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Optical resonance between the initially occupied excited atomic state
and some lower lying state is shown to be a suppressor of two-photon ion-
ization from this excited state via near-threshold Rydberg states because of
Rabi oscillations between the resonantly coupled states.

PACS numbers: 32.80.Rm, 42.50.Hz

1. Introduction

It is the aim of this paper to extend our recent model [1, 2] of nominal
two-photon ionization from an isolated excited state (n > 1) through near-threshold
Rydberg states (n >> 1). In the model we studied the effects of migration of pop-
ulation from the directly excited band of high-n Rydberg states towards compa-
rable-energy Rydberg states but of higher angular momenta, due to a sequence of
resonant V-type Raman couplings (Al = 2) exploiting, as resonant intermediaries,
the orbitally degenerated states of the same principal quantum number as that of
the initial state. It was found in [1, 2] that such a migration of population can be
responsible for suppression of ionization (the strong-field ionization suppression or
stabilization is still a vivid problem [3]). However, one can expect another mecha-
nism of ionization suppression when ionizing the excited state via near-threshold
Rydberg states. In this paper we shall show that in such a case the initial-state to
a lower-state resonance can be of great importance. To be specific, let the principal
quantum number of the initial state be equal to n = 7. When choosing, for exam-
ple, the laser frequency in such a way that the initial state is in near-resonance
with the states of the principal quantum numbers around n = 40, then at the
same time we produce near-resonance with the lower-lying state of the principal
quantum number equal to 5. What, in fact, we are interested in throughout the
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present paper is to prove that the latter resonance acts as a suppressor of the
nominally two-photon ionization from the initial excited state via near-threshold
Rydberg states. An estimation of this effect will be made on the basis of the actual
hydrogenic parameters.

2. The model and its solution

As shown in Fig. 1, we choose the initial state of the hydrogen atom to be
the |n,{,m) = |7,3,2) state (black dot). The atom in this state is exposed to the
interaction with a laser beam of linear polarization along the z-axis. The frequency
of the laser beam ensures the atom to be resonantly excited in a one-photon process
to the states of the principal quantum numbers around n = 40. For the frequency
chosen, not only the higher states of n = 40 will be reached in the one-photon
process but also the states lying below the initial one, namely the [5,2,2) and
|5,4,2) states. Though the lower states are not in general in perfect resonance,
the detunings (F; — By — hw)/h (i = 1,k = 3,4) can be compensated by the
appropriate Rabi frequencies Vi;/h in an enough intense field, which makes the
transitions to the lower states effective. To treat the problem analytically we make
standard approximations, namely, the rotating wave approximation and the dipole
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Fig. 1. The ionization from an excited state (black dot) via high-n Rydberg states
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extended to include resonances between the initial state and some lower states.
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approximation. We also assume a rectangular pulse. Under such circumstances the
Schrodinger equation is easily transformed to the Laplace domain (e.g. [4]).

We denote the essential states as follows. Let |1) = [7,3,2) = |n,{,m) stand
for the initial state and |2) for the state degenerated with |1} but of the angu-
lar quantum number equal to 5. By [3) and [4) we denote the lower states of
the principal quantum number equal to 5 and the angular momentum quantum
numbers equal to 2 and 4, respectively. Finally |7, n) (j = 1,2, 3) stands for high
Rydberg states of n = 40 and the angular quantum number is equal to 2j. Be-
cause of the selection rules for linear polarization, all states have the same mag-
netic quantum number equal to that in the initial state, i.e. 2. By {2;; we denote
the interaction-Hamiltonian matrix element (from now we use the units in which
h = 1) between states |j) and |j’), while V}, ;,, stands for the matrix element be-
tween states |j/) and |j, n). The latter matrix element scales as n=3/2 [5], i.e. for a
large n it is a slowly varying function of n. Since in our case the most important
up-transitions are to those states whose principal quantum numbers are around
n = 40, we neglect this n-dependence introducing some representative matrix ele-
ment, which we choose to be Vj/ ;, 2 Vj/ ju0 = Vj/5, so equal to that for the states
which are in exact resonance. Finally, by D;y, ;. we denote the Raman couplings
through the continuum between two high-lying Rydberg states of the same angu-
lar momentum quantum number. We do not include the Raman couplings via the
continuum between Rydberg states of angular momentum numbers differing by 2
because of their negligibility when compared to the resonant couplings through the
bound states |1) and |2). As the Raman couplings Dj, j, scale as (nn’)=3/2 [6],
we also neglect their dependence on the principal quantum numbers.

By b; we denote the time-dependent Schrodinger amplitude for the state
|7 = 1 —4), and by b;,, the amplitude for the state |j, n). The corresponding
Laplace transformations (f — s) are denoted by I;j and I;jn, respectively. The
equations for those transformations, found from the Schrodinger equation in a
way analogous to that in [2], have the following form:

(5 —16)bs = —i8213b1, (1)
(5 —i8)by = —18214b1 — £294bo, (2)
sby = —if213b3 — i214by — iVi1 K1 — iVig Ky + 1, (3)
sby = —if294by — iVao Ky — Vo3 K3, (4)
(5 —id,)by, = —iViiby — D1 K7, (5)
(5 —1A)bay = —iVinhy — iVasby — Do K, (6)

(s — iAn)Egn = —iVagbhy — D3 K3, (7)
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where K; =5 I;jn, 6 is a detuning of the laser frequency from the frequencies
of the atomic transitions |1} — |3),[4) and |2) — [|4), A, is a detuning for the
|1} — |4, n) and |2) — |j, n) transitions, and s is the Laplace variable.

To find the solution, we first divide equations (5-7) by s —i4,, and then sum
the result over n, obtaining

K, = —iVi1 Pby — PDy K1, (8)
Ko = —iV19Pby — iVas Pby — PDo Ko, (9)
K5 = —iVa3Pby — PD5 K3, (10)

where P =% (s —14,)71. Now, using Egs. (3) and (4) and (8-10), we express bs
and by by by and by. Next, substituting these expressions into formulae (1) and (2)
we get a set of algebraic equations for the amplitudes by and bs

a(s)gl + b(s)I;Z =s5—16, (11)
b(s)gl + c(s)I;z =0, (12)
where
o= =05+ (s —i6) (i + 2 ) v+ en ]
o VioVao P
b(s) = |:(5 — 16)% + 914924] ; (14)
_ . . VP VAP 5
e(s) = [(5—16)5+(5——1§)(1+PD2—|— 15 PD; + 825, . (15)

From this set we obtain

B = (s —ib)e(s)

Wi(s) (16)

o= leziO0) an
where

W(s) = a(s)e(s) — b(s)%. (18)

For mathematical simplicity, we adopt the Bixon—Joertner structure [7], i.e. as-
sume, due to a high n, an equal spacing of states around the state of n = 40.
In such a case A, = (n —40)A, where A is the energy difference between the
neighboring states of n equal to 40 and 41. In such a case, the summation inherent
in P converges to (m/A)(1+ p)/(1 — ), with g = exp(—2ns/A) [8]. The standard
way to find the inverse Laplace transformation is to expand P in a power series
of p. Tt is known [2] that, retaining the zero-order term only, we restrict the time
scale to pulses shorter than 27/ A i.e. the characteristic Kepler period for n = 40.
Assuming that only such pulses are of our interest we replace P by 7/A in all
equations. By the elementary fraction decomposition, we then convert Eqs. (16)
and (17) into
4
b; = Z Resi)i(sj)

j=1

(i=1,2), (19)

5—5]'
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where the sum runs over all poles of b; with respect to s. As a result, the inverse
Laplace transformation is

b = Z Resb;(s;) exp(s;t) (i =1,2). (20)

To find bs, ba, and b;, (j = 1,2,3) we substitute (19) into (1), (2), and (5-7),
using in the latter case Eqs. (8-10). Along this line one gets

4

I;3 = —IJZ_; ngResi)l(Sj)S py é}—l—i(s’ (21)

- 4 1 1

b4 = Z_: [914R6Sb1 5]) + 924R6Sb2(5]) s—s; m, (22)

N P e 1 1

bln = 1—|—PD1 ]Z;VllReSbl 5] ——SjS—iAn’ (23)

~ . 4 1 1

byp = Y PO, PDz Z_: [VlzResbl(sj) + szResbz(sj) Hm, (24)

bay, = T PD ZVzgResbz(sj) ! L (25)
+ PD —5; s —14,

These equations are then transformed to the time domain by applying the Borel
convolution theorem. For a given product fﬁ of two Laplace transformations, with
f — f as well as § — ¢, the inverse Laplace transformation of fﬁ is equal to the
convolution f # g, namely

g—>f*g—/f thydt'. (26)

Choosing f as (s —s;)7t and g as (s —i6)7! or (s —14,)7!, one finds f *g
equal to exp (16t)f(s; —16,t) or exp (1Ant)f(s; —1A,,t), respectively, where
flx,t) = [exp(at) — 1]/x. The use of the convolution theorem results in the follow-
ing time-dependent amplitudes:

4
by = —iexp(i6t) > 213Resb; (s;)f(s; — i6,1), (27)
ji=1
4
by = —iexp(ibt Z [QMResbl (s;) + .(224Resb2(5]) f(s; —18,1), (28)
j=1
—iexp(iA,t) .
bry, = —XPUAnt) Z ViiReshi(s;) f(s; — iAn, 1), (29)

L+PDy
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4
—iexp(idn?) .
bay, = 1—|—pPD2 E_ [VlzResbl (s;) + szResbz(sj) f(s; —14,,t),  (30)
—1 eXp (iApt) .
by, = T+ PDs E > V23Resb2 si)f(s; —14,,1). (31)
Taking square modulus of b;, (j = 1,2,3), and then summing the result

over n, one gets the whole population W; in a given band of high-n Rydberg
states of the angular momentum quantum number [ = 25, (j = 1,2,3)

2

4
27 1 ~ ~ * N
Wl = Z m ]ké_l |:V11Resb1(5j):| |:V11Resb1(5k):| f(SJ + Sk"t)’ (32)
2m -
Wy = AlireD, PDz ];1 [V12Resb1 (s;) + VasResbo(s; )]
X [VlzResi)l(sk) + szResINJz(sk)] f(s; + s3, 1), (33)
| 1 P o . N
Wo = j§k_:1 [VasReshs(s;)] [VasResba(se)| f(s; +57,1)-(34)

To find the ionization probability we need to substract from unity the population
of all bound states (1 - 2?21 b;]? — Z?:l VV]) :

3. Results

The solutions obtained (Eqs. (20), (27-34)) are valid for times not exceeding
27/ A, where A is the frequency difference between the states with the principal
quantum numbers n = 40 and n = 41, i.e. for ¢ < 107!! 5. The bound-bound and
bound-free matrix elements used were calculated on the basis of the Laplace-trans-
formation technique of Feldman et al. [9]. As we checked for couplings between a
low-lying state (n = 7) and high-lying ones of n > 1, the matrix elements exhibited
weak n dependence in agreement with the quasiclassical approximation [5, 6].
So the neglect of this dependence, as it was done by us at the beginning, was
justified. Furthermore, the Raman coupling between any two Rydberg states of
the same angular momentum quantum number was taken in the form Dj,, ;0 =
(1+ ianyjn/)\/W/Q, where 7;,(¥jn) is the Fermi golden rule ionization rate
for the state |j, n)(|j, n')), and ¢ jns is the Fano parameter [10]. In analogy to [2],
the representative Fano parameter was taken equal to 20.

In Figs. 2 and 3 we show representative time evolutions of the bound-state
populations and ionization calculated for laser beam intensity of 5 x 10® W /em?.
Figure 2 presents time evolutions for the isolated bound states 1,2, 3, and 4. We see
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a well-pronounced Rabi oscillation of the population between states |1) and |3). As
a matter of fact, these states are not in perfect resonance, but the corresponding
Rabi frequency {215 is bigger than the detuning from the |1)—|3) resonance for
the intensity of interest, so the Rabi frequency compensates the detuning. In the
graphs for |b1]? we also show the curve obtained when neglecting the n = 7 — 5
resonance. The striking difference between the corresponding curves; one obtained
with and the other obtained without the 7 — 5 resonance, is a direct indicator
of the importance of the n = 7 — b5 resonance. Figure 2 also shows a flow of
the population through the states [4) and |2} (the lack of the Rabi oscillation
between these states is due to much smaller Rabi frequencies when compared to
the 213 one).
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Fig. 2. Time evolutions of the population in the bound states |1}, |2}, |3), and [4) at
the laser beam intensity of 5 x 10° W/cm?.

Figure 3 shows the evolutions of the populations in high-n Rydberg bands
and in the atomic continuum. The most significant population is found to be in the
Rydberg states denoted by |2, n) since the matrix elements between the states |1)
and |2, n) are higher than those between the states |1) and |1, n). The curves for
W; exhibit the negative effect of the n = 7 — 5 resonance on the total population
of a given-! Rydberg bands. As to the ionization, the most important difference
between the two cases, one including and the other neglecting the n = 7 — b5
resonance, 1s a substantial decrease in the ionization probability for times shorter
than 5 ps when transitions to lower states are possible. The reason for this is that,
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Fig. 3. Time evolutions of the population in the high-n (n = 40) Rydberg bands (W)

and in the continuum at the laser beam intensity of 5 x 10* W/cm?.

due to the Rabi oscillation between the initial |1) and the low-lying |3) states, a
part of the population is removed from the |1) state which is to be two-photon
ionized via high Rydberg states.

4. Conclusions

The extension of our previous model [1, 2] of nominal two-photon ionization
from an excited atomic state via near-threshold Rydberg states has led us to
the conclusion that a possible resonance between the initial excited state and
some lower-lying state can act as a suppressor of the ionization mentioned. This
mechanism of the ionization suppression is an additional mechanism as compared
to the one previously discussed by us [1, 2] consisting in resonant Raman migration
of the population from the directly excited near-threshold Rydberg states towards
comparable-energy Rydberg states of higher angular momenta. The present paper
shows in a way different than in [11] that, in the ionization starting from an excited
state, the lower-lying states can profoundly affect the scenario of the process at
appropriate frequencies.
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