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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.
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PACS numbg(s): 32.80.Rm, 32.80.Fb, 32.80.Wr, 42.50.Hz

The study of the ionization of atoms and molecules byfrom which the ionization products were collect@a calcu-
strong laser fields relies heavily on measurements of the ddated was limited to a small portion of the interaction region
pendence of many processes on laser intensity. Since trfaver which there was negligible variation in intensity in one
most fundamental physics takes place on the scale of singler more dimensions. In the case of ISS, the intensity varia-
atoms, the simplest experiment one could imagine would obtion along the beam axis direction is removed. In addition,
serve the response of a single atom or molecule to a singlée information gained by scanning the aperture over the
intensity. Current experiments, however, must sacrifice thes®cus can be used to unravel the radial averaging. The data
optimum conditions if high-field phenomena are to be ob-from experiments using ISS are thus in a form that can be
served. Pulsed lasers must be used along with focuse#econvolved in a few simple steps. The remainder of this
beams, which implies that the target atoms experience tenpaper outlines how this is done and presents an example in
poral and spatial variations in the laser intensity. The result ishe form of ionization probability measurements for xenon.
that these experiments yield averaged data that reflect not The traditional experimental setup used in time-of-flight
only the essential physics, but also the influence of the exmeasurements, which shall be referred to here as “full
perimental configuration and the intensity distribution itself.view,” involves exposing the entire interaction region to the
A natural solution to this problem would be to “undo” the detector. Intensity-dependent processes are observed by
averaging to recover the underlying physics, but this hagarying the overall power of the laser beam using filters or
proven intractable for traditional experiments. This papefolarization techniques. The beam is focused into the center
will demonstrate that data collected from a modified experi-Of the interaction region by a lens or mirror, which produces
mental setup can in fact be deconvolved to remove the ave®n axisymmetric spatial distribution of temporal peak inten-
aging using a simple algorithm. sities. lonization takes place throughout the focal volume

The traditional approach to extracting information from given by
experimental data that reflect spatial averaging has involved
two main tactics. The simplest is to approximate the situation lo r
as being dominated by the highest intensities near the center I(r,z)= 1+ (2/zg)? ex;{ w§[1+(z/zo)2])’ 1)
of the focus, which is reasonable given the highly nonlinear
nature of the processes involved. The other tactic is to incor- . i . o o
porate spatial averaging into theoretical models of the exWherelo is the maximum peak intensity is the minimum
periments, and compare these with the data. These methoBg§am waist of the electric field, arg is the Rayleigh range
have been employed in constructing nearly all of the currenglefined byzo=mwj/\. The measured sign@e(l), i.e.,
body of knowledge of high-intensity photoionization. How- the number of electrons of a given kinetic energy or ions of
ever, recent work has demonstrated the existence of phenor@-particularg/m that reach the detector, is measured as a
ena that cannot be observed in intensity-averaged datéinction of I, the on-axis temporal peak intensity at the
Talebpouret al.[1] employed a loose focuRayleigh range beam waist. Since there are no constraints on which regions
~6cm) in combination wih a 2 cmaperture to observe Of the focus can contribute to the sigriakcept perhaps for
subtle features in the ion yields of xenon and krypton. Jonethe flight tube aperture itselfall regions, and hence all the
[2—4] combined a loose focus with an aperture and time-ofintensities present in these regions, will contribute.
flight selection to achieve complete spatial resolution, reveal- By contrast, the ISS method uses a pinhole placed near
ing the presence of coherence effects in resonant multiphdhe focus, between it and the detector, to limit the volume
ton ionization of sodium. Hanscht al. [5] employed the seen by the detector to a thin “slice” through the beam
intensity-selective scanningSS) [6] technique to observe perpendicular to its propagatiom)(axis. This slice is “thin”
charge-state depletion and other effects in multiphoton mulin the sense that there is little variation in the on-axis inten-
tiple ionization of xenon, and Schafer and Kulan{igf re-  sity across its width; specificallz, the slit width, is small
cently described the prospect of using ISS to observe inteisompared to the Rayleigh rangg, The overall intensity
ference effects in resonant population transfer in xenon. This kept fixed at the maximum, and different on-axis “local”
characteristic common to all of this work is that the volumepeak intensities wherlam_(z):Io(lJrzzle)‘1 are selected
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by varying thez position of the pinhole. The signal collected,
Siss, can be represented either as a functionzobr of (a)
|o|_(2)- I =const. ﬂ\
Both full view and ISS experiments sample enough of the

focus that there is intensity averaging present in their results.
An examination of the general nature of this averaging as
well as its specific form for each scheme illustrates the de-
convolution problem and how it is dealt with through the use

of ISS. In a spatial representation the generic expression for
the signal from a spatially averaged experiment is

Ssz(I(T))d%szf j N((r,2)rdr dz, (2

where the integration limits depend on the details of the ex- b
periment. HereN(l) is the fundamental quantity; for ex- ( ) y
ample, the fraction of neutral atoms ionized by a given in- I = const., A
tensity. N(I) acquires an implicit space dependence z=c¢
through the intensity, and this spatially dependent signal is

integrated over the relevant volume. For full view, the inte- \

gral extends essentially over all space, whereas for ISS only

a small interval inz is spanned: \

s

SFV(IO)=27TJ:dzf:N(I(Io,r,z))rdr,

S,SS(Z)ZZWAZJ' N(I(r,z))rdr. 3 FIG. 1. (a) Example of a typical isointensity contour for the full
0 view case with a small slice representative of an ISS volume shown

The consequences of this accumulation of signal are besaf z=c. (b) The same ISS volume seen in the ¢ plane.

examined in an intensity representation, where the averaginI

takes the following form: A thez=c plane is shown in Fig.(b). Detecting only a slice

of the focal volume creates a dramatic change in the volu-
lo metric weighting of the measured signal. The full Gaussian
S(Io)zf N(HdV(I ,Io)zf N(HK(I,1g)dl, (4) intensity distribution is reduced to a one-dimensional radial
0 distribution. Thus, a unique one-to-one mapping exists be-
tween any radius and the laser intensitly with local peak
intensity 1 5, (2).
The quantity to be recoverebl(l), is contained inside an
. (5 integral and therefore we are faced with the problem of solv-
ing an integral equation. Within the formal theory of such
Herel, is the experimental intensity parameteg for full ~ equations, Eq(4) can be identified as a linear Volterra equa-
view, Io_ for ISS) and dV(l,1,) is the real-space volume tion of the first kind[10]. As might be suspected, the exis-
occupied by intensities betwednand | +d| for a given tence of an analytic method for solving such an equation

where

NV
K(|,|p)=‘ﬁ—|(|,|p)

value ofl ,. For full view, V(1,1,) has the forn{8] depends critically on the form of the kerni€(l,1,,), which
in turn is determined by the intensity distribution and how it
(4 [To=11M2 2 T15—1]32 is sampled. For full viewKg(1,1,) has the forn{8]
Vey(l,1g) = mZowg § |_ +§ |_
Ny mZowd 21 +14 [1o—1]12
4 No—l 12 KFV(IaIO)zT(IaIO)z 3 | | :
~3 tan I , (6) ®)
whereas for ISS the form of (1,1, ) reduces td9] Without going into detail, the equation that results from sub-

stitution of Eq.(8) into Eq. (4) can be placed in the form of
12 lo Lo an Abel equatior10]. Abel equations have been studied in
V'SS(I’|0L):57T“’0AZ<K)M(|_>' (D several other applications, including plasma spectroscopy
and astrophysics, where measurements made over cylindrical
In real spacey(l,l,) is the volume bounded by the curve geometries yield similarly averaged results. Though a math-
I(l,,r,z)=const. The peanutlike shape of a typical ematical solution for the full view case should in principle
Vey(l,1p) is shown in Fig. 18). Also indicated in this figure exist, in practice, its implementation has not proven feasible.
is a “slice” of this volume atz=c, which constitutes Theoretical treatments have therefore resorted to using Eg.
Visqlg,2=c) for the samd . The shape oV s{ly,z=c) (4) along with a model ofN(I) to constructSgy(l) for a
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comparison to experiment. The weakness of this approach . ———eseees
that it sacrifices information about the detailed behavior of o JURS o TTeee
N(I) through the filtering effects oK(l,l). Interpretation Wk ’,-0”
of the results is less intuitive since complex geometric fac- U 0® 25000
tors must be considered in addition to the relevant physics. § 10° oo™ 000%® *® voo

The form of the kernel for the ISS case, however, ismuct ¢ | 229°° 000%°
simpler and the inversion turns out to be trivial. Differenti- & '° ??‘I’Q 0002 05anP? "
ating Eq.(7) yields 2 ok 18 ifo 050000° an”

2 léloo o poBo
2 |0 1 107 —iil;l © o 0o
KlSS('a'OL(Z)):%WZOwoAZ|——v C) go © °
OL(Z) I 102 o a%a o
[u] oQb
which when inserted into Eq4) gives s ' 3 > : o
loL(z (a) z/z,
S|Ss(z) = %WZO(J)gAZ IO OL( : w d I . (10)
lor(2) Jo |
10° E
PR L AR T AR 3 1

Here,Sisgis represented as a functionofsince this is how 107" A o = {}%
the data are collected, and therefore the inversion is mo: , % ??” ?T
direct if applied to this form. This equation can be inverted 1 Loo 8

by multiplying both sides by, (2), differentiating with re-
spect toz, and applying the Liebniz rulgll]:

loL(2)

N(loL(2))x —dIOL(Z)/dZ

d
az [lo(2)Sss(2)]. (1)

Relative Ionization Probability

A similar procedure has also been very recently applied b
Constantinesc{i12] to a measurement in whidl was var- T oo T T
ied and the aperture held fixed &t 0. R

Using the above routine we are able to easily obh{h) (b) Intensity (W/cm”)
at the particular on-axis intensity values spanned byzhe
positions of our measurements. This requires measurements FIG. 2. Multiple-ionization data for xenon in its origing) and
at several positions, each made with sufficient statistics, ifnverted(b) forms. Data have been corrected for detection sensitiv-
order to map the behavior dfi(l) with intensity. This is ity using the method described in the text.
necessary since the inversion procedure involves differentia-
tion of the signal, which exaggerates statistical errors in thé\;(l), the relative number of ions of thi¢h charge statéi
result. Fortunately it is possible to collect enough data to=1 to 4 per unit volume produced at intensity The num-
surmount this problem with the current experimental setugoer of singly charged ions saturates around1D™ W/cn?
and the high repetition rate of the laser system. In order t@nd does not increase beyond this point. This is expected,
increase confidence in these results it is also necessary since the probability for ionization has a maximum value of
have a well-characterized focus. We have measured the imtity. The slope of the curve becomes slightly negative at the
tensity distribution of the focus and found it to be well de- highest intensities with the onset of depletion by double ion-
scribed as Gaussian. Additionally, it is possible to determinédzation. The occurrence of nonsequential double ionization
loL Vs z carefully by examining photoelectron kinetic-energy (NSDI) is clearly evident in the X& curve, which shows
spectra. Peaks that appear abruptly in the spectra at vesjgnificant double ionization before the Xsaturation inten-
specific resonance intensities can act as markers for calibraity, as well as a change in slope neat 203 W/cn?. Here
tion of the intensity scale with a good degree of accuracythe dominant process changes from nonsequential to sequen-
[13]. tial ionization. The curves for X& and X&' are less de-

As an example of the deconvolution procedure, wependable due to a lack of statistics in their collection, but are
present in Fig. 2, data from the experiment by Hansthl.  shown for completeness.
[9], which measured intensity-dependent multiple ionization Since all geometric dependencies have been removed
of xenon. Figure @) shows the raw data, which is the num- from the data, it is possible to calibrate the ion yields for
ber of xenon ions of each charge state measured versuas theelative detection efficiencies. The sum of the different
position of the pinhole, where=0 is at the minimum beam charge states is required to be unity for intensities above the
waist. The rollover in the number of singly charged ions, duesaturation intensity. It should be possible, in fact, to abso-
to their depletion by double ionization, is a signature of thelutely calibrate the detection efficiency using data with better
limited extraction volumg5]. Similar effects have also been statistics due to the probability for ionization having an ab-
observed in experiments where the volume was restrictedolute maximum of unity.
and the peak intensity varidd2,14). Figure Zb) shows the To examine the reliability of our procedure, we have in-
data after inversion and scaling for the relative detection sercluded error bars on the curves for singly and doubly
sitivity for different charge states. These curves representharged xenon. These represent an estimate of the maximum
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likely error due to the propagation of statistical errors in thewhich is realizable with high-repetition-rate laser systems.
original signal through the deconvolution routine, and two The measurement of intensity dependence in strong-field
general remarks can be made regarding them. First, becaugger-matter interactions continues to be an important tool as
the algorithm involves differentiation, statistical fluctuations experiments extend into the realm of molecular ionization
in the data can result in negative valuesN(l), which are  and dissociation. We have shown that it is possible to con-
unphysical and have been removed from the data showRert experimental ionization data to probability distributions.
Second, the error i8(2) is, as expected, amplified N(1),  |n this form, the results are more representative of fundamen-
especially for those points taken whedé, /dz is small,  ta] physics and better suited for comparison to theory. This
namely in the center and the far wings of the focus. How-simple procedure is made possible by restricting the detec-
ever, both problems are found to converge fast enough to bgyn volume and utilizing intensity-selective scanning to vary
surmountable by simply collecting enough data. We have nofe |ocal peak intensity. Future use of this method will afford
included systematic errors in the analysis, as they are specifi¢ clearer understanding of ionization probabilities in atoms,

to an experiment, and we are interested in examining proppns, and molecules by allowing the physics of these pro-
erties of the inversion method itself. They can be minimizedzesses to be directly represented.

by accurate measurement of the intensity as previously de-

scribed. In short, the fundamental limitations of the method This material is based upon work supported by the U.S.
are experimental; it is reliable when used with data fromArmy Research Office under Grant No. DAAH04-95-1-
experiments done carefully and with sufficient statistics, 0418.
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