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Harmonic generation from a coherent superposition of states
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In this Rapid Communication we present a method of extending the harmonic generation plateau to high
energies with very high conversion efficiencies using moderate intensities. Preparing the initial state as a
coherent superposition of the ground state and an excited state we can induce dipole transitions between the
continuum and the ground state via the intermediateited state responsible for the ionization. We solve
numerically the Schidinger equation and show that the spectrum contains two distinct plateaus, with cutoffs
atU.+3U, andU4+3U,. Using an essential states method we demonstrate that the plateaus are due to
recombination into the excited and ground states. We briefly discuss possible experimental realizations of the
scheme we present.

PACS numbe(s): 42.50.Hz, 32.80.Rm

It is now well established that an atom driven by a stronghas been shown to be, at best, very weak in comparison to
laser field radiates high odd harmonics of the incident radiathe neutral respong8], and short wavelengths are needed to
tion. The strongly nonlinear response of the atom to the fieldjyenerate harmonics from ions with an efficiency comparable
produces a large conversion efficiency from the fundamentab that of neutral species. In addition, numerical simulations
wavelength to the harmonic wavelength up to very high or-using the full pulse response, rather than the steady-state
ders. The result is a set of odd harmonics extending to highesponse, have shown that the harmonic signal in the plateau
orders with approximately constant efficiency, followed by adisappears when ions are driven by long wavelen§tis
sharp cutoff. This is commonly referred to as the harmonicThis effect is related to the intensity of the laser changing
generation plateau. There is an upper limit to the harmonievith time, and will be discussed in more detail in a future
plateau determined by the maximum kinetic energy that apaper[5]. Thus, the shortest harmonic wavelengths gener-
electron (that has been previously promoted to the con-ated to date are the 141st harmoiiis A) of a Nd:YAG
tinuum) could have if it is to be driven back to the core by (neodymium-doped yttrium aluminum garhéaser (1.053
the action of the field. This maximum kinetic energy is ap-um) using He[6], the 109th harmoni¢ 74 A) of a Ti:sap-
proximately 3.2),, (U,=E?/4w»?) and depends only on the phire lase800 nm using Ne{7], and the 37th harmoni®7
intensity and frequency of the incident radiation, since atd) of a KrF laser(248 nm using helium[8], with only the
such intensities the interaction of the electron in the confinal example clearly demonstrating high efficiency har-
tinuum with the external field dominates over the Coulombmonic generation from ions.
interaction. This is the origin of the well known cutoff rule  To date, most of the theoretical and experimental work
U;+3.2U, [1] of the harmonic plateau, wheté; refers to ~ done on harmonic generation has focused on the response of
the ionization potential. Harmonics corresponding to higheatoms initially prepared in the ground state. It is, however,
photon energies are produced with an exponentially diminwell known that quantum interference in atomic systems can
ishing efficiency, thus becoming rapidly indistinguishablelead to new and unexpected effef19]. The work that in-
from the background. volves superposition effects that is most closely related to

The two-step quasiclassical model has been very successurs is that of Gauthegt al. [9]. There are, however, some
ful in interpreting this platealil,2]. In this model the elec- distinct features that relate to harmonic generation by super-
tron escapes into the continuum by a tunneling process. Theosition states that we want to emphasize. In particular, we
electron is then driven by the field, and returns to the atomisvant to show that if the initial state is prepared as a coherent
core emitting a photon in the transition back to the groundsuperposition of the ground state and an excited state, it is
state. The efficiency of the harmonic signal is found to bepossible to generate very high-order harmonics with high
directly proportional to the ionization rate, with a system-conversion efficiency using moderate laser intensities. By
dependent proportional constant. Therefore this suggests thatoderate intensities we mean that the intensity is high
at best, for a given ionization potential, the highest harmonienough to ionize the excited state, but the field is too weak to
order achievable would be the one produced just below thdirectly ionize the ground state. In this case we found that
saturation intensity for each wavelength. the harmonic spectrum is composed of two distinct sets of

The quadratic scaling of the ponderomotive energy withharmonics. The firsflowest energy plateau corresponds to
fundamental laser wavelength also suggests that atomic sygansitions back to the initial state, and as one might expect,
tems with a large ionization potential driven by long laserhas a cutoff all.+3U,. The second plateau begins at an
wavelengths should generate the most energetic harmoniognergyUy—U, and has a cutoff at energy,+3U,. We
In principle, ions can produce higher-energy harmonics dushall show that this set of harmonics is generated by transi-
to both their higher ionization potential and the correspondiions from the excited state into the continuum and then back
ingly high ponderomotive energy at their saturation intensityto the ground state. These harmonics cannot be obtained by
However, at long laser wavelengths, harmonic signal for ions€omputing the responses starting from the ground and ex-
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FIG. 1. () Harmonic generation
spectra from a Hé ion at
| =8.85x 10" W/cm? and w=0.06
a.u. A\=746 nm starting from a
coherent superposition of ground
and first excited state & with
equally  weighted populations;
1\2(|g)+]e)). (b) Harmonic spec-
tra corresponding to the ground state
alone (lower line), and excited state
alone(upper ling, for the same pulse
iasl] THT REUTE FNRY SR AR SN o Lo b bwne bev e i biens as in casda).
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cited states separately, and therefore it is essential to hawets of harmonics, the second one starting after the two
coherence between the ground- and excited-state populatrong peaks corresponding to the transition energy between
tions. the 1s and X states. In this case, the energy gap between the
Our results are based on numerical solutions of the timeground and excited states does not satisfy a multiphoton
dependent Schdinger equation for a superposition of resonance condition. As a consequence the two plateaus are
ground and excited states of HeWe use ions to take ad- not exactly separated by an integer number of photons. To
vantage of their higher ionization energy, but the process wgy,oiq phase-matching problems during the propagation the
yvish to present here is very general, and is not restricted tfasonant condition with an integéndd) number of photons
1ons. o _ _ will be necessary. For the sake of comparison we also dis-
To solve the Schrdinger equation we use a partial-wave pjay in Fig. 4b) the harmonic spectra corresponding to an
decomposition of the wave function, together with a splitjnitial state of the ground¢=1, B=0) and excited ¢=0,
operator and a Crank-Nicholson algorithm as described elseﬁzl) states alone. Figure 2 shows the populations of the
where[11]. We have also carried out calculations using aground and excited states together with the total ionization
one-dimensional model and have found the same qualitativR), ihe case of an equally weighted initial superposition.
r_esults. We prepare the initial state as a coheren'g SUPErposi- \we can produce a simple picture of the processes using a
tion of the ground statesl(U,=54.4 V) and the first ex-  gjmpje three-level system. In Fig. 3 we schematically repre-

cited state 8 (U.=13.6 eV): sent our process. Our population is initially a coherent super-
_ ig position of the ground0) and excited stat¢l). The con-
V(r.)={alg)+pe""e)}, @ tinuum level involved in the generation of tloggh harmonic

is represented as levéR). We assume that the coupling

wherea and g are the amplitudes of the ground and exc'tedbetween the ground state and the continuuj is much

states, andle|?+ | B|2=1. We have varied the initial relative
phase between the states, and found that the results are
not modified, so we shall tak¢=0 for the remainder of this

Rapid Communication. We solve the Sctirger equation in 1r
the length gauge, with the laser field linearly polarized. The . o
. - . . =] r Normalization
interaction term is written as % 08
N
Hine=f(r)r-Esin(wt), 2 g 06 - (1s) - population
=
whereE is the electric-field amplitudew is the laser fre- g 04
guency, and (t) is the pulse shape function that is chosen to E
be a 32-cycle pulse with a linear turn-on of 12 cycles fol- § 02 [ (2s) - population
lowed by a flat part for the rest of the pulse. A !
We first present results for a coherent superposition of the ol ! ‘ LTI
He* ion (a=B=1/\/2) irradiated by a laser frequency of 0 5 10 15 20 25 30 35
»=0.060 a.u. (=746 nm at an intensity ofl =8.8x 10" Time (optical cycles)

W/cm?. For this choice of intensity and wavelength the ion-

ization of the ground state is negligible, and there is only FIG. 2. Ground state, excited-statesj2population, and ioniza-
transference of population from the excited state to the contion (normalization corresponding to an initial coherent superposi-
tinuum. The harmonic spectrum corresponding to this case igon of ground and excited state with equally weighted populations
shown in Fig. 1a). The spectrum clearly shows two different [Fig. 1(a)].
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2> small (relative to the ground-state saturation intensithe
N ground-state population is not changed by the field. This is
AN supported by calculations of the response starting from the
~ ground state only for these condition&) We neglect the
q_thharmonic\\\ coupling between th'e excited staj[e'and any other bound
~ , states. These approximations are similar to the ones made by
1> Lewensteiret al.[12] in explaining the origin of the plateau.
We can use them to write the wave functions in the following
form:

i
|
|
|
I
I
g+ (Ug-Uy) -th harmonic |
|
|
1 e
| wlr H=algle !, )
|
|

be(r,t)=p

—lwet —lwpt
s a(t)le)e +fdnbn(t)|n>e , (6)

where a(t) and b,(t) are time-dependent complex coeffi-
FIG. 3. Three-levelA configuration representing schematically cients, and the integral is over all the continuum statées|f
the emission of theth harmonic and thg+ (U,—U,)th harmonic. ~ we neglect continuum-continuum interactions the second
The ground stat¢0) is not coupled to the excited stdtE), and is  term in Eq.(4) is given by
very weakly coupled to the continuuf@). The excited statél),
responsible for ionization, is strongly coupled to the continuum<¢e(r,t)|§|(/,e(r,t))
|2), inducing a dipole moment between the continuum and the
ground state. This induced dipole momentum allows transitons ~ , " a (0o ot
from the continuum back to the ground state. =pB7) dna (t)bn(t)(e|x|n)e e “nitec, ()
smaller than the coupling between the excited state and thend the final terms by
continuum, i.e.Qyp<(,,, and finally we also assume that
the coupling between ground and excited st@@tg is also 2
r0]X] e(r, )=
much smaller tharf,. (ha(rOIX|ye(r, 1)) = ap

A simple analytical model based on essential states can be

a(t)(g|X|e)e!(wom et

applied to explain the main features of both harmonic pla- +f dnbn(t)<g|§'(|n>ei(wg—wn)t +cC.C.
teaus. Since the time-dependent Sdimger equation is lin-
ear, we can write its solution as the sum of two separate (8

wave functions:
If we assume thaa(t) is a slowly varying function of time,
W(r,t)=ig(r,t) + ie(r,t). (3)  then the time-dependent parts of E@). and the second term
in Eq. (8) differ only by a factore'(“s~ @9, In other words,
S the third term in the dipole acceleration gives rise to a similar
Yo(r,t=0)=alg) and y(r,t=0)=ple), then it is clear 1a0a, to the second term, but shifted in energy by an
that the wave functionV'(r,t) at any subsequent time iS 5m4nt equal to the gap between the ground and excited

equal to the sum of the wave functions we would have obgaies This is the second plateau observed in the harmonic

tame_d _startmg in the g_round and excited states independent%ectra_ This simple analysis also demonstrates the depen-
multiplied by a numerical factor. To calculate the harmoniCyence of the relative efficiencies of the two plateaus on the
generation we look at the dipole acceleration: weighting of the initial state. Since the power spectrum
- a scales as the square of the dipole acceleration, it is clear from
d(t) =W (r.H|x|¥(r.1) E4qs. (7) and (8) that the firsatgplzateau efficiency scales as
_ s s B* while the second scales as3-. We demonstrate this in
= (T DX gg(r, D)+ (WelT DX e, 1) Fig. 4, where we show the harmonic spectra f@
+ (g1, DX el 1)) +c.C. @ a= V312, B=1/2 (squares and (b) a=1/2,8= \/_§/2
(circles, calculated for the same parameters as Fig. 1. As
The first two terms in this expression are simply the dipolepredicted above, the efficiencies for casaisand (b) are in
accelerations one would obtain starting in the ground andhe ratio 1:9 for the first plateau and 1:1 for the second pla-
excited states, respectively. The third term can be thought dkau. Finally, we would like to stress that in our example the
as an interference between the two parts of the solution. Thishoice of the 2 excited state is only due to the fact that this
term is only relevant if we start from a coherent superposiis a metastable state, but in general, both states do not need
tion, and is, as we shall demonstrate, responsible for th&o have the same parity. The reason for this is that the con-
second plateau. At the intensities we are considering the rdinuum is highly degenerate in angular momentum and there-
sponse starting from the ground state is essentially negligibléore transitions from a energy level of the continuum back to
[as it can be seen in Fig.(d)]; therefore, we shall only states with different angular momenta are allowed.
describe the second and third terms in detail. In conclusion, we have presented a method of extending
In order to simplify our analysis we make the following the single atom harmonic plateau to higher energies with
assumptions(a) We assume that since the laser intensity ishigher efficiencies than it is possible to obtain starting the

If we choose the initial conditions such that
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10° & the energy gap between the two initial states is large. This is,
r o \BAL")’L%M of course, a subst_ar?tial is_sue for this technique. We do not
102 | believe, however, it is an insuperable problem and could be
o) O%|g>+\/§é|g> achieved, for example, by resonant multiphoton excitation
§ 1o [13]. The phase of the initial superposition will then depend
& 3 on the intensity of the laser used, but it will obviously be the
&2 same for all the atomd 4]. The best way to optimize this for
= 10° i an experiment will depend on the ions and laser sources
_Eo [ available. This is a matter we intend to pursue in the future.
“ o0t b We have explained our results in terms of an essential
r states method demonstrating the origin of the two sets of
P N T T D T harmonics we have observed. Since both cutoffs are sepa-
0 10 20 30 40 50 60 rated by an energy corresponding the the ground-excited

transition, i.e., Uy—U;), this method of generating high-
order harmonics is particularly suitable for experiments on
ions driven by long wavelengths. We get the advantage of the
FIG. 4. Relative efficiencies of the two plateaus on the popula-igh ionization energy ofthe ground state othe ion, while

tion weight of the initial statex|g)+ B|e). The first plateau scales still using moderate intensities and avoiding the pulse-shape-
as 8% and the second one ag?B2. Case(a) a=(4/3/2) and related difficulties mentioned previously. Finally, to improve
B=1/2 (square} and caséb) a=1/2 andg=/3/2 (circles. the phase matching between the two harmonic sets it is
enough to choose a resonant conditi@ith an odd number

process from the ground or excited state. If we have a col9f photong between the two states of the initial preparation.

lection of atoms, to obtain a coherddt enhancement, all of This work is financially supported by the UK Engineering
the atoms have to be prepared in the same superposition, i.and Physical Science Research Council, as well as the Hu-
with the same initial phase. However, any common phasenan Capital and Mobility program of the European Commu-
will be appropriate for the effects to be present. To preparaity. A.S. also thanks the Fleming/MEC program for finan-
such an initial superposition may not be an easy task to do ifial support and DGICYTContract No. PB92-0600
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