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We present a self-calibrating method for measuring local multiphoton-ionization yields as a
function of absolute intensity. In contrast to the method recently described by Walker et al. [Phys.
Rev. A 57, R701 (1998)], our method does not require any assumption on the intensity
distribution inside a laser focus, nor does it use any mathematical procedure such as
deconvolution that would be based on such an assumption. In this sense, our method is self-
calibrating. The proposed method immediately gives ion yields as a function of absolute intensity.
Furthermore, it allows the intensity distribution inside the focal volume to be measured with a
spatial resolution of a few um. The proposed method uses a five-grid high-resolution reflecting
time-of-flight ion spectrometer, in combination with an electron spectrometer. The advanced
design of the ion spectrometer allows detection of ions originating exclusively from a well-defined
source volume with pum-size dimensions, thus enabling absolute measurements of ionization
probabilities and saturation intensities. By moving the source volume of the ion spectrometer
through the focal region, we can quantitatively measure local ion densities inside the focus. The
corresponding spatial absolute intensity distribution is measured by electron-ion coincidence
measurements via the ponderomotive shifts in the electron spectrum of a suitable target gas, e.g.,
He. Both aspects of the proposed method (ion measurements from a confined volume and
intensity measurements based on ponderomotive shifts) have been successfully applied in the
past.
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We present a self-calibrating method for measuring local multiphoton-ionization yields as a function of
absolute intensity. In contrast to the method recently described by Watkalr [Phys. Rev. A57, R701
(1998, our method does not require any assumption on the intensity distribution inside a laser focus, nor does
it use any mathematical procedure such as deconvolution that would be based on such an assumption. In this
sense, our method is self-calibrating. The proposed method immediately gives ion yields as a function of
absolute intensity. Furthermore, it allows the intensity distribution inside the focal volume to be measured with
a spatial resolution of a fewm. The proposed method uses a five-grid high-resolution reflecting time-of-flight
ion spectrometer, in combination with an electron spectrometer. The advanced design of the ion spectrometer
allows detection of ions originating exclusively from a well-defined source volume witksize dimensions,
thus enabling absolute measurements of ionization probabilities and saturation intensities. By moving the
source volume of the ion spectrometer through the focal region, we can quantitatively measure local ion
densities inside the focus. The corresponding spatial absolute intensity distribution is measured by electron-ion
coincidence measurements via the ponderomotive shifts in the electron spectrum of a suitable target gas, e.g.,
He. Both aspects of the proposed metlimth measurements from a confined volume and intensity measure-
ments based on ponderomotive shifteve been successfully applied in the pdS1.050-29478)09408-§

PACS numbegps): 32.80.Rm

Very recently, Walker, Hansch, and van Woerkdf]  volved. Spatial intensity variations, on the other hand, just
described a method for measuring multiphoton-ionizatiorlead to blurring of the intensity dependence of the signal to
(MPI) ion yields resolved for intensity. In their method, the be measured, and tend to obscure the underlying physics. In
experimental problem of spatial averaging is circumventednathematical terms, when the source volume of the ion spec-
by detecting only a slice of the focal region, and applying atrometer is unrestricted.e., its typical dimensions are much
deconvolution technique to the measured signal, making cefarger than the typical structures in the spatial beam piofile
tain assumptions on the laser beam profile that limit the apthe experimentally measured ion sigle(E) as a func-
plicability of their method. In this Brief Report we will tion of total laser pulse enerdy is given by the spatiotem-
briefly describe a more elegant method, that does not try tgoral integral
“circumvent” the problem of spatial averaging in MPI ex-

eriments, but simply eliminates it, and is of general appli- 1 *
Eability. i ’ P New(®)> v f f j all drf- dt 7(ORAE.r.),
In general, the ioror electron yield signal measured in space )

pulsed-laser high-intensity MPI experiments is in fact a spa-

tiotemporal average of particle yields over the source volumq\,hereR(” (the quantity of main interest herss the ion rate
of the spectrometer that is used and the specific temporgls a function of intensityy(r) is the local collection effi-
pulse shape of the laser. Although the high order of manyiency of the spectrometefO<g#(r)<1], and AV
processes that are studied may help to reduce the effects eff [ fdr(r) is the effective volume of the region in space
spatial averaging in specific cases, there is a fundamentghe spectrometer accepts particles fréihe source volume
experimental problem facing us here. In principle, one idedn Eq. (1), we have explicitly written the dependence of the
ally would like to measure ion yields as a function of peakintensity on space and time. As Ed) shows, ions are col-
intensity for a given pulse shape, without any spatial averaglected from all points in spacewhere 5(r)+0, and a cor-
ing. As clearly explained by Lambropoulg2], temporal ef- responding range of intensities(E,r,t) contributes to
fects(i.e., caused by the rising and falling of the laser puIseNgQ,'n(E). For an unrestricted source volume, this range of
during its temporal evolutioncannot be neglected in high- contributing intensities is so large that the intensity depen-
intensity experiments. However, temporal effects are interdence ofR(l) is “smeared out.” Furthermore, the relative
esting in the sense that the dynamics of the system is ineontribution of a specific intensity interval depends on the
spatial volume where this intensity range is found. This is
what is generally called the volume effect. In this Brief Re-
* Author to whom correspondence should be addressed. Electronjport we will briefly describe a method that enables(iygo
address: KEU@MPQ.MPG.DE detect particles from a volume in space with fixed and
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known dimensions that is so small thafr) can be effec- 1500 77— ——
tively replaced by & function located at a specific poing ' H.O*

in spacejii) to position this pointy at any desired position 2
in space; andiii) to measure the peak intensity at this point | o
in spaceli.e., the absolute maximuiy(E,rq) of 1(E,rg,t) 1000 ;
for a given pulse energk] in an absolute and unambiguous 1 H QD
way. Using this method, we immediately obtain the intensity
dependence of MPI ion yields by simply moving through
the focal volume. The authors of R¢fl] demonstrate that Se) o t
their method can be applied for a Gaussian beam profile. 500 CPO P
However, the feasibility of their deconvolution method de- I ]
pends very critically on the intensity distribution, and thus
their method has a rather limited applicability in practice. I
Our method, on the other hand, does not rely(passibly fY I el
speculativg assumptions on the beam profile inside the focal 0 50 100 150 200
volume, nor does it nee@ossibly cumbersomenathemati- position x (um)

cal procedures based on such assumptions to be invoked. On

the contrary, the method we propose even allows detailed FIG. 1. Dependence of the,B" yield on the radial positiox
analysis of the intensity distribution in the focal volume andof the confined volume inside the beam waist of a Ti:sapphire laser
thus is an important tool for beam diagnostics. Because it =790 nm, pulse duration 170)fsThe intensity in the center
our so-called confined-volume method the source volume of*=125xm) is of the order of 1_53 Wem'?. The confined volume
the spectrometer has fixed and known small dimensjerss ~ Was moved through the focus in steps of typically 5 to.0.

um in the critical direction has been achievig]), it does

not suffer from any volume effect. The ion yields measured ) P
with this method are given by the time integral tic. The reduction of the kD™ yield in the center, where the
intensity is about 1% W cm™? (estimated by conventional

3 method$ is caused by photodissociation.
NZ‘QB{(E.ro)xf dtR(Io(E,ro)F (1)), (2 To measure absolute intensities inside the focal region,
o the five-grid spectrometer only needs to be extended by a
very simple time-of-flight electron spectrometer. Using a
suitable gas, such as He, one can deduce the intensity at any
position in space by performing electron-ion coincidence
measurements. In that case, a repeller with a slit must be
used, to allow electrons to enter the electron spectrometer,
and the repeller voltage must be pulsed, so that the electrons
can drift away under field-free conditions. A very slow 1-eV

e)
Q

counts
O
O

where we have explicitly factorized out the temporal profile
of the laser pulsd-(t), normalized according to 9F(t)
<1. The peak intensity can be varied by varyiBgand/or
ro. However, to vary the laser ener@yone typically would
put some filter in the laser beam, and this may lead to un
wanted changes in the intensity distribution. Therefore varia

tion .Of Fo is the _preferred way to vary int_ensity. Briefly, the electron would travel the typical distance of 1 mm between
confined detection volume of the five-grid spectromédr the laser focus and the repeller in 1.7 ns, so a delay of a few

is realized as follows. A laser beam passes between the eleGz powveen the laser pulse and the voltage pulse on the re-

trlci;':llly ?rl?\l/mdftd entntancfe slit of tdhetspectrghmetertand a rI?'eller is sufficient. The He ions, on the other hand, have
pefier "’; . "VO atge ?f 31 e\(/jv rtnmt IS anlce. 1€ ten ra(ljnce Slthermal velocities of about 1amnst at room tempera-
geometrically cu's 0 € detection volume In o dimen-y,, .o -4 they are essentially frozen in space during this ns

sions. In the third direction, parallel to the spectrometer ax'sdelay, and the confined volume remains well defined. In this

lons are labeled by the electr_ostgtic equipotential surfaCﬁ/ay, a kinetic energy spectrum can be recorded for electrons
they are created on, and the kinetic energy they have Whe('.Slriginating exclusively from the confined volume. As was

entering the grounded spectrometer entrance has a one-t9: 1 onstrated in Ref[5], the redshift in a He above-

one relation to their initial positio_n. _The five_-gri(_j SPECrom- 4, -oshold ionization(ATI) spectrum is proportional to the
eter accepts ions only from a _I|m|ted region in space by eak intensity of the laser pulse for intensities up to about the
acting as an energy bandpass filter. By changing the pote aturation intensity of (6:90.8)x 10" W cm™2 (at 248.6

tials of the five grids, the characteristics of this bandpas%m) This redshift is caused by the ponderomotive sbit
filter are changed, and thus the detection volume is moved igf tHe ionization threshold givefin practical units by

space. The feasibility of our method is illustrated by Fig. 1,
yvhgre we show the spatial distribgtion ogBl* ions(circles Up(eV)=93.4\(um)]?1(10'° W cm?), ©)
inside the focus of a 170-fs Ti:sapphire laser beamn (

=790 nm). In these measurements, the confined volume waghere\ is the wavelength andthe intensity. Thus, for every
400 um wide along the propagation direction of the laser,positionr of the confined volume, a recorded coincident He
and only~20 um wide in both othefcritical) directions[3].  ATI spectrum will immediately reveal the absolute intensity.
The beam waist with a diameter of about 1Zn was In practice, the He pressure must be optimized for maximum
scanned by moving the confined volume in steps of typicallysignal-to-noise ratio, and one has to correct for random co-
5 to 10 um. The differences between the left and the rightincidences, e.g., by correlating electrons from one laser pulse
wing show that the beam profile is particularly asymmetric,with ions from the next one. However, space does not permit
and for this case a deconvolution method would be unrealisa detailed discussion of such practical aspects, and we want
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to stress the generality of the proposed method. Anyhow, theolved. The method is generally applicable, and does not
intensity measurements can be done once and for all, angquire a specific laser profile. It is based on concepts that
only need to be repeated when the laser profile is changetlave already proved their applicability and reliability in the
Since the ion yield measurements with a moving confinegast. As a spinoff, our method allows absolute intensity dis-
volume do not require the laser beam to be manipulated, thigibutions inside a beam waist to be measured with reso-

profile remains unaffected. o lution, and thus is a valuable tool for laser beam diagnostics.
In summary, we have proposed a self-calibrating method
for measuring MPI ion yields as a function of absolute in- C.I.G.T.U. gratefully acknowledges the Alexander von

tensity, that is free of volume effects, and is intensity re-Humboldt-Stiftung for support.
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