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Harmonic Generation by Femtosecond Laser-Solid Interaction:
A Coherent “Water-Window” Light Source?
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The generation of harmonics by short, intense laser pulses reflected from a solid-density plasma
is investigated using particle-in-cell simulation. High irradiance, obliquely incidepblarized
light generates harmonics via relativistic electrons dragged across the vacuum-solid interface.
This mechanism does not exhibit the limitation previously predicted for lower intensities of a
maximum harmonic “cutoffin., = w,/wo. ForiA*> > 10" Wem™ um? and modest shelf densities
N./Ngi; = 10, at least 60 harmonics can be generated with power efficienBjg, > 1075,
suggesting coherent MW x rays with~ 4 nm could be generated with a K248 nm) pump.

PACS numbers: 52.40.Nk, 52.50.Jm, 52.65.Rr

The search for a coherent, tunable source of x rays hagspectively. While this scaling might be appropriate
been underway for some years in a variety of differenfor nanosecond interactions, in which there is ample
fields [1]. Such light sources, by virtue of their shorttime for the ions to respond, it is questionable on
wavelength and high resolving power, have numeroushe subpicosecond time scale. Instead, we expect a
potential applications in the field of x-ray imaging. New shock to form due to the superior laser pressure, so
possibilities for short-wavelength generation have recentlyhe maximum density will be a little more than that
emerged through advances in short-pulse, multiterawattetermined by the highest ionization state. In this case,
laser technology [2]. Laser pulses focused on solids Ony.x = w,/wo, and the minimum attainable wavelength
in gases with intensities exceeding'® Wem™2 rapidly  would be Ay ~ 1/nmawo ~ 1/+/N,, i.e., independent
ionize the targeted medium: The well-known “figure-8” of the initial wavelength and intensity. There were,
motion of the electrons in the plasma thus created maiowever, two factors which severely restricted the PIC
be strongly relativistic, a feature that can in principle besimulations reported in Ref. [5]: First, the temporal and
exploited for generating short-wavelength radiation [3].spatial step sizes used were too large to resolve more than
In underdense plasmas, where the electron dengitis 10 harmonics; second, the noise in the computed Fourier
below the critical density, for an electromagnetic (EM) spectra was at the same level as the harmonic intensities
wave with frequencyw, (Wherews = 4meN,./m,), the near the plasma frequency,, making it difficult to
efficiency of this process is reduced by the collective fluiddistinguish a genuine rolloff in the spectrum from a
response to the particle orbits, and by dephasing of thgradual merging with the white background signal.
harmonics relative to the pump [4]. In the opposite case During the past year, a fresh round of experiments has
where the plasma is overdense with > N., harmonics  begun which will extend the study of harmonic generation
can be generated in the reflected light by the nonlineato the high-intensity, femtosecond regime [8,9]. In antici-
mixing of transverse and longitudinal oscillations near thepation of these experiments, new results are reported here
critical surface. on a series of simulations in which the limitations of 2D

This mechanism was demonstrated in the early 1980sodes are overcome using a recently developed boosted-
in a series of experiments by Carmanal. [5,6] with a  frame-of-reference 1D PIC code [10]. This method
high-irradiance C@ laser, in which over 40 harmonics reduces the 2D(x,y), periodic system to one spatial
were detected. Subsequent theoretical work based afimension by transforming to a simulation frame in which
Lagrangian fluid analysis in a steplike density profile [7]the EM wave vector perpendicular to the density gradient
predicted a cutoff in the harmonic spectrum given byvanishes:k/, = 0. In this way, the same problem can
nmax = VNu/N¢, N, being the upper shelf density of be studied with over 30 times the temporal and spatial
the plasma. This result appeared to be consistent withesolution—theoretically sufficient to “detect” several
2D particle-in-cell (PIC) simulations made by Carman,hundred harmonics. In contrast to the earlier work, we
Forslund, and Kindel [5], thus implying that the maximum find no cutoff atw,: the number of distinguishable
harmonic number could be used as an indirect means dfarmonics simply depends on the irradiance and the
determining the plasma density. Furthermore, assumingignal-to-noise ratio of the simulation. Indeed, for modest
that the density profile is in pressure balance with theplasma densitiesN./N. = 10, it is found that over
laser, themy,, ©« (IAZ/Te)l/z, wherel, A, andT, are the 50 harmonics can be generated (as opposed to 3, implied
laser intensity, laser wavelength, and plasma temperaturby the cutoff argument) for irradiances betwe’® and
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10" Wem™2 wm?, with efficienciesn, = 1,/Ip > 1075, clearly rules out any suggestion of a cutoff@j which
The mechanism is more efficient than the closely relatednight be inferred from the first result.
v A B mechanism recently proposed by Wilks, Kruer, To trace the physical mechanism behind the harmonic
and Mori [11]. Lower-order harmonicén = 6) from  generation, a second set of simulations was made with
p-polarized light were observed in analogous obliquefixed ions in an exponential profile with scale length
incidence PIC simulations by Bulanov, Naumova, andL/A = 0.01. Under these conditions, the absorption is
Pegoraro [12]. constant and fairly low [(10-15)%] [10], and comprises
In most of the simulations that follow, the laser was particles that have undergone “vacuum excursions,” i.e.,
polarized and5° incident on a step profile with density electrons that have been pulled out and accelerated back
N./N. = 10 and temperaturd, = 625 eV. The ions into the plasma, where they free stream through to the
were mobile withm;/Zm, = 7000 and T;/T, = 1/10.  right-hand boundary of the simulation region [13]. It
Around 6000 mesh points were used, &t electrons is reasonable to suppose that these particles are also
and ions. The total system size was betwg@ry w, and  responsible for harmonic generation, even if they only
60c/wy, i.e., large enough to prevent particles reachingdo one return trip into vacuum; a picture that shares
the left-hand (vacuum) boundary; the plasma was initialimuch in common with the periodic, nonlinear fluid motion
ized in a region~10c/w, long at the right-hand bound- envisaged in Ref. [7]. To demonstrate this, the labels
ary. The time step used was typically less than2w,'  of energetic electrons falling within a narrow energy
and Ax = cAtr, which was sufficient to resolve modes band close toU ~ p2./m, were stored at the end
®max = Cckmax = 300wg. The laser was ramped up over of a simulation. The quiver momentump, is given
several laser periods and then held constant; this permitsy pose/m.c = (IA%/1.38 X 10'8 Wem 2 um?)!/2. The
the scaling of diagnostic variables such as the harmonisimulation was then repeated, and the same list was used
efficiency to be obtained in a straightforward manner.  to monitor the positionr, momentap,, and acceleration
Time-integrated spectra of the reflected EM wave arer, = d*x/dt* of the “interesting” particles.
shown in Fig. 1 for two different irradiancesfatedupper An example of one such group of like trajectories is
shelf density and temperature. No attempt was madsehown in Fig. 2(a). The corresponding impulselike accel-
to match the laser and plasma pressures. Notice hoerations in Fig. 2(b) are characteristic of harmonic gener-
the harmonics fof A> = 2 X 10'7 Wem™2 um? fall off  ation. These orbits are consistent with the experimental
rapidly into the background noise: only 4 or 5 harmonicsobservations in Ref. [6], and are in qualitative agreement
are clearly visible. The feature betweén, and5w is

due to emission from the upper plasma shelf, and can be 35
supressed by taking a larg®¥t /N, (which was 10 in this 30
case). The spectrum farA? =2 X 10'"® Wem ™2 um? 25
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FIG. 2. (a) Trajectories and (b) acceleratioms= d*x/dt>

FIG.l. Spectrum of reflected electromagnetic waveof particles undergoing vacuum excursions for a fixed-ion
for (@ IA?=2Xx10"Wem2um?*> and (b) IA>=  simulation with 7A> =5 X 107 Wem™2 um?, N,/N. = 10,
2 X 10" Wem™2 um?. andL/A = 0.01. The solid density is akyx = 10.
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10° ; — p-polarized (TM) even and odd harmonics, respectively.
10t . ° : X 0 2 We can thus distinguish the vacuum-excursion and B
02 @ ., . g s mechanisms by comparing harmonics frgm and s
3 . . . = 200 polarized light, as shown in Elg. 4. At small la_ngle_s,
»<:10 4 . . ¢ 0 the v A B current sources dominate, and the efficiencies
w0t ° . ) of the odd harmonics fos and p light are comparable.
107 . . 4 At large angles, however, the efficiences are 1-2 orders
105} . ) ] of magnitude higher fop due to the contribution from
107 b - - vacuum excursions (Fig. 2). _ _ _
107 2 s 107 2 5107 2 5 The relative power spectra for four different irradiances
N} (Wem 2 um?) are summarized in Fig. 5. For large = w,/wy, the

- , ) spectrum rolloff appears to vary @(n3). Combining
FIG. 3. Efficiency of selected harmonics as a function Ofthis with the 7A\2—scaling from Fig. 3 ofO(1A2)2>~25 in
irradiance. the same limit, we arrive at a rough expression for the

with the model of Bezzeridest. al. [7]. However, it is efficiency of high-order harmonics:

also evident that the particles receiving this reverse kick ~ 9 x 10,5< X2 >2<£>—5

as they re-enter the plasma are not turned around, but con- 7" — 108 Wem 2 um?/ \10/ -

tinue into the solid where they are ultimately absorbed.

This process is therefore kinetic: The reversal in the ac- For 1A% = 10" Wem 2 um? and large incidence an-

celeration suggests a bunching of the electrons as they rgles, the efficiency can be very high (Fig. 6). For exam-

enter, i.e., a sharp, periodic density spike. Fourier analysigle, the 30th harmonic hag = 3 X 10>, which would

of the harmonic current sources shows that their maximgield 0.5 GW at33 nm for al um, 15 TW pump focused

are located just inside the overdense plasma boundary [& a spot size of0 uwm. Transmitted spectra are also ob-

x = 10in Fig. 2(a)]. served containing harmonias > \/N,/N. with intensi-
Returning to the main set of mobile-ion simulations, ties between /100 (high end) and /10 (low end) of the

selected harmonic powers relative to the reflected funreflected counterparts.

damental modeP, are given in Fig. 3. The 2nd to 5th A further significant feature is that over 60 harmonics

harmonics start to become saturated betwéelf and are clearly observed fqr-polarized light at this irradiance,

10" Wem™2 um? due to the fact that the transverse ve-which implies that coherent radiation within the so-called

locity v, approaches:, an effect also seen for odd har- “water window” could be generated with a sufficiently

monics generated at normal incidence by the relativistiéntense (i.e., 1.6 X 102 Wem™2) KrF pump. In this

v A B mechanism [11]. case, the 60th harmonic would have a wavelength of
It should be noted that th&s A B mechanism can 4.1 nm, well within the “water-window” range2.3—

generate oddand even harmonics at oblique incidence. 4.4 nm). Harmonics are distinguishable down to about

For p-polarized light, the current sources for the 2nd3.5 nm, below which they get drowned in the simulation

and 3rd harmonics ardfw = vL',nw + vﬁ,no, Jﬁ’w = noise. This does not mean that they would be undetectable

vi,n, + vhny,, wherev!l andv' denote the velocity experimentally; rather, it reflects the limits of the present

components normal and perpendicular to the laser electrisimulations.

field, respectively, and we have expanded the density in Physically, the harmonic efficiency may be impaired by

a Fourier seriesN, = ng + n, + ny,. Fors-polarized any process which upsets the coherence of the electron

light, the density-bunching term,, vanishes, and we have orbits across the vacuum-plasma interface. This favors

J3e = vi,ng, J3, = vl ny,, which generate- (TE) and
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FIG. 4. Efficiency of 5th and 10th harmonics as a func- wylwo
tion of incidence angle forp- and s-polarized light at .
10" Wem™2 um?. The other parameters were,/n, = 5, FIG. 5. Power spectra for mobile-ion simulations at various
L/A = 0.02, mj/m, = », andT, = 1 keV. irradiances.
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10° . . the first time that coherent, water-window x rays could be

;3_;1 a) efficiently produced using femtosecond laser technology
_10° which will be available in the near future. Existing high-
5;8“; contrast multiterawatt laser systems should be capable of

10° producing short-pulse, tunable UV radiation at MW-GW

107 _ power levels.
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