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In photoelectron spectroscopy experiments it is generally assumed that the Coulomb force between
charged particles is small compared with external fields, and that the free kinetic electrons will
quickly leave the ions. This is the basis of the ZEKE photoelectron spectroscopy. However as the
density of charged particles is increased, plasma physics effects begin to become important, and the
kinetic electrons become trapped by the net positive charge and move so as to set up a self-field
which can cancel any externally imposed electric fields. For high densities, fewer electrons than
expected are able to escape the self-field. The production of self-consistent electric fields is studied
by means of particle-in-cell plasma simulations and\b¥ody trajectory calculations, and simple
expressions are derived for when plasma physics effects become significant. An experimental
illustration of plasma effects in ZEKE is presented. 1®97 American Institute of Physics.
[S0021-960627)00838-9

I. INTRODUCTION the number of ions, cannot be reduced below a certain limit.

Furthermore, excess ion density is actually necessary in or-

Within the last ten years, zero kinetic ener(BEKE) e tinfadd o
photoelectron spectroscopy, based on pulsed field ionizatiofie" 10 enhance Rydberg lifeti and therefore it is usu-

(PFI) of long-lived, highn Rydberg states? has become an aI_Iy not possiblle to arbitrarily reduce ion Qensities. The
important spectroscopic technique for high resolution studies!in€” between ion enhancement of ZEKE signals and the
of molecular ions and for dynamical studies of excited stated/@PPing of low kinetic energy electrons is blurred, of course,
in both frequencyand time domain&:® and therefore it is worthwhile to consider in more detail the
The success of the technique is based upon the fact thgtasma conditions required for such trapping.
kinetic electrons quickly leave the collection region duringa  In high-resolution ZEKE experiments, two kinds of
delay time(on the order of microsecongdseaving behind plasma effects have been observed. When the ion density is
the highn Rydberg states which are detected by pulsed electoo high, trapped kinetic electrons are always produced, in-
tric field ionization. However, with each laser shot, manydependent of laser frequency, and it is not possible to record
ions can be produced in the laser focus. These ions exerta sharp ZEKE spectrum. The other mechanism, discussed
Coulomb force on the free electrons which may in fact trapabove, produces trapped kinetic electrons when the ion den-
the low energy electrons in the ion cloud. When a delaysity is greatly enhanced at accidental intermediate state reso-
pulsed electric field is applied, these trapped electrons obtainances. In high-resolution spectroscopy, it should be possible
enough energy to escape the Coulomb potential of théo discern true ZEKE signals from such accidental resonance
plasma and are therefore detected, indistinguishable from @ue to the particular red shifting of the ZEKE spectrum with
ZEKE signal. increasing pulsed field extraction strength: the “false
These plasma effects have been reported on several 0ZEKE” signal cannot red shift due to the strict requirement
casions. For example in tHé+1] ZEKE spectrum of para- of intermediate state resonance.
difluorobenzene via th&, state! several anomalous peaks In the case of time-domain ZEKE experiments, by con-
appeared in the ZEKE spectrum which could be attributed t@rast, the broad bandwidth of femtosecond pulses prevents
accidental resonances within tt8& manifold. It was sug- the observation of single lines in the ZEKE spectrum and,
gested that the large excess of ions produced by such acgiznce, greater care is required to discern “false ZEKE” sig-
dental resonances led to the trapping of kinetic electronsyas from true PFI of Rydberg states. One way to do this is to
Recently, this phenomena was reported infthe2] ZEKE  compare the lifetime of the ZEKE signal with the “lifetime”
spectrum of iodine, where accidenfdl,1] resonances also f the jon cloud in the viewing region of the spectroméfer:
gave “false” ZEKE signals. _ _ trapped kinetic electrons should persist as long as the ion
These space charge effects are especially problematic {)o,q is present. Other possible methods might involve the
multiphoton experiments where the laser power, and hencgse of microwave radiation, or pulsed electric and magnetic

fields' to specifically interact with higm- Rydberg states.
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FIG. 2. Sketch of the potential of an cloud of ions with a net positive
charge.(a) No external field(b) The external electric field is applied.

II. ANALYTIC ESTIMATES

Consider a cloud of electrons and ions of radiys If
Nesc €lectrons have escaped from the cloud, then the cloud
will have a net positive chargeN,s.. Because of the very
FIG. 1. Sketch of a sheet of plasma in which the electrons are separatdaigh electrical conductivity of a plasma, the electric field
from the ions by a small distance. The internal field generated by even @nside the cloud will be nearly zero. Forr, the field will
small separation can be surprisingly large. appear to be from a centrally located charge, as shown in
Fig. 2@). For an electron at the edge of the cloud to escape,
its kinetic energy must exceed the local potential. This po-
tential is given in terms of the number of electrons which
evant plasma physics concepts and discuss the magnitude legve already escaped,
the internal fields in terms of simple analytical models which eNogc
provide convenient scaling laws for space charge effects. We V=-—
then quantify the discussion using two kinds of plasma simu-
lation techniques based upon particle—particle and particlefor r>r. If the electrons have an average kinetic enefgy
in-cell methods. Fina”y, we present a Simp|e experimentathen electrons will be able to escape the ions’ potential until
illustration of plasma effects in ZEKE using three-photonthe potentialV equalsTe/e. Therefore the number of elec-
non-resonant excitation of Xe. trons which are able to escape is
We introduce several plasma physics concepts which are 4
useful in the present context. A plasma is assumed to consist Ng.{sphergé=
of a gas of ions and electrons which are free to travel in their
self-consistent electric fields. The electrons and ions are asrhis simple expression shows that there is a limit to the
sumed to have characteristic temperatufgsandT; , which number of electrons which can escape an ion clg¢@dtvi-
are related to their average random thermal velocity. Al-ously this expression requires tHdfs<Niota.)
though in these simulations the velocity distributions are  In most experiments, the shape of the ion cloud is better
Maxwellian, this is not a necessary condition. The compo-described as a cylinder of length and radiusrg. If we
nent particles have a local average number densifyand assume that the electric field varies as for r</ and as
n;,; for initial charge neutralityn,=Zn;, whereZ is the  1/r?for r>/, then(see Appendix A for detailthe number
average ionic charge. In the following, we use Sl units ex-Of electrons which can escape is
cept where explicitly shown otherwise. ,
. . i dmeg/Te 1
In order to estimate the magnitude of the self-generated N (cylinden = .
electric field that a plasma can produce, consider a one- e 1+2In7Trq

dimensional she_et of pla_lsma as |IIustra_ted in Fig. 1. _If the  we introduce a figure of merit parametég,., which is
electrons are shifted a distanedrom the ions(even ifX is  defined as the number of electrons which abée to escape
much less than the initial thickness of the shette internal  the self-consistent fields divided by the number of electrons
electric field isE=encx/e,. For example, whem,=10">  present. Iff..<1, then not all of the electrons can escape,
cm® andx=1 um, then the internal field i€ =180 V/cm.  and we then say that plasma effects are significant,J

This internal field is sufficient to counteract the force of mosts>1, then plasma effects should be negligible. This is not to
commonly-used external fields. If we were to fully separatesay that more electrons than are present will actually escape,
this plasma witt,=10*2 cm™2 and thickness 10@m, then  but instead indicates that all electrons can freely escape if
E=180 kV/cm! Clearly the electrons will be strongly bound f.,>1. We therefore usé...~=1 as the dividing line be-

to the ions. tween possible plasma problems and free escape.

@
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In terms of the total number of free electroNs, ini- 1013 T
tially present in the cloudN,, is n, times the volumg the Possible plasma effects
fraction of electrons which can escape the cloud is PRRTAL
Nesd Sphere =
fosd spherg— ~est P R
N¢ (sphere = 10
2
_Seole 2 010
e’ngri a
e' 0
=
Te(eV) g 1w
=1.65X 101429—_3' (4) §
. Safe from plasma effects
. Nesd cylinden 360Te/ 4/3
fesdcylinden = - = — |, 107 : S — : ‘
Ne(cylinden — e2n 2| 1+2In/Trg 103 102 10-! 100
(5) Electron Temperature T, (eV)

where n, is the average number density of free electronsFiG. 3. Density limits below which electrons will leave a spherical ion
initia”y in the cloud. Proportionate|y fewer electrons can es-cloud without the aid of an external field. The lines represent different radii
cape a cylindrical cloud because the electric field scales acgthe initial ion cloud. Densities below the lines will generally be free from
Space charge effects.
1/r at close range.
It may seem counterintuitive th&l,gocrg but f o« 1/r(2).
The former is a result of the fact that an electron at the edge
of the cloud experiences a central force located a distepce In the limit of E,—0, eq.(6) becomes eq(2). In the
away, and therefore the probability of escape is proportiondimit of E,>T./er,, egs.(6) and(7) become
to ro. The latter scaling is a result of the fact that for a
constantn,, the total number of electrons initially in the
cloud scales aNe|ocr8, and so there are many more elec-
trons. In realityn, will not stay constant as; is increased:
for a single-photon interaction, the number of electrons is _ Nesd sphere
fosd Spherg=

47760I’2E
Nesd Sphere= %, 8

proportional to laser pulse energy, not intensity, and so in- Ne((sphere
creasing the beam diameter will reducg, increaseNgq.,
. 360Ex
and increasd ... =
If the number of electrons is greater than the limits in €Nelo
egs.(4) and(5), then some electrons will be trapped by the E(Viem)
self-consistent field set up by the ions. This can have a seri- =1.65x100————— ~ 9
ous impact on ZEKE studies, where it is assumed that elec- Ne(cM™3)ro( m)

trons above the ionization threshold will leave their parent
ion and will leave the viewing region of the spectrometer. If
there is another ionization channel that produces a larg

number of electrons exceedi hen some of th ) ) 4
umber of electrons exceedines., then some of these unable to escape and will be trapped in the ion cloud. In

kinetic electrons will be trapped and will be indisting'uish-. analogy with eq(3), for a cylindrical distribution of charge
able from the Rydberg electrons when the pulsed field Iﬁ\lesc(cylinder) will be somewhat smaller than this.

turned on. In photoelectron spectroscopy experiments, a po- In order to determine if self-fields are important for a

tential as small as 50 meV can be detrimental. articular experiment, use efl); if f 1_then the Cou-
In many experiments an electric field is used to acceler? P ' ! esc”

ate the charged particles into a mass spectrometer. What I%mb field can be neglected. The two limiting cases are il-

L Ibstrated in graphical form to show the electron densities
the effect of an external electric field on the number of elec- . . .
. . bove which space charge effects are possible. Figure 3
trons that are able to escape? The field will have the effect o ” .
. . . ows the densities at whidhs{sphere}1 versus an elec-
lowering the plasma barrier to electron escape, as illustrate

in Fig. 2(b). It can be shown that, for a spherical cloud andtron kinetic energy in the I|m|t of no external field. Figure 4
o shows the densities at whidiy{sphere}¥1 versus an ex-
an external electric fiele, ,

ternal electric field in the limit of zero initial electron kinetic
47reor§ energy. In both graphs, densities below the line are generally
Nesd spherg= = (VEx+\Telerg)?, (6)  safe from space-charge effects. The two graphs are to be
used in conjunction; first determine from Fig. 3 if the elec-
Nesdspherg  3eg ———, trons will leave on their own, and if, is too high for them
fesd sphere= Nei(sphere enero(\/E—X+ Te/€T0)™ {5 escape, use Fig. 4 to see what applied field is required to
(7 extract them.

These are the general conditions which govern the num-
ber of free electrons which will be able to escape the Cou-
%mb field of the ions; electrons in excess Mf. will be
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FIG. 4. Density limits below which electrons will leave a spherical ion FIG. 5. Fraction of electrons which escape versus the external electric field.
cloud with an external field. The electrons are assumed to have zero kinetiResults are shown for the particle—particle simulation in one, two and three
energy, so they will not leave the ion cloud on their own. The lines representlimensions, and for the one-dimensional particle-in-cell simulation. Also
different radii of the initial ion cloud. Densities below the lines will gener- included is the analytical prediction in three dimensions.

ally be free from space charge effects.

The electron densityn, defines a characteristic fre-
quency called the plasma frequency. This is the natural fre-
The analytic results derived in the previous section areguency at which an electron oscillates about an ion if dis-
based on idealized assumptions such as that the problemtisrbed from equilibrium:wpz(neezlmeeo)l’z. The electron
one dimensional, and that escaped electrons do not contritemperature and density define a characteristic distance
ute to the electrical potential surrounding the ion cloud.called the Debye lengthyp=(eTo/N.e?)¥2 The Debye
Therefore, we investigated the applicability of these analytidength is particularly significant because it is the distance
estimates of escaped electrons by means of computer modver which electrons are able to shield out external fields. In
elling. practical units\p(m)=7.43(T.(eV)/n,(cm %))Y2 We use
There are various techniques used to model a pldéma.these parameters as our units of time and length.
Hydrodynamic models treat the electrons and ions as colli- We first discuss the particle—particle simulation, details
sional fluids. Vlasov models calculate the velocity distribu-of which are given in Appendix B. In order to study the
tions of the particles. Particle models use discrete particles teffects of the size and shape of the plasma region, the code
simulate the plasma. The particle model is best suited t@ould operate in one, two or three dimensions. For the lower
dealing with an isolated plasma in an external electric fielddimensions, the particles were assumed to be rods or sheets
Below we will present calculations based on two types ofwith a density corresponding to the density in the other di-
particle models. mensiolts). For example, in two dimensions the plasma was
In a particle simulation of a plasma, the simulation “par- an infinitely long cylinder with the electric field applied per-
ticle” generally represents a number of real particles. A sependicular to the cylinder axis.
of such particles is used, and the positions and velocities of Figure 5 shows the predictions of this model for differ-
the particles are tabulated. At discrete time steps, the selent dimensionality. These results did not change when the
consistent electromagnetic fields are calculated, and the pamumber of electrons was changed. The usual numerical tests
ticles are accelerated according to Maxwell's equations andere done, for example changing the time step and changing
moved according to Newton'’s laws. the number of particles, to verify that the code was perform-
Particle simulations are generally divided into two meth-ing correctly.
ods which differ only in the way that the fields are calcu- Also shown in Fig. 5 is the prediction of e¢7). The
lated:(1) particle—particle an¢R) particle—mesh methods. In analytic model seems to better fit the 2D simulation, even
the particle—particle method, the force on a particle is calcuthough it assumes a spherical cloud and should fit the 3D
lated by considering the force from all other particles indi- simulation. In general, the analytic model seems to underes-
vidually; the time for performing this type of calculation timate the number of escaped electrons compared with the
scales adN?, whereN is the number of simulation particles. simulation. Therefore our analytic estimates are conserva-
In particle—grid methods, the field is calculated on a spatiative.
grid, and the force acting on a patrticle is derived from the  The simulation also showed that the shape of the charge
field at its nearest grid point; this method scalefNasnd so  distribution has an effect on the number of escaped electrons.
is more suited to calculations with large numbers of pardn two dimensions, an elliptically shaped cylinder loses more
ticles. electrons than a circular one, and if the long axis of the

lll. PARTICLE SIMULATIONS

J. Chem. Phys., Vol. 107, No. 14, 8 October 1997



5314 Villeneuve et al.: Zero kinetic energy (ZEKE) photoelectron spectroscopy

ellipse is parallel to the electric field it loses about 20% moreZEKE signal except by a prior knowledge of the resonance.
than if the long axis were perpendicular to the field. The magnitude of the spoiling field must satisfy €tyl).

The predictions of the simulation were also compared  Reiseret al’ report that non-ZEKE signals can appear in
with a one-dimensional particle-in-cell plasma simulation.ZEKE experiments. In the[1+1] ZEKE spectrum of
This technique, described in Appendix C, is faster than the-difluorobenzene via the S1 state, they attributed several
particle—particle model and permitted calculations withspectral peaks to large numbers of non-ZEKE electrons be-
larger numbers of electrons, but is limited to one dimensioning produced by resonances with the S1 state. These excess
Its predictions agree very well with the particle—particle electrons exceeded the number which could escape the space

model’s in one dimension, and are shown in Fig. 5. charge, and hence were detected along with the true Rydberg
electrons.
How does one test for the presence of these plasma ef-
IV. IMPLICATIONS FOR PHOTOIONIZATION fects? For the case of a single ionization channel, increasing
EXPERIMENTS the gas density should result in a linear increase in ZEKE

) ) o signal; a faster-than-linear increase is indicative of space
The results of the preceding sections indicate that t0Qnarge effects. In the case of ZEKE studies where there is a

many ions in the laser focus can alter photoelectron ki”eti%ompeting ionization channel, both laser power and gas den-
energy distributions and trap low energy electrons in the Self‘sity must be checked for linearity of signal.

generated potential. The signs of space charge effects are” gnace charge effects in ZEKE experiments are almost
readily apparent in time-of-flight photoelectron spectros-ingjstinguishable from ion interactions which enhance the
copy: the sharp features in the spectra become blurred. If¥atime of Rydberg state® Interactions of Rydberg states
ZEKE photoelectron spectroscopy, however, the electron engjith surrounding ions are needed in order to increase the
ergies_are not_measureq and therefore greater care is_requir@pbitm angular momentum of Rydberg electrons to extend
to avoid trapping. For field-free escape of electrons, it musheir jifetime sufficiently to be detected. Such ion effects

be ensured th4tf. eq.(4)] have been observed experimentdflyHowever, at higher
T.(eV) densities, it may be that increasing the number of back-
ne(cm 3)<1.65x 101426—. (100  ground ions simply traps some very low kinetic energy elec-
ro(um) trons in the ion cloud, and that it is these electrons, rather

condition becomes, in the limiting case of e(@) for

E>Telero, V. EXPERIMENTAL DEMONSTRATION OF PLASMA
E,(V/cm)>6.06x 10*r o( um)ng(cm3). (11) EFFECTS

This can be a severe constraint, since Ege=100 mV/cm In order to illustrate the type of plasma effects discussed

andr,=50 um, ng<3x10’" cm 3. lon densities in typical in the preceding sections, we have performed three-photon

experiments are % 10° cm~31314 ZEKE experiments using tunable femtosecond UV pulses on

Furthermore, since the field-free escape probability isatomic Xe in the presence of excess ions. Previous experi-
proportional toT., the more energetic electrons escape firstments on three-photon ZEKE were performed to determine if
and set up a self-consistent field which can trap a largethe ZEKE technique could be used to selectively detect at-
number of slow electrons. It is conceivable that this can reems using intense, short-pulse las&rét should be noted
sult in the observation of charge transfer between ions; Althat these experiments are qualitatively very different from
et al’® observed MATI signals from §Ds when GHg was  conventional high-resolution ZEKE experiments using
excited to high Rydberg states, from which they inferred thaharrow-linewidth nanosecond lasers.
charge transfer between Rydberg molecules occurred. In the experiment, intense sub-picosecond pulses of laser

In ZEKE experiments the many ions and electrons thatight, tunable in a range around 306 nm, were used to excite
are produced by excitation to continuum states must be corkenon atoms. Non-resonant three-photon absorption of 306.5
sidered, since these can easily outnumber the ZEKE elegym light will excite xenon to its ionization potentidlP) of
trons which are in high-lying Rydberg orbitals. It is these 12.130 eV. Because it is a third order effect, the ionization
free electrons which lead to the, that is used in eqq10) rate is a non-linear function of the laser intensity. Further-
and(11). The very small spoiling field which is usually ap- more, the high laser intensities used 010" Wicn?)
plied (intentionally or otherwiseto the plasma to remove cause a significant ac Stark shift of the IP. The Stark shift is
these non-ZEKE electrons must be sufficient to extract alequal to the ponderomotive potential,
most all of them, otherwise they will be extracted by the o2 2
larger pulsed field that is used to field-ionize the Rydberg P~ & Eo/4Me® (12)
electrons. Any non-ZEKE electrons which are not removedvhereE, is the electric field of the lasem, is the electron
by the spoiling field will appear in the ZEKE signal as a mass andv is the angular frequency of the laser. At a laser
background. If these free electrons are produced by someavelength of 305 nm and in practical unittsl,p(cmfl)
resonant mechanism then they will contribute peaks to the= 701 (W/cn?)/10'2. This Stark shift is greater than the
ZEKE spectrum which cannot be separated from the trug¢hree-photon energy bandwidth of 200 thn(The measured
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ber density of neutral Xe atoms in the laser focal volume can
be calculated from molecular beam expansion conditténs;
3-photon laser bandwidth (2) three-photon non-resonant ionization cross-sections of
atomic Xe are well known® (4) high-n Rydberg states con-
verging to the Xé ground state are very long lived and,
hence, relatively unaffected by ion—Rydberg interactibhs;
(5) the broad bandwidth of femtosecond pulses allows the
simultaneous preparation of highRydbergs and free ions.
These experiments allow a separation of electron tempera-
ture effects from pure density effects: the electron tempera-
ture is constant here.

The experimental set-up, described in more detalil
elsewheré?® is briefly reviewed here. An amplified femtosec-
ond dye laser system produced 500 fs pulses in the 608—-616
nm range. These pulses were spatially filtered to ensure a
diffraction-limited spatial profile and then frequency-doubled
in an overly long non-linear crystal to yield temporally flat-
FIG. 6. Schematic of the energy range of states around the ionization pdopped 900 fs pulses.e., constant intensity during the pulse
tential. The dark band are thc_Jse Rydberg states Which can be fie_ld ipni;e‘ﬁh the 304—308 nm range. Pulse energies were less than 3
by thelpulsed delgyed extraction field. The dashed I|r_1e shows thg ionization 5 For these experiments, the central wavelength of the
potential. These lines are tilted due to the ac Stark shift as a function of lasef ) - A
intensity. The three-photon bandwidth of the laser spectrum of about 20UIS€ was tuned approximately 60 chabove the ionization
cm ! is also shown. potential.

A pulsed nozzle was used to expand pure Xe into the
interaction region of a simple photoelectron/photoion spec-
spectrum at 610 nm was 3 nm FWHM. After second har-trometer. The nozzle diameter was 206 and the distance
monic generation and a non-resonant three-photon transitiotp the laser focus was 220 nozzle diameters. The stagnation
the effective bandwidth is 200 cm.) As discussed below, pressure behind the nozzle was varied from 250 to 1140
the pulsed extraction field is able to ionize Rydberg states agorr, thus giving a range in the number density of Xe atoms
much as 60 cm? below the IP. However, the combination of in the laser focus of 156.9x 10** cm™3. It was possible to
the Stark shift, the range of intensities present in the focabbserve Xe clusters in the mass spectra under certain condi-
volume, and the large three-photon bandwidth, can also reions. The pulsed valve timing was adjusted to ensure that no
sult in excitation to the ionization continuum. clusters were present in the beam during these experiments.

Figure 6 schematically shows the band of Rydberg state¥he detection of ZEKE signals was performed with a pulsed
that are detectable, and also shows the increase of the IP dfield delay of 500 ns, in the presenciao2 V/cm offset field
to the ac Stark shift. The three-photon bandwidth of the laseand with a pulsed extraction field strength of up to 240
is also shown. Depending on the local intensity and the total//cm. This pulsed field was sufficient to ionize Rydberg
energy of the three absorbed photons, there are four possibétates that were within 60 cm of the IP.
excitations:(1) to a Rydberg state too low to be ionized by Spatial filtering ensures a known spatial intensity distri-
the pulsed field(2) to a Rydberg state which can be field bution and the flat-topped pulse allows for an approximation
ionized and hence will produce a ZEKE electrdB) to a  of constant intensity during the pulse. In principle, therefore,
continuum state above the IP, af®) via four-photon ion- a simple binning of the pulse energigseasured with a pho-
ization to produe a 4 eVelectron. todiodg allows for a shot-to-shot study of intensity effects.

The last two mechanisms can produce a large number dh practice, however, fluctuations in the femtosecond laser
free electrons and ions which have the potential to creatpulse duration prohibit this. In order to get around this prob-
space charge effects and hence interfere with the extractidem, we use the autocorrelation ratidCR)!® as a data ac-
of the Rydberg electrons. If their numbers are small enoughquisition criterion to select consistent pulse shapes. The ACR
the free electrons will leave the interaction region under thds the ratio of the second harmonic pulse energy to the fun-
influence of the small static electric field, leaving the Ryd-damental energy squared, for each pulse. As this ratio de-
berg states to be field ionized by the delayed pulsed field. Opends only on théspatially averagedntensity, it is constant
the other hand if too many electrons are produced, then thefpr constant pulse duration. Typically, we used-40% ac-
may not be able to escape the space charge, and will beeptance filter on the ACR. The laser was focused into a
detected at the same time as the true ZEKE electrons. Theacuum chamber, described below, using /20 optics.
actual ratios of these various excitations are difficult to esti-  Typical experiments consisted of binning the ZEKE sig-
mate, since they require a detailed knowledge of the crossal versus laser pulse energptensity at a given gas den-
sections, of the pulse shape and of the three-dimensionaity. The gas density was then varied systematically. Any
intensity distribution in the focal volume. Experimental de- plasma effects should appear as a sudden increase in signal.
tails follow, and more information can be found in Ref. 16. Three examples are shown in Fig. 7. The binning statistics

Xenon was chosen for a variety of reasofig:the num-  determine that each data point represents 50—150 laser shots.
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WO Ty Ne=ol3mny. (13

From eq.(7), the electric fieldE,=2 V/cm is less im-
portant that the field due to the electrons, i, /(T./erg)

*é P= <1. Equation(5) gives the fraction of electrons which are
3 200 J 1050 Ton able to escape the focal volume due to their kinetic energy.
é Substituting eq(13) and setting .s= 1, we get the intensity
%’ at which plasma effects become significant,
=
8o 1/3
3 To(eV) 0.13
100 A lorig=| 1.65% 101 - . (19
@ ro(u myor 6x 10MP(Torr)
o @500 Torr
N s We substituteT,=4 eV (the energy of an electron pro-
86 @ 250 Tory duced when an atom absorbs a fourth phpter=900 fs,
T i - _ —84 6 : ;
0 ==X x T ando=3.2x 103 cmPs? (from a fit to the data and obtain
oz 4 6 8 M0 | erit(W/cn?) =[3.65x 104 P(Torn) ] (15)

Laser Intensity (10" W/cm®)
This model compares well with the experimental values for

_FIG. 7. _ZEKE_ signal measured as a function of laser intensity for a 3—photor] /it as shown in Table 1. The value ofinferred is about 30
interaction with xenon atoms. Several gas pressures are shown. The lasgr I h h ilabl . é\?

pulses were filtered for constant intensity according to their alutocorrelaltiorymes smaller than the be_St_ aVE_“ 5_‘b € eSt'm_ elﬁ_owever,

ratio. The signal has been normalized to the gas pressure. The sharp incredbere are a lot of uncertainties in its determination, as there

in signal at a threshold intensity,;; is seen to vary as expected for plasma gre in the characterization of our intensity. The important
effects: as the density increastg;, decreases. point to note is that,;, scales correctly with pressure, giv-
ing credence to our model.

With the use of the ACR and the spatial filter, the pulse
energy is directly proportional to the average intensity. To-
wards higher intensity, a dramatic change in slope can p&CKNOWLEDGMENT

seen in the data: beyond a certain critical intensity, , the The authors would especially like to thank Klaus

ZEKE signal increases much more quickly. This suddenie|ier-Dethlefs for originally posing this problem.
change is due to the turn-on of the plasma trapping of the

low energy kinetic electrons at a certain ion density. Table |
shows the experimentally mferre@ valuesl gf; vs gas pres- APPENDIX A POTENTIAL OF A CYLINDRICAL
sure. As expected,,;; depends inversely on the density of CHARGE DISTRIBUTION
neutral Xe atoms in the laser focus. It is important to note
that trapping of kinetic electrons depends only on the ion  |n this Appendix we give details about the derivation of
density( N.B. here the electron “temperature” is invariant eq. (3). The total chargd is assumed to be uniformly dis-
and therefore higher intensities are required to produce thgibuted in a cylinder of lengtlr’” and radiug . The electric
critical ion density when the atomic gas density is reduced.field near the charge is taken to be the fiéld due to an

It is interesting to compare the observkg; with the infinitely long wire. At great distances from the charge the
estimates from our models. A detailed consideration of theield is taken to scale asrf/due to a point charge. The two
spatio-temporal distribution of intensities in the laser pulsepotentials are matched at some paipt
discussed in detail elsewhefis not warranted when com- The potentials are given as
paring the results to the simple plasma models presented

here. Assgme that_the interaction takes placg in a cylindrical Vy(r)=— ,Inr—0+vo (A1)
volume with a radiugy=6 um and a lengthy’=500 pm, 2meg/ T
determined by the laser focus. The density of ions producegq
by absorption of three photons is N
e
V“”=_4ﬂ%w (A2)

TABLE |. Comparison ofl;;, the intensity at which the ZEKE signal . .

starts to rise rapidly, versus backing gas pressure in the pulsed valve. TH¥here the former is valid for,<r <r and the latter for
intensities from the model have used the absorption cross sectism free  >Tr,,. Vg iS a constant required to match the potentials at
parameter. I'm, SO thatVs(ry) =Vs(rny).

The energy required to move an electron fromr g to

(PTrgf'sure If\’,‘\‘,,ii)g)") ICR}V(,?nfzd)eb r=o is calculated by two steps:

250 >108 1.1} 101 _ Ne Ty

500 9x 1012 9x 1012 Va(rm) = Va(ro) =~ Teo/lnm (A3)
1050 7x 1012 7x 1012

and
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In order to simulate a random distribution of ion—

V() =Va(rm) = g7 ———. (A4)  electron pairs, the fixed ions were randomly distributed in
om space, and an electron was placed close to its ion with a
The energy difference is kinetic energy such that it could escape the ion’s potential
and then have random energy
AV=Vy(®) = Vy(rg) = &(i_ imr_o)_ (A5) The gquantities were advanced at each time step, u;ing
Ameg\Im 7 T the time-centered leapfrog method. Here we use normalized

If we take the matching point to be,=/, and if we quantities but have dropped the prime symbols for clarity,

equateAV=T,./e, then Fin+1: Fin+ J{‘”/ZAt, (B7)
_AmeTe/ 1 (A6) oM 2= T2 EAL/m., (B8)
e’ 1+2In/Irg Here, superscriph refers to the time step=nAt, and
subscripti refers to tha-th particle.
APPENDIX B: PARTICLE-PARTICLE SIMULATION The external field is turned off initially, and after several
DETAILS hundred time steps it is ramped up to its full value. This is to

allow the particles to reach equilibrium with the self-
Here we want to calculate the exact force on each parggnsistent field, since their initial distribution within the slab

ticle, namely is not an equilibrium distribution.

s The code was tested with two particles to verify that it
F=> 49" + 0By (B1)  correctly calculated orbits and escape trajectories, and that it
J# 47reori‘°} conserved energy. As is commonNRbody calculations, the

force term in eq.B1) is truncated at some minimum so

) The prolblei)mdof a Ial;?e nun;}pet: (?]f interacting partllcl_es 'Sthat very high accelerations are avoided. However, “recom-
the generalN-body problem which has no exact solution. ;i tion of electrons with ions was observed, as some elec-

Various methods exist which are highly accurate and Whic%nS became trapped in orbits about ions.

are used, for example, to calculate the evolution of

galaxies®® For instance, the Aarseth metifdds a fourth

order predictor—corrector method which is widely used. INAPPENDIX C: PARTICLE-IN-CELL SIMULATION

the present case, we are not as much interested in the detallB&ETAILS

evolution of the plasma as we are in how many particles L L .
escape, and so there is not much to be gained by the much The particle-in-cell T“e‘h"d IS _S|m|llar o the particle—
more complex high order solvers. Therefore we elected té)artlcle mgthod, expept in how the f'?Id ,IS calc_u'lated. Instgad
use a fast first order solver. The same code was used With%{ calculating the field at each particle’s position, a spatial

fourth order solver to do molecular ionization calculations ingrld IS us_ed to store the field, and Fhe f!EId e>_<perlenced by
intense laser field® each patrticle is interpolated from this grid. This model was

Each particle is represented by a three-dimensional po_l|m|ted to one dimension bepause_ of the_ integration tech-
> . . > . nigue used to calculate the field; higher dimensions are pos-
sitionr; and a three-dimensional velocity. As is usual for

t lculati lized unit 4. Thi sible using Fourier methods.
computer calcuiations, normalized units are used. 1hiS en- o0 gimylation “particle” represents a sheet of charge.

lation © v toal ber of real ¢ W “¥he charge that it represents is chosen so that the initial
ation to apply 1o a fargeé humber ot real parameters. Ve US§;qiipy jtion has density.. The initial distribution is set up

primed quantities here to refer to the normalized varlables,as a slab of some thickness with the particles uniformly dis-

X' =x/\p, (B2) tributed across it. The ions are taken to be a fixed, uniform
density across the slab. The particles are given random initial
t'=twp, (B3) velocities with a Maxwellian distributionVarious distribu-
tions shapes were tried, such as rectangular distributions, but
E—E €0 (B4) these had no effect on the number of escaped particles.
en\p’ TheN particles’ positions; and velocitiew; are kept as
i vectors at each time step. The electric field is calculated on a
€T fixed spatial grid with grid siz&\x=0.2\ by counting the
)‘D:(E ' (BS) number of particles which lie in each grid, using triangular

interpolation. This grid is then used to calculate the self-
nee?\| 2 consistent electric field, to which is added the applied exter-
) : (B6)  nal field.
At each time step&tzO.lZEw,jl the positions and ve-
Here \p is the Debye lengthw, is the plasma fre- locities are calculated using the time-centered leapfrog
guency,n, is the electron number density aiidis the tem- method. Here we use the normalized quantities but have
perature of the electrons in energy units. dropped the prime symbols for clarity:

o=
P Me€g
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