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Optical resonance betw een the initi al ly occupied excited atomic state
and some low er lyin g state is show n to be a suppressor of tw o-photon ion-
ization from this excited state via near- threshold Rydb erg states b ecause of
Rabi oscill ati ons betw een the resonantly coupled states .
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1. I n t rod uct io n

I t is t he aim of thi s paper to extend our recent m odel [1, 2] of nom inal
t wo-photon ionizati on from an isola ted exci ted state (n > 1 ) thro ugh near- thresho ld
R yd berg states (n ƒ 1 ). In the model we studi ed the e˜ects of m igratio n of pop-
ul ati on from the di rectl y excited band of hi gh-n Rydb erg states to wards com pa-
rabl e-energy Rydb erg states but of higher angular m omenta, due to a sequence of
resonant V -typ e R aman coupl ings (Â l = 2 ) expl oi ti ng, as resonant interm ediaries,
the orbi ta lly degenerated states of the sam e pri nci pal quantum num ber as tha t of
the ini ti al sta te. It was found in [1, 2] tha t such a migratio n of popul ati on can be
responsibl e for suppression of ionizati on (the strong-Ùeld ioni zati on suppression or
stabi l izati on is sti l l a vi vi d problem [3]). Ho wever, one can exp ect another m echa-
ni sm of ionizati on suppression when ionizing the excited state vi a near- thresho ld
R ydb erg states. In thi s paper we shal l show tha t in such a case the ini ti al -sta te to
a lower-state resonance can be of great im porta nce. T o be speciÙc, let the pri ncipa l
quantum numb er of the ini ti al sta te be equal to n = 7 . W hen choosing, for exam -
pl e, the laser frequency in such a way tha t the ini ti al sta te is in near- resonance
wi th the states of the pri ncipa l quantum numb ers around n = 4 0 , then at the
sam e ti m e we pro duce near- resonance wi th the lower- lying state of the pri ncipa l
quantum numb er equal to 5. W hat, in fact, we are interested in thro ughout the
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present paper is to prove tha t the latter resonance acts as a suppressor of the
nom inal ly two -photo n ionizati on from the ini ti al exci ted state vi a near- thresho ld
R ydb erg states. An estim ati on of thi s e˜ect wi l l be m ade on the basis of the actua l
hydro genic param eters.

2. T h e m od el an d i t s sol ut io n

As shown in Fi g. 1, we choose the ini ti al state of the hydro gen ato m to be
the j n ; l ; m i = j 7 ; 3 ; 2 i state (bl ack dot). The ato m in thi s state is exposed to the
intera cti on wi th a laser beam of l inear polari zati on along the z -axi s. The frequency
of the laser beam ensures the ato m to be resonantl y exci ted in a one-pho ton pro cess
to the states of the pri nci pa l quantum numb ers around n = 4 0 . For the frequency
chosen, not only the hi gher states of n ¿= 4 0 wi l l be reached in the one-photo n
pro cess but also the states lyi ng below the ini ti al one, nam ely the j 5 ; 2 ; 2 i and
j 5 ; 4 ; 2 i states. Tho ugh the lower states are not in general in perf ect resonance,
the detuni ngs (E i À E k À ñh ! ) =ñh ( i = 1 ; k = 3 ; 4 ) can be com pensated by the
appro pri ate Rabi frequenci es V k i =ñh in an enough intense Ùeld, whi ch m akes the
tra nsiti ons to the lower states e˜ecti ve. To trea t the pro blem analyti cal ly we m ake
standard appro xi m ati ons, nam ely, the rota ti ng wa ve appro xi mati on and the di pole

Fig. 1. The ionizati on from an excited state (black dot ) via high- n Rydb erg states
extended to includ e resonances b etw een the initial state and some low er states.
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appro xi m atio n. W e also assume a recta ngul ar pulse. Under such circum stances the
Schr �odinger equati on is easily tra nsform ed to the La place domain (e.g. [4]).

W e denote the essential sta tes as fol lows. Let j 1 i = j 7 ; 3 ; 2 i = j n; l ; m i stand
for the ini ti al sta te and j 2 i for the state degenerated wi th j 1 i but of the angu-
lar quantum num ber equal to 5. By j 3 i and j 4 i we denote the lower states of
the pri nci pa l quantum numb er equal to 5 and the angular m omentum quantum
num bers equal to 2 and 4, respecti vely. Fi na l ly j j; n i ( j = 1 ; 2 ; 3 ) stands f or high
R ydb erg states of n ¿= 4 0 and the angular quantum num ber is equal to 2 j . Be-
cause of the selection rul es for l inear polari zati on, al l sta tes have the same m ag-
neti c quantum numb er equal to tha t in the ini ti al sta te, i .e. 2. By ¨ j j we denote
the intera cti on-Ham il to nian m atri x element (f rom now we use the uni ts in whi ch
ñh = 1 ) between states j j i and j j 0

i , whi le V j 0 ; j n stands for the matri x element be-
tween states j j 0

i and j j; n i . The latter matri x element scales as n À 3 = 2 [ 5 ] , i .e. for a
large n i t i s a slowl y varyi ng functi on of n . Since in our case the m ost importa nt
up- tra nsi ti ons are to tho se states who se pri nci pa l quantum numb ers are around
n = 4 0 , we neglect thi s n -dependence intro duci ng some representati ve matri x ele-
m ent, whi ch we choose to be V j 0 ; j n

¿= V j 0 ; j 4 0 ² V j 0 j , so equal to tha t for the states
whi ch are in exact resonance. Fi na l ly, by D j n ; j n 0 we denote the Ram an coupl ings
thro ugh the conti nuum between two high- lyi ng R ydb erg states of the sam e angu-
lar m omentum quantum num ber. W e do not incl ude the Raman coupl ings vi a the
conti nuum between R ydb erg states of angular m omentum numb ers di ˜eri ng by 2
because of thei r negl igibi l it y when com pared to the resonant coupl ings thro ugh the
bound states j 1 i and j 2 i . As the Ram an coupl ings D j n ; j n 0 scale as ( nn 0 ) À 3 = 2 [6],
we also neglect thei r dependence on the pri nci pal quantum numb ers.

By bj we denote the ti m e-dependent Schr�odinger ampl itude for the state
j j = 1 À 4 i , and by b j n the am pl itude f or the state j j; n i . The corresp ondi ng
La place tra nsform ati ons ( t ! s ) are denoted by ~bj and ~bj n , respectivel y. The
equati ons f or tho se tra nsform ati ons, found f rom the Schr�odi nger equati on in a
wa y analogous to tha t in [2], ha ve the fol lowi ng form :

( s À i£ )~b 3 = À i ¨ 1 3
~b1 ; (1)

( s À i£ )~b 4 = À i ¨ 1 4
~b1 À i ¨ 2 4

~b2 ; (2)

s ~b1 = À i¨ 1 3
~b3 À i¨ 1 4

~b 4 À iV 1 1 K 1 À iV 1 2 K 2 + 1 ; (3)

s ~b2 = À i¨ 2 4
~b4 À iV 2 2 K 2 À iV2 3 K 3 ; (4)

( s À iÂ n ) ~b 1 n = À iV 1 1
~b1 À D 1 K 1 ; (5)

( s À iÂ n ) ~b 2 n = À iV 1 2
~b1 À iV2 2

~b2 À D 2 K 2 ; (6)

( s À iÂ n ) ~b 3 n = À iV 2 3
~b2 À D 3 K 3 ; (7)
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where K j =
P

n
~b j n , £ i s a detuni ng of the laser f requency from the frequenci es

of the atom ic tra nsiti ons j 1 i ! j 3 i ; j 4 i and j 2 i ! j 4 i , Â n i s a detuni ng for the
j 1 i ! j j; n i and j 2 i ! j j; n i tra nsiti ons, and s i s the Laplace vari able.

T o Ùnd the soluti on, we Ùrst divi de equati ons (5{ 7) by s À iÂ n and then sum
the result over n , obta ining

K 1 = À iV 1 1 P ~b1 À P D 1 K 1 ; (8)

K 2 = À iV 1 2 P ~b1 À iV 2 2 P ~b2 À P D 2 K 2 ; (9)

K 3 = À iV 2 3 P ~b2 À P D 3 K 3 ; (10)

where P =
P

n
(s À iÂ n ) À 1 . No w, using Eqs. (3) and (4) and (8{ 10), we express ~b3

and ~b 4 by ~b 1 and ~b2 . Next, substi tuti ng these expressions into form ul ae (1) and (2)
we get a set of algebraic equati ons for the am pli tudes ~b1 and ~b 2

a (s ) ~b1 + b( s )~b 2 = s À i£; (11)

b (s ) ~b1 + c( s ) ~b2 = 0 ; (12)

where

a (s ) =

ç

(s À i£ ) s + ( s À i£ )

˚
V 2

1 1 P

1 + P D 1

+
V 2

1 2 P

1 + P D 2

Ç

+ ¨ 2
1 3 + ¨ 2

1 4

Ñ

; (13)

b (s ) =

ç

(s À i£ )
V1 2 V 2 2 P

1 + P D 2

+ ¨ 1 4 ¨ 2 4

Ñ

; (14)

c (s ) = (s À i£ ) s + (s À À i£ )
V 2

2 2
P

1 + P D 2

+
V 2

2 3
P

1 + P D 3

+ ¨ 2
2 4 : (15)

From thi s set we obta in

~b 1 =
(s À i£ ) c( s)

W ( s)
; (16)

~b 2 = À

( s À i£ )b ( s)

W ( s)
; (17)

where

W ( s) = a ( s) c (s ) À b (s ) 2 : (18)

For m athem ati cal sim pl icit y, we adopt the Bixo n{ Jo ertner structure [7], i.e. as-
sume, due to a high n , an equal spacing of states around the state of n = 4 0 .
In such a case Â n = ( n À 4 0 ) Â , where Â i s the energy di ˜erence between the
neighbori ng states of n equal to 40 and 41. In such a case, the summ atio n inherent
in P converg es to (¤ =Â )(1 + ñ )= (1 À ñ ) , wi th ñ = exp (À 2 ¤ s= Â ) [8]. The standard
wa y to Ùnd the inverse La place tra nsform ati on is to expand P in a power series
of ñ . It is kno wn [2] tha t, reta ining the zero-order term onl y, we restri ct the ti m e
scale to pul sesshorter tha n 2 ¤ =Â , i.e. the characteri sti c Kepl er period for n = 4 0 .
Assum ing tha t onl y such pul ses are of our interest we replace P by ¤ =Â in al l
equati ons. By the elementa ry fracti on decom positi on, we then convert Eqs. (16)
and (17) into

~b i =

4

j =1

R es~bi (s j )
1

s À s j

( i = 1 ; 2 ); (19)
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where the sum runs over al l poles of ~bi wi th respect to s . As a result, the inverse
La place tra nsform ati on is

b i =

4X

j =1

R es~bi (s j ) exp( s j t ) ( i = 1 ; 2 ) : (20)

T o Ùnd b 3 ; b 4 , and bj n ( j = 1 ; 2 ; 3 ) we substi tute (19) into (1), (2), and (5{ 7),
usi ng in the latter case Eqs. (8{ 10). Al ong thi s l ine one gets

~b 3 = À i
4X

j =1

¨ 1 3 Res~b 1 ( s j )
1

s À s j

1

s À i£
; (21)

~b 4 = À i
4X

j =1

h
¨ 1 4 R es~b1 ( s j ) + ¨ 2 4 Res~b2 ( s j )

i
1

s À s j

1

s À i£
; (22)

~b 1 n =
À i

1 + P D 1

4X

j =1

V 1 1 R es~b1 (s j )
1

s À s j

1

s À iÂ n

; (23)

~b 2 n =
À i

1 + P D 2

4X

j =1

h
V 1 2 Res~b1 ( s j ) + V 2 2 R es~b 2 ( s j )

i 1

s À s j

1

s À iÂ n

; (24)

~b 3 n =
À i

1 + P D 3

4

j =1

V 2 3 R es~b2 (s j )
1

s À s j

1

s À iÂ n

: (25)

These equati ons are then tra nsform ed to the ti m e domain by appl yi ng the Borel
convo luti on theo rem . For a given pro duct ~f ~g of two Lapl ace tra nsform ati ons, wi th
~f ! f as wel l as ~g ! g , the inverse Laplace tra nsform ati on of ~f ~g i s equal to the
convo luti on f Ê g , namely

~f ~g ! f Ê g =

t

0

f ( t ) g ( t À t ) dt : (26)

Cho osing ~f as ( s À s j ) 1 and ~g as ( s À i£) or ( s À iÂ n ) 1 , one Ùnds f Ê g

equal to exp ( i£ t ) f ( s j À i£; t ) or exp ( iÂ n t ) f ( s j À iÂ n ; t ) , respectivel y, where
f ( x ; t ) = [exp( x t ) À 1 ] =x . The use of the convoluti on theo rem results in the fol low-
ing ti me-dependent am pl itudes:

b 3 = À i exp( i£ t )

4

j =1

¨ 1 3 Res~b1 ( s j ) f ( s j À i£; t ) ; (27)

b 4 = À i exp( i£ t )

4

j =1

¨ 1 4 R es~b 1 ( s j ) + ¨ 2 4 R es~b2 (s j ) f ( s j À i£; t ) ; (28)

b 1 n =
À i exp( iÂ n t )

1 + P D 1

4

j =1

V1 1 Res~b1 ( s j ) f ( s j À iÂ n ; t ) ; (29)
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b 2 n =
À i exp( iÂ n t )

1 + P D 2

4X

j =1

h
V 1 2 R es~b 1 ( s j ) + V 2 2 Res~b2 ( s j )

i
f ( s j À iÂ n ; t ) ; (30)

b 3 n =
À i exp( iÂ n t )

1 + P D 3

4X

j =1

V2 3 Res~b2 ( s j ) f ( s j À iÂ n ; t ) : (31)

T aki ng square m odul us of bj n ( j = 1 ; 2 ; 3 ), and then summ ing the resul t
over n , one gets the who le popul ati on W j in a given band of high-n R ydb erg
states of the angular m omentum quantum num ber l = 2 j; ( j = 1 ; 2 ; 3 )

W 1 =
2 ¤

Â

Ù
Ù
Ù
Ù

1

1 + P D 1

Ù
Ù
Ù
Ù

2 4X

j ; k =1

h
V1 1 R es~b1 (s j )

i h
V 1 1 R es~b 1 ( sk ) f ( s j + s k ; t ) ; (32)

W 2 =
2 ¤

Â

1

1 + P D 2

2 4

j ;k =1

V1 2 R es~b1 (s j ) + V 2 2 Res~b2 ( s j )

È V 1 2 Res~b 1 ( sk ) + V2 2 Res~b2 ( s k ) f ( s j + s k ; t ) ; (33)

W 3 =
2 ¤

Â

1

1 + P D 3

2 4

j ;k =1

V 2 3 R es~b2 ( s j ) V2 3 Res~b2 ( s k ) f ( s j + s k ; t ) : (34)

To Ùnd the ioni zati on pro babi l it y we need to substra ct from uni ty the popul ati on

of al l bound states 1 À
4

j =1
j bj j

2
À

3

j =1
W j :

The soluti ons obta ined (Eqs. (20), (27{ 34)) are val id for ti m es not exceeding
2 ¤ =Â , where Â i s the f requency di ˜erence between the states wi th the pri ncipa l
quantum numb ers n = 4 0 and n = 4 1 , i .e. for t < 1 0 1 1 s. The bound- bound and
bound- free matri x elements used were calcul ated on the basis of the La place-tra ns-
form ati on techni que of Feldm an et al . [9]. As we checked for coupl ings between a
low- lying state (n = 7 ) and hi gh-lyi ng ones of n ƒ 1 , the m atri x elements exhi bi ted
weak n dependence in agreement wi th the quasiclassical appro xi matio n [5, 6].
So the neglect of thi s dependence, as i t wa s done by us at the beginni ng, was
justi Ùed. Furtherm ore, the R aman coupl ing between any two R ydb erg states of
the sam e angular mom entum quantum numb er was ta ken in the form D j n ; j n =

(1 + iq j n ; j n )
p

Ûj n Ûj n =2 , where Ûj n (Û j n ) i s the Fermi golden rul e ioni zati on rate
for the state j j; n i ( j j; n i ) , and q j n ; j n i s the Fano parameter [10]. In analogy to [2],
the representati ve Fano parameter was ta ken equal to 20.

In Fi gs. 2 and 3 we show representa ti ve ti m e evoluti ons of the bound- state
popul ati ons and ionizati on calcul ated for laser beam intensi ty of 5 È 1 0 8 W / cm 2 .
Fi gure 2 presents ti me evoluti ons for the isolated bound states 1, 2, 3, and 4. W esee
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a well -pronounced R abi oscil lati on of the popul ati on between states j 1 i and j 3 i . As
a m atter of fact, these states are not in perf ect resonance, but the corresp ondi ng
R abi frequency ¨ 1 3 i s bigger tha n the detuni ng f rom the j 1 iÀ j 3 i resonance for
the intensi ty of interest, so the Rabi frequency compensates the detuni ng. In the
graphs for j b 1 j

2 we also show the curve obta ined when neglecting the n = 7 ! 5

resonance. The stri ki ng di ˜erence between the corresp ondi ng curves, one obta ined
wi th and the other obta ined wi tho ut the 7 ! 5 resonance, is a di rect indi cato r
of the im porta nce of the n = 7 ! 5 resonance. Fi gure 2 also shows a Ûow of
the popul ati on thro ugh the states j 4 i and j 2 i (the lack of the Rabi oscil lati on
between these states is due to m uch smaller Rabi frequenci es when com pared to
the ¨ 1 3 one).

Fig. 2. T ime evolutions of the populati on in the bound states j 1 i ; j 2 i ; j , and at

the laser beam intensity of W /cm .

Fi gure 3 shows the evoluti ons of the popul ati ons in hi gh-n R ydb erg bands
and in the ato m ic conti nuum. The m ost signiÙcant popul ati on is f ound to be in the
R ydb erg states denoted by j 2 ; n i since the matri x elements between the states j 1 i

and j 2 ; n i are hi gher tha n tho se between the states j 1 i and j 1 ; n i . The curves for
W exhi bi t the negati ve e˜ect of the n = 7 ! 5 resonance on the to ta l popul ati on
of a given- l R ydb erg bands. As to the ionizati on, the most importa nt di ˜erence
between the two cases, one incl udi ng and the other neglecti ng the n = 7 ! 5

resonance, is a substanti al decrease in the ionizati on pro babi l i ty for ti m es shorter
tha n 5 ps when tra nsiti ons to lower states are possibl e. The reason for thi s is tha t,
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Fig. 3. T ime evolutions of the populatio n in the high- n ( n ¿= 40 ) Rydb erg bands (W j )
and in the continuum at the laser b eam intensity of 5 È 10 8 W/cm 2 .

due to the Rabi oscil lati on between the ini ti al j 1 i and the low-lying j 3 i states, a
part of the popul ati on is rem oved from the j 1 i state whi ch is to be two -photo n
ioni zed vi a hi gh Rydb erg states.

The extensi on of our previ ous m odel [1, 2] of nom inal two -photo n ionizati on
from an exci ted ato mic state vi a near- thresho ld R ydb erg states has led us to
the concl usion tha t a possibl e resonance between the ini ti al exci ted state and
som e lower-lying state can act as a suppressor of the ioni zati on mentio ned. Thi s
m echani sm of the ionizati on suppression is an addi ti onal m echanism as com pared
to the one previ ously di scussedby us [1, 2] consisti ng in resonant Ram an migrati on
of the popul ati on from the di rectl y exci ted near- thresho ld Rydb erg states to wards
comparable-energy Rydb erg states of hi gher angular mom enta . The present paper
shows in a way di ˜erent tha n in [11] tha t, in the ionizati on starti ng from an exci ted
state, the lower-lyi ng states can pro foundl y a˜ect the scenari o of the pro cess at
appro pri ate frequenci es.
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