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Subfemtosecond soft-x-ray generation from a two-level atom:
Extreme carrier-wave Rabi flopping
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We report a different mechanism to generate x-ray transients by exploiting high-field nonperturbative
subcarrier-wave coherent phenomena. The interaction of several-cycle optical pulses with a nonlinear material
results in carrier-wave Rabi flopping that acts as an alternative source for x-ray generation.

PACS numbes): 42.50.Hz, 42.50.Md, 42.50.Gy, 42.65%

The interaction of intense fields with nonlinear materials One consequence of these new several-cycle laser sys-
has recently entered thextremeregime. This new area of tems is that some of the old theoretical tools do not provide
nonlinear optics is partly due to tremendous developments ian adequate description. Besides a few exanigle45], one

ultrashort and ultra-intense lasers, and partly due to new thgssally begins by employing the appropriate coupled matter-
oretical predictions and innovative experimental technlqueg
r

. S axwell equations within the slowly varying envelope ap-
used to explore nonperturbative quantum mechanics in re

X : . oximation(SVEA), i.e., the envelopes of the electromag-
time. When a laser-pulse duration approaches the optical PRetic field and polarization are assumed to vary little over an
riod, a qualitatively different regime of strong-field laser- P y

material interactions is enteregitreme nonlinear optidg]. ~ OPtical period and wavelength. Recently we have demon-
New behavior results as a consequence of the quasisinglétrated that even the familiar process of Rabi flopib6]
cycle excitation and the fact that the electric field rather tharfan change significantly17]. When a resonant excitation
the intensity envelope governs the interaction, which is typifield drives the excitation from the ground state to the ex-
cal of a nonperturbative regime. cited state and back again, this is termed Rabi floppiRig

For example, the process of high-harmonic generatioil8—2@. The usual analysis of RF assumes that the optical-
(HHG) due to an inter_lse _atom—field interaction has receivedrequency components of the energy density do not contrib-
a great deal of attention in recent yeqs3], and coherent e to the nonlinearity; however, several different features
short-wavelength radiation well into the x-ray region hasyise in the full Maxwell solution that are absent in the stan-

?rg?lgigﬁgc;gsgﬁé??éy%%Ogggchﬁg\?eoE'gggypgggzﬁghdex'raaard SVEA models. It was shown that the nonlinear behavior
observed spectrum of harmonics is affected by both thés d_ependent n(_)t on_ly on th_e el_ectric-field envelope, but also
single-atom emission and the ensuing collective behavior. 11?1 ItS Propagating time-derivative effects. Standard ST 2

layman’s terms, the generation of high harmonics of a lasefnd 4 pulses are essentially reproduced with minor modi-
irradiating an ensemble of atoms can be viewed as followsfications due to local carrier effects in agreement with Ref.
each atom emits radiation that propagates in the remainingl1]. However, for higher pulse areas, it is found that carrier-
atoms, ions, and ionized electrons; consequently, they intewave effects become predominant, and a different type of
fere, scatter, and may stimulate further harmonic emissiorcarrier-wave Rabi floppingCWRPF occurs. The current ef-
The theoretical problem of HHG is most fruitfully treated fort exploits this phenomenon to demonstrate that realistic
nonperturbatively in the atom-field interaction and is a fasci-optical pulses interacting with a two-level ato(TLA)
nating problem. For Rydberg atoni§], higher frequency should lead to the generation of x-ray transients. This alter-
harmonics are produced from continuum- to bound-statative prediction is a direct manifestation of CWRF.
transitions, in which electrons release the energy absorbed We model pulse propagation of varioud 2 optical
from the field during its excursion in the continuum. The pulses(wherel is an integer of 18 fs time duration(full
harmonic generation in atoms presents extensive plaféaqus width at half maximum irradiange As highlighted above,
(an extensive region of similar spectral intensity in frequencyfor pulse areasthe integral of its Rabi frequency over tigne
extending well above the fundamental excitonic binding en-of 2l 7, the standard results fée>2 do not hold because of
ergy). High intensity femtosecond laser-induced plasmas ira strong reshaping of the individual optical carri¢ds].
metal-doped targets are also being actively studied for applifherefore the electric-field time-derivative effects will lead
cations of x-rays generated from Ti:sapphire laser pulse’o CWRF, and, subsequently, to the formation of higher
with intensities in excess of 10 W/cn? [7]. Short-pulse  spectral components on the propagating pulse. The propaga-
x-rays will enable the creation of innovative methods fortion distances required to induce strong carrier reshaping are
optoelectronics and materials research in unprecedentedtietermined by the TLA-material parameters.
short time and space scales. X-ray fields are also of great Turning now to a tractable model, we employ a standard
importance for biological microscopy and semiconductorfinite-difference time-domaifFDTD] [11,12,2] approach
lithography. for solving the full-wave Maxwell equations, and a fourth-
order Runge-Kutta method to solve the Bloch equations. Fur-
ther details are given in RefL7]. Basically, we solve for the
*Email address: steve.hughes@surrey.ac.uk nonlinear polarizationP,=2NdR€{ p,,|, where N is the
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1.5 \ (which is modest by today's laser standardsonlinear
i" carrier-wave effects can be clearly observed during pulse
bl | propagation. This leads to the formation of a subpulse at later
y R ik times. Note that this effect is due to a breakdown in the

w O Tt
\’|,||l,
||

10npulse !

slowly varying envelope approximation in time and not in
space(see below. The 10r-pulse simulation does not re-
cover well known, SVEA(analytic or otherwisgresults in
-1.5 : agreement with Ref.17]. For comparison, Fig.(b) shows
0 Distanf:z (um) 100 the corresponding temporal development of the inversion
(solid curve at the fixed position oz=21 um that is near
the input surface of the nonlinear medium. Oscillation fea-
tures at the zero points of the pulse arise due to the time-
derivative behavior of the input fielgee also Ref.11]). We
,,,,, note that incomplete Rabi flops occur instead of the antici-
1 pated integer number. Maxwell’s curl equations also account
for backwards propagating fields, which do not occur in the
i present study since the linear refractive index is unity, and
. . . also because the absorption length is too lafips the
100 200 300 400 SVEA in space is valid heje To demonstrate this we have
Time (fs) performed additional calculations by increasing the dipole
. moment(thus decreasing the absorption lengbly a factor
(th'FLG. Td @ 10;T'$Else prop?ga(t;ofp rgrpugr? the t"t"?r'lle"e' systtt_em of 10 and 100 shown, respectively, by the dashed and dotted
ick solid curve. The normalized field is shown at the respective . :
times of 350 fqsolid curve and 460 fgdotted curvé (b) Inversion _curves. Th.e mp.Ut pulse areas a.re kept flxed._The fom_“er case
is almost identical to the previous calculations, while the

n (solid curvg near the front face of the two-level materiat ( . . .
=21 um). The dashed and dotted curves correspond to simulation@tter results do indeed dlsplgy strong ba(_:k prop_agatmn ef—
with a larger dipole momer(see text fects. Unusual back propagation effects will be discussed in
future work. For the present study the SVEA in space holds.
We now probe even deeper into this effect and show that
(i) CWREF still occurs when the carrier frequency is increased
to w=w;,=2x10"rads !, where one might expect the
SVEA in time to work.(ii) The propagating pulse will con-
" - tain extremelyhigher frequency components that show some
position  of _the .pulse ceqter (at  t=0), _ " similarities with those produced via HHG. Furthermore, this
=2 arcosh (140.5)r, is the full width Aat half maximum later result can now be controlled somewhat via the chosen
(FWHM) of the pulse irradiance profiley, is a unit vector  area of the input pulse. We continue with the original dipole
perpendicular to the direction of propagation, am#l parameters but now increase the carrier frequency to the
=2mc/\ is the central pulse frequency. Within the SVEA, above value which, to the eyesee Fig. 2 and intuition,
it is well established that when the envelope of the pulse hagoks like it should certainly satisfy the RWA. It does not.
an area that is an integer number af 2hen lossless propa- We demonstrate that even an area of only-2sufficient to
gation is possible. For alzr pulse, the rotating dipoles are cause strong carrier-wave nonlinear effects that cannot be
exactly returned to their initial state while maintaining the modeled by employing the SVEA equations. In Figéa)2
shape of the excitation pulse while exhibitihgRabi flopps.  and Zb) we show, respectively, the density changes and the
This will occur whenE3' ™= 21%/d . The carrier frequency corresponding electric field near the input face of the TLA.
w=w;,=0.6x10"rads *, 7,=18 fs, andd=2.65eA. All  To help clarify the physics we also show an enlargement of
other material and laser parameters are identical to those the carrier-wave effects at around 150-160 fs, shown in
Ref.[17]. Figs. 2c) and 2d). Propagation effects are highlighted
The peak amplitude of the necessary pulse to achieve laelow.
107 envelope area is approximately 2.5 GV/(hhis corre- It is evident that CWRF induces carrier-wave reshaping
sponds to an irradiance of£8x10Wi/cn? in vacuum) so we now look at propagation effects for ar2@nd 206r
Figure Xa) shows an example of a propagatingml@ulse  pulse. As a possible experimental probe one can monitor the
through the TLA medium. The pulse initially propagates inoutput spectrum of the propagated pulse. Figures 8nd
the free-space region, and thereafter enters the two-level mé&tb) show, in comparison to the input spectrum, the output
dium at 20um; the pulse then propagates the nonlinear meirradiance of 26- and 206 pulses. The top cunvd=ig. 3a@)]
dium and exhibits strong reshapiridotted curve Impor-  clearly shows that even with an input central frequency of
tantly, the shaping takes place for the individual cycles rather1.3 eV, there is the appearance of a plateau and eventually
than the envelope of the pulse itself; this carrier reshaping ia cutoff after about 20 eV. Additionally, these features recall
caused by subcarrier Rabi flopping, which can be seen isome similarities with HHG in high-field atomic physics,
Fig. 1(b). Even at these optical fields—an area of#10 though now we are working with an initially resonant

density of TLA’s, andp, is the off-diagonal density-matrix
element obtained from the optical Bloch equations. The ini

tial field E(z=0})=nEssech — (t— 7o/ 7o) ]SiN(wt),
where E, is the peak input electric fieldz is the offset
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FIG. 2. (a) As in Fig. 1(b) but for 207-pulse propagation with a
greater carrier frequency and resonant frequéreg text (b) Cor-
responding electric field vs timec) Enlargement of Fig. @)
around 150-160 fgd) Enlargement of Fig. @) around 150-160
fs.

FIG. 3. (a) Input (solid curve and output(dotted curve pulse
irradiance spectra for 28pulse propagatior(b) As in Fig. 3a) but
for 2007-pulse propagation.

such techniques may also form a basis for the generation of

nonlinearity. The results for the 2@0pulse are even more x-ray transients.

intriguing: one now discerns frequency components up In conclusion, we have obtained interesting suboptical-

t0100eV and clearly transients well into the x-ray regime carfa/Tier transient effects that may form a basis for generating
be generated. At this point we must correctly point out thatray tranS|en§s nonperturbatively. Th|§ different ultrafast
the TLA is only an approximate model at this stage since it?henomenon is demonstrated by solving Maxwell's curl
will now, for example, include higher states that may absortfguations coupled to a two-level atom without invoking any
the higher frequency components; our present purpose is &owly varying envelope approximations. Under such ex-
bring to the forefront the basic new physics for a strict TLA. treme conditions a more accurate model may be required for
A proper experimental prediction would have to pay moredescribing matter with multiple energy levels. Nevertheless,
attention to the exact material under investigation. Secondhis model is exact insofar as the full Maxwell equations and
we stress that these transients are not numerical artifacts; fowo-level atomic model are exact. The induced spectrum of
the simulations we choose 5@i.e., 10000 for the latter the propagating pulse contains a range of frequency compo-
simulation points per wavelength and have checked that thenents that resemble some similar characteristics to high-
results are identical for much smaller space and time stepfarmonic generation in atoms, though via a completely dif-
For the experimentalists in the field, we suggest a multiple- ferent mechanism. It remains to be seen whether such effects
pulse propagation study to monitor the higher frequencywill occur in real atoms where bound-bound transitions and
components of the transmitted pulse. In any case, our simuenization become important, however, the results for the
lations show that extraneous features will be evident that arsimplified model are sufficiently encouraging to tempt ex-
not captured within the slowly varying envelope models andperimental investigation.
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