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Terahertz radiation from oscillating electrons in laser-induced wake fields
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Strong terahertzl THz=102 Hz) radiation can be generated by the electron oscillation in fs-laser-induced
wake fields. The interaction of a fs-laser pulse with a low-density plasma layer is studied in detail using
numerical simulations. The spatial distribution and temporal evolution of terahertz electron current developed
in a low-density plasma layer are presented, which enables us to calculate the intensity distribution of THz
radiation. It is shown that laser and plasma parameters, such as laser intensity, pulse width, and background
plasma density, are of key importance to the process. The optimum condition for wake-field excitation and
terahertz emission is discussed upon the simulation results. Radiation peaked at 6.4 THz, with 900 fs duration
and 9% bandwidth, can be generated in a plasma of densitgb’ cmi 3. It turns out that the maximum
radiation intensity scales a1§3a04 when wake field is resonantly excited, whegganda, are, respectively, the
plasma density and the normalized field amplitude of the laser pulse.
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[. INTRODUCTION evolution of terahertz electron current developed in the

o ) plasma layer are studied in detail. A well-established formula

Terahertz radiatioror T rays, having a frequency be- for radiation is then applied to calculate the intensity of THz
tween microwave and laser, has received considerable attepygiation. Strong terahertz emission has been observed in the
tion in recent years. As a nonionizing electromagnetic radiasjmylations. It is shown that the laser and plasma parameters,
tion with submillimeter wavelength, it has promising gch as laser intensity, pulse width, and plasma density, are

applications in biological imaging, surface chemistry, andyf key importance to the process. The optimum condition for
high-field condensed matter studids2]. Unlike microwave —\yake-field excitation and T-ray emission is discussed upon
and laser, there are still no promising candidates for highine simulation results.

efficiency T-ray generators, this “terahertz gap” greatly limits
its applicationg3]. Various methods, based on the principles
of synchrotron radiatiorj4], transition radiation5,6], and
frequency up conversion of electromagnetic radiatj@h
were proposed to generate terahertz radiation. Terahertz radiation from laser-irradiated plasmas is attrib-
Laser pulse with femtosecond width is considered as aited to the resonant excitation of terahertz electron oscilla-
novel source of terahertz radiation since its pulse width igions in plasmas when the plasma density happens to match
comparative with the wavelength of T rays. The fs-laserthe laser pulse width. When a laser pulse propagates through
pulse can be used to resonantly excite terahertz electron os-plasma, the displacement of plasma electrons driven by the
cillation, or terahertz electron current, in a low-density ponderomotive force of laser pulse results in a wake plasma
plasma. If the laser pulse width and plasma density are propwave, in which the electrons oscillate at the plasma fre-
erly chosen to meet the resonant condition for wake-fieldyuencyw,, wherewp:(4wn0e2/m)1/2, e andm are, respec-
excitation, strong electron current is generated in plasmajvely, the electron charge and rest mass. The oscillating elec-
which can emit THz radiation to the surrounding space. THzrons create regions of net positive and negative charge,
emission from laser excited plasma wave has received conwhich in turn forms an electrostatic wake field that propa-
siderable attention. The first experiment was reported earliggates with phase velocity set by the laser group velocity
[8] and the radiation from the vacuum-plasma interface was ake 2 2
investigated recently by particle-in-ce(PIC) simulations Vion o= vg = c(1 - w,Twy) M2, (1)
[9]. However, there has been no detailed desc_rip_tion on di%ivherewo is the laser frequency arddis the speed of light in
tant THz radiation and the low frequency radiation by they 40 um. By an appropriate choice of the laser and plasma
oscillating electrons in laser-induced wake field is not We"parameters, wake-field and wake-plasma waves can be effec-
understood. _ _ o _ _tively generated behind the laser pulse with a highly effec-
In this paper, two-dimensional particle-in-cell simulations e “manner. According to the standard laser wake field

are presgnted for the interactipn olf a fs-!aser pulse with fheory [10,11, in the nonrelativistic regime the optimum
low-density plasma. The spatial distribution and temporalyayefield excitation occurs when the laser pulse width

equals to half a plasma wavelength. A large amplitude lon-
gitudinal plasma wave can be resonantly excited and the
*Email address: cao_lihua@iapcm.ac.cn peak electric field is given bj10]

II. THz RADIATION INDUCED BY WAKE EXCITATION
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FIG. 1. The frequency of T raysolid line) and resonant laser
width (dashed ling depending on the electron density. THz radia-  F|G. 2. Scheme of the simulation geometry of two dimensional
tions in the 1-10 THz frequency range can be generated in the|c code.
plasma densities 1810'8 cm™ with laser widths at range 50-500

fs. ing laser periodr ~ 3.3 f9, spot size 1(um, and pulse dura-
tion 50-500 fs are launched into homogeneous plasmas with
me a,2 density 10°-10® cm 3. The laser peak amplitude ia,
Ex= T e A 2 ~0.59, which is still below the threshold for relativistic ef-
P fect. The two-dimensional simulation box is 20bng and
where\,=2mc/ w, is the plasma wavelength. 50N in width, the plasma layer is 80in length, with two

Inside the laser pulse, electrons are accelerated by théacuum gaps of N0assigned at the left and right boundaries
ponderomotive forces arising from the high gradients of thgespectively, as schemed in Fig. 2. Experimentally, the
laser intensity profile in the ascending front of the laser pulsglasma layer can be produced by irradiating a laser pulse
and decelerated in the descending front. The resulting ele@nto a gas jet that streams from a nozzle in yhairection.
tron displacement leads to a strong charge separation fieldhe laser propagates in tixedirection and the THz radiation
which in turn tends to restrict the motion of the displacedis then measured in the direction. This configuration is
electrons. After the laser pulse passes, a large space chargelpful to reduce the absorption of T rays by plasma.
field remains and its relaxation leads to wake-plasma oscil- The initial velocities of plasma electrons and ions are as-
lations. sumed to be in Maxwellian distributions, with temperatures

The powerful terahertz electron current associated wittof 300 eV for electrons and 100 eV for ions. We use a spatial
the wake plasma oscillation enables the plasma to emit ele¢nesh of 1024 512 cells with 10 electrons and the same for
tromagnetic radiation at THz frequencies. The frequency othe ions, they initially fill the simulation box with a uniform

the T ray thus generated is given by density profile and can move in they plane. The ions are
o ———5 protons with massM=1836 m andZ=1. The simulations
f=c/\,=8.972X 107"Vny(cm™)(THz2), (3 continue for a longer time even after the laser pulse leaves
which depends on the plasma density and is independent er box.

laser parameters. To obtain radiation in the 1-10 THz range, The following are the simulation results obtained in a ho-

i i 4 ~
the corresponding plasma density should be in the range @oge7neoyss underde_nse plag,r_na with (_jensmylﬁ_ n9~5
10%_108 cm3. From the condition for wake-field excita- X 10t cmi 3, wheren, is the critical density of the incidence

; - ; pulse, the corresponding plasma wavelength is 44.72e
tion L=Xp/2, we get the laser pulse width at resonance laser pulse width is chosen as 22B& 74 fs, which is the
L~ 0.5\, /c=5.57% 10'%no(cm3)(fs). (4) optimum width for wake generation. The wake electric field
is longitudinal, i.e., pointing to the direction of laser propa-

The dependence of the frequency of terahertz emission a”éjation, as shown by the spatial distributions of the large-
the resonant pulse width on plasmg density is plotted in Figamplitude electrostatic field far T~ 99 and 199Figs. 3a)
1. The optimum laser pulse duration for T-ray generationyng 3p)]. Note that due to the finite spot size of laser beam
through wake excitation is in the range of 50-500 fs. [12], there is a laser electric field component in the region of
x>75\ in the direction of laser propagation, as shown in
IIl. RESULTS OF PIC SIMULATIONS Fig. 3a), which_ has little con'Fribution to electron energy
gain. A longitudinal electrostatic plasma wave is efficiently
In order to get more insight into THz radiation induced by driven behind the laser pulse since the resonant condition is
wake excitation, numerical simulations are performed with asatisfied. The normalized amplitudé, /mwyc of the wake
two-dimensional2D) PIC code. In the simulations, Gauss- field is about 0.004 from our simulations, compared with
ian laser pulses with wavelengtF1 um (the correspond- 0.003 estimated from E2), the corresponding electrostatic
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FIG. 3. Snapshots of the spatial configurations
of normalized longitudinal electric field at
(b) ¥T=198 t/T=99 (a) and 198(b).
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field is of the order of 1®V/cm, and the characteristic The longitudinal current created by the oscillating electro-
length of this low-frequency oscillation is close to plasmastatic field att/T=99 and 198 are illustrated in Figgajand
wavelength. Driven by the field, the electrons are accelerated(b), the spatial period of the current is again the plasma
and decelerated, the contour plot of longitudinal momentunyavelength. Note that the large-amplitude electrostatic field,
is shown in Fig. 4. The electrons inside the laser pulsedscillating electrons, and the longitudinal current can last for
(x>75\) undergo high-frequency quiver motion and havea longer time even after the laser pulse passes through the
no contribution to THz radiation. On the other hand, thePlasma layer. Both the transversal and longitudinal current
electrons inside laser-excited wake field move at a frequencgensities at the center of the simulation box are tracked in

of terahertz range and their kinetic energies are up to hureach time step and the Fourier transforms are carried out,
dreds keV. with the temporal and frequency spectra presented in Figs 6

and 7, respectively. The transversal current is induced di-
rectly by the laser field, with a dominant spectral component
at laser frequency and very little contribution in the terahertz
regime, as exhibited in Fig.(B). On the other hand, the
longitudinal current appears as soon as the laser pulse passes
by, and lasts over for a time much longer than laser duration.
0.05 Its frequency spectrum contains a strong terahertz compo-
-0.05 nent peaked at 6.4 THd.e., the plasma frequengylt is
015 evident that the THz emission originates from the longitudi-
025 nal current. The maximum amplitude of the terahertz current
density, normalized asJ,/ mv oy’ is roughly 6.37 1074 at
t/T~93 as shown in Fig. (&), which correspond to a current
density of 9< 10° A/cm?, with electron temperature 0.3 keV
or electron thermal velocity,~ 0.024. The maximum cur-
rent will be estimated to be in the order of*1A for a 10pum
spot size.
From the temporal evolution of the longitudinal current
FIG. 4. The contour plot of electron longitudinal momentum at density presented in Fig([3), the current decays to & bf its
t/T=99, which is normalized by mc. maximum value after 272 laser periods, i.e., the THz current

X
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and radiation can remain in plasma over about 900 fs, whil®nds. The pulse duration of THz radiation relies on the at-
the laser pulse escapes the simulation box at around 300 fienuation rate of the terahertz current.

The duration of the emission is quantitative agreement with The radiated intensity of the terahertz radiation can be
the experiment measuremdi®. The weak damping of the deduced from the temporal and spatial distributions of the
plasma oscillation is due to the fact that electron-ion colli-longitudinal current. Here the far-field approximation is in-
sion is less important on a time scale of hundreds femtosedroduced since the observer is always far away from the cur-
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rent. So the energy radiated per unit solid angle and per unividth, compared with the resonance-case, as shown in Fig.
frequency interval from the current density distributjén, t) 9(a). This indicates the importance of a proper choice of

can be calculated bj13] laser and plasma parameters.
Figure 9b) gives the frequency spectra of radiation for
e wSir?e , 2 different plasma densities, where the laser pulse widths are
dod ~ 223 f dte“J() | , (5) properly chosen to meet the resonant condition for wake ex-

citation. Each curve has a single peak, the peak frequency

where @ is the angle of observation with respect to the Iaservaries with plasma density and is close to the corresponding

propagation direction ana is the angular frequency of the plasma freque.ncylas expected from g). Since the. ampli-
radiation, and J(t)=/dVj(r,t). The time integration tude of wake field is correlated to the plasma density through

[dtd*3(t) is the Fourier transform of the current density. Eqg. (2), the electrostatic field increases with increasing

N B s . lasma density a&,~ n,"?. Providing the resonant condi-
Considering the T-ray emission in the dlrectlo_n perp_endl_culaﬁon for wake excitation is always met, higher plasma density
to the laser propagation, i.&d~ /2, then the intensity dis- ’

tribution b results in higher peak radiated frequency and power, with the
ribution becomes bandwidth remains almost unchanged. These results agree

) 5 2 with that obtained by Hamsteat al. [8].
al @ f dte“td(t) (6) Furthermore, it is instructive to evaluate the dependence
dwdQ)  477c3 of peak intensity of THz radiation on plasma density and

We have performed additional diagnosis to investigate th(Iaaser intensity. For simplicity we consider the nonrelativistic

nature of the radiation by recording the temporal and spatial
evolution of longitudinal current density, and then calcu- [ 6.4THz
lating numerically the radiation intensity from the formula B
(6). Figure 8 shows the spectrum of THz radiation observed‘g -
at 6~ /2, a single broad peak centered at 6.4 THz is clearly 5
seen, as expected from the frequency spectrum of longitudi&
nal current in Fig. ), its full-width-at-half-maximum
bandwidthAw/w is about 0.09. Here only the longitudinal
current density has to be accounted for, since the transvers:i
current has very little contribution to THz radiation, as veri-
fied by the frequency spectra af andJ, in Figs. 6 and 7.

In order to examine the optimum condition for T-ray I
emission, more simulations are conducted for different lasel L
and plasma parameters. The resulting intensity spectra ar
summarized in Figs. 9 and 10. For the fixed plasma param- ' 5 ' 10 15 20
eters, the strongest enhancement in THz radiation is achieve
when the resonant condition for wake excitation is satisfied,
i.e., when the laser pulse width equals half the plasma wave- FIG. 8. The radiation intensity distribution as a function of fre-
length. The departures from the optimum laser pulse widthyuency, the strongest excitation at frequency 6.4 THz with 9%
will lead to weaker emission and larger of frequency band-bandwidth is observed.

on intensity

radiati

frequency(THz)
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FIG. 9. The relative frequency spectra of emission in n(em”)

fixed plasma density %107 cm3 for different laser
widths L~ 0.5\, (solid line), L~\, (dashed ling and
L~0.1\, (dotted ling (&) in different density plasmas with
the optimum laser widthsin,=1073n,, L~15.8 T(solid line),
Ne=5x10"n,, L~22.4T(dottedling and n,=10"n,
L~50.0 T (dashed ling (b).

FIG. 10. Scaling laws of peak radiation intensities with electron
density (~n,®) (@ and laser intensity(~a,*) in plasma of
5% 10cm 2 (b). The real lines represent the analytical scaling laws
and the circle points show the PIC simulations at the optimum laser
pulse widths.

electron motion driven by the wake field,, time depen- o , ,
dence of expriwgt) is assumed for the field and the longi- SOlid lines are calculated from E¢B) and the circle points
tudinal velocityv, x E,/ w,, so the radiation intensity is then are the results of PIC simulations at the optimum laser width

given by L~X\,/2. Both are basically in agreement.
5 ) However, very high plasma density is not appropriate
d’l - »” fdté“".) ®] o wn 2|V 25 w?n =N since the ragated frequency depends on the plasma density
dwdQ  47%c3 X 017X 0 w2 throughf = \ny, if the density is too high the radiation emit-

@ ted is no longer in terahertz range. It should be indicated that
our study is confined to nonrelativistic reginiee., ag<1),
Note that the maximum radiated frequency is close to théor ultraintense lasers wita,> 1, the electron motion and
plasma frequency, by using the expression for peak electrigadiation are quite different: the electron oscillation is no

field (2) we get longer sinusoidal and the radiated frequency consists of not
i only the frequency of electron oscillation but also its high
dud o n03a04. (8) harmonics. Meanwhile, the optimum pulse width becomes
w

smaller as the laser intensity increagéd]. It is therefore
The dependences of the peak radiation intensitpgpanda, very unlikely that higher plasma density and laser intensity
are exhibited in Figs. 1@) and 1@b), respectively, where the can lead to stronger terahertz radiation.
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IV. CONCLUSIONS tion for wake excitation has to be satisfied, otherwise, there
It is demonstrated via PIC simulations that a laser-Will be a significant decrease in the peak radiation intensity

irradiated plasma has sufficient feasibility as a novel sourc@nd increase in the frequency bandwidth. If the laser pulse
of 1-10 THz radiation, with plasma densities width is pro_perl_y chogen to meet th3e r4esonant condition, the
10'—10'8 cm3 and laser durations 50-500 fs. Strong tran-Peak radiation intensity scales &s1,a,".

sient phenomena will enable the intense laser pulse to excite

a large amplitude_ pla_lsma wave, if the resonant condit@on @s ACKNOWLEDGMENTS
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