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Coherent terahertfTHz) emission from the vacuum-plasma interface induced through laser wake-field
excitation has been investigated by particle-in-cell simulations. The emission frequency appearsia?qund
wherer_is the laser pulse duration, even though the plasma density is distributed inhomogeneously near the
interface. The emission amplitude, which is zero on the propagation axis of the incident pulse, increases
transversely until reaching the maximum amplitude at the beam edge of the incident pulse and then decays
transversely. The emission power scales fke 10°x aé W, wherea, is the normalized field amplitude of the
laser pulse. For an incident pulse of a few tens of femtoseconds at the forced intensityl®f 3v/cn?, it
can generate THz radiation with a power of a few MW and with an energy of senxéfallse.
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Since terahertzTHz) radiation finds wide applications in A series of numerical simulations have been conducted
sensing and imaging, etc., the topic of THz radiation generausing a two-dimensional2D) particle-in-cell (PIC) code,
tion has been attracting continued interest over the last dewhich is developed following a scheme described in Ref.
cade. Among the various schemes for generating the THEL4]. A transverse dimension proves to be essential to ob-
waves, an important and direct way is to make use of femserve low-frequency emissions from the vacuum-plasma
tosecond laser pulses interacting with different electro-optidoundary. In a typical simulation, a plasma slab with either a
crystals and semiconductors through optical rectificatiolomogeneous or inhomogeneous density profile is located in
[1-3], since the bandwidth of such laser pulses is just aroun§€ center of the simulation box, which has a dimension of
THz. Recently it has been suggested that THz emission cafP? <100\, with A the laser wavelength in vacuum. The
be generated from very short electron bunches bending in i8S€r pulse has a sine-square longitudinal - profde
magnetic field4,5], traversing a medium with a discontinu- — 20 sir’(mt/n)exp(-y*/2R?) for O<t=<r, , whereay is the
ous refractive index6,7], or crossing a plasma-vacuum normalized peak amplitude; the durfitlon normahzed by a
boundary[8]. On the other hand, plasma can serve as Aas:er .CydeTO’ andR the focused radius normah;ed by It
unique medium for rectifying femtosecond pulses at varioug® |nC|dent' frlom f[he lett bounda}ry of the simulation box. I.n
intensities to generate THz emission. The resulting emissioR.rder to d'St'ngl.“Sh clearly the mdu_ce(_j low freque_ncy emis-

sions from the incident pulse, the incident pulsesigolar-

can alsq sefve as a usef u] diagnostic tool of thg plgsma Statﬁ'ed with its electric component along thelirection and its
At low light intensities, it is found that THz emission from

magnetic component along tlyedirection. In the 2D geom-

laser interactions with plasmas can be produced by thggy the generated low-frequency radiatiompigolarized, as
photoionization of electrically biased air with femtosecondgpgwn pelow.

laser pulse$9]. At high light intensities, THz emission from  Figure 1 illustrates two typical simulations for different
intense femtosecond laser interaction with plasma was Otblasma density profiles at the vacuum-plasma interface. In
served even ten years aga0]. The rapidly established case(l), the plasma density increases linearly from 0.0025
space-charge fields driven by the ponderomotive force of thep to 0.0h, in a length of 6@, wheren, is the critical
laser pulse are responsible for the observed radiation. Morgensity of the incident pulse. In caéé), the plasma density
recently, THz radiation emitted from formed filaments andincreases exponentially from 0.02up to 2n. in a length
plasma channels of an intense laser pulse propagating in adf 8ON. Columns(l) and(ll) in Fig. 1 represent the obtained
has been investigated experimentdliyi| and theoretically simulation results for the two cases, respectively. The inci-
[12]. It is suggested that the induced electron plasma oscildent pulse is with a peak amplitudg=0.5, a durationr,
lation is responsible for the emission. However, the proposee- 20r,, and a focused raditR= 15\ for both cases. Shown
one-dimensional theory model is supposed to be insufficienih this figure are snapshots of the electron density profiles
to describe the radiation generatifi]. Up to now, a full  and the time-averagetbver a laser cycle of the incident
understanding about the radiation generation through thpulse longitudinal and transverse fiel@,, E,, andB,. In
plasma wave excitation is still not available. contrast to a plasma wave driven in infinite homogeneous
In this paper, we present a numerical investigation of theplasma, the excited wake plasma wave in an inhomogeneous
generation of low frequency radiation around", wherer, plasma evolves more complicatedly with time. This is be-
is the laser pulse duration. The radiation caused by electrocause both the oscillation frequency and wavelength are
plasma oscillation is found to be due to the presence of gpace dependent. Note that a longitudinal electric field is
vacuum-plasma interface as well as a moderate plasma defound only inside the plasma, while transverse electric and
sity inhomogeneity. When the local electron plasma fre-magnetic fields are found both inside the plasma and outside
quency w,~27/7_, significant radiation can emit from in vacuum. In particular, the amplitude of the magnetic field
plasma into vacuum. is larger in vacuum than in the plasma. The fields in the
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FIG. 1. (Color online Snapshots showing the electron density fa) N —  casol|

profile (a), the excited longitudinal electric fielH, (b), the trans- ‘>_< 2F ) — R
verse electric fieldE, (c), and the magnetic fielB, (d). These fields o ;
are time averaged over a laser cycle of the incident pulse. Column ’é\ 1
(1) is for the case with a linear plasma density profile, obtained at E
time t=160ry and column(ll) is for the case with an exponential ol "
plasma density profile, obtained at tirhe 120r,. The electric and 0 . ":
magnetic fields are normalized bypwyc/e and multiplied by a 0.00 0.05 0.10 0.15
factor of 1¢ in the scale bar. In both cases, the incident pulse has a W
duration of 2@, a focused radiu®= 15\, and a peak amplitude 0
a0:0.5.

FIG. 2. (Color onling (a) Time dependent fieldhormalized by
Mmwoc/e) emitted through the left boundary of the simulation box at
vacuum region are the electromagnetic wave emitted frony=60\ obtained for both case$) and(Il) indicated in Fig. 1(b)
the plasma. In both cases, we observe that the radiation arfmission spectrum through the left boundary of the simulation box
plitude eBz/mwoc~eEy/mwoc~10_3 in vacuum, which obtained for casél) with a linear density profile, where the scale
exceeds X 10’ V/cm for the electric field. One notes that Paris in arbitrary units(c) Total emission spectra by summing over
the emission amplitude is peaked at the beam edge of tHBe grid points in transverdg) direction for both cased) and(ll).
incident pulse and vanishes along the beam axis. The latter
suggests that the induced radiation is proportional to théow-frequency radiation lasts for a long time over 200 laser
transverse derivation of laser intensitgg/dr, i.e., inversely  cycles. For caséll), when the maximum target density is
proportional to the focused radid& Here e>0 is a coeffi-  overcritical, the induced radiation can be distinguished only
cient, which is found to be about 2, as shown later. In addiwithin the first 100 laser cycles, beyond which it is sub-
tion, the induced radiation appears to emit in a narrow conimerged in the noise. In both cases, the radiation frequency
cal structure from its source at the vacuum-plasma boundargppears to increase with time. This originates from the
Because of the transverse symmetry of the ponderomotivplasma inhomogeneity at the boundary, where the electron
force in tenuous plasma, the induced electric field shoulgplasma frequency increases as away from the vacuum-
point in the radial direction and the magnetic field in theplasma interface. Therefore, the high frequency in the radia-
azimuthal direction in a three-dimensional geometry. tion appears at later time. Figuréb? shows the emission

Figure 2a) shows the time evolution of the induced low- spectrum distribution in the-y space. It shows that obvi-
frequency electromagnetic field through the left boundary obusly there is no emission on the propagation axis. Figure
the simulation box ay=60\ (away from the propagation 2(c) shows the total emission specttay summing over all
axis aty=50\) for the two cases. Note that for cad¢ the  the transverse grid pointshrough the left boundary of the
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FIG. 4. (a) Time dependence of the induced emission when the
initial plasma slab has a sharp boundary and a fixed density at
ny/n.=0.0025.(b) Total emission spectrum obtained by summing

4 over transverse grid points. The incident pulse has a peak amplitude
ao a,=0.5, a durationr, =207,, and a focused radiu’=15\.

FIG. 3. (Color onling (a) Emission spectra obtained for various amplitude is proportional to R, as mentioned before, we
laser intensities and pulse durations of the incident laser puls€ind that the emission amplitude scales with the amplitude
which have been multiplied by different numerical factors for dif- gnd the transverse spot size of the laser pulse like
ferent laser intensities. The corresponding plasma density profile ig BZ/mwoc~0.0‘Ea§/R, which depends weakly on the pulse
the same as the cadle shown in Fig. 1(b) The emission spectrum durationr, . Based on Fig. @), the emission power through

peaks as a function of the pulse peak amplitudes for a fixed pU|SFhe left boundary is found to be approximately proportional
duration and plasma density profile. 4 A
to ag, as shown in Fig. ®).

simulation box. For casé) the spectrum is peaked around N @n inhomogeneous plasma, the central frequency of the
0.0650,, while for case(ll) the corresponding spectrum is induced radiation iswr~wo/7._and the corresponding
peaked around 0.0%. We mention that there is also a for- Wavelength is\;g~ 7 A, wherer,_is normalized byro. Tak-
ward emission at the right plasma-vacuum boundary inducet!d case (I) in Fig. 1 for the emission frequency
when the laser pulse propagates through it. However, it is® 0.065w and the emission amplitudeB,/mwyc=0.001,
much weaker than the backward emission, as we see at thi¢e find the intensity of emitted wavel|g\{z=3.2
left vacuum-plasma boundary. X 10 W/cn? um?. The corresponding emission power is
In another simulation, we increase the pulse duration t®.6x10° W if taking a beam diameter of 3@m. The total
7. =407, while fixing the incident pulse intensity and the emission energy depends upon the emitting pulse duration.
plasma density profile as in cadé in Fig. 1. The emission The latter depends upon the lifetime of the excited plasma
frequency is now found to be near 0.G35 i.e., close to Wwave, which is related to the electron-ion collision fre-
wo /7, =0.0250,, as shown in Fig. @). The emission am- quency. For a lifetime of 1 ps, one finds the emission energy
plitude is comparable to that given in last examples, i.e., wdsS about 10uJ/pulse. Currently this is among the most pow-
have not seen much decrease in the radiation amplitude fro@rful THz radiation sources. Generally, the radiation intensity
that for 7, = 207,. In other simulations, we change the pulse@nd power can be expressed, respectively, as
amplitudes while keeping the pulse duration-gt 207, and

the plasma density profile. We find that the emission frequen- lirN R~ ag( 7 /R)?X (3% 10" W/cn® um?),
cies are all nearly at 0.0§,, as shown in Fig. @&). But the
emission intensity depend strongly on the incident laser in- P,R~a3>< 10° W. (D)

tensity. Forap=1, for example, the emission amplitude is

increased up t@B,/mwyc~4x10 3, which is more than Note that the emission power depends only upon the inci-
four times larger than that fary=0.5. From these simula- dent pulse intensity, and very weakly on the plasma density
tions, and accounting for the fact that the induced emissioand emission frequency. However, a plasma density profile
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with a different density scale length at the boundary mayhas two components. One is constant and independent of
modify this scaling by some factors. If substitutif  time. The other is nearly twice the plasma frequency. As a
:23-2(Ej)\2/7'|_R2), whereE; is the pulse energy in Joule, result, these theories cannot explain the induced radiation
)\' andR in Mm, andTL in picoseconds' one finds from Eq Observed In our S|mu|at|0ns. In another related WOI’k, eleC'
(1) that P|R=54(Ej7\Z/TLR2)Z GW. This power scaling is tromagnetic emissions close to the plasma frequency and
proportional to the square of the incident pulse energy, id““'F'P'es .Of the plasma frequency have been observed b.Oth
agreement with that obtained by Hamséeil. [10]. But the In simulations and experiments from femtosecond pulse in-

scaling with pulse duratiom_ and the focused beam radiRs tseuracggg dvgg%esogise[gé d%uaa“tt?l\t/'(\)/_esltye’ Sufohcggs Ii?]tlv?/?wi éi hot
is different from theirs. In their simplified calculations, the PP 9 y bp

low frequency radiation is suoposed to result from a linearl electron jets excite Langmuir waves in the overdense region,
dri ?] Y ilat pdp h h of the | Ywhich then undergo parametric conversion to electromag-
riven harmonic osciflator under the push of the 1aser PoNyqtic emission at harmonics of the plasma frequency. This is

dezl?/rgztlglc?;ﬁ;?ﬁéte the low frequency emission for the cas Obviously different from our case.
q y In conclusion, strong low frequency radiations at a fre-

e
whe?t ;he tﬁlasrra slabdls h_(t)mogle”e_ogsdo':z'g“rlf 4 fShOV(‘;S Mftiency around the inverse of the driving pulse duration from
result for the plasma density ab/nc=0. - ltistoun a vacuum-plasma interface have been observed in 2D PIC
that the induced radiation is found with only a few cycles c’fsimulations. The radiations result from the excited large-

oscillation, and then decays very quickly, as shown in Fig. mplitude plasma waves at the plasma boundary. For the
4(a). Meanwhile, the spectrum is relatively peaked aroung,ijen pulse at & 10 W/cn?, the induced emission can
the plasma oscillation frequenay,=0.030g as shown in g large as MW in the power and a fewl in the energy. It is
Fig. 4(b). However, the rqdlatlon generation with a Shar,pfound that a modest density scale length around the plasma
vacuum-plasma boundary is not as efficient as that from Wltrboundary is favorable in producing induced emissions. This

a moderate scale length of the plasma density. ; - ; :
At present, there is no theory available dealing with thek|nd of density profile can be produced by launching a laser

e . “pulse transversely into a gas jet directly, or by launching a
plasma wave excitation at the vacuum—pl.asmla boundayy In repulse and a suitable delayed main pulse when a solid
least a two-dimensional geometry. Quasistatic magnetic fiel rget is used.
generation in infinite plasma has been studied recently in
several publicationgl5,16. According to these theories, the  This work was supported in part by the National Natural
quasistatic magnetic field in a homogeneous plasma is pr@&cience Foundation of ChinéGrant Nos. 10105014 and
portional todaﬁ/dr for ap<1 anddaﬁ/dr for ap>1. Obvi- 10075075, the National High-Tech ICF Committee in
ously, this scaling does not apply to the present case foChina, the National Key Basic Research Special Foundation
induced radiation. Meanwhile, the predicted magnetic fieldNKBRSP under Grant No. G1999075200.
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