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We analyze an electromagnetically induced transparency near an autoionizing state, which is at the
same time stabilized against ionization. We show that the effect is fairly general as long as only one con-
tinuum is involved. We compare the efficiency for third-harmonic generation in this system with that in
an intermediate two-photon resonance system, and discuss the advantages of the former. Explicit calcu-
lations are presented for a specific autoionizing resonance in Ca.
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According to the traditional understanding of third-
harmonic generation (THG), a single- or three-photon
resonance of the pump frequency with atomic states is
undesirable as it leads to absorption of either the pump or
the generated harmonic radiation [1]. An intermediate
two-photon resonance (TPR) [2] is, on the other hand,
considered helpful as it enhances the susceptibility y'>’
without appreciable loss; up to the point where
significant accumulation of population at the TPR state
as well as ionization therefrom limit the benefit. Three-
photon resonance with an autoionizing state [3,4] as a
means of enhancing the susceptibility has also been ex-
plored a number of years ago, but it does not seem to
have led to crisp conclusions and widespread use.

More recently, considerable discussion [5,6] has been
devoted to the investigation of the possible benefits of
electromagnetically induced transparency on nonlinear
optical processes and a host of other effects in radiation-
matter interaction. In a recent paper [7], the idea was
demonstrated experimentally in sum-frequency genera-
tion.

Our purpose in this paper is to show that an autoioniz-
ing state in three-photon resonance with a pump field in-
herently develops a transparency in a certain range of in-
tensity leading thus to enhanced THG, which turns out
to be more significant than that from a TPR system. The
first obvious advantage of our scheme is that no addition-
al field is needed for the transparency. A second advan-
tage comes from a rather subtle and surprising effect,
namely, the stabilization [8-10] of the autoionizing state
(against ionization) under the very same conditions that
establish the transparency. We have thus the combina-
tion of an enhanced nonlinear susceptibility with the pro-
longing of the stability of an atomic system in moderately
strong electromagnetic fields. The old question of the
usefulness of three-photon resonance with an autoioniz-
ing state is now found to have an unexplored dimension
that allows its exploitation under significantly higher
pump intensity, and hence larger harmonic production.

The practical side of our theory is demonstrated by a
quantitative application to atomic Ca with a complete
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description and specification of all atomic and radiation
parameters necessary for experimental implementation.
We consider an atomic system that has an isolated au-
toionizing state |1), which can be reached from the
ground state |0) by a three-photon transition. The
three-photon pump field is treated as an external field
with prescribed time dependence and has frequency w;.
In the presence of the third harmonic field with frequen-
cy w;=3w;, one-photon transitions are also possible be-
tween the two states. Both fields also couple the ground
state directly to the continuum. We assume that the au-
toionizing state decays into the same part of the continu-
um and that couplings of the two states to other parts can
be neglected.

The atomic density-matrix equations for this system
have been given in [11]. Here we do not consider any in-
coherent processes, which allows us to give a discussion
in terms of amplitude equations. After elimination of the
continuum and nonresonant bound states, the reduced
state vector of the atom is represented by
[4)=G|0)+ A|1), whose evolution is governed by an
effective Hamiltonian H of the form (H;; = CilHLj ),
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Here, three-photon transitions from [0) to |1) are de-
scribed by the (real) three-photon Rabi frequency (),
while the strength of transitions from state |0) directly
into the continuum is determined by the asymmetry pa-
rameter q;. The one-photon Rabi frequency is complex
and is written as Q,exp(—i¢), where ¢ is the phase
difference between the electric-field components of pump
and harmonic field. Direct one-photon transitions in the
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continuum are described by another asymmetry parame-

ter q,. The ionization rate from the ground state y is
given in terms of the autoionizing width T" by
2
Q Q
T |q; ‘11

and depends on the strength of both the pump and the
harmonic field. The detuning of the harmonic field from
resonance is denoted by &.

The instantaneous ionization rate of the atom is deter-
mined by the time derivative of the norm of the wave
function |¢),

%(W'ﬁ):—i(iﬂ(H—HT)W) . 3)

The Hermitian matrix i(H —H') has two real non-
negative eigenvalues, one of which is zero because of (2);
the other is the sum of the two decay rates ¥ and I'. The
corresponding mstantaneous nondecaying and decaymg
eigenstates of i (H —H'') are denoted by |y ) and |9, ),
respectively, and have the form

e W2
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with N the normalization factor N=VT(I'+7)/2. In
general, a nondecaying state exists for any detuning for
any intensities in any number of fields, as long as the de-
cay rates obey a relation like (2). This condition is
fulfilled if the relevant states are coupled to the same part
of the continuum. With the help of (2), we see that a non-
decaying state |/yp ) with inversion can be created if the
atom is pumped sufficiently hard, such that the ionization
rate ¥ from the ground state exceeds the autoionizing
rate I.

If the atom is in the state |¢yp) at some instant of
time, then the atom does not ionize at that particular mo-
ment. However, when the system evolves, the atom will
in general not remain in the state |, ) since the state is
not an eigenstate of the Hamiltonian. In the case where
both the pump and harmonic field are time independent,
we find two necessary and sufficient conditions for |, )
to be an eigenstate of H. The first is |Hy,|*=|H %
which implies that the phase ¢ between the pump and
harmonic field must equal either O or 7. The second con-
dition determines the detuning 8 in terms of the Rabi fre-
quencies and asymmetry parameters, according to

5= L TZrNQQ) s)
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The =+ sign refers to ¢ =0, , respectively. If the atom is
pumped at a slightly different detuning or intensity, such
that (5) is not satisfied, it will not reach the exact nonde-
caying state. Nevertheless, the atom will be ionized at a
rate that is considerably lower than I'. For instance,
when the harmonic field is weak the stable state is deter-
mined by the pump field alone, and (5) reduces to
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8=—1¢;(I' —y)=8,, which has been derived before for
a similar (laser-induced continuum structure) system [10].
By examining the eigenvalues of the Hamiltonian H, we
can show that in this case the effective ionization rate y ¢
for detunings not too far from § is given by

4(8—5y)%yT

A TPt (©)
(y+I')Y(1+gq3)
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This expression is valid as long as y . <<T,7.

We describe the harmonic field by a dimensionless
complex amplitude {(a), whose definition is such that
N=|(a)|?is the number of harmonic photons per atom.
The equation for the field amplitude {a ) is given by
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The coherence and the ground-state population are relat-
ed to the amplitudes 4 and G by 0,,=AG* and
O™ |G|%. Here 7 is the reduced atomic density

2e,Al?
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with d the dipole operator and n the atomic density.
When the atom is in the nondecaying state |, ), the
equation for (a ) becomes
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where p is the total trapped population in |¢y,). The
equation for the number of photons per atom is then

S N=_ Vv el
o N=—4sin¢(t)V'n o T+7 (10)

The right-hand side is proportional to the pump-field
Rabi frequency €23, which shows that there is only para-
metric down or up conversion in the nondecaying state,
depending on the sign of ¢; and sing(#). The right-hand
side being proportional to the square root of N rather
than to N also implies that there is no amplification or
absorption of the harmonic field by stimulated transi-
tions. In other words, the state |y ) is transparent to
the harmonic field radiation. This transparency is in-
dependent of inversion between the state |0) and |1).
Thus we have here a case of inversion without
amplification where ¥ >T. This property often goes to-
gether with the phenomenon of amplification without in-
version. For this system, amplification without inversion
has indeed been predicted [12].

The two equations (9) and (10) can be solved exactly.
Here we only note that from (9) it follows that for a weak
harmonic field the harmonic photons are produced at a
phase ¢=m/2 for ¢; <0 and ¢=—m/2 for g;>0. The
two-field nondecaying state, therefore, cannot be main-
tained when the harmonic field grows, since this would
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require a phase difference O or 7. Although wrong in this
sense, this phase difference is the optimum phase
difference for the THG, as is clear from (10). We investi-
gate the THG in more detail now.

We solved the set of coupled differential equations for
the atom and for the harmonic field in time for a
prescribed pulsed pump field for several values of the
pump intensity, detuning, and pulse length. The atomic
parameters chosen here correspond to transitions be-
tween a specific autoionizing doubly excited state
(3d5p)'P and the ground state (4s)'S in Ca. Details can
be found in [13]. The unit of time used is the inverse au-
toionization width T'"!'=8.38 fs. The density n, as
defined in (8) is relatively large in this case,
ny=~1.3X10* cm ~3, so that the scale factor 7 for realis-
tic atomic densities is small. In all of the following we
take n =1.3X10'7 cm ™3, so that #=10"*. The units of
intensity for the three-photon pump field /,, and for the
third harmonic field I,, are defined by the relations
Qy/T=(,/1,0)’"* and Q,/T'=(1,/I,4)'”?, with I, and I,
the pump and harmonic intensities. For Ca, one has the
values 1,,=1.96X10"> W/cm® and I,,=7.23X10"
W/cm?. Finally, the ¢ parameters are g;=—0.12 and
q,=4.38.

We consider pumping by a Gaussian pulse. The inten-
sity of the pump field as a function of time is given by
Ip(t)=10exp[-—(t/'r)2], where 7 is referred to as the
length of the pulse and I, as the strength or peak intensi-
ty. The condition (5) for a steady state can be fulfilled
only at two instants of time during a pulse. However, for
appropriate pulse strength and length, the detuning and
intensities are not too far away from that condition, so
that the ionization of the atoms is slowed down consider-
ably during the major part of the pulse, with the decay
rate approximately given by (6).

In Fig. 1, we plot the total number of photons pro-
duced per atom by a pulse of length =100 ~!~0.8 ps
and peak intensity J,=0.191,,=~3.7X10'' W/cm” (being
the optimum intensity for this given pulse length) as a
function of the detuning. This intensity is sufficiently low
so that ac Stark shifts can be neglected. The graph shows
that the third-harmonic production is not very sensitive
to the detuning, the width being given by ~10'3 Hz. For
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FIG. 1. Number of photons per atom, N, produced in an au-
toionizing system by a pulse of length 7=100T ! and peak in-
tensity Io=0.19I,, as a function of the detuning & in units I'.
Atomic parameters are given in the text.
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this pulse the maximum number of harmonic photons
produced at the optimum detuning §=0.014I" corre-
sponds to an intensity of I, ~6.4 X 10® W/cm?.

Then we plot in Fig. 2(a) as a function of the dimen-
sionless peak intensity J =1, /I, for several values of T,
the maximum number of photons produced at the op-
timum detuning. The optimum field strength for these
pulses is seen to be J =0.2. For larger intensities the pro-
duction of photons decreases, since the atoms then do not
reach a nondecaying state and hence are more rapidly
ionized.

We now wish to compare the total THG in the au-
toionizing (AI) system with the THG in a bound system
coupled to the continuum by a three-photon transition
through an intermediate two-photon resonance (TPR).
This TPR system is the usual one used to produce har-
monic photons. The attractive feature of this system is
that in weak fields the ionization rate of the atoms is
small compared to the rate in the AI system, since the
ionization of both states is field induced. To make a
meaningful comparison, the atomic parameters are
chosen to correspond to the state (4s55)'S in Ca as the in-
termediate state [13]. This state is coupled to the ground
state by two-photon transitions, where the pump photons
are in the same frequency range as for the AI system.
The decay rate of this state as a function of the pump in-
tensity is I';=0.415JT, which is indeed relatively small
for the intensities J=0.2 considered above. The two-
photon Rabi frequency is given by ,=0.848JI", while
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FIG. 2. Maximum number of photons per atom N produced
at optimum detuning by a pulse of length 7=50T" "' (thin line),
=100 ! (dotted line), and =200 ! (thick line), as a func-
tion of the peak intensity J =I,/I,. (a) For an autoionizing
system and (b) for an intermediate two-photon resonance sys-
tem. Atomic parameters are given in the text.
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the Rabi frequency ; _,), corresponding to the transi-
tion from the intermediate state to the ground state
through the absorption of one pump and the emission of
one harmonic photon, is determined by
4.30,0(, - 1)=Q;3Q,. Finally, the two-photon g parame-
ter is g, =1.867.

In Fig. 2(b) we plot for this TPR system the maximum
number of photons produced at the optimum detuning as
a function of the intensity J. The plots show the compar-
ison for the same values of the pulse length 7 as in Fig.
2(a). First we note that the intensity dependence is
different from the AI system. The oscillations for small
intensities are due to Rabi oscillations, which can occur
since the decay of both discrete states is small. Further-
more, the number of photons produced saturates for
large intensity, there is no optimum intensity. The TPR
system does not have the possibility to remain trapped in
a nondecaying state. This implies that the AI system will
be better in terms of THG when the pulses get longer.
Indeed, we find that the total harmonic generation grows
linearly with 7 for the TPR system, but quadratically for
the AI system for the range of pulse lengths considered.
For the atomic parameters chosen here, the TPR system
is better only for very short pulses with 7<0.2I' ", but
the autoionizing system is superior for larger 7. For real-
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istic pulse length 7~100T"~! the latter is better by three
orders of magnitude. For other atomic systems the num-
bers may be more favorable for the TPR system, but the
general conclusion that longer pulses favor the Al system
remains the same.

In conclusion, we have shown how the combination of
induced transparency with a stabilized state can be ex-
ploited to produce a large third-harmonic field. This
stable state can often be present in autoionizing systems
when irradiated by coherent light sources. If an in-
coherent decay channel is present, or if the pumping is
incoherent, the stable state will be affected due to the loss
of coherence between the ground and autoionizing state.
In our specific case of Ca, however, the influence of in-
coherent transitions is small, so that the results are not
severely affected by them. Furthermore, although we
have not included the effects of propagation here, they
are expected to add more physics to the phenomena but
not to interfere destructively under the proper phase-
matching conditions. Propagation and incoherence
effects will be discussed elsewhere.
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