
Journal of Physics B: Atomic, Molecular and Optical Physics

Near-threshold behaviour of multiphoton ionisation
probabilities
To cite this article: H Gratl et al 1989 J. Phys. B: At. Mol. Opt. Phys. 22 L547

 

View the article online for updates and enhancements.

You may also like
Orientation dependence of multiple
ionisation of a diatomic molecule under
proton impact
Deepak Sharma, Bhas Bapat, Pragya
Bhatt et al.

-

On the injection and generation of charge
carriers in mineral oil under high electric
fields
Mauricio Aljure, Marley Becerra and
Mattias E Karlsson

-

Model of optical nonlinearity of air in the
mid-IR wavelength range
Yu.E. Geints and A.A. Zemlyanov

-

This content was downloaded from IP address 130.83.36.132 on 24/02/2023 at 09:44

https://doi.org/10.1088/0953-4075/22/19/002
/article/10.1088/1361-6455/ab17ee
/article/10.1088/1361-6455/ab17ee
/article/10.1088/1361-6455/ab17ee
/article/10.1088/2399-6528/ab0d59
/article/10.1088/2399-6528/ab0d59
/article/10.1088/2399-6528/ab0d59
/article/10.1070/QE2014v044n09ABEH015390
/article/10.1070/QE2014v044n09ABEH015390


J. Phys. 8: At. Mol. Opt. Phys. 22 (1989) L547-L551. Printed in the UK 
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Near-threshold behaviour of multiphoton ionisation 
probabilities 

H Gratl, G Albert and P Zoller 
Institute for Theoretical Physics, University of Innsbruck, 6020 Innsbruck, Austria 

Received 26 June 1989 

Abstract. The near-threshold behaviour of four-photon ionisation is studied in an energy 
region where the third laser photon crosses the Rydberg threshold. Particular emphasis is 
given to the role played by the Stark shift (raising of the ionisation potential) in a Gaussian 
laser pulse. As a function of the laser frequency the ionisation probability shows (i) a 
region where individual Rydberg resonances are well resolved, followed by ( i i )  a smoothly 
decreasing ionisation probability in the bound-state region and ( i i i )  an almost energy- 
independent above-threshold ionisation signal. 

Motivated by recent experiments (van Linden van den Heuvell er a1 1987, Noordam 
et a1 1988, Freeman 1989) we report in this letter a theoretical study of N-photon 
resonant N +  1-photon ionisation of atoms where the Nth  photon is tuned close to 
the ionisation threshold. We address the questions of intensity and frequency depen- 
dence of transition amplitudes close to the threshold when both an infinite number of 
densely spaced Rydberg levels and the continuum states participate in the laser induced 
dynamics. Our emphasis is on the role played by the AC Stark shifts and the time and 
space dependence of the ionising laser field. 

In our theoretical model we consider four-photon ionisation with the third laser 
photon tuned close to threshold. For the electric field of the laser pulse we write 
E(p ,  r )  = 8 ( p ,  t)s e-’“‘+cc with 8 ( p ,  t )  the time- and space-dependent amplitude, w 
the frequency of the light and E the polarisation vector. The pulse amplitude is assumed 
to be a Gaussian with duration T~ and focal waist pfoc, %(p, t )  = 
go exp[-2 In 2( f/T,,)’- (p /pfOc) ’ ] .  The quantity of interest in the present work is the 
four-photon ionisation probability averaged over the laser interaction volume, P = 

j P( e, p ) p  dp d e / j  p dp, where E denotes the energy of the continuum electrons, and 
we assume the atoms to be equally distributed over the laser focus. When the first 
excitation step of the atom is treated in lowest order perturbation theory we find (all 
expressions below will be expressed in atomic units) 

m 

P(E, P )  = 2.n d r l ( & l m ,  O I W r ) ) l 2  (1) L 
with the transition amplitude from the ground state 18) to the continuum state is) 

(&Imp, r)lva(r)) 
= -i $ dn(e)D(p,  [)In) exp[-i(s,t+a(p, r ) ) ]  

t Present address: University of Freiburg, Freiburg, Federal Republic of Germany. 
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Here d = ,zg+3w is the energy ofthe mean excited Rydberg state, (nlDef,-(p, t)ig) denotes 
the effective three-photon matrix element from the ground state to the Rydberg state; 
it scales as n-3’2 close to the Rydberg threshold. The quantity a(p ,  t )  is defined as 

with Sa, the AC Stark shift and y,, the ionisation rate of the state In) to the continuum 
in agreement with Fermi’s golden rule. Sw, is the shift of the ground state. In the 
energy region much less than a photon energy away from threshold the n dependence 
of the AC Stark shift Sw, has the form (Giusti-Suzor and Zoller 1957) awn = g 2 / w 2 +  
l/n3pg2, where the first term is the familiar shift of the ionisation threshold and the 
second term drops off with n3 (the quantity p is almost constant as a function of 
energy and is related to a laser-induced quantum defect). With similar arguments we 
can show that yn scales as K3. 

As far as the dynamics of the laser excitation process is concerned we may distinguish 
between two limiting cases. Sufficiently far below threshold the spectral width of the 
laser pulse 1 / ~ ~  is much less than the energy separation between adjacent Rydberg 
states and the four-photon ionisation process involves one isolated Rydberg state as 
an intermediate three-photon resonance. The lineshape of these resonances strongly 
depends on the space and time dependence of the Stark shift Sw(r, t )  = g ( r ,  t )2/a2,  if 
Sw,,,rp> 1. Very close to threshold the spectral width of the laser pulse is much larger 
than the energy level separation AE,  = l/ii3 with ii the mean excited principal quantum 
number. In the time domain this corresponds to the limit where the laser pulse duration 
is much shorter than the classical orbit time TF = 2.irfi3 of the Kepler orbit. In this case 
a large number of Rydberg levels contribute to the ionisation probability. Physically, 
this means that the ionisation of the created radial wavepacket takes place before the 
wavepacket leaves the core (direct four-photon ionisation). Here it is more appropriate 
to write the transition amplitudes in terms of a multiple scattering expression, 

( E l m 3  t ) lW“( t ) )  

= -i dn(s lD(p,  r)ln) exp[-i(,z,t+a(p, t))] e x p ( 2 i ~ m n )  
m = l  33 I’ H,, 

x J”‘  dt’exp(-i[(d--,,)t’-a(p, t’)l}(nIDeff(~, 2’11s) 

-i jmdr^(eID(p,  t)ld)exp[-i(dt+a(p, t))] 

--cc 

E O  

dt’exp{--i[(d- E ) ? ’ -  a(p ,  t’)l}(.”~De& t ’ ) lg )  (4) L 
which expresses the transition amplitude as a sum over contributions m = 1 , 2 , .  . . of 
periodic classical trajectories (Alber and Zoller 1988). For T ~ < <  TE we can perform the 
energy integration in (4) in a stationary phase approximation with the result that only 
the m = 0 term contributes. This term is identical to what one finds for above-threshold 
ionisation, and gives rise to an approximately energy-independent four-photon ionisa- 
tion signal. Note, however, that there is an ambiguity in defining a Rydberg energy 
spacing A &  (or equivalently, a classical orbit time T )  because the effective ionisation 
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threshold varies according to the time and space dependence of the laser field. At the 
beginning (and at the end) of the pulse (when the Stark shift is negligible) Rydberg 
states around E = E,  are excited. Thus the condition T,,, = T~ defines a principal quantum 
number nmax.  In the course of the laser pulse the ionisation threshold shifts upwards 
with increasing light intensity and the laser is tuned into resonance with lower-lying 
states. At maximum intensity Rydberg levels around E = E,  + Sw,,, are excited. Again 
the condition Te,z = T~ defines a principal quantum number nmin (which is smaller than 
nmax). Excitation of states above nmin corresponds to formation of a wavepacket. In 
the frequency interval between nmin and nmax we expect a transition between a region 
with well resolved bound-state resonances and a flat structureless quasicontinuum part. 

We have numerically evaluated the ionisation probability as given by (1) and (2) 
for a Gaussian laser pulse. In figures 1-3 we plot the ionisation probability (in arbitrary 
units) as a function of the excitation energy E (measured relative to the zero-field 
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Figure 1. Ionisation probability for a spatially constant (chain curve) and a Gaussian (full 
curve) laser pulse. The broken curve denotes the ionisation probability averaged between 
adjacent Rydberg resonances. The parameters are T~ = 4.1 ps, I = 1.6 x 10'' W cm-2, 
Sw,,, =0.14meV ( 5 . 1 4 ~  au), S w , , , , , ~ ~ = 0 . 8 .  
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Figure 2. Same as figure 1 with I = 6.3 x 10" W cm-*, Sw,,, = 5.5 meV (2.04 x au), 
SW,,, Tp = 34. 
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Figure 3. Same as figure 1 with I = 1.21 x 10" W cm-*, 6w,,,, = 10.65 meV, (3.91 x au), 
SW,,,TP = 57, TP = 3.5 ps. 

ionisation threshold). The durations of the laser pulses are T~ = 4.1 ps, 4.1 ps and 3.5 ps 
and the laser intensities are I = 1.6 x 10" W cm-*, 6.3 x 10" W cm-2 and I = 1.21 x 
10l2 W cm-2 in figures 1 ,  2 and 3, respectively. This corresponds to Stark shifts 
Sw,,, = 0.14 meV (5.14 x au), Swmax = 5.5 meV ( 2 . 0 4 ~  au) and Sw,,, = 
10.65 meV (3.91 x au) or &om,, T~ = 0.8, Sw,,, T~ = 34 and &om,, T,, = 57 (ignoring 
the shift of the ground state). For SW,,,T,,> 1 the process is dominated by the effects 
of the AC Stark shift. The above parameters have been chosen to demonstrate various 
typical lineshapes. In figures 1-3 the chain and full curves correspond to a spatially 
constant and Gaussian laser beam, respectively. The broken curves indicate a frequency 
average over resonance profiles in the spatially inhomogeneous laser beam. In figure 
1 we have Sw,,,<< l /2 (~ , , /27r) -~ '~ ,  e.g. the shift of the effective ionisation threshold is 
negligible. However, as SW,,,T~ = 0.8 the space and time dependence of the threshold 
shift manifests itself in the lineshape of the resonances. In figures 2 and 3 the laser 
pulse is so intense that the lineshapes strongly depend on the details of the pulse form 
and the effective threshold is significantly shifted. 

According to these figures we can distinguish three regions of different physical 
behaviour. Far below threshold the resonance structure is well resolved with the 
maxima of the resonance profiles falling off as K 6  as long as the Stark shift is negligible. 
This can be understood from the K 3 I 2  scaling of the bound-bound and bound-free 
transition matrix elements. A Stark shift of the order of the level spacing leads to a 
slower decay. Closer to threshold we have an energy region where individual Rydberg 
resonances are no longer resolved. Here the ionisation probability is still a decreasing 
function of frequency in agreement with the extrapolated curve obtained by averaging 
over the resonances (broken curves). Finally this is followed by a flat continuum which 
smoothly joins the region of above-threshold ionisation. The arrows in figures 2-3 
indicate the positions of nmin and nmax defined above, which agree well with the border 
lines of the three regions mentioned above. From figure 3 we can see that our results 
are in agreement with experiment (Noordam et a1 1988). 

Support by the Fonds zur Forderung der wissenschaftlichen Forschung grant P6008P 
is acknowledged. 
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