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Abstract. Physical p h e n o m e n a arising in the pho to ion i sa ­
t ion of an a tom in a laser rad ia t ion field are considered. 
Theoret ical studies conducted by means of var ious m e t h o d s 
are reviewed, predict ing the existence of the a tomic 
stabil isation effect — the reduct ion in pho to ion i sa t ion 
probabi l i ty with increasing field strength in a fixed 
rad ia t ion field. Var ious exper iments designed to observe 
the effect are discussed. 

1. Introduction 
The a tomic stabil isation effect denotes the reduct ion of the 
a tomic pho to ion i sa t ion ra te compared with the value given 
by the F e r m i golden rule. The effect is predicted for certain 
values of laser frequencies and intensities and seems at first 
to contradic t the familiar physical principles of r a d i a t i o n -
mat te r interact ion. W e should ment ion those principles 
here briefly. 

F o r a q u a n t u m system in a weak external field of 
frequency co > En/H, where En is the electron b inding 
energy, from the fundamenta l quan tum-mechan ica l pr inci ­
ples the pho to ion i sa t ion ra te is 

Wnf= \j)\Vnf\ Pf 
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(Fe rmi ' s golden rule). H e r e Vnf is the mat r ix element for the 
t ransi t ion from a b o u n d state n to a final state / in the 
con t inuum spectrum; pf is the density of con t inuum states. 
In the case of interest here, with a tomic t rans i t ions driven by 
an intense laser rad ia t ion field, in the long-wavelength 
approx ima t ion the mat r ix t ransi t ion element of the electric 
dipole is 

Vnf = eZnfF , 

where F is the ampl i tude of the rad ia t ion field (which we 
specify to be polar ised linearly a long the Z axis). Then, 
from Eqn (1) 

Fn = w n f ~ F 2 ~ I , (2) 

where / is the rad ia t ion intensity and Fn the ionisat ion width 
of the initial state n. F r o m Eqn (2) the ionisat ion lifetime tn 

is 

Un t i l recently, relat ions ( l ) - ( 3 ) have invariably been 
found to hold in a tomic pho to ion i sa t ion studies and there is 
no reason to quest ion their validity in a weak external field. 

In the mid-1970s, however , a number of theoret ical 
studies were publ ished which predicted different p h o t o ­
ionisat ion processes for field intensities and frequencies 
above certain critical values. In par t icular , an ionisat ion 
probabi l i ty wnf inversely p ropo r t i ona l to intensity / was 
predicted. These studies will neither be quoted nor referred 
to here since, as it is qui te clear now, a number of serious 
objections can be raised on fundamenta l g rounds (see the 
m o n o g r a p h by the au thors , Ref. [1], for the present -day 
criticism). 

In the late 1980s m a n y theoris ts and a number of 
experimental is ts become preoccupied with the a tomic 
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stabilisa-tion effect. M a n y well-founded predict ions, b o t h 
classical (for R y d b e r g states) and (mainly) q u a n t u m 
mechanical , were m a d e all of which carried the same 
message quali tat ively tha t , s tar t ing from certain values 
of major field and electron pa rame te r s (frequency and 
ampl i tude; pr incipal q u a n t u m number n or the b ind ing 
energy En), some deviat ions from the F e r m i golden rule are 
expected to develop which must reduce the pho to ion i sa t ion 
probabi l i ty and thus p roduce the ' a tomic s tabi l isat ion ' 
effect. These theoret ical predic t ions have al ready been 
discussed in Refs [ 1 - 2 ] (see also Refs [ 3 - 5 ] ) and will be 
discussed m o r e comprehensively below, with regard for 
studies as of the a u t u m n of 1995. 

M o s t recently, exper iments have been performed which 
agree to some extent with theoret ical predict ions . These are 
also reviewed here. As yet, however , no single experiment 
has provided a complete and detailed descript ion of the 
stabil isation effect. 

Before the end of this section, a brief discussion of a 
number of major t rend-de termining theoret ical models 
seems to be in order . This will enable simple qual i ta t ive 
conclusions concerning the origin of stabilisation to be 
made . 

W e start with classical mechanics . Consider a R y d b e r g 
state of pr incipal q u a n t u m number n > 1 in which the 
electron ro ta tes in a highly eccentric Kepler orbit a r o u n d 
the a tomic core. Let the orbit lie in the XY p lane (Fig. 1). 
As is known , the electron is mos t likely to absorb a p h o t o n 
in those t ime intervals where its coupl ing to the thi rd body , 
the a tomic core, is m a x i m u m , tha t is, when the electron is 
close to the core. The C o u l o m b force e2/r2 is then 
comparab le with the force eF exerted by the field. The 
est imate for the relevant distance r is then 

r = r 0 ~ ( ^ ) I / 2 (4) 

( th roughou t this paper , the convent ion e = H = m e = 1 is 
used). 

Figure 1. Motion of a Rydberg electron in a highly eccentric state in a 
high-frequency field linearly polarised along the Z axis. 

N o w let us place the a tom in an external e lectromagnet ic 
field with vector F n o r m a l to the XY p lane. W e consider the 
field to be linearly polar ised and to have a frequency 
co > En = l/2n2 (photo ionisa t ion is al lowed). Suppose the 
ampl i tude of oscillation of the electron in the field, 
a = F/co2, is sufficiently large (a r 0 ) bu t at the same 

t ime is much less t han the Kepler rad ius rn ~ n2. These 
condi t ions are compat ib le for n > 1 since the condi t ion 
a r 0 yields F > c o 2 ( F ) ~ 1 / 2 , i.e., 

whereas from the condi t ion a <^ rn we have 

F < co2n2 ~ \ . (6) 

U n d e r these condi t ions , the electron follows a complicated 
trajectory such tha t its project ion on the XY p lane 
cor responds to the original Kepler orbit , while a long the 
Z axis oscillations occur. Then , for certain phase relat ions 
between the orbi ta l and electric-field-oriented mot ions , it is 
seen from Fig. 1 tha t when close to the core (at dis tance r 0 ) 
in the XY p lane , the electron m a y be far away from it in the 
Z direction (at distances of order a r 0 ) . Clearly, the 
probabi l i ty of pho to ion i sa t ion will in this case be lower 
t han when the electron oscillations are no t t aken into 
account [and the probabi l i ty is determined by E q n (1)]. 

As an al ternat ive model , consider an a tom in a linearly 
polar ised field, a s i tuat ion which leads to s t rong polar i sa­
t ion of the a tom. This means tha t in an external field which 
is s t rong enough (a rn9 as opposed to the preceding 
example) the initial wave function of the electron t r a n s ­
forms into a quali tat ively different spatial dis t r ibut ion, one 
which has a m in imum ra ther t han a m a x i m u m near the 
a tomic core, and two distant max ima symmetr ical abou t the 
core a long the field polar isa t ion direction (Fig. 2) (so-called 
dis t r ibut ion d ichotomy) . This means tha t the pho to ion i sa ­
t ion probabi l i ty must be reduced since the electron spends 
less t ime near the core compared with the case when the 
initial wave-function dis t r ibut ion is assumed unal tered . The 
critical s trength is given by the condi t ion a ~ rn, or 

F ~ co2n2 . (7) 

Such stabilisation has come to be k n o w n as adiabat ic since 
the new polar ised state of the a tom evolves adiabat ical ly 
from its initial unpe r tu rbed state. Trans i t ions to other 
discrete states are of no significance in this process. The 
concept of an oscillating electron is valid if the rad ia t ion 
frequency co is large compared with the electron orbi ta l 
frequency con = \/n3 (n is the pr incipal q u a n t u m n u m b e r of 
the state): Fig. 1 shows tha t one Kepler per iod mus t 
a c c o m m o d a t e m a n y oscillations. 

A \Wf 

I 

Figure 2. Electron cloud distribution along the direction of a linearly 
polarised field: (a) F = 0; (b) F > co2n2, a = F/co2. 
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Let us consider one more model , a series of R y d b e r g 
(n 1) states in a high-frequency external field (co > En9 

where En is the energy of the nth state). Clearly, under such 
circumstances pho to ion i sa t ion from the R y d b e r g states will 
occur. F o r a sufficiently s t rong field, the ionisat ion width Tn 

of the initial R y d b e r g states will reach the order of 
CQN = AEn^n±i, which is the spacing between these states. 
The quas icon t inuum produced in this way enables three-, 
five-, and m o r e - p h o t o n R a m a n - t y p e t rans i t ions to occur via 
the con t inuous spectrum as the a tom successively absorbs 
and emits external-field p h o t o n s (Fig. 3). F o r certain 
assumpt ions on the mat r ix elements involved, the inter­
ference between different t rans i t ions tu rns out to be 
destructive (each successive three- , five-, and m o r e - p h o t o n 
mat r ix element is obta ined from its predecessor by mul t i ­
plying by irn, where i is the imaginary uni ty) . This effect 
reduces the probabi l i ty of pho to ion i sa t ion from the set of 
R y d b e r g states, i.e., leads to the stabil isation of the a tom. 
This is ' interference stabil isat ion' . 

Figure 3. Diagram of Raman transitions between Rydberg atomic 
states, in third-order perturbation theory. 

It is models as simple as those above which provide a 
basis for r igorous stabil isation predict ions . In conclusion, it 
should be no ted tha t the a tomic stabilisation effect is often 
associated with the superintense s trength of the applied 
field. This does no t cap ture the essence of the p rob lem, 
however , because the value of the rad ia t ion frequency is 
also impor tan t . A m o r e adequa te view is tha t for a given 
initial state to be stabilised certain critical values of the 
frequency and strength of the external e lectromagnet ic field 
must be exceeded. 

In wha t follows, var ious theoret ical approaches predic t ­
ing the stabil isation effect will be first considered, and then 
a n u m b e r of relevant exper iments will be analysed. 

2. Keldysh-Faisal-Reiss approximation 
Within the K e l d y s h - F a i s a l - R e i s s ( K F R ) approx imat ion 
[ 6 - 8 ] , the ampl i tude Anf for the t ransi t ion from an initial 
field-free a tomic state n to a final con t inuum s t a t e / ( w i t h a 
Volkov wave function YfV\ the core field being neglected) 
is given by the S ma t r ix element 

POO . . 

(8) 

H e r e is the f ield-unperturbed wave function of the 
initial b o u n d state of the a tom, and V(r, t) is the interact ion 
poten t ia l between an a tomic electron and the e lec t romag­
netic field: 

Here , further, p is the electron m o m e n t u m opera tor , and A 
is the field vector po ten t ia l (specifying the field tu rn -on and 
turn-off regimes). The analysis of superintense field 
ionisat ion is usual ly limited to one-electron approx imat ion . 

Keldysh [6] limits his t rea tment to small fields c o m p a r ­
able to a tomic ones (the a tomic field s trength is t aken to be 
F f l = 5 . 1 4 x 10 9 V cm ) and to frequencies co small 
compared with the a tomic b ind ing energy En. The ionisa­
t ion of the a tom is then determined by the so-called 
adiabat ic i ty pa ramete r 

o») 
where En is the unpe r tu rbed b inding energy of the initial 
a tomic state, and F and co are the ampl i tude and frequency 
of the external field. The f i e l d - a t o m interact ion is t aken in 
the ' length gauge ' dipole form: 

V(r,t) = r-Fcos (cot) . (11) 

If y 5> 1, the pe r tu rba t ion theory for the field s trength is 
valid, and ionisat ion is a mu l t i pho ton process according to 
Keldysh. F o r the other extreme, y <̂  1, ionisat ion proceeds 
by tunnel ing th rough an effective poten t ia l barr ier slowly 
puls ing in t ime, and the ionisat ion ra te is, to within an 
exponential ly small error, identical to the cor responding 
result for a static electric field: 

' exp 
2(2E„) 3 / 2 -

3 F 
(12) 

F o r a part icle ionised with a shor t - range potent ia l , the 
quant i ty (2Enf^2 can be called an a tomic field s trength in 
accordance with Eqn (12) . However , when it is an a tom or 
a posit ive ion which is ionised, the preexponent ia l which we 
omit ted in E q n (12) is impor tan t . F o r highly excited states, 
this is increasingly so, with the result tha t the a tomic 
s trength approaches the order of (2En)2. This app rox ima­
t ion is being widely used in describing mu l t i pho ton 
processes in suba tomic external fields (see, e.g., Ref. [1]). 

However , the general expression (8) applies no t only for 
fields small compared with a tomic ones, bu t also for a tomic 
and supera tomic fields. The only requi rement for E q n (8) to 
hold is tha t the a tomic poten t ia l in the final con t inuum state 
be negligible. This condi t ion is justified either for a shor t -
range potent ia l , or for high-energy photoe lec t rons , or for a 
superintense field, when the a tomic po ten t ia l is relatively 
u n i m p o r t a n t . 

Ano the r impor t an t po in t is tha t expression (8) is 
nonrelat ivist ic, which sets an upper b o u n d on the s trength 
of the field applied. Relativistic effects become impor t an t 
when the electron velocity in the field, v e = F/co, is of the 
order of the speed of light, c = 137 a.u. F o r the range of 
frequency of light this means tha t relativity shows up at 
rad ia t ion intensities above 1 0 1 8 W c m - 2 , and for the C 0 2 

laser even above 1 0 1 6 W cm ; these values are a l ready well 
within the reach of very powerful lasers. 

The nonrelat ivist ic n a t u r e of electron mot ion provides 
the justification for the dipole approx imat ion , in which the 
vector potent ia l A in Eqn (9) (as well as the rad ia t ion 
electric field) depends only on the t ime t and not on the 
combina t ion t—k>r/co (k is the wave vector of the 
electromagnet ic wave). This, of course, does no t rule out 
the dependence of A on coord ina tes related to the laser 
focusing p rob lem. 
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F r o m E q n s (8) and (9), for the simple case of g r o u n d -
state hydrogen ionised by the ab rup t tu rn -on of a circularly 
polar ised electromagnet ic field, we obta in the following 
expression for the ionisat ion ra te d w / dQ to the solid angle 
element dQ [8]: 

dw 4 
~dQ n(2co)3/2 

(N-

J V = i V 0 

\/2co) 1/2 

JHzl/2K) 
(N-zY 

H e r e N is the number of the p h o t o n s absorbed , 

N, 

(13) 

(14) 

is the min imal number of absorbed p h o t o n s , {...} is the 
integer pa r t of a number , 

2co3 

is the dimensionless field s trength pa ramete r , and 

K = 21 N 
2co 

1/2 

(15) 

(16) 

where 6 is the angle between the direction of the ejected 
photoe lec t ron and tha t of the circularly polar ised rad ia t ion . 
Expression (13) does not require the p h o t o n frequency co to 
be small compared with the ionisat ion poten t ia l of 
hydrogen . 

N o t e tha t expression (14) takes account of the AC-S ta rk 
shift in the field of the circularly polar ised wave. The shift 
determines the edge of the con t inuum and is equal to 
F2/2co2. 

F r o m E q n (15) it is seen tha t the lower the field 
frequency co the lower the value of field s trength F required 
to achieve high values of the dimensionless intensity 
pa ramete r z. 

Mathemat ica l ly , the boundedness of the probabi l i ty 
dw/dQ in Eqn (13) is due to the boundedness of the 
Bessel functions. In Fig. 4 replot ted from Ref. [9], the 

ionisat ion ra te integrated over the electron escape angles is 
shown plot ted against the laser intensity / = cF2/An for two 
frequencies, c o = 1/128 a.u. and co = 2 a.u., respectively, 
which are small and large compared with the hydrogen 
ionisat ion potent ia l . F r o m Fig . 4 stabil isation over a wide 
range of field frequencies is evident. Also, the lower the 
frequency the smaller the value of the critical field, this 
latter ma rk ing the crossover from the increasing to the 
decreasing ionisat ion probabi l i ty . The explanat ion is tha t 
the ionisat ion ra te given by Eqn (13) is determined by the 
dimensionless pa ramete r z [Eqn (15)] which increases as co 
decreases. In par t icular , at co = 1/128 a.u., the critical 
intensity is of the order of 1 0 1 5 W c m - 2 , i.e., small 
compared with the a tomic intensity. 

In the low-frequency (co ^ 1) weak-field case (see 
below), E q n (13) is shown to agree with the original 
Keldysh theory, the na tu re of ionisat ion (i. e., tunnel ing-
or mul t ipho ton- type) depending on the adiabat ic i ty p a r a ­
meter given by E q n (10). Weak fields in Eqn (13) 
cor respond to the Bessel functions having a rguments close 
to their indices, when for co <̂  1 we have N > 1, and 
depending on y ^ l the Debye asymptot ic expansion for 
the Bessel functions m a y lead to either an ( tunneling) 
exponent ia l or a (mul t ipho ton) power- law dependence. 

As al ready noted , this approx imat ion has a significant 
d i sadvantage of neglecting the a tomic poten t ia l in the final 
con t inuum Volkov state. Ref. [10] remedies this for g r o u n d -
state hydrogen ionisat ion with circular polar isa t ion p r o ­
vided F/co2 > 1 [see E q n (7) for n ~ 1], when the ampl i tude 
of classical electron oscillations in the electromagnet ic wave 
field is much larger t han the Bohr radius . N o t e tha t this is a 
ra ther mild condi t ion for a low-frequency field. 

The dependence of the ionisat ion ra te on the intensity / 
is shown in Fig . 5 for co = 0.043 a.u. (wavelength 
A = 1 . 0 6 u m ) . It is seen tha t including the C o u l o m b 
poten t ia l in the final state increases the ionisat ion ra te 
by several orders of magn i tude at suba tomic fields bu t is of 
no significance in the stabil isation region (in this case, for 
/ > 1 0 " 1 a.u.). 

Inten 

Figure 4. Ionisation rate of ground-state hydrogen against radiation 
intensity for co — 1/128 a.u. and co — 2 a.u. (circular polarisation) [9]. 

10° 

Intensity/a.u. 

Figure 5. Ionisation rate of ground-state hydrogen against radiation 
intensity for co — 0.043 a.u. (circular polarisation) [10]. The dashed line 
gives the final-state wave function and the solid line gives the same 
function with the Coulomb potential included in the final continuum 
state. 
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The results depend essentially on the way the Volkov 
wave functions are t reated. F o r example, instead of the S 
matr ix app roach of Eqn (8), it has been suggested [11] tha t 
the Volkov packet be constructed as a linear combina t ion of 
wave functions of the form 

W(r,t) = ^\p)W^(r,t)dp. (17) 

Here WJ^ip) is the Four ie r componen t of the unpe r tu rbed 
a tomic wave function (the case considered was again 
g round-s ta te hydrogen) . F o r t = 0 E q n (17) yields 

V(r,0) = VJ°\r) , (18) 

showing tha t the electron was in the (hydrogen) g round 
state initially. 

The absolute probabi l i ty for the a tom to remain in its 
initial state by the t ime t is determined by the overlap of the 
wave functions (17) and (18), i.e., 

W{t) = \{^%)\nr,t))\2 • (19) 

In Fig. 6 the quan t i ty W(t) calculated for co = 1.5 a.u. and 
F = 5 a.u. is shown as a function of t ime (the t ime being 
measured in field cycles [12]). Again circular polar isa t ion is 
considered. The a tom is seen to ionise fully within a 
fraction of a cycle and hence no stabil isation occurs. 

W 

10- 4 I 1 1 1 1 
0 0.04 0.08 0.12 

Time/field cycles 

Figure 6. The absolute probability for a hydrogen atom to remain in 
the ground state by a given time in a circularly polarised field with a 
frequency co — 1.5 a.u. and amplitude F — 5 a.u. [12]. 

The conclusion we are led to is tha t in considering the 
p rob lem of stabil isation it is essential to k n o w which 
quant i ty is being evaluated and precisely h o w the Volkov 
approx ima t ion for the final state is being used. In 
par t icular , Eqn (17) implies tha t , if the electron has 
acquired the m o m e n t u m /?, its subsequent evolut ion in 
t ime is tha t of a free electron in an external e lectromagnet ic 
field. The same follows from the S ma t r ix expression (8). 
However , different ma themat i ca l real isat ions of this phys ­

ical mode l have p roduced opposi te results for the case of a 
superintense field because of the uncer ta in ty as to when this 
approx ima t ion is valid. 

This conclusion is also suppor ted by an S mat r ix 
analysis with the e l e c t r o n - c o r e poten t ia l U(r) replacing 
E q n (9). F o r the t rans i t ion ampl i tude we then have, instead 
of Eqn (8), 

A n f = - i \ (vW\U{r)\<F<v))dt. (20) 
J —oo 

F o r a supera tomic field (F ^> Fa) this yields a simple 
dependence [13] 

w ~ r V l 2 ~ y , (21) 

where from E q n (8) we find [14] 

(22) 

As noted , in Keldysh ' s original work [6] instead of 
E q n (9) the nonrelat ivist ic-dipole ' length-gauge ' p e r t u r b a ­
t ion [Eqn (11)] was used. Then in the case of a super-intense 
field, the ionisat ion ra te increases monoton ica l ly with F 
with no stabilisation being exhibited [14]. It should be 
emphasised, however , tha t it is expression (9) which 
follows from the general relativistic S mat r ix expression 
in the nonrelat ivist ic limit [9]. While first-order pe r tu rba t ion 
predic t ions are identical, differences appear from the second 
order on. In this sense, expression (9) should be preferred to 
expression (11), a l though for t w o - and three-level systems 
interact ing with an electromagnet ic field the reverse s i tua­
t ion occurs [15]. 

All in all, the conclusion to be d rawn from the above is 
tha t the K F R S mat r ix approx ima t ion suppor t s ra ther t han 
opposes stabil isation in a superintense field. The results 
above show, however , tha t the pic ture is as yet no t 
completely clear and further calculat ions are required, as 
is an analysis of whether the a tomic core poten t ia l m a y be 
neglected in the final con t inuum state. 

The r emark which follows relates to the dependence of 
stabil isation on the polar isa t ion of the rad ia t ion . F o r the 
ground-s ta te hydrogen a tom it has been shown [16] tha t in a 
circularly polar ised field the ionisat ion ra te first m o n o ­
tonically increases with the field s trength and then 
monotonica l ly decreases when the field becomes super-
intense. Wi th linear polar isa t ion , however , the field depend­
ence of the ionisat ion ra te is n o n m o n o t o n i c and displays a 
large number of local max ima and minima. Moreover , at 
the same field s trength circular polar isa t ion stabilises the 
ground-s ta te hydrogen a tom much m o r e effectively t han 
linear polar isa t ion. A n explanat ion is tha t , in the latter case, 
much of a field cycle cor responds to relatively low (in 
par t icular , a tomic) s t rengths: at these t imes the ionisat ion 
probabi l i ty is much greater t han at t imes when the field 
strength reaches its peak value. A similar sharp n o n m o n o -
tonici ty in the case of linear polar i sa t ion is predicted for the 
three-dimensional zero-range potent ia l [17]. 

Wi th in the K F R framework, no t only the ionisat ion 
probabi l i ty bu t also the energy and angular dis t r ibut ion of 
the ejected electrons can be calculated. The energy spectrum 
is found from the basic formula (8) by fixing the energy of 
the final con t inuum s t a t e / a n d s tudying h o w the ionisat ion 
ra te depends on this energy at a specified field s trength. 
E q n (13) cor responds to analysing individual t e rms in the 
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sum over N absorbed p h o t o n s . The dependence of the 
ionisat ion ra te on the angle 6 is determined by the 
pa ramete r given by Eqn (16). 

Wi th the exper imental check in mind, it should be 
remembered tha t the ionisat ion probabi l i ty tends to 
sa tura te dur ing a pulse. F o r the case of rad ia t ion with a 
realistic Gauss ian intensity dis t r ibut ion in space and t ime, 
this effect was t aken care of in Ref. [18]. The results were 
compared with the exper imental spectra of Ref. [19] for 
hel ium a toms subjected to 815 n m circular and 820 n m 
linear laser rad ia t ion . The peak intensity was 
/ = 1.275 x 1 0 1 5 W cm (circular polar isa t ion) and 
/ = 3.15 x 1 0 1 5 W c m - 2 (linear p o l a r i s a t i o n ) — b o t h corre­
sponding to the above-barr ier decay. The electron 
oscillation ampl i tude , for example, for circular polar i sa­
t ion, was found to be a = F/co2 = 43 a.u., much greater 
t han the size of the hel ium a tom, so tha t the field can be 
considered as superintense [see condi t ion (7)]. 

In Fig. 7, as an example, the exper imental spectra of 
Ref. [19] and those calculated based on Ref. [10] are shown 
for the case of circular polar isa t ion; the agreement is seen to 
be good. In the calculat ions, the H a r t r e e - F o c k a p p r o x ­
imat ion was used for the g round state of hel ium. 
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Figure 7. Electron energy spectra for the case of circular polarisation. 
Solid line — experimental data of Ref. [19]; dashed line — theoretical 
calculation [18]. Ionisation of the helium atom by a X — 815 nm laser 
pulse with peak intensity I = 1.275 x 10 1 5 W c m - 2 . 

It is seen tha t the peak of the dis t r ibut ion occurs when 
the energy of the electron is equal to its oscil latory energy 
F2/2co2 = 60 eV in a circularly polar ised field — this is 
consistent with theoret ical predict ions . The same is t rue 
for suba tomic fields (see Ref. [1], Section 4.3.2). 

Similar linear polar isa t ion results are shown in Fig. 8. 
He re the average oscil latory energy of the electron is 
F2/4CQ2 = 150 eV. Theory and experiment agree well, 
with the peak of the dis t r ibut ion occurr ing at zero 
energy. The theoret ical dependence is obta ined in Ref. 
[18] on the basis of the S ma t r ix app roach of Ref. [8]. 

300 400 
Electron enerj 

Figure 8. Electron energy spectra from helium in a linearly polarised 
field with wavelength X — 820 nm and peak intensity 
7 = 3.15 x 10 1 5 W c m - 2 . Solid line —experimental data of Ref. [19]; 
dashed line — theoretical calculation [18]. 

As for the shor t - range three-dimensional potent ia l , it 
has been shown [9] tha t , in the S ma t r ix approx imat ion 
[Eqn (8)] the ionisat ion probabi l i ty for a single b o u n d state 
suppor ted by the zero-range poten t ia l decreases m o n o t o n ­
ically with the field — tha t is, no stabil isation occurs . 

The same result is obta ined by exact calculation for a 
part icle ionised from a zero-range poten t ia l pe r tu rbed by a 
superintense circularly polar ised field [20]. The t rea tment 
involves the solut ion of the exact integral equa t ion obta ined 
from the s ta t ionary Schrodinger equat ion in the reference 
frame ro ta t ing with frequency co relative to the l abo ra to ry 
frame [21] (see the next section for m o r e details). 

However , numer ica l calculat ions for shor t - range p o t e n ­
tials do predict stabil isation in certain intensity ranges (see 
Section 3). 

In summary , if one uses the S mat r ix approx ima t ion or 
invokes related schemes which also, in one way or another , 
t ake account of the Volkov wave functions for the final 
con t inuum state of the electron, it is found tha t the 
superintense field ionisat ion p rob lem is very sensitive to 
the detailed na tu re of the par t icular m e t h o d employed. 
While mos t calculat ions do favour the stabil isation effect, 
the validity of the S ma t r ix approx ima t ion for a t o m s is in 
some doub t [12]. 

3. Numerical work 
The numer ica l solut ion of the Schrodinger equat ion makes 
it possible to obta in ionisat ion probabi l i ty in superintense 
fields. Such solut ions are free from shor tcomings which the 
S ma t r ix me thod (outl ined in the preceding section) and 
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other app rox ima te m e t h o d s (see the following section) 
possess. However , numer ica l solut ions can be carried out 
only for par t icular fixed values of the relevant pa rame te r s 
( radia t ion field strength F and frequency co, the b ind ing 
energy En of the unpe r tu rbed a tomic state, etc.), and in 
par t icular they cannot be extended to the F —> oo case. 

Thus , we consider here var ious numer ica l solut ions of 
the t ime-dependent Schrodinger equat ion 

+ U(f) + V(r, t) (23) 

H e r e U(r) is the e l e c t r o n - c o r e potent ia l , and V(r,t) is the 
e l ec t ron- f i e ld interact ion, given by E q n (9) or E q n (11). 
The initial condi t ion of the Cauchy p rob lem is of the form 

where (r) is the unpe r tu rbed initial-state wave 
function. This formulat ion is in line with the exper imental 
s i tuat ion, in which laser rad ia t ion with a specified pulse 
envelope acts on an isolated a tom, the ionisat ion 
probabi l i ty per pulse of which is calculated. The p rob lem 
is difficult computa t ional ly , however , since even for the 
one-electron case the wave functions depend on four 
independent variables r,t. 

In a computa t iona l ly simpler formulat ion, the eigenva­
lue solution to Eqn (23) is found by expanding *F(r, t) on 
some complete basis of the unpe r tu rbed states and then 
diagonal is ing the h igh-rank mat r ix which results (the r ank 
being equal to the number of states t aken) . The d iago-
nal isat ion process enables the complex energies of the 
per tu rbed states to be found. The real pa r t of the energies 
determines the Stark shift of the levels, and the imaginary 
gives the ionisat ion ra te of the state. The classification of 
the per tu rbed states envisages an ad iaba t ic turn-off of the 
field, the states in quest ion being t ransformed into the 
cor responding unpe r tu rbed states in this process . The 
following example il lustrates this app roach . 

One of the first p rob lems to be addressed was the 
ionisat ion of g round-s ta te hydrogen by a superintense field. 
The p rob lem is solved numerical ly in Ref. [22] as an 
eigenvalue p rob lem. The solution to E q n (23) is presented 
in the form 

V(r,t) = QxV(-iEt)f(r,t) , (24) 

where the f u n c t i o n / ( r , t) is per iodic in t ime, with the same 
per iod as the external e lectromagnet ic field. Equa t ion (24) 
is a consequence of the F loque t theorem for t empora l 
per iodic pe r tu rba t ions (see, e.g., Ref. [15] for m o r e details). 
This implies tha t the field strength ampl i tude is cons tant . 

Nex t the per iodic f u n c t i o n / ( r , t) is Four ie r t ransformed 
with respect to t ime, and the result ing coefficients, which 
are functions of the coord ina te r, are expanded on the basis 
of S turmian functions for the C o u l o m b prob lem. The 
advan tage of the Sturmian over the unpe r tu rbed C o u l o m b 
basis set is tha t , in the former, all functions be long to a 
discrete spectrum and are therefore computa t iona l ly con­
venient from the poin t of view of convergence of the series 
as the n u m b e r of its t e rms is increased. 

Fu r the r , the radia l coord ina te r mus t be replaced by 
r —> r e x p (ia), where a is a certain angle between 0 and n/2 
(see Ref. [23]), in order to avoid Sturmian-re la ted diver­
gences (an al ternat ive app roach has been p roposed for the 
above- threshold ionisat ion p rob lem in hydrogen [24]). This 
p rocedure is called the 'complex ro ta t ion of the coord ina te . ' 

Figure 9. Ionisation rate of ground-state hydrogen as a function of 
intensity for the case of linear polarisation with co — 0.65 a.u. [22]. 

By t runca t ing the basis beyond a certain number N and 
verifying tha t results remain unchanged as the basis size is 
increased, we can equate the de te rminant of the N x N 
matr ix to zero (i.e., diagonalise the Hami l ton i an ) and thus 
find the complex value of the F loque t energy in expression 
(24). It is the imaginary pa r t which determines the 
ionisat ion ra te . 

The numer ica l analysis of Ref. [22] was performed for a 
field frequency of 0.65 a.u., which exceeds the hydrogen 
ionisat ion potent ia l . The intensity (/) dependence of the 
ionisat ion ra te w for linear polar i sa t ion is shown in Fig. 9. 
The peak probabi l i ty occurs at / = 1.1 x 1 0 1 6 W c m - 2 . 
After the peak, w decreases monotonica l ly with / , which in 
effect is the stabilisation of g round-s ta te hydrogen in the 
superintense field. Since the electron takes t ime 
tn = 2%n3 = 2% a.u. to orbit a r o u n d the p r o t o n at n = 1, 
at the m a x i m u m point wtn = 1.2, which shows tha t the a tom 
ionises within abou t a single revolut ion of the electron. 

Thus , the results of Ref. [22] confirm the effect of the 
g round-s ta te stabil isation of hydrogen in a high-frequency 
superintense field. Some doub t m a y arise if one considers 
tha t the stronger the field, the larger the basis required to 
diagonalise the Hami l ton i an numerical ly; this po in t was no t 
verified in the numer ica l p rocedure because of the d ramat i c 
increase in the compu ta t ion t ime required. 

A p rob lem of greater compu ta t iona l complexity, the 
ionisat ion of three-dimensional g round-s ta te hydrogen by a 
superintense pulse, is addressed in Ref. [25]. The app roach 
used is to solve the Cauchy p rob lem and to evaluate the 
to ta l ionisat ion probabi l i ty W dur ing the laser pulse. The 
field frequency is t aken to be co = 1 a.u., twice the a tomic 
ionisat ion potent ia l , and the pulse length varied from 1 to 
12 field cycles. A l though above 1 0 1 6 W c m - 2 , W decreased 
somewhat with increasing intensity, it remained greater 
t han uni ty. It is this decrease which is te rmed the 
stabil isation effect. 

Thus , the effect does no t depend on the par t icular 
numer ica l m e t h o d used. Numer i ca l solut ions indicate the 
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existence of the stabilisation effect. Analysis of the to ta l 
probabi l i ty W(t) shows tha t it is p ropo r t i ona l to t ime t only 
for fields smaller t han a tomic ones and for no t very large 
values of t, when no sa tura t ion occurs. F o r a tomic and 
supera tomic fields, the linear W(t) regime is virtually 
absent , the concept of ionisat ion ra te is meaningless, and 
the var ia t ion of W(t) with t ime t is oscillatory. 

The three-dimensional C o u l o m b potent ia l was not the 
only one used in the numer ica l work on q u a n t u m systems in 
superintense fields. In Refs [ 2 6 - 2 7 ] the two-electron one -
dimensional ion H ~ with a core poten t ia l of the form 
(1 + x 2 ) - 1 / 2 (which goes over to the C o u l o m b poten t ia l at 
large distances) was considered. The Cauchy p rob lem for 
the one-dimensional t ime-dependent Schrodinger equat ion 
was solved and the to ta l ionisat ion probabi l i ty for the t ime t 
calculated. It is concluded tha t the e l e c t r o n - e l e c t r o n 
interact ion does no t reduce the tendency of the ion to 
stabilise as the laser field increases. 

In Ref. [20], which we referred to earlier, the ionisat ion 
ra te w was calculated for a three-dimensional zero-range 
poten t ia l pe r tu rbed by a superintense circularly polar ised 
field. In the reference frame ro ta t ing with the electric field 
vector of the wave, the Schrodinger equat ion is s ta t ionary 
and reduces to a simple integral equat ion for the complex 
energy [21]. The imaginary pa r t of this energy determines 
the ionisat ion ra te and, for F 5> Fa = ( 2 £ 0 ) 3 / 2 , t akes the 
simple form 

w = 0.303 F2/3 . (25) 

The unpe r tu rbed energy of the (single) b o u n d state was 
taken to be E0 = —1/2, and m = H = 1. Thus , stabilisation 
is absent in this case. A similar conclusion has been reached 
for linear polar isa t ion [28], a l though no analyt ical expres­
sions of the type given by E q n (25) exist in this case. 

In Ref. [29] a one-dimensional square-well po ten t ia l of 
finite rad ius and depth carrying a single b o u n d state is 
solved. The external field is t aken to be linearly polarised. 
The Schrodinger equat ion (23) is solved by direct numer ica l 
integrat ion, and the to ta l ionisat ion probabi l i ty is calcu­
lated. It is shown tha t in superintense fields the probabi l i ty 
decreases with the field, tha t is, the stabil isation of the 
b o u n d state takes place. The energy of the state is equal to 
the oscil latory energy F 2 / 4 c o 2 , which in this case greatly 
exceeds the unpe r tu rbed b inding energy of the part icle in 
the poten t ia l well. Thus , there is a difference between the 
zero-range and shor t - range results for finite-width finite-
depth potent ia ls . 

The general conclusion from the numer ica l work is tha t 
the stabil isation of a q u a n t u m system increases as the 
a tomic poten t ia l becomes less singular. W e shall see later 
tha t classical mechanics confirms this conclusion. 

4. The Kramers - Henneberger approximation 
Despi te the existence of other effective approx imat ions , the 
me thod of K r a m e r s and Henneberger [30] is current ly 
being used to analyse the dynamics of q u a n t u m systems in 
superintense m o n o c h r o m a t i c fields. 

The m e t h o d involves changing to a noniner t ia l frame of 
reference in which the electron in an electromagnet ic wave 
field is at rest. Tak ing a linearly polar ised field as an 
example (a l though it is the circular field to which the 
me thod was actually applied), this implies changing to the 
so-called K r a m e r s frame co-oscillating with the electron. 

The electron coord ina te in this frame, r , and tha t in the 
l abora to ry frame, r, are then obviously related by 

cos cot . (26) 

Here again F and co are the ampl i tude strength and 
frequency of the (linearly polar ised) field. The t ransi t ion to 
this system from the Schrodinger equat ion (23) is achieved 
by means of the t ime-dependent un i ta ry t rans format ion 

(27) 

In the dipole approx imat ion , the e l ec t ron- f i e ld interact ion 
V(r,t) m a y be wri t ten either in the form of E q n (9) or — 
m o r e conveniently in the present context — in the form of 
E q n (11). 

Subst i tut ing E q n (27) into Eqn (23) gives the following 
equat ion for the wave function YKli(r,t) in the oscillating 
K r a m e r s frame: 

+ U r ' + -
co 

Tcos(cot) 

(28) 

where U is the a tomic poten t ia l and A' the Laplace 
opera tor with respect to r'. By means of a Four ie r 
t ransform of the periodic poten t ia l U over t ime we find 
the expression 

U r ' + -
co 

cos (cot) ^2 Un(rf)cxV(iNcot) , (29) 

where the Four ie r componen t is defined by 
1 r2n r F 

x exp (-iNcot) d(cot) . (30) 

The proper K r a m e r s - H e n n e b e r g e r ( K H ) app rox ima­
t ion is obta ined, in its simplest from, by neglecting in 
E q n (29) all the modes except the m o d e N = 0. The 
prob lem then reduces to the solution of the s ta t ionary 
Schrodinger equat ion for the K H potent ia l [30]: 

8; 
•+U0(r') VMrf,t) . (31) 

The remain ing N ^ 0 ha rmon ics m a y be neglected in the 
high-frequency limit [Eqn (31)] provided 

co £KH , (32) 

where £ K H is the ground-s ta te energy in the K H potent ia l 

Uo(r) 
1 

271 

2n 
u r ' + -

co 
cos (cot) d(cot) (33) 

As will be seen later, the quan t i ty £ K H always tends to zero 
(but remains negative) as the (superintense) field strength is 
increased. Consequent ly , at a given field strength the value 
of F m a y be ra ther small according to E q n (32) — much 
lower, in par t icular , t h a n the b inding energy of the 
unpe r tu rbed g round state. This actually implies tha t for 
any, even small, co value one can always find a superintense 
field value Fc beyond which the inequali ty (32) will hold 
and the K H approx ima t ion will be valid. 

At superintense values of intensities the K H potent ia l 
[Eqn (33)], in contras t to the a tomic U(r), always has a 
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characterist ic two-well form (for a linearly polar ised field). 
The distance from each well to the centre of the poten t ia l is 
equal to the ampl i tude a = F/co2 of the oscil latory mot ion 
of the free electron in the electromagnet ic wave field. 
Moreover , the number of states in the K H potent ia l 
increases with increasing intensity. The new b o u n d states 
come from the con t inuum, move some distance into the 
discrete spectrum, and then app roach the edge of the 
con t inuum as the intensity increases [32]. Also the energies 
of all the states tha t a l ready exist in the a tomic poten t ia l 
U(r) tend to zero as the intensity increases. N o t e tha t all the 
energies are calculated in the oscillating K r a m e r s frame. If 
we change to the l abo ra to ry frame, to each energy F2/Aco2 

should be added the oscil latory energy of the electron (for a 
linearly polar ised field). 

As an example, Fig. 10 shows h o w the hydrogen 
ground-s ta te energy in the K H potent ia l [Eqn (33)] 
depends on the ampl i tude a = F/co2 of the back-and- for th 
mo t ion of the electron in a linearly polar ised field [32]. 

£ ( l s ) / a . u . 
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Figure 10. Ground-state energy of hydrogen against the electron 
oscillatory amplitude in a linearly polarised field [32]. 

A similar pic ture is obta ined for circular polar isa t ion . In 
par t icular , for a superintense field, i.e., under the condi t ion 
a = F/co2 1, Ref. [33] presents an analyt ical expression 
for g round-s ta te hydrogen in the K H potent ia l given by 
E q n (33): 

As for the K H ionisat ion of a superintense field, b o t h 
the ra te and the to ta l probabi l i ty over a given t ime interval 
have been calculated. The \ow-N nonzero Four ie r c o m p o ­
nents given by Eqn (30) were included in the calculat ions. 
In Fig. 11, the ionisat ion ra te of g round-s ta te hydrogen for 
a linearly polar ised field is p lot ted against the field intensity 
for co = A and co = 0.25 a.u. [32]. Stabil isation is seen at 
b o t h values, even t hough at co = 0.25 a.u. the p h o t o n energy 
is lower t han half the ionisat ion potent ia l . N o t e , however , 
tha t for the stabil isation effect to occur, the less severe 
condi t ion (32), satisfied for the pa ramete r ranges indicated 
in Fig. 11, is sufficient. At lower intensities condi t ion (32) 
does no t hold, and therefore at co = 0.25 a.u. the curve in 
Fig. 11 is t runca ted to the left of intensity I = \ a.u., i.e., 
the m a x i m u m of the curve is no t shown. 
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Figure 11. Ionisation rate of ground-state hydrogen against the 
intensity of a linearly polarised field with co — 0.25 a.u. and co — 4 
a.u. The calculations are taken from Ref. [32]. 

W e see tha t the a tomic field, defined here as tha t 
cor responding to the m a x i m u m ionisat ion probabi l i ty , 
increases with frequency. A similar p ic ture emerges from 
the K e l d y s h - F a i s a l - R e i s s approx ima t ion (see Section 2). 

As for the to ta l ionisat ion probabi l i ty over the pulse, 
K H calculat ions for a one-dimensional C o u l o m b poten t ia l 
smoothed close to the origin of the coord ina tes have been 
performed [34]. The pulse envelope was t aken in the form 
s i n 2 w h e r e t{ is the length of the pulse. The effect of 
stabil isation here manifests itself in tha t the ionisat ion 
probabi l i ty over the pulse decreases with increasing field 
strength F. F o r example, when co = 14.13 eV the to ta l 
ionisat ion probabi l i ty is uni ty for F = 1 a.u. and 0.5 for 
F = 5 a.u. It should be noted , however , tha t the value 0.5 is 
reached in the first field cycle, so tha t it is unclear whether it 
is adequa te to average the K H potent ia l over a cycle — 
which is precisely wha t is done in our approx ima t ion 
because E q n (30) gives us expression (33). 

The stabilisation effect within the K H approx ima t ions 
was also obta ined in other calculat ions [29, 3 5 - 3 7 ] . 

As the intensity increases, so does the number of 
ha rmonics [Eqn (30)] to be retained in the Schrodinger 
equat ion (29) in the K r a m e r s app roach [29]. If these are 
very many , however , the me thod has no advan tage over the 
direct numer ica l solution of the Schrodinger equat ion 
(whether in the K r a m e r s frame or the l abora to ry frame). 
Consequent ly , al ternat ive approaches to the solution of the 
Schrodinger equat ion in the K r a m e r s frame have been 
developed. One of these is to expand the solution of 
E q n (28) in te rms of the F loque t states (see Section 3) in 
the K r a m e r s frame [ 3 8 - 3 9 ] . It is found tha t , for a field 
frequency lower t han the ionisat ion potent ia l , the ionisat ion 
ra te for the hydrogen g round state has only a local 
m a x i m u m (a 'window of stabil i ty ' ) and tha t at very high 
intensities it rises again. In Fig. 12, the dependence of the 
ionisat ion ra te w on intensity / for X = 117 n m rad ia t ion is 
i l lustrated. 

N o t e here tha t there is a certain relat ionship between the 
present and the previous solution me thods : E q n (31) 
cor responds to the zeroth F loque t componen t in the wave 
function. However , in the F loque t me thod , as applied to the 

file:///ow-N
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Figure 12. Ionisation rate of ground-state hydrogen against the 
intensity for the wavelength X—W7 nm. The calculations are taken 
from Ref. [38]. 

present p rob lem, it t u rns out tha t all the componen t s are 
interrelated t h rough a (formally infinite) system of coupled 
linear differential equa t ions with respect to the radia l 
coord ina te r'. 

Restr ic t ing numer ica l calculat ions to a sufficiently large 
bu t finite number of F loque t states and setting the 
de te rminant of the system to zero, we obta in an equat ion 
for complex F loque t qua si-energies. Their real pa r t deter­
mines the Stark shift of the level, and the imaginary par t the 
ionisat ion ra te . This also shows the d isadvantage of using 
the F loque t me thod for solving the Schrodinger equat ion: 
a l though it yields the ionisat ion ra te , the me thod does no t 
al low us to calculate the to ta l ionisat ion probabi l i ty over 
the pulse, nor the energy and angular d is t r ibut ions of the 
pho toe lec t rons ejected. 

Thus , depending on the specific K H technique used, 
different results, namely, a tomic stabilisation or a ' s tabi­
lisation w i n d o w ' will emerge. The quest ions tha t arise in the 
low-frequency case are par t icular ly numerous . First , one 
cannot be fully confident of E q n (32) as a criterion for the 
K H approx imat ion . In Ref. [40], for example, this criterion 
was checked against the exactly solvable case of a one -
dimensional h a r m o n i c oscillator in a linearly polar ised field 
(in the dipole approx imat ion) . The exact solut ion for the 
quasienergy in this case is 

( 1 \ F2 

En = [n + -)cQ0+ —— , (35) 

where n represents the oscil latory level ( q u a n t u m number ) , 
co0 is the oscillator frequency, and co and F are the the field 
frequency and strength ampl i tude , respectively. 

Alternatively, in the K H approx imat ion 

E» = ( n + l ^ ° + {&)(l+<§)- ( 3 6 ) 

C o m p a r i n g E q n s (35) and (36), we find tha t the K H 
applicabil i ty criterion is co > co0, which disagrees with 
E q n (32). A possible reason for this is the absence of a 

con t inuous spectrum in the h a r m o n i c oscillator p rob lem. 
However , as criterion (32) is a pos tu la te ra ther t han a p roven 
result, the conclusion tha t the p ic ture is not yet completely 
unde r s tood is the only one to be content with here. 

F u r t h e r m o r e , the stabil isation effect m a y also be very 
sensitive to whether it is a one-, two- , or three-dimensional 
a tom to which the K H approx ima t ion is applied. It has 
been shown, for example, tha t in one dimension the effect is 
much stronger t han in two dimensions [41]. 

So far we have considered the appl icat ion of the K H 
approx ima t ion to the g round states of q u a n t u m systems. 
W e tu rn next to R y d b e r g a tomic states. In Ref. [42] the 
ionisat ion of circular hydrogen R y d b e r g orbi ts (n 1, and 
m = I = n — 1) by a superintense field of linear polar isa t ion 
was studied. The state considered was n = 7, / = m = 6. The 
energy of the p h o t o n of the external e lectromagnet ic field 
was taken to be hco = 1.17 eV, i.e., much greater t h a n the 
ionisat ion poten t ia l of the state under study, En = l/2n2. 
T h u s condi t ion (32) for the applicabil i ty of the K H 
approx ima t ion is fulfilled over the entire range of field 
s t rengths. U n d e r these condi t ions , the ionisat ion of the K H 
state [i.e., of the state given by the solution of Eqn (31) 
which goes over to the required R y d b e r g state as the field is 
tu rned off adiabatical ly] is of the one -pho ton type, i.e., in 
E q n (30) the N = 1 te rm is the one which domina tes the 
ionisat ion probabi l i ty . 

The intensity dependence of the ionisat ion probabi l i ty 
for a given R y d b e r g state is fully ana logous to the curve in 
Fig. 11 for the high-frequency (co = 4 a.u.) ionisat ion of 
g round-s ta te hydrogen . F o r the case co = 1 .17eV m e n ­
t ioned above, the peak probabi l i ty occurs at 
/ - 7 x 1 0 1 3 W cm , which m a y be called a critical value 
in this example. To this intensity there cor responds 
Ec = 0.044 a.u. N o t e tha t the est imate given by Eqn (7) 
in the In t roduc t ion , based on equat ing the electron 
oscillation ampl i tude to the Bohr rad ius of a given Kepler 
orbit , yields Ec = 0.092 a.u. If we consider tha t this est imate 
is valid to within a numer ica l factor of order uni ty, the two 
values of Ec agree quite well. Also, from calculat ions of Ref. 
[42], the posi t ion of the peak intensity, i.e., the value of 7C, 
increases with the pr incipal q u a n t u m number n of the 
R y d b e r g state, the field frequency co being fixed. This 
also agrees with the est imate given by Eqn (7). 

T h u s the critical s trength est imate [Eqn (7)] in the K H 
approx ima t ion is adequa te in tha t it reflects the onset of 
d icho tomy at F > Fc (see the In t roduc t ion) , precisely the 
poin t at which a tomic stretching a long the field polar isa t ion 
axis s tar ts to occur. 

As a mat te r of fact, it is only at such fields, i.e., if 

F 0 
a = —,>n\ (37) 

o r 

tha t the K H approx ima t ion itself is valid. Wi th the same 
n = 7, / = m = 6 hydrogen state as an example, Ref. [43] 
shows tha t there is no poin t in cont inuing the K H solution 
to F < Fc because the one -pho ton K H ionisat ion p r o b ­
ability differs significantly from the correct F e r m i golden 
rule value given by Eqn (1). 

Appl ica t ion of the F loque t scheme for the K r a m e r s 
frame to hydrogen R y d b e r g states in Ref. [44] increased 
doub t s as to whether E q n (32) is a correct cri terion for K H 
applicabil i ty criterion. It was shown, in par t icular , tha t 
stabil isation occurs only at frequencies in excess of the 
unpe r tu rbed R y d b e r g energy, i.e., at co > En. This is entirely 
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consistent with the conclusions of Ref. [42] cited earlier. At 
co <~ En no stabilisation is found, however , which disagrees 
with the hydrogen g round state results discussed above (in 
this last case, K H stabilisation occurred also at co < Ex\ see 
the case co = 0.25 in Fig . 11). 

In summary , in the high-frequency limit the K H 
approx ima t ion appears to be very much justified for 
co > En9 where En is the unpe r tu rbed initial level of the 
a tom. The low ionisat ion probabi l i ty values are due to the 
fact tha t the A/-photon pe r tu rba t ion [Eqn (30)] decreases 
sharply b o t h with increasing co [because of the strongly 
oscillating in tegrand in Eqn (30)] and with increasing N. 
The validity of this approx ima t ion is also confirmed by 
compar ing it with the direct numer ica l solut ion of the 
Schrodinger equat ion for a mode l po ten t ia l [29] assuming 
the d icho tomy condi t ion, E q n (37). W e saw above, 
however , tha t m a n y quest ions concerning the applicabil i ty 
of the K H approx imat ion still remain . 

Nevertheless , the K H approx imat ion is confirmed by 
direct numer ica l solut ion of the t ime-dependent Schro­
dinger equat ion [45]; it can be concluded tha t in a 
superintense field oscillations of an electron wavepacket 
weakly coupled to the a tomic core occur. M o r e detailed 
informat ion on the appl icat ion of the K H approx imat ion 
can be found in Ref. [2]. 

5. Interference stabilisation 
A total ly different mechanism for the stabil isation of 
R y d b e r g states was p roposed in the series of studies [ 4 6 -
49] (see also Ref. [50]). A R y d b e r g electron absorbs a 
p h o t o n of frequency co > En and moves first into the 
con t inuous spectrum. After this it escapes to infinity 
( ionisat ion) or goes back to a R y d b e r g state via the 
induced emission of an external-field p h o t o n . This state 
need no t be the initial one because the absorp t ion and 
emission are vir tual processes and thus do no t require tha t 
the law of conservat ion of energy be obeyed. At the next 
stage, the electron can again absorb a p h o t o n , and this 
process can repeat itself m a n y t imes (see Fig. 3). 

To obta in the to ta l ionisat ion ampl i tude , ampl i tudes for 
all orders of the pe r tu rba t ion theory must be added 
together . W e will see later tha t the interference of these 
par t ia l ampl i tudes is destructive, so tha t the to ta l ampl i tude 
is (in absolute value) less t han any individual componen t . 
The ionisat ion ra te decreases with the field in superintense 
fields — i. e., R y d b e r g states are stabilised. 

W e n o w proceed to the quant i ta t ive descript ion of this 
process, following the presenta t ion given in a b o o k by the 
present au tho r s [1] (see also an al ternat ive presenta t ion in 
Ref. [51]). In the first order of the pe r tu rba t ion theory, the 
mat r ix element of the b o u n d - f r e e t ransi t ion is 

VnE = ZnE E , (38) 

where znE is the dipole mat r ix element (assuming linear 
polar isa t ion a long the Z axis) and F is the field ampl i tude . 

In the next order we have a th ree -pho ton mat r ix element 
cor responding to the n —> Ef —> n —> E t rans i t ion (explicit 
expressions for mu l t i pho ton mat r ix elements are given in 
Ref. [15]): 

VnF' VFr„r V„'F , ( 3 ) dEf (39) 

(3 

(£' -En, -co)(E' -E + \8) 

+ 0 ) . The integral over in termedia te states of energy 

E' has the pr incipal-value and pole cont r ibut ions . 
Neglect ing the former for numer ica l reasons [52] (the so-
called pole approx ima t ion [53]), from E q n (39) we find 

nE 

where 

V% = -if(E) VnE 

m = E E - E„, 

(40) 

(41) 

The next, f ive-photon mat r ix element is similar in form 
to Eqn (40), bu t with —if(E) being replaced by | — i / ( £ ) | 2 . 
Thus , the series from mat r ix elements to all orders in the 
pe r tu rba t ion theory is an infinite geometr ic progression. Its 
sum is obviously 

VnE (42) 

Hence , for the R y d b e r g state with pr incipal q u a n t u m 
number n9 on averaging over the remain ing q u a n t u m 
numbers , we find the ionisat ion probabi l i ty to be 

WnE 

1 +f2(E) 
< Wn (43) 

Here wnE is the one -pho ton ionisat ion ra te of the state 
according to the F e r m i golden rule (recall the p h o t o n 
energy is assumed to be larger t han the b inding energy of 
the R y d b e r g state). 

It is thus clear tha t the destructive n a t u r e of the 
interference is due to the use of the pole approx imat ion 
for mat r ix elements. If, however , one considers only the 
pr incipal-value integral in E q n (39) and similar m u l t i p h o ­
ton mat r ix elements, then either destructive or construct ive 
interference is possible (the latter case implying enhanced 
ionisat ion) . 

The critical field Ec for a given R y d b e r g state is 
determined by the condi t ion (see the In t roduc t ion) 

(44) 

where tn = 2nn is the t ime of revolut ion of the R y d b e r g 
electron a r o u n d the a tomic core. Since the est imated one -
p h o t o n ionisat ion cross section for the nth R y d b e r g state is 
(Kramer s formula, see Ref. [54]) 

the probabi l i ty of such ionisat ion is est imated to be 

cFl nFl 

(45) 

(46) 

Subst i tut ing E q n (46) into (44) yields the dependence of the 
critical s t rength Fc on n for the one -pho ton ionisat ion 
frequency co ~ l/2n2: 

1 

If F < Fc then 1 from E q n (43), and 
2 

W„£ « WnE ~ I — 

(47) 

(48) 

If, on the cont rary , F ^> FC9 then uni ty m a y be neglected 
compared with f2 in E q n (43), and since f ~ F2 from 
E q n (41), from E q n (43) we obta in 

(49) 
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Thus , in a superintense field the stabil isation of R y d b e r g 
states is of an interference type. 

The above a rgument ignores f r ee - f ree electronic t rans i ­
t ions in the con t inuum, which involve the absorp t ion and 
emission of external-field p h o t o n s . Their inclusion gives a 
somewhat modified expression for the ionisat ion ra te . In 
par t icular , for F FC9 instead of Eqn (49) we have [55] 

^ " i ? (50) 

The factor tn = 2%n3 has been in t roduced because at F = Fc 

we must have wnE tn = 1 from E q n (44). 
Moreover , the present app roach sets an upper limit on 

the field strength F. In order to be able, in accordance with 
Fig. 3, to speak of R y d b e r g orbi ts to which the electron 
re turns periodically on emit t ing a p h o t o n , the orbi ts mus t 
no t be dis torted too much — not to the poin t of dumbbel l 
' d i cho tomy ' (see above) . As we saw in the beginning of this 
section, this requires tha t the electron oscillation ampl i tude 
a = F/co2 be small compared with the size of the Kepler 
orbit , which is n2, so tha t at co ~ \/n2 we have 

F < \ . (51) 
rr 

Inequal i ty (51) does no t imply tha t the field m a y still be 
superintense in the sense of E q n (47), because 
\/n3 <F<$ \/n2 for n > 1. 

So far we have discussed (within the interference 
stabil isation context) only the imaginary pa r t of the energy 
of the ionised state — i. e., the ionisat ion ra te . W e tu rn next 
to the change in the real pa r t of the energy of a R y d b e r g 
state in a superintense field, i.e., we will consider the Stark 
shift of the level. A mode l adop ted in Ref. [49] involves two 
adjacent R y d b e r g levels, n and coupled via the 
external field t h rough one -pho ton t rans i t ions to the 
con t inuum and back (see Fig. 3). It is shown tha t in a 
superintense field a n a r r o w quasi-energy state (i. e., tha t of 
the system ' a tom + field') appears , which lies exactly 
halfway between the unpe r tu rbed R y d b e r g states whose 
widths decrease with increasing field s trength. A similar 
pic ture is obta ined for a large n u m b e r of equidis tant 
R y d b e r g levels [55]: in a superintense field, n a r r o w 
quasienergy levels lie exactly midway between the u n p e r ­
tu rbed R y d b e r g levels. 

As regards the critical field in this model , the following 
r emarks can be m a d e concerning the est imate (47) above. 
This est imate was obta ined by assuming tha t the R y d b e r g 
a tom ionises within approximate ly one Kepler orbit . 
However , if one considers a R y d b e r g state with a given 
n and a low orbi ta l q u a n t u m n u m b e r /, and if one does no t 
average over / — a s is valid for complex a t o m s with large 
q u a n t u m defects — then the ma t r ix elements of classical 
b o u n d - f r e e t rans i t ions [56] should be employed. Then, 
within the present interference stabilisation model , the 
critical s trength is determined from the condi t ion f=l9 

where / is given by E q n (41). This yields [50] 

Fc = co5/3 ~ n~333 , (52) 

which is close to bu t somewhat different from E q n (47). 
This correct ion does no t rule out the possibili ty of a (super-
intense) field range for which the above analysis is correct 
[see Eqn (51)]. 

The quasiclassical mat r ix elements of Ref. [56], which 
al low us to go over from E q n (47) to Eqn (52), are justified 

only for low values of initial orbi ta l q u a n t u m n u m b e r s for 
which (col ) / 3 <̂  1. This restrict ion has pract ical significance 
in tha t in the visible range it often leads to the ra ther 
restrictive inequali ty l<2. Numer i ca l calculat ions show that , 
as / increases, b o u n d - f r e e mat r ix elements decrease rapidly. 
This results in large critical s t rengths Fc for large / values. 

Very similar results are obta ined in a formulat ion [57] in 
which Volkov wave functions are constructed for an 
electron in a Kepler orbit with the quasiclassical a p p r o x ­
imat ion to account for the C o u l o m b core potent ia l . This 
formulat ion employs the result [58] tha t quasiclassical 
b o u n d - b o u n d and b o u n d - f r e e mat r ix elements between 
low orbi ta l q u a n t u m number states are domina ted by the 
region in which the distance of the electron from the a tomic 
core is of order rq ~ n^3, which is small compared with n2, 
the scale of the quasiclassical electron mot ion . The 
ionisat ion probabi l i ty calculated from this wave function 
also displays stabilisation as a function of the external-field 
s trength (see Ref. [59] for details). 

In the above analysis one of the R y d b e r g states was 
assumed to represent the initial condi t ion of the p rob lem. In 
reality, however , the initial state is p roduced from the 
a tomic g round state by an electromagnet ic field. Since the 
field is a laser pulse with a certain spa t io tempora l 
dis t r ibut ion, no t a single R y d b e r g state, bu t in fact a 
R y d b e r g wavepacket m a y be excited. The shape of the 
laser pulse has been shown [48] to be crucial in de termining 
the dispersion of the wavepacket . F o r a long pulse 
t\ > 2nn3, where n is the pr incipal q u a n t u m number of 
the R y d b e r g state, the g round-s ta te mu l t i pho ton ionisat ion 
is predicted [60] to be strongly suppressed via resonances 
with R y d b e r g states with subsequent one -pho ton ionisat ion. 
The reason for this is the stability of the R y d b e r g 
wavepacket against further ionisat ion. 

A n analyt ical solut ion exists for the ionisat ion of the 
quas icon t inuum of R y d b e r g states excited from the g round 
state resonant ly by a tr ial field [ 6 1 - 6 2 ] . The solution 
confirms tha t an a tomic system becomes stable for 
ionisat ion when the ionisat ion width is much greater 
t han the spacing between the R y d b e r g states. 

To summarise the above discussion of interference 
stabil isation studies, no te tha t all of them rely on the 
pole approx imat ion for the b o u n d - f r e e and f r ee - f ree 
mu l t i pho ton mat r ix elements [see the a rgument leading 
from E q n (39) to E q n (40)]. The numer ica l a rguments 
under ly ing this approx imat ion are by no means valid for 
all mat r ix elements, and its justif ication would therefore be 
a s t rong a rgument in favour of the present model . There are 
two further po in ts tha t need careful analysis: (1) the Stark 
splitting of n R y d b e r g states into componen t s with different 
values of / and the magnet ic q u a n t u m number m; and 
(2) the possibili ty of interference stabilisation being caused 
by coupl ing of the Stark mult iplet componen t s via the 
con t inuum because of the R a m a n scattering of the external 
field. This is quite a challenging p rob lem because mat r ix 
elements between states with widely different magnet ic 
q u a n t u m n u m b e r s m a y be very small, or it m a y not be 
possible to excite some of these states at all because of 
selection rules for a given rad ia t ion polar isa t ion . Therefore, 
even t hough the energy intervals between the initial states 
with different n are filled with a large number of sub states 
with different orbi ta l and magnet ic q u a n t u m numbers , the 
substates m a y remain unb roadened , i.e., no quas icont i ­
n u u m m a y occur. T h u s criterion (52), which is often used to 
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assess the possibili ty of interference stabilisation, is not in 
fact realistic (Rydberg states are Stark-split!) bu t ra ther 
cor responds to a simple no-spli t t ing model . Increasing the 
rad ia t ion frequency also prevents the format ion of a 
quas icon t inuum by decreasing the mat r ix elements for 
m a n y of the t rans i t ions involved. 

Interference stabil isation itself is a very general principle 
which emerges as a consequence of the q u a n t u m inter­
ference p h e n o m e n o n . If, on the cont rary , there is one lower 
state and two close upper states, then the m o n o c h r o m a t i c 
resonant e lectromagnet ic field will generate a dipole 
m o m e n t for either of the t rans i t ions . The phase relat ion 
between the two dipoles depends on resonance detuning. If 
the dipoles are equal in ampl i tude and opposi te in phase , 
the to ta l dipole m o m e n t is zero. 

6. Stabilisation of classical systems 
So far we have discussed the behav iour of q u a n t u m -
mechanica l systems in a superintense electromagnet ic field. 
In this section, the work on the dynamics of classical 
systems in such fields will be reviewed. In a sense, the 
R y d b e r g states discussed in the preceding section m a y 
exemplify classical systems, a l though in some cases the 
quasiclassical and classical pictures disagree for large t imes 
because of the spreading of quan tum-mechan ica l wave-
packets . 

Needless to say, classical stabilisation is much easier 
mathemat ica l ly because wha t we solve here is N e w t o n ' s 
equat ion in a t ime-dependent external field instead of the 
Schrodinger equat ion in the q u a n t u m case. F o r the 
C o u l o m b prob lem, the N e w t o n equat ion takes the simple 
form of (we set e = me = 1 from this po in t on): 

d 2 r r 
—y = — T + Fcos (cot + cp) . (53) 
d r r5 

Here a linearly polar ised field is assumed for the sake of 
definiteness. Also, some initial condi t ions — for example, at 

Figure 13. Example of a quasistable trajectory for the excited n — 3 
hydrogen state perturbed by a field with a frequency co — 0.15 a.u. and 
amplitude F — 0.4 a.u. (linear Z polarisation). Calculations are taken 
from Ref. [63]. 

the t ime t = 0 cor responding to the initial finite electron 
orbit — are specified. 

The numer ica l solut ion of E q n (53) in Refs [ 6 3 - 6 5 ] 
demons t ra tes the existence of stable electron trajectories in a 
superintense field (Fig. 13). The electron oscillates a r o u n d 
the a tomic core with the frequency co and ampl i tude 
a = F/co2 a long the n o r m a l to the p lane of the orbit , and 
at the same t ime per forms a dis torted Kepler mo t ion in the 
p lane of a highly eccentric orbit . The mot ion of the electron 
remains finite (which means stabil isation), a l though the 
oscil latory energy F2/4co2 is large compared with the 
unpe r tu rbed b ind ing energy En = l/2n2 of the electron. 

Ionisa t ion from such trajectories occurs only when the 
electron approaches the nucleus to within a small dis tance 
r 0 such tha t the C o u l o m b energy l / r 0 and the interact ion of 
the electron with the field (Fr0) are of the same order [see 
E q n (4)]: 

r 0 ~ F~1'2 . (54) 

Since F > \/n for a superintense field with a frequency 
which is not very high, we have r 0 <̂  n2:, i.e., the electron 
must app roach the nucleus to within a small dis tance 
compared with the size of the Kepler orbit , ~n2. This 
h a p p e n s rarely because generally, owing to large oscilla­
t ions at the t ime the electron passes close to the nucleus, 
the effect of three dimensional i ty is tha t the electron finds 
itself far from the nucleus a long the n o r m a l to the orbit 
p lane . It is this occurrence which is at the origin of the 
stabil isation of a classical system. 

Calcula t ions show [63] tha t stabil isation depends sig­
nificantly on the phase cp in E q n (53) which cor responds to 
the field being turned on at t ime t = 0. Numer i ca l 
calculat ions predict stable trajectories only for cp w 0. 
The initial electron velocity is in this case zero according 
to E q n (53). If cp ^ 0, the nonzero initial velocity causes a 
fast escape of the electron to infinity — which is ionisat ion. 
A smooth tu rn -on of the superintense field is ano ther way 
to prevent the electron from moving away from the nucleus 
initially, bu t in this case the tu rn -on process passes t h rough 
a tomic field values, at which the ionisat ion probabi l i ty is 
high. So in actual fact stabilisation can be achieved only by 
opt imising the p rob lem pa ramete r s in some way. 

In Ref. [66] the frequency dependence of the ionisat ion 
probabi l i ty was investigated for the classical hydrogen a tom 
at fields up to F = 5 a.u. It is found tha t the stabilisation 
effect occurs only at high frequencies co > 40 a.u. Below 
these frequencies, the main ionisat ion channel at super-
intense fields involves escape direct ions perpendicular to the 
field polar isa t ion vector. 

The C o u l o m b poten t ia l used in E q n (53) has a singu­
larity at the origin. If the singularity is smoothed out , the 
a tomic potent ia l becomes m o r e t r ansparen t for the electron 
and hence the ionisat ion probabi l i ty — the s trength of the 
superintense field being the same — decreases. This is 
because of the fact tha t the interact ion of the electron 
with the nucleus near this latter field becomes weaker , and it 
is this interact ion, as we saw above [see E q n (54)], which 
causes the electron to escape to infinity in a superintense 
field. 

Numer i ca l calculat ions [67] suppor t the above a rgument 
for a one-dimensional smoothed C o u l o m b poten t ia l of the 
form 

V(x) = - ( x 0

2 + x 2 ) - 1 / 2 • (55) 
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Figure 14. Probability of ionisation in a one-dimensional Coulomb 
potential [Eqn (55)] as a function of the electron oscillation amplitude 
in an electromagnetic wave field, a —F/co2; taken from the 
calculations of Ref. [67]. Field frequency is co — 0.8 a.u.; the 
smoothing parameter x 0 in the potential [Eqn (55)] is 1 in the case 
(a) and 0.1 in (b). 

In Fig. 14 the to ta l ionisat ion probabi l i ty for the a tomic 
poten t ia l [Eqn (55)] with = 0.8 a.u. is shown as a function 
of the electron oscillation ampl i tude a = F/co2 for (a) 
x0 = I, and (b) x 0 = 0.1. The pulse length is 50 field cycles. 
It is seen tha t in the first case the stabil isation effect is larger 
t han in the latter — especially if one notes the difference in 
abscissas between (a) and (b). Thus , the m o r e singular the 
a tomic potent ia l , the smaller the super-intense stabil isation, 
all o ther pa rame te r s of the p rob lem being the same. 

W e next examine h o w the stabilisation of a real 3D 
hydrogen a tom depends on the orbi ta l q u a n t u m n u m b e r / — 
i.e., on the Kepler orbit eccentricity — of the initial state. 
F r o m our preceding discussion, one would expect tha t , all 
o ther things being equal , circular orbi ts are harder to ionise 
because finding the electron near the origin (nucleus) is a 
ra re event, and the coord ina te values of Eqn (54) are 
difficult to obta in . This a rgument was suppor ted by 
numer ica l calculat ions [68]. In par t icular , for a C 0 2 laser 
and for n = 50, / = 30 R y d b e r g states, even at the field 
s trength F = 3 x 1 0 4 / ^ 4 = 2.5 x 10 7 V c m - 1 ionisat ion is 
completely absent for 5000 field cycles. These results, 
however , are only for m = 0 (the project ion of the orbi ta l 
m o m e n t on the direction of polar i sa t ion is zero). In this case, 

there is actually no stabil isation of the type discussed above: 
the ionisat ion probabi l i ty is zero up to a certain critical field 
strength Fc and equals uni ty above. Interestingly, the critical 
value is tens of t h o u s a n d s of t imes the a tomic field. 

If m ^ 0, then a collision of the electron with the nucleus 
is easier to avoid t han for m = 0 because in this latter case 
the electron oscillations in the electromagnet ic wave field 
occur in the p lane of the unpe r tu rbed Kepler orbit (assuming 
linear polar i sa t ion) . It is therefore no t surprising tha t in the 
m ^ 0 case the ionisat ion probabi l i ty decreases with the 
strength of the linearly polar ised field [69] — which indicates 
stabil isation. This of course h a p p e n s at much stronger fields 
t han those needed for diffusion-assisted a tomic ionisat ion 
[70]. The scale of the field strength for the classical diffusion 
of the electron via the Kepler orbi ts is set by 

5 0 , z > , z 3 ) 1 / 3 ^ } 

It is seen tha t because of the large numer ica l factor in the 
denomina to r , the result is much below the critical s t rength 
est imates given above. 

Classical calculat ions for other potent ia ls confirm the 
conclusions m a d e above. Reference [71], for example, 
employed the poten t ia l 

U(xux2) = -2(xj + \)-l/2 

_ 2 ( x 2 + 1 ) - l / 2 + [ ( x i x 2 ) 2 + l ] - 1 / 2 , (57) 

cor responding to the classical one-dimensional hel ium 
a tom with a smoothed C o u l o m b interact ion. The calcula­
t ions were m a d e in the K H approx ima t ion (see Section 4), 
applicable no t only to the Schrodinger equat ion as in the 
previous discussion, bu t to N e w t o n ' s equat ion as well. 
Even for a superintense field, the ' d i cho tomy ' p h e n o m e n o n 
takes place. In a superintense field of high frequency co, t w o -
electron stabil isation with the electrons on the opposi te sides 
of the nucleus is observed [71]. A similar conclusion is 
reached in three dimensions. The effect of stabilisation 
occurs at intensities above 1 0 1 8 W c m - 2 at co = 4.5 a.u. It is 
also shown tha t under the stabil isation condi t ions the 
electrons find themselves at classical tu rn ing po in t s 
a = ±F/co2, and tha t even in three dimensions their 
mo t ion is in fact one-dimensional — in the direction of 
the external-field polar isa t ion vector. All in all, the above 
survey leads to the conclusion tha t the effect of stabilisa­
t ion takes place no t only in q u a n t u m bu t also in classical 
mechanics . Also, b o t h approaches are similar in the way 
the ionisat ion probabi l i ty depends on the unpe r tu rbed orbit 
pa rame te r s (electron energy and m o m e n t u m ) and the 
m o m e n t u m project ion depends on the polar isa t ion direc­
t ion. Clearly, in classical mechanics we are dealing with an 
electron escaping beyond the laser rad ia t ion pulse and 
cannot speak of ionisat ion probabi l i ty as we can in 
q u a n t u m mechanics . Also, classical calculat ions d e m o n ­
strate m o r e clearly tha t it is necessary to smooth out the 
C o u l o m b poten t ia l at the origin in order to avoid 
ma themat i ca l difficulties due to infinite quant i t ies . 

7. Experiment 
Before we proceed to the exper imental da ta , a few 
pre l iminary r emarks are in order . 

Firs t , m o d e r n laser technology does no t al low g r o u n d -
state stabil isation experiments . In fact, from the basic 
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theoret ical a rguments presented above, such stabil isation 
requires ul traviolet rad ia t ion (co > E0) with a critical 
intensity in excess of the a tomic value (7C > 7 a ) . Also, to 
be able to pass t h rough the 'death valley' at the pulse front 
at I ~ 7 a , the front t ime tf mus t be of the order of the a tomic 
t ime (tf ~ 1 0 ~ 1 6 s). Only at tf < ta will a significant pa r t of 
a t o m s remain not ionised dur ing the pulse rise t ime of order 
ta for I ~ 7 a , and retain their initial state unt i l the pulse peak 
is reached, whereas at 7C > 7 a the stabil isation effect should 
be expected. To satisfy all the three requi rements s imulta­
neously is not yet possible. While the progress in laser 
technology should be expected to fulfil the first two 
requi rements in the near future, the thi rd appears to be 
unachievable , even with the newly developed me thod which 
enables the dis t r ibut ion of t empora l rad ia t ion to be 
control led by selection of an appropr i a t e spectral rad ia t ion 
profile. 

Therefore all present -day experiments m a k e use of 
excited a tomic states. F o r these, all the three condi t ions 
ment ioned above apply a l though numerical ly they are much 
less strict. The pho to ion i sa t ion channel condi t ion co > En 

m a y be fulfilled no t only for the visible frequencies bu t — 
for highly excited (Rydberg) a t o m s — even in the infrared. 
In the latter case, the critical intensity is much lower t han 
the a tomic value, 7 c < ^ 7 a . The sharp dependence of the 
a tomic t ime on n (tan = n3ta) allows one to pass the 'death 
valley' effectively at large n by using u l t rashor t pulses with 
rise t imes of the order of p icoseconds or femtoseconds. 

Ano the r poin t to no te is tha t , at the t ime of wri t ing (the 
a u t u m n of 1995) this paper , no repor ted experiment has 
provided unequivoca l evidence for, and a sufficiently 
complete p ic ture of, the stabil isation effect. The different 
exper imental results to be discussed below agree only par t ly 
with theoret ical predict ions, leaving qui te a few quest ions 
unanswered . 

Third , under exper imental g round-s ta te stabilisation 
condi t ions some other effects m a y occur, which also 
suppress pho to ion i sa t ion bu t have no th ing to do with 
stabil isation. These should be taken into account and 
dist inguished clearly in investigating the stabil isation 
effect. In some cases, it is these effects which determine 
the op t imal design of a stabilisation experiment . However , 
these ' ionisat ion suppress ion ' effects are of obvious interest 
by themselves from the poin t of view of the physics of 
intensive coherent rad ia t ion interact ing with an a tom. 

Final ly, it should be kept in mind tha t , whatever the 
exper imental a r rangement , one can measure the to ta l p h o t o ­
ionisat ion yield only after the target has been exposed to a 
laser pulse with a fixed, i nhomogeneous spa t io tempora l 
dis t r ibut ion. U n d e r such condi t ions , pho to ion i sa t ion ra te 
da ta can be obta ined only by measur ing and tak ing into 
account the spa t io tempora l rad ia t ion dis t r ibut ion. The 
influence of the inhomogenei ty of this latter can be reduced 
by var ious me thods , bu t the inhomogenei ty always remains . 
A p a r t from the necessity to account for the rad ia t ion 
dis t r ibut ion, var ious effects due to finite pulse length and 
inhomogeneous dis t r ibut ion m a y occur. A case in poin t is the 
pulse length comparab le with the Kepler per iod of the 
R y d b e r g electron. This s i tuat ion occurs for picosecond 
and femtosecond pulses for n > 1 R y d b e r g states (the effect 
of pulse length will be discussed later). Ano the r example is 
related to the necessity of passing the 'death valley' at the rise 
of the pulse. This si tuat ion is encountered when pho to ion i sa ­
t ion is observed at an atomic-scale pulse-peak field s trength: it 

is necessary tha t dur ing the rise t ime of the pulse, within the 
t ime interval when F ~ Fa — i . e . , in the 'death valley' — only 
a small fraction of the a t o m s be ionised. Obviously, to pass 
effectively the 'death valley' is possible only if the rise t ime is 
of the order of the Kepler per iod or l e s s — w h i c h actually 
implies R y d b e r g a tomic states. 

W e n o w proceed to a discussion of the exper imental 
da ta by tak ing specific exper imental a r rangements as the 
basis for the analysis. W e mus t first discuss some effects 
which suppress pho to ion i sa t ion bu t have no relat ion to the 
stabil isation effect. 

7.1 Photoionisation suppression effects 
There are a number of effects tha t suppress pho to ion i sa t ion 
bu t do no t involve stabil isation. These effects are cont ingent 
on a quite specialised exper imental a r rangement and are of 
obvious interest by themselves. So far as the s tudy of 
stabil isation is concerned, they indicate the initial condi ­
t ions tha t hamper op t imal stabilisation experiments . 

One pho to ion i sa t ion suppression effect is i l lustrated 
nicely by the simple example of a classical electron ro ta t ing 
in a Kepler orbit a r o u n d the nucleus. If the orbit is a highly 
eccentric ellipse, the absorp t ion of a p h o t o n and the 
de tachment of the electron m a y occur only at m o m e n t s 
when the electron is close to the nucleus in its orbi ta l 
mot ion . If the length t\ of the photo ion is ing pulse is less 
t han the Kepler per iod, the process of pho to ion i sa t ion will 
be suppressed because the electron m a y not come close to 
the nucleus dur ing the t ime the rad ia t ion acts on the a tom. 

In pract ice, such suppression m a y occur only in the 
pho to ion i sa t ion of excited states, for which the Kepler 
per iod tan = n3ta m a y exceed the pulse length t h It is seen 
tha t even at n = 10 we have tan = 1 0 ~ 1 3 s, which is 
comparab le with the length of an u l t rashor t pulse. 

Such an effect was observed in a s tudy [72] of p h o t o ­
ionisat ion from highly excited states of ba r ium. The 21 d s tate 
was excited out of the g round state by a s t andard two-step 
me thod with rad ia t ion from two dye lasers. The Kepler orbit 
t ime for the 27d s tate is t a l l = 2 ps . F r o m this excited state, the 
a tom was photo ion ised by rad ia t ion with pulse length t{ which 
varied from 2.7 to 0.3 ps . The result is shown in Fig. 15. Three 

Figure 15. Photoelectron yield Ne from the 27d barium state versus 
laser pulse length tt in the experiment described in Ref. [72]. 
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regions showing different pulse-length dependences of 
photo ion i sa t ion yield are dist inguished. At t{ > t a 2 1 the yield 
is pulse-length independent , at t{ < t a 2 1 it decreases with 
decreasing pulse length, and at extremely short pulses an 
approx ima te p ropor t iona l i ty is observed. The results are 
interpreted classically, in te rms of the probabi l i ty for finding 
the electron close to the a tomic core dur ing the laser pulse. 

Thus , this experiment demons t ra tes the suppression of 
photo ion i sa t ion at pulse lengths less than the Kepler 
revolut ion of the electron a r o u n d the a tomic core. 

In ano ther suppression effect, the initially excited state is 
the n > 1, / ~ 1 state. It is obta ined by the s tandard cascade 
(step) excitation m e t h o d with the linearly polar ised rad ia ­
t ion from several dye lasers. As a s t rong, external h igh-
frequency (co > En) ionising field is tu rned on, the initial 
n > 1, / ~ 1 state splits into n — 1 componen t s with / varying 
from 0 to n — 1 (see, e.g., Ref. [15]). The splitting is 
quadra t i c in the field and described by a per turba t ive 
formula of Ref. [73] (see also Ref. [74]) which shows it 
to be dependent on all the q u a n t u m n u m b e r s of the initial 
state as well as on the frequency and strength of the field. In 
the laser rad ia t ion field, the manifold of the split states 
forms a wavepacket . The dynamics of this latter involves its 
oscillations a r o u n d the a tomic core, the per iod of which is 
determined by the splitting t o s c = 27i/A p and by the 
spreading dur ing a t ime per iod dependent on laser m o n o -
chromatic i ty . If the pulse length of the ionising laser is less 
t han the packet oscillation per iod, then the photoe lec t ron 
yield will be suppressed because dur ing the laser pulse no 
low-/ states m a y exist near the a tomic core. As is known , the 
ionisat ion probabi l i ty from high-/ states is suppressed 
compared with low-/ states because of the large m o m e n t u m 
the free electron must have in the former case. The results of 
a mode l experiment [75] with R y d b e r g levels split in a static 
electric field agree well with the models discussed above. 

Pho to ion i sa t ion suppression due to the splitting of 
excited a tomic levels in a static electric field was observed 
in an experiment on ba r ium [76]. The states studied were 
n = 25 and n = 35, the static field was abou t 
t / i = 250 V c m - 1 , and the s t rong laser field had the 
frequency co > E35, E25 (Fig. 16). 

Figure 16. Schematic diagram of the experiment described in Ref. [76]: 
( 7 ) focused laser radiation; ( 2 ) atomic beam, with the axis perpen­
dicular to the sheet; (3), ion detector; U\ and U2, constant voltages 
indicated in the text. 

The B a + * ions generated from the one -pho ton ionisat ion 
of excited ba r ium a t o m s by the laser rad ia t ion were 
accelerated by a static electric field of abou t 250 V c m - 1 

and recorded at a microchanne l detector . Some of the 
excited a t o m s remained in the region where the rad ia t ion 
interacted with g round-s ta te a toms ; after the pulse, these 
a t o m s drifted into the region with a field of abou t 
U2 = 4000 V c m - 1 and there were ionised by this field. 
These ions came to the detector at a different t ime than the 
B a + ions, owing to one -pho ton ionisat ion. The number of 
these ions gives informat ion abou t the residual popu la t ion 
of the excited ba r ium a t o m s after the passage of the pulse. 

The net result of the experiment is tha t the n u m b e r of 
ions from n = 25 is an order of magn i tude less t h a n tha t 
from n = 35, which shows tha t the residual popu la t ion of 
the latter state domina tes and tha t pho to ion i sa t ion is 
suppressed. 

The in terpre ta t ion given in Ref. [76] is as follows. The 
magn i tude of / splitting is est imated to be A p ~ n~4 since 
Ui = 250 V c m - 1 is close to the est imate n~5 for the field at 
which the (extreme) mult iplet componen t s from the nth level 
are found to cross those from the adjacent levels. Conse ­
quently, the est imate for the wavepacket oscillation per iod, 
^osc ~ 1/Ap ~ n', is 60 ps for n = 25 and 230 ps for n = 35. 
Since the pulse length was 70 ps , it follows tha t in the latter 
case t\ <^ t o s c and hence pho to ion i sa t ion suppression should 
occur — which indeed did happen in the experiment . 

In order for exper iments to be free from splitting of 
R y d b e r g states, the pre l iminary excitation must occur into 
so-called circular states, ones in which, given the value of n, 
the orbi ta l q u a n t u m number assumes its m a x i m u m value 
I = n — 1. Clearly, the magnet ic q u a n t u m number will then 
be the same, m = I. Of the m a n y techniques available for 
excitation into such states [ 7 7 - 7 9 ] , mu l t i pho ton excitation 
by circularly polar ised rad ia t ion [77] is the simplest. In its 
appl icat ion, however , the values of n (and hence /) mus t be 
relatively small since, with the mu l t i pho ton processes 
involved, effective excitation necessitates large rad ia t ion 
intensities, with all the consequences tha t m a y ensue. 

7.2 Atomic stabilisation in multiphoton resonant 
ground-state ionisation 
In principle, the high-field stabil isation of an excited a tom 
is no t limited to the exper imental s i tuat ion in which weak 
auxiliary laser rad ia t ion is used to excite the a tom. The 
st rong field a lone m a y be sufficient if it gives rise to 
mul t i pho ton resonant ionisat ion from the g round state of 
the a tom. Since even the stabil isation of excited a toms 
implies high intensities, the design of such experiments 
avoids the choice of a rad ia t ion frequency for mu l t i pho ton 
excitation. A s t rong external field always causes a large 
AC-S ta rk shift [80], which detunes no-field resonances and 
produces a host of dynamic resonances on the rising and 
falling edges of the pulse. Such dynamic resonances have 
repeatedly been seen in mul t i pho ton ground-s ta te ionisa­
t ion experiments as resonant peaks in the energy spectrum 
of the result ing electrons (see, e.g., Refs [80-81] ) , each 
individual peak being identifiable with specific excited 
states of the a tom. However , unt i l recently it has never 
been though t tha t , in addi t ion to mul t i pho ton resonant 
ionisat ion, the dynamic mul t ipho ton resonances m a y also 
p roduce mu l t i pho ton excitation, when the a tom can, with 
some probabi l i ty , remain in its excited state after the pulse. 
This certainly has not seemed realistic for inert gases under 
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visible and infrared rad ia t ion , when high-order mul t i ­
p h o t o n processes (K = 10) are involved; such processes 
were observed only in very high fields of the order of 
(10~ 2 — 1 0 _ 1 ) F a , bu t even to excite the lowest states 
requires abou t the same number of p h o t o n s . Only recently 
has an experiment [82] unexpectedly shown tha t residually 
popu la ted excited states m a y occur in strong-field g r o u n d -
state mu l t i pho ton ionisat ion. 

In tha t experiment , two laser rad ia t ion fields were 
employed. In one (strong) field, the seven-photon ionisa­
t ion of the xenon a tom was realised (co = 2 eV, 
/ = 1 0 1 3 W c m " 2 , ^ = 100 fs). The second — t r i a l (and 
weak) — field was tu rned on with some delay after the 
s t rong field pulse. The tr ial field pa rame te r s were t aken as 
follows: co — 2 eV, / = 10 1 1 W c m - 2 , tx = 5 ns. The elec­
t rons p roduced by the s t rong field alone, and those by the 
two fields together , were detected. The electrons due to the 
weak (trial) field were separated as a difference effect. 
Simultaneously, the energies of the p roduced electrons were 
measured , in order to p rov ide an independent m e t h o d to 
separate the trial-field electrons. A large number of these 
excited ionisat ion electrons were found. The electron energy 
spectrum displayed n a r r o w peaks distinctly identifiable as 
being due to the excited 4 / , 5 / , and 6f states. After a s t rong 
field pulse, 11 % of the a t o m s remained in the excited 4f 
state; 2 5 % , in 5f; and 5 6 % , in 6f. 

N o w the quest ion arises as to the physical reason for the 
excited-state residual popu la t ion in the g round-s ta te mul t i ­
p h o t o n ionisat ion of xenon. Exper imenta l da ta and simple 
est imates show tha t stabilisation does no t p lay a role in this 
case. In fact, with the above pa ramete r s , typical of powerful 
laser rad ia t ion , the free-electron oscillation ampl i tude is 
readily est imated to be a ~ r a , so tha t the necessary 
condi t ion for adiabat ic stabil isation, a > r a 5 w 1 0 2 r a (see 
Section 3 above) , is no t met. As regards interference 
stabil isation, the condi t ion F FC9 where Fc=co5'\ is 
also no t realised. Moreover , the n a r r o w resonance peaks 
in the electron spectrum (Fig. 17) show directly tha t no 
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Figure 17. Electron energy spectrum for photoionisation of excited 
xenon atoms by trial radiation, experimental data are taken from 
Ref. [82]. 

quas icon t inuum arises from the excited n = 5 states. It is 
thus clear tha t interference stability is also absent . 

Presumably , the residual popu la t ion is due to the 
u l t rashor t pulse length (tx = 100 fs) of the laser used. 
Es t imates show tha t the ionisat ion lifetime of excited 
xenon states in the intense ionising laser field is of the 
order tt = 1 0 ~ 1 3 s, which is equal to the pulse length of the 
laser. Clearly, the to ta l ionisat ion from an excited state 
implies t{ > t h and at t{ ~ tt a large pa r t of the excited a t o m s 
must survive. This is another example of a s tabi l isat ion-
unre la ted pho to ion i sa t ion suppression effect. 

However , in later work [83] residual popu la t ion in 
mu l t i pho ton ground-s ta te k ryp ton ionisat ion was observed 
under condi t ions where, on the one hand , it cannot be 
associated with the short pulse length and, on the other , it 
m a y be due to the interference stabil isation effect. M o r e ­
over, direct exper imental evidence for stabil isation is found. 

The s t rong ionising laser field in Ref. [83] had a 
frequency co = 1.5 eV, pulse length t{ = 100 fs, and peak 
intensity / = 5 x 1 0 1 5 W c m - 2 (field s trength 
F = 2 x 10 9 V cm ?^0, 5 F a ) . The ions p roduced in the 
laser focus region were accelerated to the detector by a 
100 V c m - 1 static electric field pulse. After the pulse, a 
pulsed electric field of a few thousand volts per cent imetre 
was applied across the ion format ion region, sufficient to 
ionise excited a toms in n ^ 14 states. By varying the 
strength of the field, condi t ions for ionising excited a toms 
in states from n = 50 up to n = 14 were realised. The ions 
p roduced by the pulse and those p roduced by the static field 
strike the detector at different t imes. The static field ions 
signalled the existence of residual popu la t ion after the laser 
rad ia t ion pulse. 

The exper imental da ta of Ref. [83] show tha t after the 
pulse abou t 1 % of the a t o m s remain in n ^ 14 excited 
states. 

W e tu rn next to the in terpre ta t ion of this experiment . 
The first th ing tha t has to be said is tha t , given the 

exper imental condi t ions used, the residual popu la t ion 
cannot be a t t r ibuted to the short pulse length. In fact, 
for the peak field s trength ment ioned above, any est imate 
yields tt <^ t{ for the ionisat ion lifetime of excited a t o m s with 
pr incipal q u a n t u m n u m b e r s from 14 to 50. 

A second poin t is tha t the residual popu la t ion of excited 
states m a y be due to the stabilisation effect. The adiaba t ic 
stabil isation mechanism is of no relevance here. Es t imates 
show tha t , even at the peak of the laser pulse, the free-
electron oscillation ampl i tude a = F/co2 is only abou t the 
size of the excited-state orbit r a n = n2ra at n ^ 14. Thus , the 
condi t ion for the occurrence of adiabat ic stabilisation is no t 
fulfilled (it requires a > r a n ) . On the other hand , the laser 
field is much stronger t han the critical value for interference 
stabil isation to occur, Fc = 0 .005F a . However , the pr incipal 
a rgument in favour of interference stabil isation is the 
dependence of the number of excited states on the 
rad ia t ion field s trength (Fig. 18). These results show tha t 
a fourfold change in intensity leaves this number virtually 
unchanged . This dependence is typical of the stabilisation 
effect. The observed increase in the number of excited 
a t o m s as the rad ia t ion spectrum is b roadened (i.e., the pulse 
length decreases) is p resumably because of the suppression 
of ionisat ion under condi t ions where tx < tan9 where tan is 
the t ime of the Kepler orbit t ime of the excited electron (for 
n = 14, tan ~ 1 0 ~ 1 2 s). This effect has been discussed earlier 
in this review (see Section 2). 
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Figure 18. Ratio of excited Kr* atoms to K r + ions as a function of 
laser pulse energy. Experimental data are taken from Ref. [83]. 

Thus , the exper imental results of Ref. [83] are in our 
view in general agreement with the theoret ical predic t ions 
concerning a tomic interference stabil isation (see Section 5), 
and it is no t clear why the au tho r s of tha t s tudy failed to 
exploit the effect to interpret their results. 
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Figure 19. Electron spectrum for the photoionisation of the 26d barium 
state by an intense laser field. The experimental data are taken from 
Ref. [84]. 

7.3 Stabilisation effect in photoionisation from highly 
excited states 
In Section 5, the mode l of the interference stabil isation of 
highly excited states assumed the absorp t ion and subse­
quent emission of p h o t o n s by an a tomic electron in a 
s t rong external field. This mu l t i pho ton process is R a m a n 
type and m a y occur in the case when, owing to the 
ionisat ion b roaden ing of the a tomic levels, the initial 
discrete spectrum becomes a quas icon t inuum. The inter­
ference of re radia t ion processes then tu rns out to be 
destructive, leading to a suppression of pho to ion i sa t ion 
from these states — i.e., to the so-called interference 
stabil isation of the a tom. Since R y d b e r g states initially 
with a pr incipal q u a n t u m number n split into componen t s 
with different orbi ta l q u a n t u m n u m b e r s / in a h igh-
frequency (fico > En) field (see, e.g., Ref. [15]), the splitting 
can also lead to pho to ion i sa t ion suppression under certain 
condi t ions . 

As of the t ime of writ ing, three experiments on inter­
ference stabil isation have been repor ted . 

The experiment in Ref. [84] deals with the pho to ion i sa ­
t ion from the highly excited ba r ium state 6s26d induced by 
rad ia t ion of frequency co = 2 eV, pulse length tt = 100 fs, 
and peak intensity I = 4 x 1 0 1 2 W c m - 2 . One result 
(Fig. 19) is tha t , in the presence of a s t rong field, 
pho to ion i sa t ion not only from the initial state 26d, bu t 
also from a number of adjacent states up to 31 d is observed. 
This is a t t r ibuted to the initial 26d popu la t ion being R a m a n 
redis t r ibuted over the adjacent R y d b e r g states. It is also 
argued tha t R a m a n t rans i t ions occur t h rough the cont in­
uous , ra ther t han the bound-s ta te , spectrum (Fig. 20). This 
follows from the exper imental fact tha t the number of 
repopula ted states does not depend on the laser frequency, 
the range of which (about 300 c m - 1 ) is an order of 
magn i tude m o r e t han the separa t ion between the excited 
states. Clearly, a change in frequency changes the de tuning 
from quas i resonances in the bound-s t a t e spectrum and 
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Figure 20. Scheme of two possible channels for two-photon Raman 
transitions: via the continuum ( ) and via the spectrum of bound 
states ( ) [84]. 

should therefore influence the excited-state repopula t ion 
probabil i t ies . 

Basically, these results are a direct demons t ra t ion of 
highly excited states being coupled via R a m a n t rans i t ions 
t h rough the con t inuum. A detailed theoret ical discussion of 
this process is given in Ref. [62] (see Section 5). 

The experiment in Ref. [76] has a l ready been considered 
above to i l lustrate the pho to ion i sa t ion suppression due to 
the / splitting of highly excited states. W e will discuss it here 
from the poin t of view of stabil isation. As al ready 
ment ioned , the main result of this experiment is tha t 
pho to ion i sa t ion from different / componen t s of the highly 
excited n = 25 and n = 35 ba r ium states reveals these states 
to be popu la ted residually after the laser pulse, the second 
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state being abou t an order of magn i tude greater t han the 
first. The in terpre ta t ion was presented earlier and has 
no th ing to do with the stabilisation effect. However , for 
co = 3.5 eV used in tha t experiment , the critical field for the 
existence of a quas icon t inuum in the region of highly 
excited states with a given n is 

Fc = co5/3 = 3 x \0~2Fa = 1.5 x 1 0 8 V s - 1 , 

cor responding to the rad ia t ion intensity 1 = 2 x 1 0 1 3 W 
c m - 2 . F r o m Ref. [76], the peak intensity in the experiment 
was abou t 1 0 1 4 W cm . Thus , the interference stabilisation 
condi t ion was satisfied. Actually, however , each n state was 
split into componen t s with different values of / in a static 
field. Accordingly, the critical s trength for the existence of 
a quas icon t inuum could be less in this case. This suppor t s 
the conclusion abou t the necessary condi t ions for inter­
ference stabil isation. W e also no te tha t the value 
1 0 1 4 W c m - 2 is open to criticism, as one result ing from 
est imates ra ther t han from exact measurements . 

N o w an obvious quest ion here is whether the results of 
this experiment are consistent with the concept of stabilisa­
t ion? 

One result, a l ready ment ioned in Section 7.1, is tha t the 
number of a toms which remain in the excited state after the 
passage of the pulse is an order of magn i tude larger for the 
n = 35 than for the n = 25 initial state. As the basic 
condi t ion F > Fc is fulfilled in bo th cases, this discrepancy 
finds no explanat ion within the interference stability f rame­
work . 

Ano the r result is the discrete frequency dependences of 
the yield of B a + and B a * + ions (Fig. 21). H e r e B a * + denotes 
a ba r ium ion from an excited a tomic state. Bo th depend­
ences display a sparse s t ructure, for ionisat ion from a fixed 
n var ious / manifold, and a finer one, for ionisat ion from 
individual fixed n fixed / states. This p ic ture suggests the 
absence of a pho to ion i sa t ion con t inuum b o t h for states 
with different / and for those with fixed n and / values. But 
the idea of the discrete spectrum being replaced by a 
con t inuum is fundamenta l to the theory of interference 
stabil isation. 

Ba + yield 

Figure 21. Yield of Ba ions (produced from the ground state) and of 
Ba* + ions (produced from an excited state) against the radiation 
frequency [76]. Bottom: splitting of highly excited states with a fixed 
principal quantum number n into various orbital quantum number ( / ) 
components (calculation). 

0 5 10 15 20 
Luminosi ty/J c m - 2 

Figure 22. Photoelectron yield from the lid barium state versus fluence 
for two pulse lengths. Experimental data are taken from Ref. [72]. 

Thus , the results of this experiment are inconsistent with 
the basic theory of interference stabil isation. 

The fulfillment of the condi t ion F > Fc does no t actually 
contradic t these results: the au tho r s of the experiment give 
1 0 1 4 W c m - 2 as an est imate for rad ia t ion intensity, whereas 
the t rue value might be much less. This assumpt ion is in 
accordance with exper imental fact and confirms the 
pho to ion i sa t ion suppression effect due to the / splitting 
of R y d b e r g states. 

Final ly, only a pa r t of the experiment in Ref. [72] has 
been discussed above (Section 7.1). Also presented in the 
work are the i l luminat ion dependences of the pho to ion i sa ­
t ion yield for the highly excited state 27d for two pulse 
lengths, 0.6 ps < tan and 2.7 > t a n , where tan is the per iod of 
revolut ion of the electron for the n = 27 state. Based on the 
dependences shown in Fig. 22, the au tho r s drew the 
following conclusions abou t the pho to ion i sa t ion process: 
— for extremely low fluences, the pho to ion i sa t ion yield is 
independent of the pulse length and increases linearly with 
luminosi ty; 
— as the luminosi ty is increased, the growth of the yield 
slows down relative to the linear dependence; 
— the slowing down is related to the intensity ra ther t han 
fluence: it appears earlier and proceeds faster for short 
pulses compared with longer ones; 
— for the m a x i m u m fluence employed, the short-pulse 
pho to ion i sa t ion yield is roughly half the cor responding 
value for a long pulse long pulse. 

It should be no ted tha t the da ta of Fig. 15 are obta ined 
at the fluence H = 7 J c m - 2 (marked by an a r r o w in 
Fig. 22), which cor responds to the poin t at which the 
intensity-related slowing down of the pho to ion i sa t ion yield 
s tar ts to be seen. This suggests tha t the pulse-length 
dependence of the yield as presented in Ref. 15 is 
determined no t only by the condi t ion tx < t a n , as argued 
in Section 7.1, bu t also by the intensity. 

However , there m a y be an al ternat ive explanat ion to 
account for the sum to ta l of the da ta of Ref. [72], one based 
on the assumpt ion of the interference stabil isation of the 
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lid b a r i um state. As al ready ment ioned (see Section 5), 
theory predicts interference stabilisation for laser fields 
F > Fc = co 5 / 3 . F r o m the da ta of Ref. [72], the exper imental 
results in Figs 15 and 22 are readily found to be obta ined in 
the intensity range from 7 m i n = 3 x 1 0 1 2 W c m - 2 (at 
ti = 2.7 ps) to 7 m a x = 3 x 1 0 1 3 W c m - 2 (at tt = 0.25 ps). 
In the former case, the field s trength is F = Fc = co 5 / 3 and, 
in the latter, F = 3FC. Clearly, the slower growth of the yield 
with increasing luminosi ty and its pulse-length dependence 
are consistent with the basic views on the intensity depend­
ence of the interference stabil isation effect. 

It should be kept in mind, however, tha t one cannot 
ignore the / splitting of the initial 27d s tate in the rad ia t ion 
field. On the one hand , the splitting m a y change the value of 
the critical stabil isation field and, on the other , it mus t 
suppress the pho to ion i sa t ion yield from the entire manifold 
of states with different /. 

N o t e tha t the al ternat ive explanat ion we offer for the 
exper imental results of Ref. [72] requires tha t pho to ion i sa ­
t ion suppression at t\ < tan should also be t aken into 
account . 

The above example shows tha t because of its very n a t u r e 
(mixing of m a n y b o u n d states via the con t inuum) , inter­
ference stabilisation presents a challenge for anyone t rying 
to obta in conclusive exper imental results. 

In summary , there is at present no unequivoca l 
exper imental confi rmat ion of the existence of interference 
stabil isation, bu t some experiments are to some extent 
consistent with this hypothesis . 

7.4 Stabil isation in photoionisation from an isolated 
excited state 
In the case of an isolated excited state which does no t mix 
with other states when under a s t rong external field, 
ad iabat ic stabil isation m a y occur. As ment ioned above, this 
takes a relatively higher rad ia t ion intensity than , for 
example, in the case of interference stabil isation. The 
critical field Fc = co2n2 is determined by the condi t ion tha t 
the free-electron oscillation ampl i tude start to exceed the 
size of the Kepler orbit , a = F/co2 = n2. 

This value is abou t n2 t imes the critical field for the 
interference stabilisation as given by E q n (52), Fc = co5/3. 
The adiabat ic stabil isation condi t ion for an excited a tom 
might at first sight seem unrealist ic because at a signifi­
cantly lower field a quas icon t inuum of ionisa t ion-
b roadened levels will appear . This conclusion, however , 
is t rue only for excited states of very large n value (Rydberg 
spectrum having a regular s t ructure with a level separa t ion 
of AE = n~3), for / ~ 1 [ensuring the validity of the 
quasiclassical mat r ix element leading to E q n (52)], and 
under the assumpt ion tha t the initial state does no t split 
(see the discussion at the end of Section 5). However , this 
conclusion will be incorrect if the following two condi t ions 
are fulfilled. Firs t , if the states used are those with small n, 
in the spectral region where AE > n~3. Second, if the initial 
state has the m a x i m u m possible /: for large / the b o u n d -
free mat r ix element is much lower t han the quasiclassical 
est imate used in deriving E q n (52). The fulfillment of these 
two condi t ions m a y reduce significantly the field s trength at 
which a con t inuum of adjacent levels appears . The experi­
ment described in Refs [ 8 5 - 8 6 ] demons t ra tes this point . 

The aim of the experiment was to observe the ad iaba t ic 
stabil isation of pho to ion i sa t ion from an isolated excited 
a tomic state. 

In order to have the initial excited state isolated, and to 
avoid / splitting and cont inuum-ass is ted state mixing, the 
state to be excited was taken to be a circular m = 1 = n— 
1 = 4 one, and the pho to ion i sa t ion rad ia t ion with a spectral 
width of less than the level separat ion was used. 

The relatively large value of / secured a relatively small 
pho to ion i sa t ion probabi l i ty and thus reduced the role of the 
'death valley' in the ionising pulse rise, so tha t the majori ty 
of the a t o m s remained in their excited states unt i l the 
instant the pulse peak had been reached. 

The excited circular state was p roduced by mu l t i pho ton 
excitation of the a tom from its g round state with circularly 
polar ised rad ia t ion [77]. By absorb ing five p h o t o n s of the 
radia t ion , a neon a tom was excited from the g round state 
2/?8 (m = — 1) to 5g, m = I = n — 1 = 4, with b inding energy 
E5g = 0.55 eV and Kepler per iod of t5g = 0.6 ps . 

There was a delay of 20 ps in t roduced between the 
excitation and ionisat ion pulses, dur ing which circular 
a tomic states were in a static magnet ic field of 1 T. By 
the use of the L a r m o r precession occurr ing in the field (a 
quar te r cycle for 20 ps), the axis of ro ta t iona l symmetry of 
the circular states was forced into the polar isa t ion p lane of 
the photo ion is ing rad ia t ion . Calcula t ions show — and 
experiment confirms — tha t this or ienta t ion is op t imal 
for stabil isation. 

Pho to ion i sa t ion from the neon 5g circular state was 
achieved by rad ia t ion of frequency co = 2 eV > E5g, and 
pulse length tt = 0.1 ps and tt = 1.0 ps . The exciting and 
ionising rad ia t ions were focused such tha t the diameter of 
the focused circle in the former case was much smaller t han 
in the latter. This reduced the inhomogenei ty of the spatial 
dis t r ibut ion of the ionising rad ia t ion in the region of ion 
format ion. The pho toe lec t rons were detected and their 
energies measured . F r o m the pho toe lec t ron spectrum given 
in Ref. [86] it is clearly seen tha t b o t h the state under s tudy 
and a number of adjacent states remain discrete, their width 
being several t imes less t han their spacing. By varying the 
spectral width of the ionising radia t ion , the length of the 
pulse was varied. Pulse lengths of 0.1 and 1.0 ps were used. 
Wi th a fixed pulse energy this enabled order -of -magni tude 
intensity changes to be obta ined . 

The results of the experiment are presented in Fig . 23. It 
will be seen tha t the fluence (and intensity) dependences of 
the photoe lec t ron yield differ quali tat ively for the short and 
long rad ia t ion pulses (i. e., for a high and low rad ia t ion 
intensity, respectively). F o r a long pulse (tt = 1.0 ps) and 
peak intensity I = 1.2 x 1 0 1 3 W c m - 2 , the pho to ion i sa t ion 
yield increases approximate ly linearly with the fluence 
(intensity). F o r a short pulse (tt = 0.1 ps) and peak 
intensity 7 = 1.2 x 1 0 1 4 W c m - 2 , it is virtually independent 
of luminosi ty (intensity). This is the main piece of evidence 
for the stabil isation of excited a tomic states in this 
experiment . Ano the r is the rad ia t ion intensity value at 
which the pho to ion i sa t ion yield becomes intensity inde­
pendent . Exper iment gives 7C = 2 x 1 0 1 3 W c m - 2 , and 
calculat ion 7C = 5 x 1 0 1 3 W c m - 2 . The agreement between 
these two results m a y be considered to be very good (note 
tha t a = F/co2 = r5g in this case). The exper imental da ta of 
Ref. [86] confirm tha t the initial state remains isolated; 
neither splitting nor cont inuum-ass is ted mixing occurs. This 
is seen, for example, from the photoe lec t ron energy spec­
t rum, with a distinct n a r r o w peak for 5g pho to ion isa t ion . 

However , the absolute magni tudes of the photoe lec t ron 
yield for short and long pulses suggest tha t the rad ia t ion 
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Figure 23. Photoelectron yield from the 5g neon state versus fluence for 
two pulse lengths. Experimental data are taken from Ref. [86]. 

intensity is not the only cont r ibut ing factor in this 
experiment . Chang ing from fluence to intensity, it is found 
tha t the left end of the short-pulse dependence virtually 
matches the right end of the long-pulse dependence. But the 
yield ampl i tudes differ significantly at this point , the shor t -
pulse ampl i tude being abou t half the long-pulse value. This 
discrepancy can be a t t r ibuted to the suppression of 
pho to ion i sa t ion at short (tt < t5g) pulse lengths, as dis­
cussed in Section 7.1. In fact, for the 5g Kepler per iod, 
t5g = 0.6 ps, the long per iod obeys the inequali ty tt > t5g9 

whereas for the short pulse we have t{ > t5g. It is no t clear 
why the au tho r s of Ref. [86] failed to exploit the above -
ment ioned effect when i l lustrating good agreement between 
exper imental results and unpubl i shed calculat ions based on 
Ref. [43]. 

As a whole , however, we m a y summarise by saying tha t 
the results of this experiment agree b o t h quali tat ively and 
quant i ta t ively with the theoret ical predic t ions abou t the 
condi t ions for the adiabat ic stabil isation of excited a toms . 

The global analysis of the experiments on the stabilisa­
t ion of excited a t o m s suppor t s the conclusion we have 
suggested in the in t roduct ion to this section — tha t there are 
a whole series of experiments consistent with the no t ion of 
stabil isation. Of these, however, only one — the neon 
experiment of Ref. [86] — admi ts of an u n a m b i g u o u s 
in terpre ta t ion . Unfor tuna te ly , no other repor ted experi­
ment is as detailed and comprehensive as this one, 
which leaves no quest ion unanswered . 

A l though it is relatively simple and a bit s t raightfor­
ward , there is no reason to quest ion the in terpre ta t ion given 
in Ref. [86] of experiments on isolated excited states. It is 
therefore a long these lines tha t detailed studies on the 
pho to ion i sa t ion stability of excited a toms under intense 
laser rad ia t ion can be expected. 

8. Conclusions 

As is t radi t ional , we conclude with a brief out l ine of the 
general conclusions and by indicat ing p rob lems which, 
a l though relevant, have been left out of this review. 

The most well-founded of our conclusions rests on 
theory: calculat ions within different approx ima t ions share 
the p rope r ty of predict ing a tomic stabilisation in a super-
intense laser rad ia t ion field. In a given approach , a certain 
par t icular quali tat ive difference between the q u a n t u m ' a tom 
+ field' system and the initial a tomic s t ructure gives rise to 
the effect. Reasons for the effect vary. In par t icular , critical 
field pa rame te r s — for example, the critical field s trength — 
m a y be numerical ly different. Theory does no t predict a 
single universal reason for the existence of stabil isation. The 
reason which is c o m m o n to all s i tuat ions is tha t the a tomic 
s t ructure undergoes quali tat ive changes as an external laser 
field with the critical values of its basic pa rame te r s is tu rned 
on. 

Exper imenta l results are still very scarce, especially 
when compared with the theoret ical ones. As of now, 
the neon experiment of Ref. [86] is the only one to indicate 
s trongly the existence of the effect of adiabat ic stabil isation. 
Fu r t h e r progress in the area is dependent mainly on 
exper imental advances . 

As regards the theory, there is only one quest ion which 
seems to require closer investigation: the compet i t ion 
between pho to ion i sa t ion and induced rad ia t ion scattering 
at the critical field frequency and strength values. Studies 
a long these lines are unde rway (see Refs [87-92] ) , bu t a 
general p ic ture is still lacking. It is evident, however , tha t 
certain scattering features, whether it be Rayle igh- or 
R a m a n - t y p e , linear or nonl inear scattering, m a y have a 
significant effect on the pho to ion i sa t ion probabi l i ty and 
distort the stabil isation picture . 

In the case of negative ions, the first th ing to no te is tha t 
there is current ly great interest in the p rob lem of p h o t o -
de tachment stabil isation. The central role of the shape of 
the interact ion poten t ia l in the stabil isation effect is seen 
from calculat ions [67] for var ious pa rame te r s of the long-
range potent ia l . Predic t ions for shor t - range potent ia ls are 
cont radic tory . In a zero-range potent ia l , no stabilisation 
has been found [17, 20] while it has been found in a finite-
range square well [29]. Clearly, further theoret ical work will 
be needed to m a k e reliable predict ions, with the specific 
negative ion s t ructure t aken into account . W e should also 
no te tha t a negative ion is a very promis ing target 
experimentally, b o t h because of the relatively low affinity 
of the a t tached electron and because b o u n d electronic states 
are few. 

Final ly, associated with the existence or absence of 
stabil isation is the quest ion of the limiting value of the 
AC-S ta rk level shift. This is, in other words , the quest ion of 
the possibili ty of a so-called Stark a tom [1, 9 3 - 9 5 ] , when 
the q u a n t u m ' a tom + field' system is in a state such tha t the 
electron b inding energy is much larger t han the ionisat ion 
poten t ia l of the initial a tom. The p rob lem of limiting 
energies of the Stark a tom is one of the fundamenta l 
quest ions which still remain to be answered with regard 
to the a t o m - f i e l d interact ion. 

As for the quest ions which, a l though of relevance to the 
theme, have been left out of this review, the stabil isation of 
molecules is the mos t impor t an t one. As usual , however , the 
range of possibilities is much wider in molecules t han in 
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a toms . The reasons for this are familiar: the m o r e complex 
spectrum of b o u n d states and the possibili ty of molecular 
dissociation. By and large, stabil isation in molecules is a 
separate and intr iguing p rob lem. 

In conclusion, a tomic stabilisation is, in our opinion, the 
mos t interest ing effect a m o n g those involved in the inter­
action of intense laser rad ia t ion with a toms . 
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