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Multiphoton ionization of xenon in the vuv regime
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In a recent experiment at the vuv free-electron laser facility at DESY in Hamburg, the generation of multiply
charged ions in a gas of atomic xenon was observed. This paper develops a theoretical description of the
multiphoton ionization of xenon and its ions. The numerical results lend support to the view that the experi-
mental observation may be interpreted in terms of the nonlinear absorption of several vuv photons. The method
rests on the Hartree-Fock-Slater independent-particle model. The multiphoton physics is treated within a
Floquet scheme. The continuum problem of the photoelectron is solved using a complex absorbing potential.
Rate equations for the ionic populations are integrated to take into account the temporal structure of the
individual vuv laser pulses. The effect of the spatial profile of the free-electron laser beam on the distribution
of xenon charge states is included. An Auger-type many-electron mechanism may play a role in the vuv
multiphoton ionization of xenon ions.
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I. INTRODUCTION tons. Our findings lend support to the interpretation that the

An electron bound to an atom experiences electric forcegQccurrence of multiply charged ions, as reported in 28],
which on average point toward the atomic nucleus. If thdS @ consequence of vuv multiphoton ionization—a sm_entlflc
atom is placed in a static electric field, the electronic statedrst at a photon energy of more than 10 eV. We describe our
become unstable, as the potentia| arising from the Superp@omputatlonal method in Sec. Il. In Sec. I, the results of
sition of the atomic and the external electric field enablegour calculations are presented and compared with experi-
electron emission via tunneling. This picture basically re-ment. We conclude with Sec. IV. Atomic units are used
mains valid even if the external electric field is oscillating, atthroughout, unless otherwise noted.
least as long as the oscillation period of the electric field is
long in comparison to the electron tunneling time scale
[1-5]. For a typical valence-electron binding energy of the Il. COMPUTATIONAL METHOD
order of 10eV and a laser photon energy of about
1 eV—i.e,, in the ir regime—the tunneling picture is mean-
ingful for intensities of 1& W/cn? or higher. However, at
high radiation frequencyor at low intensity, this picture
fails, and it is more appropriate to adopt a multiphoton pic-
ture [6-9]: An atomic electron can be ejected following the
absorption of a discrete number of photons. H.O*

The development of free-electron lag&EL) [10] facili- 4} Xe?* Xe'
ties at several places in the wofltil] has spurred substantial &
theoretical interestl2—21], but until very recently, no radia- §
tion sources have been available to experimentally probegs ;| H* .
strong-field physics at vuv or shorter wavelengths. The situ-3 N,
ation changed when the VUV-FEL at DESY, Hamburg, be-
gan operatior22,23. In one of the first experiments with
this exceptional radiation source, xenon clusters were ex-8
posed to intense vuv laser pulses and were observed to al§ H*
sorb a surprisingly large number of vuv photons per atom 2
[24], a finding which was explained in terms of inverse T Xe™ /
bremsstrahlung25]. No evidence for atomic multiphoton \
processes was found in these first measurements. Measur M AJ \ L J

5 6

Using an independent-electron model, Geltnji28] (see
also Refs]29,30) was able to arrive at a satisfactory repre-
sentation of the ionic charge distributions observed in several
intense-laser experiments at photon energies of 6.4 eV and

unt rat
(o]
x
1)

ments using a more sensitive detector, however, revealed th 9
creation of multiply charged ions even in a gas of free, un-
clustered xenon atom6]. An experimental time-of-flight
mass spectrum, averaged over 100 consecutive VUV-FEL EiG. 1. Experimental27] ion detection signal is plotted versus
pulses, is shown in Fig. [27]. The photon energy in that the jonic time of flight. Free-electron laser pulses with a peak in-
experiment was 12.7 eV with a peak intensity of approxi-tensity of about 18 W/cn?, a duration of approximately 100 fs,
mately 163 W/cn?. and a photon energy of 12.7 eV produce, in an atomic xenon beam,
In this paper, we present a theoretical description of théonic species of various charge staf@s]. This time-of-flight mass
interaction of xenon atoms with an intense pulse of vuv phospectrum[27] is an average over 100 consecutive FEL pulses.

0 1 2 3 4
time of flight ( us)
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TABLE I. Xa parameters employed to reproduce tigei@niza- It should be mentioned that while our CASSCF calculation
tion potential(l.P) of Xe¥*—i.e., the energy needed to remove one includes scalar relativistic effects in an approximate manner

electron from X&' and generate X&9* in its ground state. Also (through the effective core potentialspin-orbit splittings
shown is the minimum number of 12.7-eV photghsP) needed to  have not been taken into account.

ionize Xet", We represent the radial one-electron Hamiltonian
q I.P. [eV] Xa N.P. 1d? 1(1+1)
H%=—§az+—53—+VmU) )
0 12.7 1.067 1
1 21.0 1.031 2 in a finite-element basis s¢b1-5§, which is described in
2 31.F 1.180 3 detail in Ref.[57]. In the calculations reported here, 4801
3 4 A 1.056 4 finite-element basis functions were employed, spanning a ra-
4 53 1.044 5 dial grid fromr,;;=0 to r,,=80 Bohr radii. For each or-
5 6d 0.999 6 bital angular momentum quantum numbeconsidered, the

first 50 eigenfunctionsu,,(r) of Hﬂ)T were computed that

ZReference 41. have eigenenergies,, at least as high as the energy, of
cReference 42. the 5 level. More strongly bound levels are assumed to be
dReference 43. fully occupied by core electrons and are not considered any
ege][erence jg' further. The calculated eigenfunctions,(r) satisfy the
(REIerence 4. boundary conditionau, (rmin) =0 and u,(rma) =0. At the
Reference 47. " : b ; .
current level of approximation, atomic multiplet structure is

o ] absent. All electrons that can be associated with the quantum
below [31-33. Within the framework of independent par- nymbersn andl have the same energy, within our model.

ticles, each electron moves in the field of the atomic nucleug, particular, there is no energy dependence on the magnetic
and in a mean field generated by the other electrons. The beg{iantum numbem.

such mean field derives from the Hartree-Fock self-" n order to treat the problem of electron emission, a com-
consistent-field method36]. However, the Hartree-Fock plex absorbing potenti@CAP) [58—74 —i n\W(r) is added to
mean field is nonlocal, due to the exchange interaction, anghe atomic Hamiltonian. The real positive paramejés the

therefore cumbersome to work with. Slaf8#] introduced a CAP strength. The local one-electron potentié(r) is cho-
local approximation to electron exchange, which is the prin-Sen here as

ciple underlying the well-knowiXe method[38].
In this work, we use the Hartree-Fock-Slater code written W) { 0, o<r<c,
r)y=

by Herman and Skillmafi39], which in the past has proved (4)
advantageous for atomic photoionization studsese, for ex-
ample, Ref[40]). The resulting one-electron potenti4ls(r)  wherec=4 a.u. in this papefwhich places the absorbing
is a central potentialeven for open-shell systemswvhich  potential right outside the ionic coreThe CAP absorbs the
satisfies outgoing electron and renders the associated wave function
square integrable. Given a complete basis, there exists for a
Vis(r) — = 2ZIr, 1 =0, (1) resonance eigenstate Gamow vector of the physical
Hamiltonian with Siegert eigenvalug,..=Ez—il'/2, an ei-
Vis(r) — =@+ Dfr, 1 — oo, (2)  genvalueE(7) of the CAP-augmented Hamiltonian such that
lim,,_o+ E(7)=Ees [62]. In a finite basis sety,, must be
found, satisfying[62]

dE(7)
dn

(r-c?, r=c,

for an atom of nuclear chargeZz+and overall charge g: In
the original program of Herman and Skillman, tKe: pa-
rameter was set to unity, in accordance with H8f7]. We
adjusted that parameter slight{gee Table ), so that the
calculated $ binding energy in Xe, Xg Xe&?*, and Xé&*

agrees with experimental dafd1-44. The situation is a E(770p) Provides an approximation to the Siegert eneigy

. . ; ;
!gtrlliezamg:ne %?;Ft’::l); L?rtéieﬁggsxi' d-g?:rrﬁi);l%ed”;poergt?r!e f_rom which the resonance positid; and the resonance
P ' idth I' can be extracted. An improved strategy, which is

sured electron-impact ionization thresho[d5—47, vary by . . . .
as much as 18 eV. Utilizing the complete-active-space selfEjsed here, consists in analyzing the functidt(z)

- > T S
consistent-field CASSCH code implemented in thab initio 7dE(7)/dy and minimizing|7°d’E(7)/d»7| [62].

program packagelioLPRO[48,49, an active space consisting th W:hm_&he_frargewo'rlg_ of ?ﬁant#m t(_alectrodyr:an;[dﬁ, i
of the 4, 5s, 5p, 6s, and G orbitals, and an effective core € Hamifionian describing the €etiective one-electron atom

potential [50], we obtained ionization potentials of 53 and interacting with the electromagnetic field, in the presence of
64 eV for Xé* and Xé&*, respectively. The value for X& the CAP, reads

agrees with Ref[45]; the one for X&" is in agreement with H=Hup +Hgy + H — i 7W (6)
Ref.[47]. As indicated in Table I, we base the parameters ’

for Xe** and X&* on the ionization potentials quoted above. where

= minimum. (5)
Topt

n
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1 0.0
Har=- EVZ +Vys(r), (7) ]
S, $
Hew = 2 08,8, 8 B 500" ;
ko g .
5 1 .
: 3
.27 . 8 o
H, =x i —o{g )\ — ek,xal,x}- 9 S -1.0x10° ] .
o YV g .
Here, Hgy, represents the free electromagnetic field &hd § ] e )
the interaction term in the eTIectrlc-dlpoIe apprqx!mat(tmn 1.5x10° &t
length gaugg The operatog, , (a,) creategannihilates a
photon with wave vectok, polarization\, and energyw T T T T T T
7x10° 8x10° 9x10° 1x10°

=k/ « (a is the fine-structure constgntVe use the symbol

for the atomic dipole operatoY/ in Eq. (9) denotes the nor- real part of energy [a.u.]

malization volume of the electromagnetic field, agd in-
dicates the polarization vector of mo#e\.

Let N be the number of photons in the laser mode, so th
the laser intensity is given by

FIG. 2. The dots in this figure correspond to a specific eigen-

a¥a|ue of the family of complex symmetric matricel§7,) [Eq. (6)],

where 7,=8(k"-1)/(k-1) [n=0,...,99;6=3x107; «=1.1]. In

the absence of photons and absorbing potential, this eigenvalue

equals the p, m=0 level of atomic xenoiwhich defines the origin

in the figurg. Due to the interaction with 12.7-eV photons, this

level is shifted as well as broadened. The point of stabilization of

the 7 trajectory implies a dynamic Stark shift of 7.83110°6 a.u.

and an ionization rate of 3.056107° a.u., at a radiation intensity of

1x 101 W/em?.

N w
| =——, 10

Va (10)
the intensity being measured in units §=E./(t,a3)
=6.436 41x 10'°> W/cn? (E,, is the Hartree energy, the
atomic unit of time, andy, the Bohr radius We can now
combine the atomic eigenstatgg m=[Uny()/r]Y, n(¥,¢)

with the Fock states of the laser modéN-u) (u

=0,+1,42,..), to form ba}S|s_vector$CI>n,|,m!M>:|¢/n,,,m>|N _ As a test of our method, we determined the one-photon
~ w). Assuming linear polarization, the matrix representationonization cross section of neutral Xe at a photon energy of
of the HamiltonianH [Eq. (6)] in the basis{|®nm,)} IS 12.7 ev. In this calculatiors, p, andd waves were included,
diagonal with respect ten. It also has a rather sparse struc- and u,,,, was set to 1. Let us first consider ionization of the
ture with respect ta, I, and . The only nonzero matrix 5p m=0 level. After assembling the corresponding real sym-
elements are metric matrixH 1 +Hgy+H,, those 120 eigenvectors of this
matrix were computed that have the largest overlap with the
initial-state vectol®s ; ¢ 9. The 7-dependent complex sym-
metric eigenvalue problem & [Eq. (6)] was then solved in
the subspace of the previously calculated eigenvectors of the
real part ofH. The chosen subspace size of 120 provided
converged results and, at the same time, allowed for ex-
tremely fast optimization of the parametgifsee Eq(5) and
_ the text following if.

(ot WL ) = (Wit WA 1) (14) The 7 trajectory of the resonance energy in the complex
The energyNw of the unperturbed laser field has been sub-Plane, for an intensity of X 10'* W/cn¥, is shown in Fig. 2.
tracted from the right-hand side of E(L1); the relatively ~On the basis of this graph, a dynamic Stark shift of 7.31
high intensity(N>|u|) has been exploited in the coupling < 10°a.u. and an ionization rate ofs,o=3.05X10° a.u.
matrix blocks[Egs.(12) and(13)], and a unitary transforma- are found. Proceeding in a similar fashion, the ionization rate
tion has been applied that renders the matfix;+Hg, ©Of the P, m==£1 levels is calculated asys,:;=2.01
+H, real symmetric. The complete matrid is complex <107 a.u. at X 10" W/cn?, so that them-averaged ion-
symmetric and of the Floquet typi6—81 (see, for ex- 1zation rate
ample, Refs[82-8§ and references therein for other com- — _
putational approaches to atomic strong-field physicsour Ysp= (Ysp-1+ Yspo* ¥ep. /3 (15)
calculations, i runs from pyin=0 t0 wmax the minimum is 2.35xX10°° a.u. We then calculate the total ionization rate
number of photons needed to photoionjeeferred to as N.P. as
in Table ). Thus, since electron emission can only take place
after the absorption ofi,4 photons, it is sufficient to apply
the CAP only to the (umgth diagonal block; i.e.,

(Pt mu WPy | ) IS set to O foru # umax

IIl. CALCULATIONS

<CDn,I,m,,u|HAT + HEM|q)n,I,m,,u,> =é&p| T M, (11)

<q)n,l,m,,u|HI|(I)n’,l’,m,,u+1> = \“”27Ta|<¢n,l,m|z| ’ﬂn’,l’,m>: (12

<(I)n,l,m,,u,+1|Hl|ch’,l’,m,M> = \““‘27Ta|<d/n,l,m|z| 'r//n’,l’,m>v (13)

Lsp=5,(6 — ), (16)

where, for neutral Xeg=0 (q is the atomic charge This
procedure is approximately valid also fgr>0, since the
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spin-orbit interaction ensures that the & 5p electrons are 7000
uniformly distributed ovem=-1,0, +1.

We have checked thdts, is a linear function of the in- |
tensity,|, in the vicinity of 1X 10 W/cn?. Thus, within the 5000
Herman-Skillman-based independent-particle model, the ]
one-photon ionization cross section of neutral Xe, at a phogmoo-
ton energy of 12.7 eV, is 119 Mb. This result, which differs g
from the experimental cross sectif8v] by a little more than §30°0-
a factor of 2, has been confirmed by us using the same ]
independent-particle model, but treating the continuum prob-
lem with anR-matrix code[88] (see also Ref{40]).

In order to test whether our CAP-Floquet program is also i
capable of describing multiphoton physics, we investigated 0 = .
the two-photon ionization cross section of neutral Xe at -150 -100 -50 0 50 100 150
6.42 eV. Experimentally, this is known to be about 4 time [fs]

X100 cnt's [89]. With atomic s through f W%\ées and FIG. 3. The power in the DESY free-electron laser pulse is

Mmax=2, We cqlculated a cross.sectlo.n of B'IQ_ . cnt's. shown as a function of time. The vuv laser pulses supplied by the
Other calculations of this quantity, which are similarly acCU-free_electron laser source at DESY, Hamburg, are ultrashort, with an
rate, are reported in Reff90-923. . average width of about 50 fs, and intense, with a pulse energy of

We calculated theq+1)-photon ionization cross section order 104J [23]. The pulses shown in this figui®5] have been
oq+1 Of Xe9" at a photon energy of 12.7 eléee Table)  calculated using an FEL simulation progrd@8,94.
following a strategy analogous to the one described above
for neutral xenon:

6000 —

2000 —

1000 —

the averaged pulse may appear approximately Gaussian

o,(Xe") =4.5%x 10 cnt* s, (17) (with a pulse width of about 50 ¥sthe individual pulses are
not.
o5(Xe¥) = 4.7 107 cnf &2, (18) Including an attenuation factor of 0[27], which takes
into account the finite reflectivity of the mirrors used to focus
0,(Xe*) = 1.8X 1015 e &, (19) the FEL beam into the xenon gas, we solve, for each of the
pulses shown in Fig. 3, the rate equations
os(Xe*) =1.1x 108 cm'0s*, (20) . 1(p,z,t)
° no(p,Z,t) =—0 nO(p!th)!
o5(Xe®) =2.4x 109 em? &, (21)
. : , _ l(p,z,t l(p,zt)\?
The spatial profile of the VUV-FEL beam in Hamburg, y(p,2,t) = oy (p )no(p,Z.t)—(Iz( (p )) ny(p,2,),
perpendicular to the beam axis, has a Gaussian sffe ® 1)
Let (p,¢,2) denote cylindrical coordinates with respect to
that axis. The intensity near the foc(at z=0) may then be l(p,z1) \? l(p,zt) |3
written as y (a ) y n2(pyzvt) = 0-2< nl(PyZ,t) — 03 nz(PyZ,t),
4In2 4In2
l(p,z,t) = —=— exp — 2)Pt, 22 :
(P20= 320 p( 22" )P0 (22 : (249)

for the probabilitiesny(p,z,t) of finding X&' at timet and
position(p,2z) (¢ arbitrary). (The thermal motion of the ions
A(2) = AV1 +(2/zp)? (23)  on atime scale of 100 fs may, of course, be negleg{Ede
initial conditions areng(p,z,t——*)=1 andny(p,z,t— —=)
“=0 forg>0. Letx stand for the gas density in the interaction
region. Then the total number of Xegenerated by a given
laser pulse reads

where

is thez-dependent full width at half maximum of the Gauss
ian beam profile. In the experiment described in R26],
A=20 um. The beam divergence was 17 mrg¥], from
which we estimate thaizy=1.2 mm. The time-dependent ,
pulse power is represented in E§2) by P(t). _ max %

Since we are interested in tmonlinear response of Xe No = 2« . dzfo dppng(p.zt— +e).  (25)
ions to the vuv laser pulses, it is not permissible to use for mn
P(t) the pulse shape obtained after averaging over manin the laser experiment at DES¥=2.8x 10 atoms/cm,
pulses. The temporal shape of the individual FEL pulses ha&nin=—1 mm, andzy.,=+1 mm[27].
not been measured so far, but reliable simulations of the FEL We calculatedN, for each of the ten laser pulses in Fig. 3
performance exist23,93, which are able to reproduce mea- and then determined the average number of Xgnerated
sured FEL parameters and which, in addition, provide infor{er laser puls&Ng), which is depicted in Fig. 4. Itis difficult
mation about temporal pulse shafj4]. Ten representative, to assess whether this result can already explain the measure-
simulated pulses are shown in Fig[%b5]. We see that while ments in Ref.[26]. According to the calculation, Xeand
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1.0x10° Xe*+* 8s5p 5
] 1x10% 122eV
7.5x10" N B D [ S S
z° 2 l
1 v a0t Xe+* 552 5p 4
A
Z° 5.0x10" . 210 eV 127 eV
v 1x10° ] l
T T e e [ A S 6
; 3 4 5 6 Xe* 5s 5p
2.5x10" q
i 11.3eV 12.7 eV
0.0 T T T T T T T T T T T v Xe* Ss 2 Sp 5
0 1 2 3 4 5 6 7
q

FIG. 5. Schematic depiction of energy levels associated with the
FIG. 4. The average numbéN,) of Xe%" ions produced per excitation_ of_xenon_ ions from thes_&ubshell. For instance, Xean
VUV-FEL laser pulse, as calculated on the basis of the multiphotorP€ photoionized via the absorption of two vuv photons bypa 5
ionization cross sections in Eql7)«21), the laser pulse proper- €lectron. Asecond ionization path, alluded to in this figure, involves
ties[Egs.(22) and(23) and Fig. 3, the rate equation@4), and the @ photon absorption that virtually excites a &lectron to the p

integral over the interaction volume in E5). Note the logarith- ~ shell. Simultaneously, agbelectron is excited to an autoionizing
mic scale along the ordinate of the inset. state associated with a Rydberg series converging to h8p3

threshold of Xé*. Electron correlation then induces a transition
Xe?* dominate by far, which is consistent with the fact thatfrom 5p to 5s accompanied by the emission of an electron.
the detector response to these two ions appeared to be satu-
rated in the Experimerjee. The mass spectra in .R.Gﬂ%] Due to electron correlation, one of the remaining &ec-
have not been callb:ﬁfed to achcount for the speﬁlﬂc deteCtQFons can fill the § hole, and the excited electron is ejected
response to ions of different charge st2g], so they may into the continuum. This is a kind of Auger decay of the

not be linearly related to the actual ion production rate"nner valence excited ion, resulting in the formation ofXe
Moreover, several of the experimental parameters we em~" '~ * S iting :
A similar scenario is conceivable for the more highly

ployed in our calculation are, in fact, not known very pre- charged xenon ions
cisely. Among these are the gas densityand the spatial S . . S
Y g 9 a P The contribution of this to the multiphoton ionization

beam widthA [27]. It should be mentioned, in addition, that " v b del timated ol
the FEL was not operating under optimal conditions Wher\(;\rloSS section o can be crudely estimated as T0flows.

the data in Ref[26] were taken[27]. Therefore, the laser € ChOOS?"q’swovoﬁ as _ini;ial-state vector i_n our Flo_quet
pulses our calculation is based @fig. 3) are, on average, code_, b.Ut |.nstea.d of Ut'l'z.mg a CAP, we simply assign an
more intense than in the experiment, autoionization widthl',, (i.€., we add H',,,/2) to those

The theoretical model we use also suffers from shortcomg""‘gon"’lI elements in thunath diagonal block that satisfy

ings. As mentioned earlier, multiplet splittings of the valence®n!*#5.1~ £5,0>0. This con.d_|t|on. 'mp"‘?s. that the energy re-
shell are not considered, which means the intermediati$@Se€d in the p— 5s transition is sufficient to transfer the
bound states influencing the multiphoton ionization cros€!€ctron with guantum numbersand| into the continuum.
sections may not be sufficiently accurate. The spectral widtty yPical lifetime of an inner-shell hole is of the order of
Awl o of the laser pulses of, on average, 1%4]—which is 10 fs (or shorte), so we set the autoionization width to
broader than the Fourier limit of a 50-fs pulse by an order of0> MeV. , L ,
magnitude—is not included in the present treatment. In the L€t us callyssthe Ssmediated ionization rate determined
rate equationg24), excited-state populations and phase ef-" this way. The total &mediated ionization rate of X&is
fects as well as nonsequential multiphoton processes are n1€N: approximately,
glected. The latter, however, may be expected to be strongly
suppressed in the vuv regime, as confirmed by the measure- q
ments in Ref[26]. I'ss= 27556(7 -q). (26)
Before concluding, we would like to mention an interest-
ing many-electron effect that leads to an enhancement of the
multiphoton ionization rate in the xenon ions. In™Xé re-  The factor of 2 in this expression is needed since there are
quires 11.3 eM96] to excite one of the two Helectrons to  two 5s electrons in all Xe ions considered here. If we assume
the 5 shell. (Within the Herman-Skillman model we find that the six P spin orbitals have equal probability of being
10.9 eV) One can, therefore, envisage, as one of the patheccupied, then the probability that th@,5m=0 spin orbital
leading to two-photon ionization of Xethe excitation of a with the right spin is unoccupied ig/6. After the virtual
5s electron by a first vuv photon and the subsequent excitaexcitation of one of the $electrons, there are %5p elec-
tion of one of the p electrons to a virtual state bound in the trons available for the absorption of the remainjag,,—1
channel associated with the Gole, as illustrated in Fig. 5. photons.
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1.0x10° IV. CONCLUSION

. 6| We have investigated in this paper multiphoton ionization
, 1x10 of atomic xenon and its ions at a photon energy of 12.7 eV,
7.5x10" Ae a radiation intensity of order 1dW/cn?, and a pulse dura-
i F 110 \ tion of about 50 fs. A recent experiment employing the VUV-
4

FEL at DESY has demonstrated, under these laser condi-

A
I tions, the generation of xenon charge states of up tf26}
5

4 _|
Z° 5.0x10" 1x10

| l_ In the infrared, even a pulse that is three orders of magnitude
B ! - T T ! longer (with about the same intensjty produces charge
2.5x10" q

states no higher than X&[33)].
Using an effective one-particle model, in combination
with the Floquet concept and a complex absorbing potential,

we have calculated vuv multiphoton ionization cross sections
00 LA S R that refer to the absorption, by g %lect f
0 1 2 3 a 5 6 7 ption, by g %lectron, of as many
q photons as are needed to ionize it. We have also estimated

the influence of § excitation on the ionization cross sections
Bind found that it may be significant. Although we grant that
the model we applied is not ideal for describing many-
electron phenomen@ better many-body calculation would
be desirablg the result of our estimate indicates that at vuv
photon energies multiphoton ionization is driven, at least
) _ ) ) partly, by electronic many-body physics. Focusing on the
We add the cross sections obtained in this way {0 thg)ehavior of a single active electron does not appear to be
respective cross sections in Eq$7)«21), thereby neglect- ¢ tficient.
ing interference effects. The results are Taking a rate-equation approach and utilizing simulated
- FEL pulseg95], we determined the average number ofXe
op(Xe’) =4.6x 10 ent's, (27) ions produced per vuv laser pulse. This step depends heavily
on a number of important experimental paramef{@d. In
o3(Xe?*) =2.0x 108 cmf &2, (28)  our calculation, thousands of Xeions are found to be gen-
erated per pulse and a correspondingly higher number for the
lower charge states. Hence, the experimental observation of

FIG. 6. The same as in Fig. 4, the only difference being the fac
that the multiphoton ionization cross sections underlying the calcu
lation were taken from Eq927)—31), not Egs.(17)—«21). Here
(Ng) is the average number of Xeions produced per VUV-FEL
radiation pulse.

3+) — 115
o4(Xe™) =3.3x 107 ent’ s, (29) multiple ionization of xenon, Ref26], appears compatible
with the nonlinear absorption of several photons. We con-
o5(Xe*) =3.7x 1074 cmiOs?, (300 clude that multiphoton physics is indeed relevant for some
processes driven by the intense vuv beam of the free-electron
06(Xe%%) = 6.4X 107179 cmi2 &, (31) laser in Hamburg. For more quantitative comparisons, it will

be desirable for future experiments to obtain a calibrated

The quantities most significantly affected by therBediated  iOnic charge distribution, as well as more detailed informa-
ionization mechanism are the three-photon ionization cros§on about the FEL pulse properties.
; . ; i :
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