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Intensity-resolved multiphoton ionization: Circumventing spatial averaging
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A persistent problem in traditional high-field photoionization experiments is the intensity averaging caused
by the use of focused laser beams. We show that it is possible to deconvolve ionization probabilities directly
from data for experiments in which the detection volume is restricted. The inversion technique is outlined and
as an example we apply it to multiphoton multiple-ionization measurements of xenon.
@S1050-2947~98!50302-2#

PACS number~s!: 32.80.Rm, 32.80.Fb, 32.80.Wr, 42.50.Hz
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The study of the ionization of atoms and molecules
strong laser fields relies heavily on measurements of the
pendence of many processes on laser intensity. Since
most fundamental physics takes place on the scale of si
atoms, the simplest experiment one could imagine would
serve the response of a single atom or molecule to a si
intensity. Current experiments, however, must sacrifice th
optimum conditions if high-field phenomena are to be o
served. Pulsed lasers must be used along with focu
beams, which implies that the target atoms experience t
poral and spatial variations in the laser intensity. The resu
that these experiments yield averaged data that reflect
only the essential physics, but also the influence of the
perimental configuration and the intensity distribution itse
A natural solution to this problem would be to ‘‘undo’’ th
averaging to recover the underlying physics, but this
proven intractable for traditional experiments. This pap
will demonstrate that data collected from a modified expe
mental setup can in fact be deconvolved to remove the a
aging using a simple algorithm.

The traditional approach to extracting information fro
experimental data that reflect spatial averaging has invo
two main tactics. The simplest is to approximate the situat
as being dominated by the highest intensities near the ce
of the focus, which is reasonable given the highly nonlin
nature of the processes involved. The other tactic is to inc
porate spatial averaging into theoretical models of the
periments, and compare these with the data. These met
have been employed in constructing nearly all of the curr
body of knowledge of high-intensity photoionization. How
ever, recent work has demonstrated the existence of phen
ena that cannot be observed in intensity-averaged d
Talebpouret al. @1# employed a loose focus~Rayleigh range
'6 cm! in combination with a 2 cm aperture to observe
subtle features in the ion yields of xenon and krypton. Jo
@2–4# combined a loose focus with an aperture and time-
flight selection to achieve complete spatial resolution, reve
ing the presence of coherence effects in resonant multip
ton ionization of sodium. Hanschet al. @5# employed the
intensity-selective scanning~ISS! @6# technique to observe
charge-state depletion and other effects in multiphoton m
tiple ionization of xenon, and Schafer and Kulander@7# re-
cently described the prospect of using ISS to observe in
ference effects in resonant population transfer in xenon.
characteristic common to all of this work is that the volum
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from which the ionization products were collected~or calcu-
lated! was limited to a small portion of the interaction regio
over which there was negligible variation in intensity in o
or more dimensions. In the case of ISS, the intensity va
tion along the beam axis direction is removed. In additio
the information gained by scanning the aperture over
focus can be used to unravel the radial averaging. The
from experiments using ISS are thus in a form that can
deconvolved in a few simple steps. The remainder of t
paper outlines how this is done and presents an examp
the form of ionization probability measurements for xeno

The traditional experimental setup used in time-of-flig
measurements, which shall be referred to here as ‘‘
view,’’ involves exposing the entire interaction region to th
detector. Intensity-dependent processes are observed
varying the overall power of the laser beam using filters
polarization techniques. The beam is focused into the ce
of the interaction region by a lens or mirror, which produc
an axisymmetric spatial distribution of temporal peak inte
sities. Ionization takes place throughout the focal volu
given by

I ~r ,z!5
I 0

11~z/z0!2 expS 2
r 2

v0
2@11~z/z0!2# D , ~1!

whereI 0 is the maximum peak intensity,v0 is the minimum
beam waist of the electric field, andz0 is the Rayleigh range
defined byz05pv0

2/l. The measured signalSFV(I 0), i.e.,
the number of electrons of a given kinetic energy or ions
a particularq/m that reach the detector, is measured a
function of I 0 , the on-axis temporal peak intensity at th
beam waist. Since there are no constraints on which reg
of the focus can contribute to the signal~except perhaps for
the flight tube aperture itself!, all regions, and hence all th
intensities present in these regions, will contribute.

By contrast, the ISS method uses a pinhole placed n
the focus, between it and the detector, to limit the volu
seen by the detector to a thin ‘‘slice’’ through the bea
perpendicular to its propagation (z) axis. This slice is ‘‘thin’’
in the sense that there is little variation in the on-axis inte
sity across its width; specificallyDz, the slit width, is small
compared to the Rayleigh range,z0 . The overall intensityI 0
is kept fixed at the maximum, and different on-axis ‘‘loca
peak intensities whereI 0L(z)5I 0(11z2/z0

2)21 are selected
R701 © 1998 The American Physical Society
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by varying thez position of the pinhole. The signal collecte
SISS, can be represented either as a function ofz or of
I 0L(z).

Both full view and ISS experiments sample enough of
focus that there is intensity averaging present in their resu
An examination of the general nature of this averaging
well as its specific form for each scheme illustrates the
convolution problem and how it is dealt with through the u
of ISS. In a spatial representation the generic expression
the signal from a spatially averaged experiment is

S5E N„I ~ r̄ !…d3r 52pE E N„I ~r ,z!…rdr dz, ~2!

where the integration limits depend on the details of the
periment. HereN(I ) is the fundamental quantity; for ex
ample, the fraction of neutral atoms ionized by a given
tensity. N(I ) acquires an implicit space dependen
through the intensity, and this spatially dependent signa
integrated over the relevant volume. For full view, the in
gral extends essentially over all space, whereas for ISS
a small interval inz is spanned:

SFV~ I 0!52pE
2`

`

dzE
0

`

N„I ~ I 0 ,r ,z!…rdr ,

SISS~z!52pDzE
0

`

N„I ~r ,z!…rdr . ~3!

The consequences of this accumulation of signal are
examined in an intensity representation, where the avera
takes the following form:

S~ I 0!5E N~ I !dV~ I ,I 0!5E
0

I 0
N~ I !K~ I ,I 0!dI, ~4!

where

K~ I ,I p!5U]V

]I
~ I ,I p!U. ~5!

Here I p is the experimental intensity parameter~I 0 for full
view, I 0L for ISS! and dV(I ,I p) is the real-space volum
occupied by intensities betweenI and I 1dI for a given
value of I p . For full view, V(I ,I 0) has the form@8#

VFV~ I ,I 0!5pz0v0
2H 4

3 F I 02I

I G1/2

1
2

9 F I 02I

I G3/2

2
4

3
tan21F I 02I

I G1/2J , ~6!

whereas for ISS the form ofV(I ,I 0L) reduces to@9#

VISS~ I ,I 0L!5 1
2 pv0

2DzS I 0

I 0L
D lnS I 0L

I D . ~7!

In real space,V(I ,I p) is the volume bounded by the curv
I (I p ,r ,z)5const. The peanutlike shape of a typic
VFV(I ,I 0) is shown in Fig. 1~a!. Also indicated in this figure
is a ‘‘slice’’ of this volume at z5c, which constitutes
VISS(I 0 ,z5c) for the sameI 0 . The shape ofVISS(I 0 ,z5c)
e
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in thez5c plane is shown in Fig. 1~b!. Detecting only a slice
of the focal volume creates a dramatic change in the vo
metric weighting of the measured signal. The full Gauss
intensity distribution is reduced to a one-dimensional rad
distribution. Thus, a unique one-to-one mapping exists
tween any radiusr and the laser intensityI with local peak
intensity I 0L(z).

The quantity to be recovered,N(I ), is contained inside an
integral and therefore we are faced with the problem of so
ing an integral equation. Within the formal theory of su
equations, Eq.~4! can be identified as a linear Volterra equ
tion of the first kind@10#. As might be suspected, the exi
tence of an analytic method for solving such an equat
depends critically on the form of the kernelK(I ,I p), which
in turn is determined by the intensity distribution and how
is sampled. For full view,KFV(I ,I 0) has the form@8#

KFV~ I ,I 0!5
]VFV

]I
~ I ,I 0!5

pz0v0
2

3

2I 1I 0

I F I 02I

I G1/2

.

~8!

Without going into detail, the equation that results from su
stitution of Eq.~8! into Eq. ~4! can be placed in the form o
an Abel equation@10#. Abel equations have been studied
several other applications, including plasma spectrosc
and astrophysics, where measurements made over cylind
geometries yield similarly averaged results. Though a ma
ematical solution for the full view case should in princip
exist, in practice, its implementation has not proven feasib
Theoretical treatments have therefore resorted to using
~4! along with a model ofN(I ) to constructSFV(I 0) for a

FIG. 1. ~a! Example of a typical isointensity contour for the fu
view case with a small slice representative of an ISS volume sh
at z5c. ~b! The same ISS volume seen in thez5c plane.
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comparison to experiment. The weakness of this approac
that it sacrifices information about the detailed behavior
N(I ) through the filtering effects ofK(I ,I 0). Interpretation
of the results is less intuitive since complex geometric f
tors must be considered in addition to the relevant physi

The form of the kernel for the ISS case, however, is mu
simpler and the inversion turns out to be trivial. Differen
ating Eq.~7! yields

K ISS„I ,I 0L~z!…5 1
2 pz0v0

2Dz
I 0

I 0L~z!

1

I
, ~9!

which when inserted into Eq.~4! gives

SISS~z!5 1
2 pz0v0

2Dz
I 0

I 0L~z!
E

0

I 0L~z! N~ I !

I
dI. ~10!

Here,SISS is represented as a function ofz, since this is how
the data are collected, and therefore the inversion is m
direct if applied to this form. This equation can be invert
by multiplying both sides byI 0L(z), differentiating with re-
spect toz, and applying the Liebniz rule@11#:

N„I 0L~z!…}F I 0L~z!

dI0L~z!/dzG d

dz
@ I 0L~z!SISS~z!#. ~11!

A similar procedure has also been very recently applied
Constantinescu@12# to a measurement in whichI 0 was var-
ied and the aperture held fixed atz50.

Using the above routine we are able to easily obtainN(I )
at the particular on-axis intensity values spanned by thz
positions of our measurements. This requires measurem
at several positions, each made with sufficient statistics
order to map the behavior ofN(I ) with intensity. This is
necessary since the inversion procedure involves differen
tion of the signal, which exaggerates statistical errors in
result. Fortunately it is possible to collect enough data
surmount this problem with the current experimental se
and the high repetition rate of the laser system. In orde
increase confidence in these results it is also necessa
have a well-characterized focus. We have measured the
tensity distribution of the focus and found it to be well d
scribed as Gaussian. Additionally, it is possible to determ
I 0L vs z carefully by examining photoelectron kinetic-ener
spectra. Peaks that appear abruptly in the spectra at
specific resonance intensities can act as markers for cal
tion of the intensity scale with a good degree of accura
@13#.

As an example of the deconvolution procedure,
present in Fig. 2, data from the experiment by Hanschet al.
@9#, which measured intensity-dependent multiple ionizat
of xenon. Figure 2~a! shows the raw data, which is the num
ber of xenon ions of each charge state measured versusz
position of the pinhole, wherez50 is at the minimum beam
waist. The rollover in the number of singly charged ions, d
to their depletion by double ionization, is a signature of t
limited extraction volume@5#. Similar effects have also bee
observed in experiments where the volume was restric
and the peak intensity varied@12,14#. Figure 2~b! shows the
data after inversion and scaling for the relative detection s
sitivity for different charge states. These curves repres
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Ni(I ), the relative number of ions of thei th charge state~i
51 to 4! per unit volume produced at intensityI . The num-
ber of singly charged ions saturates around 731013 W/cm2

and does not increase beyond this point. This is expect
since the probability for ionization has a maximum value o
unity. The slope of the curve becomes slightly negative at t
highest intensities with the onset of depletion by double io
ization. The occurrence of nonsequential double ionizati
~NSDI! is clearly evident in the Xe21 curve, which shows
significant double ionization before the Xe1 saturation inten-
sity, as well as a change in slope near 931013 W/cm2. Here
the dominant process changes from nonsequential to sequ
tial ionization. The curves for Xe31 and Xe41 are less de-
pendable due to a lack of statistics in their collection, but a
shown for completeness.

Since all geometric dependencies have been remov
from the data, it is possible to calibrate the ion yields fo
relative detection efficiencies. The sum of the differen
charge states is required to be unity for intensities above
saturation intensity. It should be possible, in fact, to abs
lutely calibrate the detection efficiency using data with bett
statistics due to the probability for ionization having an ab
solute maximum of unity.

To examine the reliability of our procedure, we have in
cluded error bars on the curves for singly and doub
charged xenon. These represent an estimate of the maxim

FIG. 2. Multiple-ionization data for xenon in its original~a! and
inverted~b! forms. Data have been corrected for detection sensit
ity using the method described in the text.
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likely error due to the propagation of statistical errors in t
original signal through the deconvolution routine, and tw
general remarks can be made regarding them. First, bec
the algorithm involves differentiation, statistical fluctuatio
in the data can result in negative values inN(I ), which are
unphysical and have been removed from the data sho
Second, the error inS(z) is, as expected, amplified inN(I ),
especially for those points taken wheredI0L /dz is small,
namely in the center and the far wings of the focus. Ho
ever, both problems are found to converge fast enough t
surmountable by simply collecting enough data. We have
included systematic errors in the analysis, as they are spe
to an experiment, and we are interested in examining pr
erties of the inversion method itself. They can be minimiz
by accurate measurement of the intensity as previously
scribed. In short, the fundamental limitations of the meth
are experimental; it is reliable when used with data fro
experiments done carefully and with sufficient statistics,
se
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which is realizable with high-repetition-rate laser systems
The measurement of intensity dependence in strong-fi

laser-matter interactions continues to be an important too
experiments extend into the realm of molecular ionizat
and dissociation. We have shown that it is possible to c
vert experimental ionization data to probability distribution
In this form, the results are more representative of fundam
tal physics and better suited for comparison to theory. T
simple procedure is made possible by restricting the de
tion volume and utilizing intensity-selective scanning to va
the local peak intensity. Future use of this method will affo
a clearer understanding of ionization probabilities in atom
ions, and molecules by allowing the physics of these p
cesses to be directly represented.

This material is based upon work supported by the U
Army Research Office under Grant No. DAAH04-95-
0418.
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