figure 3 displays the radiation spectra for dif-
ferent laser pulse durations. And it shows that the
first central frequency appears around 7y ! For ex-
ample, as shown in Fig.3, the first central frequency
w =~ 11THz for 7,=100fs; w =~ 6THz for 71,=200fs;
w = 3THz for 7,=400fs.

Figure 4 shows the time dependences of the ra-
diated magnetic field for different laser intensities.
Generally, the radiation intensity can be expressed
as I = (c/8x)|B|%.
Fig.4, the magnetic field of the radiation is B =
11.7 x 10°a2Gs. Therefore, the radiation intensity is
Ir = 1.4 x 10Ma¢W-cm~2. It demonstrates the pos-
sibility of generating a high-power THz source by ul-

For L = 2\, as shown in

trashort intense laser—plasma interaction.
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Fig.4. Radiation pulse in time-domain for different laser
intensities, in which po=1pm, A;,= 1.06um, 71,=200fs, and
L =2\p.

To understand the generation of the radiation
field further, we perform the Fourier transform of the
current density J(z',t) as follows:

J, () ! /OO J(x' t)exp(iwt)dt.  (21)

:E .

Substituting Eq.(21) into Eq.(16), we have

A(x,t) = #/

— 00

X / %exp(iwl{/v@)dv/.

oo

exp(—iwt)dw

(22)
Therefore

A, (x)

! /00 expliw(t’ + R/v,)]dt’

2mc J_ o

X / J(wTé’t/)dV’. (23)

Considering the far field radiation, one can have R =
|[R— R/|~ R—mn-x(t'), then

1 .
A, ~ Eexp(le/up)
X /exp[iw(l —n-vg/v,)t'|Pd,  (24)

where ¥ = [ J(z,t)pdpdz. Using Egs.(14) and (15),

we have
mec®  advgk?  poN/T 2k
!pT — e 0“g™L 1— p 25
Xe 4(1@%—1@%) 1 cos L , (25)
mec? advgkyk? p? 2rk

Lpz — _ < 0“g™pP™L IO _: P . 26
e a2 —k2) 2 T Uk (26)

Therefore,

A, =~ %exp(in/v@)d[w(l —n-vg/v,)].  (27)

Equation (27) implies that for emitting the radiation
(i.e. A, #0), the condition

n-vg /v, =1 (28)

must be satisfied, which means that the radiation is of
Cherenkov type. The emitting angle # of Cherenkov
photons relative to the propagating direction of the
laser pulse is

6 = arccos (v, /vg). (29)

This Cherenkov condition emerges when the group
speed of the propagating ultrashort laser pulse is
larger than the phase speed of the generated radia-
tion wave, i.e. vg > v,, which is consistent with the
early result reported by Kleinman and Auston.!?
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In conclusion, Cherenkov radiation at a terahertz
frequency range can be generated by ultrafast laser—
plasma interaction. In physics, this Cherenkov-type
THz radiation results from the ultrafast change of the
free electron current excited by an ultrashort laser
pulse, which resembles the THz emitter by the laser-
triggered photoconductive switch.['3] By using the nu-

merical solutions, we present the waveform in time-

domain of the radiation field, and then we demon-
strate that the relationship between the radiation in-
tensity at a THz frequency range and the pulse laser
field satisfies I = 1.4 x 104a{W-cm~2. And finally
we find out the Cherenkov angle of the electromag-
netic radiation, § = arccos(vy, /vg), which is consistent
with the early theoretical prediction.
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