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A basic question in multiple ionization
• If you submit any system with bound electrons to 
an EM field of any photon energy, given sufficient 
intensity and appropriate pulse duration, it will 
eject several electrons; a fact known for 40 years.

• A question that arose, explored and debated at 
least since the mid-80s, is whether the electrons 
are ejected sequentially, or more than one at the 
“same time”, i.e. without a succession of ionic 
stages.

• This is what I will be discussing in this talk.





Multiple Ionization of Xenon by UV Radiation of ps duration 
and intensity up to 10^16 W/cm^2, around 1983-84



Xenon under 93 eV Radiation (FLASH)



Xenon under 93 eV radiation

• Data: Sorokin et al. PRL 99, 213002 (2007) –
(Photoelectric Effect at Ultrahigh Intensities)

Theory: Makris, Mihelic and PL , PRL 102, 033002 (2009)





The Giant Resonance in Xenon (Toffoli et al 
JPB 35, 1275 (2002))

• It has nothing to do with Xe(21+) under 93 eV.
(see PL et al. JPB 44, 175402 (2011))



Bound electrons in EM fields



2-photon double ionization of He 
Channels of single and double ionization





Also Tang &
PL, PRL 58,
108 (1987).
4-photon, 2e
ionization in
Carbon.



A simple generalization: Direct, 
3-photon, Triple Ionization of Li



That, namely Li at 75-90 3V, should be possible 
with current parameters at FLASH.
But why not something more ambitious…like

Direct 6-photon 6-electron ejection in …
let us say Neon; or,

why not, N-photon
18-electron (4d,5s,5p shells) ejection in Xe.

Let us take a look;after a short qualitative discussion.



Bound electrons in EM fields



Measures of Intensity



Ionization Rates under LOPT

• PonderomotiveEnergy:   

• Single-photon Ionization Rate:

• N-photon Ionization Rate:

• Under these conditions a log-log plot of ion
signal versus intensity should be a straight
line of slope N.  If not, something is wrong ?

• Keldysh parameter γ > 1 under these conditions

2/pU I 

W I
N

N NW I



?





Calculated 6-photon ionization (generalized) 
cross section of hydrogen







Scaling of Multiphoton Cross Sections



Direct Multiple Ionization? 
Neon at 93 eV (6-photon  6e)



Mulitple Ionization of Neon at 93 eV
Sequential + Direct Channels



Direct  Multiphoton Multiple  Ionization 
Cross Sections

A direct N-photon, n-electron ejection cross
Section is of the same order as an N-photon
one-electron cross section as long as  N≥n.
(See, for example PRA 83, 021407 (2011)

Why can we accept that conjecture ?
Known cases and structure of the equation



Also Tang &
PL, PRL 58,
108 (1987).
4-photon, 2e
ionization in
Carbon.





Temporal and spatial distribution of intensity in focused laser
pulses, the details of which depend on the particular experi-
mental arrangement.

Temporal                                       Spatial



Features of FEL Pulses  I



Photon statistics and non-linear 
processes.

• N-photon ionization in LOPT is proportional to the Nth 
order intensity correlation function.

• For a chaotic field the Nth order intensity correlation 
function is N! times the Nth power of the average intensity 
(Flux).

• Equivalent to increasing the N-photon cross section by a 
factor of N!



Features  of FEL Pulses II



Averaging over random pulses



Deterministic pulse 30 fs (solid lines with and dashed lines without 
the direct channels, PRA 83, 021407 (2011))
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Evolution of the neutral under a 30 fs pulse.



Deterministic pulse 5fs
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Chaotic pulse 30fs.
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Space integrated (30 fs, chaotic)
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TEST

Exp. Data, Richter et al. PRL 102 163002 (09)



Comparison to experiment
Richter PRL 102, 163002 (09); theory PRA 83, 
021407 (2011).
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Ne at 93 eV: Total charge versus laser intensity



Xe at 93 eV: Evolution of ionic populations as a 
function of peak laser intensity (10 fs pulse)



Xe at 93 eV: Population of the neutral as a           
function of laser peak intensity (10 fs pulse)





Summary and Outlook

These multielectron direct 
processes should be present in 

essentially any atom and certainly
in all rare gases.

END- Thank you


