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Th e electr on energy sp ectr a correlate d to the strong -Ùeld double-i oni -
zation of xenon are presented at three laser intensities . T he double- i oni -
zation electrons are on average more energetic than those generated from

single- i oni zati on. T his di˜erence in energy is not manif ested as a simple scal-
ing to higher electron energies , but rather as a change in the shap e of the
spectra. This trend is observed at all intensities. Most notably , the compari-
son bet ween single- and double- ion ization spectra is very similar at low and

high peak laser intensities. T his could imply that a sequential double- i oni -
zation pro cess dominates at all intensities, even w here the double ion yield
is enhanced.
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1. I n t rod uct io n

Soon after the discovery of the laser in the early 1960s, a funda m ental phe-
nom enon kno wn as m ul ti- photo n ioni zati on (MP I) was observed by Voronov and
D elone [1]. Using the intense vi sibl e l ight generated by a Q -swi tched ruby laser,
they were abl e to ionize xenon ato ms. Thi s was signi Ùcant in tha t the indi vi dual
photo n energy of the laser l ight wa s much lower tha n the ionizati on potenti al of
xenon. In contra st to ordi nary photo ioni zati on, where a single photon of su£ cient
energy l iberates an electron from the ato m, MPI can occur for arbi tra ri ly low pho-
to n energies provi ded tha t the intensi ty of the light is hi gh enough. In the case of
Voronov and Delone, seven 1.78 eV photo ns conspi re to gether to release a sing le
electron bound by 12.13 eV.
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Since tha t ti m e, the study of MPI in parti cul ar and of strong-Ùeld laser-atom
intera cti ons in general has been an acti ve discipl ine in ato mic physi cs. The ion-
izati on of ato m s wi th an excess num ber of photo ns (beyond wha t is m inim all y
requi red) wa s observed and dubb ed above-thresho ld ioni zati on [2] in 1979. Mul ti -
pl e MPI has also been observed, where m ore tha n one electro n is l iberated by the
intense Ùeld. Fi rst, in 1977 in alkal i earth meta ls [3], and in 1982 in a rare gas [4].
Since then, the ion yi elds for single and m ulti ple ionizati on have been m eti culously
recorded [5{ 7]. The electro n energy spectra resulti ng from single-ionizati on have
also been observed [8{ 11]. From these exp eriments, a fram ework was developed
tha t successful ly described the pro cess of stro ng-Ùeld, s i n g l e -ionizati on [12{ 16].
Ho wever, the d o u bl e -ionizati on pro cess could not be m odeled simpl y as an ex-
tensi on of single-ionizati on. W hi le the assumpti on tha t sing le-ioni zati on occurred
wi th onl y one \ acti ve" electron led to good agreement wi th experim ent, thi s was
not the case wi th doubl e-ionizati on. Mo st nota bly, the doubl e ion yi elds in hel ium
were dram ati cal ly enhanced from the single-acti ve-electron models at low inten-
siti es [5, 6], leading to a numb er of theo reti cal expl anati ons for the discrepancy
[17{ 28]. Each of these descripti ons incorporated some sort of \ non-sequenti al " pro-
cess, where the l iberati on of the second electro n did not occur in an indep endent
m anner fol lowi ng the release of the Ùrst electro n.

It becam e clear tha t in order to understa nd the double-ionizati on pro cess,
m easurements in the laborato ry woul d have to di stinguish between sing le- and
doubl e-ioni zati on beyond the accum ulatio n of ion yi elds. Very recentl y, experi -
m enta l adv ancesha ve led to just such techni ques [29{ 37]. Thro ugh the use of cold
ta rget recoil ion m omentum spectro scopy (C OLT R IMS), the ion recoi l m om enta
of argon [29], neon [30], and hel ium [31] doubl e-ioni zati on have been m easured,
along wi th the electron mom enta in argon [32{ 34]. El ectron{ ion coincidence spec-
tro scopy has been used to measure the energy spectra of electrons correl ated to
doubl e-ioni zati on in xenon [35], hel ium [36] and the rare gases spanning He to
Xe [37]. In thi s arti cle, we present new electro n energy spectra resul ti ng from the
sing le- and doubl e-ioni zati on of xenon. These resul ts, ta ken at three intensi ti es
and wi th hi gh stati sti cs, show features rem iniscent of tunnel ing ionizati on as well
as MPI. Due to thi s ambig uous placement wi thi n the regim es of strong-Ùeld ion-
izati on, concl usions about the nature of the doubl e-ionizati on pro cess are much
less clear tha n in the purel y tunnel ing case of hel ium . Neverthel ess, indi cati ons
exi st tha t the doubl e-ionizati on of xenon coul d have a \ sequential " nature even in
a low, a pri ori \ non-sequenti al " intensi ty range. W e also present electro n energy
spectra correl ated to the pro ducti on of Xe + thro ugh Xe 3 + from a thi rd, higher
intensi ty .

2. E x p er im ent al sch em e

In order to compi le the electro n energy spectrum correl ated to the creati on
of a parti cul ar ion, it is necessary to simul ta neously detect the ions and electrons
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generated for each indi vi dual laser shot. By keeping the count rate relati vely low,
one can be reasonabl y certa in tha t the detected ion and electron(s) were generated
from the sam e ionizati on process. The probabi l i ty tha t the ion and electro n are or
are not positi vel y correl ated is calcul able [38] and depends on the electro n and ion
detecti on e£ ci encies, the ionizati on rates of the vari ous ion species and the to ta l
ion detecti on rate. These pro babi l i ti es can be expressed as a rati o of true to false
(T :F) counts. As can beexp ected, better detecti on e£ ciencies wi l l yi eld hi gher T: F
values. In the ideal case, a perf ect ion detecto r woul d result in identi cal ly zero false
counts. In such an extrem e (and unrea listi c) situa ti on, any laser shot where m ore
tha n one ionizati on event ta kes place would be im mediatel y discarded. Onl y tho se
instances where exactl y one ionizati on event occurs would be considered, leavi ng
no room for a false coincidence event. For rea l isti c experi menta l condi ti ons (i .e.,
im perfect detecto rs), the T: F rati o can be contro l led by varyi ng the to ta l count
rate. The T: F rati o can be m ade arbi tra ri ly high even for poor detecti on e£ cien-
ci es by su£ cientl y lowering the count rate. By doing thi s, the likel ihood of even
generati ng m ore tha n one ion/ electron pai r is mini mized, greatl y reduci ng the
odds of detecti ng an unco rrelated ion and electro n. Thi s has the disti nct advan-
ta ge of increasing the certa inty of positi ve electron{ ion correl ati on, but the severe
di sadvanta ge of reduci ng the rate of data accum ulati on, and inevi ta bly resulti ng
in a reducti on in stati sti cs. The exp erimenta l ist must Ùnd a reasonable \ middle
ground" between poor stati sti cs/ high T: F and good stati sti cs/ low T: F. In these
studi es, a to ta l detecti on rate of 25% was used, leadi ng to typi cal doubl e-ionizati on
T: F rati os of roughly 4:1. Since the \ fa lse" spectrum is always kno wn (equal to
the to ta l , non-coinci dent electro n spectrum ), i t is possibl e to subtra ct away the
contri buti on of false counts. For the results presented here, these correcti ons m ake
no qual i ta ti ve change and are theref ore not presented.

A two -sided, pul sed-plate spectro meter was used to detect the ti m e-of-Ûight
of electro ns and the charge-to -mass rati o of ions generated in the ionizati on pro-
cess [35, 36]. The 100- fs, 780-nm pul sesfrom a 2-kHz repeti ti on rate, regenerati vel y
am pl iÙed Ti :sapphi re laser were ti ghtl y focused in the center of the spectrom eter
intera cti on region inside an ul tra high vacuum cham ber. The chamber has a base
pressure of 1 0 À 1 0 to rr and is backÙlled wi th xeno n gas at pressures ranging f rom
1 0 À 9 to 1 0 À 6 to rr depending on the laser intensi ty and the desired count rate. The
intera cti on region is ini ti al ly grounded and Ùeld- free, al lowi ng for the uni mpeded
and natura l dri ft of the electro ns away from the laser focus. Onl y tho se electrons
tra veling to wards the detecto r, along the laser polari zati on di recti on and wi thi n a
10£ acceptance angle can be detected. The m ajori t y of the 20-cm distance to the
electron detecto r is grounded and shielded from the intera cti on region. Theref ore,
after a short delay, i t is possible to apply an extra cti on Ùeld to pul l the ions out of
the intera cti on region wi tho ut a˜ecti ng the dri ft of the electrons. Thi s two- sided
scheme, where the ion and electron spectrom eters are located perpendi cular to
the laser pro pagati on di recti on on opposite sides of the focus, al lows for the in-
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dependent opti m izati on of both electron and ion detecti on. Exp erim enta l tests
showed tha t both the electro n and ion spectrom eters im aged the sam e region in
the intera cti on region. The ion and electro n col lection and detecti on e£ ciencies are
roughly 30% and 1%, respecti vel y. For an exp erimenta l run of 1 0 6 laser shots, the
to ta l electro n and ion ti m e-of-Ûight spectra are recorded. In addi ti on, the ion and
electron arri val ti m es are recorded whenever preci sely one ion is detected. W ith
thi s inform ati on, i t is possibl e to com pi le the electron energy spectrum correl ated
to the detecti on of any given ion species and charge state. The results of a con-
tro l led test of the spectrom eter and the coinci dence scheme have been presented
elsewhere [36].

3 . Exp er im ental r esu l ts

The studi es discussed here were carri ed out at three peak laser intensi ti es. In
order to determ ine the intensi ty regions of interest, the single- and doubl e-ioni zati on
yi elds were measured at vari ous laser powers. The laser intensi ty was cal ibrated
thro ugh the use of the wel l -known hel ium photo electron energy spectrum [10, 11].
In hel ium , sing le-ioni zati on has been successful ly described as the tunnel ing of
the electro n thro ugh the suppressed Coulomb barri er. In such a descripti on, the
electron is most l ikel y to gain zero energy from the laser Ùeld, but can possibl y
gain as m uch as twi ce i ts quiver energy. Thi s cycl e-averaged energy is kno wn as
the ponderom oti ve potenti al (U p ) and scales l inearly wi th intensi ty . In addi ti on to
the zero to 2 U p range of al lowed Ùnal energies, there is a smal l probabi l i t y tha t
the electron can gain as much as 1 0 U p from the Ùeld thro ugh a rescatter ing pro-
cess wi th the ion. As a result, the photo electro n spectrum in the tunnel ing regim e
exhi bi ts a sharp drop-o˜ to wards 2 U p, fol lowed by an extended platea u to wards
1 0 U p . Thi s break in slope at the 2 U p point can be used to determ ine the peak
laser intensi ty .

The Xe 2 + :Xe + ion yi eld rati os are plotted in Fi g. 1 (ci rcl es). The gray l ine
shows a rati o curve calcul ated wi th the sing le- and doubl e-ionizati on satura ti on
intensi ti esat I 1 and I 2 , respecti vel y. The satura ti on intensi ty is deÙned as the hi gh-
est intensi ty tha t the ato m can exp erience before being ionized wi th certa inty . The
calculated curve is not intended to m atch the observed rati o, but ra ther to show
the appro pri ate label ing of the satura ti on intensi ti es. Beyond the doubl e-ionizati on
satura ti on intensi ty (I 2 ), one m ight expect the curve to be compl etely level, since
the single- and doubl e-ionizati on focal volum es should grow as the intensi ty to the
3/ 2 power. Thi s I 3 = 2 dependence is correct, but not at very smal l focal volumes.
The ini ti al growth in both the calculated and observed rati o values beyond the
doubl e-ioni zati on satura ti on intensi ty is a resul t of thi s smal l focal volum e be-
havi or. Eventua lly, the rati o values reach the high intensi ty l imit of ( I 2 = I 1 ) 3 = 2 as
exp ected.

At 8 È 1 0 1 3 W / cm 2 (l abeled I 1 ), there is a cl ear \ bum p" in the rati o curve.
A sim i lar feature is seen in al l of the rare gases but m ost dra mati cally in he-
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Fig. 1. T he ratio of X e2 + pro duction with resp ect to X e+ is show n as a function of

p eak laser intensity . The three intensities at w hich the electron {ion coincidence studies

w ere perf ormed are lab eled. N ote the bump in the ratio curve at I 1 , resulting from an

enhanced double- ion iza tion rate.

l ium [6], where the enhancement of the doubl e-ioni zati on rate is attri buted to a
non-sequential pro cess [15]. If such a pro cess also occurs in xenon, i t shoul d be
evi dent from the electron energy spectra col lected at thi s intensi ty . At the second
intensi ty ( I 2 = 2 È 1 0 1 4 W =cm 2), doubl e-ioni zati on is no longer dom inated by
the \ enhanced" rate. If the double-ionizati on pro cess is dicta ted by two di ˜erent
m echani sms at I 1 and I 2 , then thi s should be reÛected by a change in the struc-
ture of the double-ionizati on electro n spectra. Such behavi or has been previ ousl y
observed in ion recoi l m omentum m easurements in argon [29] and hel ium [31] and
electron m easurements in argon [32]. The thi rd intensi ty ( I 3 = 7 È 1 0 1 4 W / cm 2 )
al lows for the observati on of electrons correl ated to tri ple ionizati on.

Fi gure 2 shows the electro n energy spectra correl ated to sing le- (sol id l ine)
and doubl e- (dashed line) ionizati on of xeno n at 8 È 1 0 1 3 W / cm 2 ( I 1 ). The counts
along the verti cal axi s are norm al ized for each spectrum such tha t the to ta l inte-
grated counts equal uni ty for each curve. The tota l electron counts equal 5 : 4 È 1 0 5

for sing le-ioni zati on and 1 : 3 È 1 0 4 for doubl e-ionizati on. The energ ies corresp ond-
ing to 2 U p and 1 0 U p are marked on the plot. At thi s intensi ty the ionizati on of
xenon is dominated by the m ul ti photo n pro cess [8], so the change in slope at 2 U p

associ ated wi th tunnel ing is not observed. In the purel y tunnel ing case of helium ,
the single-ionizati on spectrum fal ls rapidl y to wa rds 2 U p and then extends in a
pl ateau to wards 1 0 U p , whi le the doubl e-ionizati on spectrum extends beyond 2 U p

wi th no change in slope. Thi s stark contra st hi ghl ights the di ˜erence between the
tunnel ing pro cess for sing le-ioni zati on and the non-sequenti al pro cess for doubl e-
- ionizati on. In fact, the exi stence of hel ium double-ionizati on electrons beyond
2 U p at relati vel y hi gh rates gives strong evidence f or the rescatteri ng scenario [36],
where the Ùrst electron is dri ven back by the laser Ùeld towards the ion, leadi ng to



342 J.L. Chaloupka et al .

Fig. 2. Electron spectra recorded in coincid ence w ith the detection of a single X e+

ion (solid line) or a single X e2+ ion (dashed line) are show n for an intensity of I 1 =

8 È 1 01 3 W /cm 2 . T he 2 U p and p oints corresp ondin g to this intensity are show n.

im pact ioni zati on [15]. Here, in the case of xenon, such a stro ng concl usion cannot
be m ade.

Fi gure 3 shows the sing le- (sol id l ine, counts) and doubl e- (dashed
l ine, counts) ioni zati on electron spectra ta ken at W / cm ). One
m ight argue tha t the spectra begin to exhi bi t tunnel ing-l ike behavi or, seen as a
break in slope near , in both cases.Ho wever, at thi s intensi ty the producti on of
Xe is no longer dom inated by an enhanced rate and is theref ore considered to be
sequenti al . As a resul t, the observati on of sim i lar electron spectra from single- and

Fig. 3. Electron spectra recorded in coincid ence w ith the detection of a single X e

ion (solid line) or a single X e ion (dashed line) are show n for an intensity of

W/cm . T he and points corresp ondin g to this intensity are

show n.
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doubl e-ioni zati on is not surpri sing. As in Fi g. 2, the doubl e-ionizati on spectrum
is som ewhat more energeti c tha n the sing le-ionizati on case, and the single- and
doubl e-ioni zati on curves seem to scale wi th one another in simi lar ways. Thi s is
unusua l consideri ng the locati on of I 1 and I 2 in the ion rati o curve of Fi g. 1. In
COL TR IMS studi esperform ed in argon [29, 32] and hel ium [31], the di stri buti on of
ion or electron m omenta showed clear di ˜erences between low and high intensi ti es.
The fact tha t the sing le- and doubl e-ionizati on electron spectra ta ken in xenon at
I 1 and I 2 scale in simi lar wa ys impli es tha t there is no dram ati c change in the
nature of the doubl e-ionizati on process between these tw o intensi ti es. Our resul ts
here are in good agreement wi th the only other electron{ ion coinci dence study
perform ed in xenon [35].

Fig. 4. Electron spectra recorded in coinciden ce w ith the detection of a single X e+ ion

(solid line) or a single X e2+ ion (dashed line) or a single X e3+ ion (dotted line) are

show n for an intensity of I 3 = 7 È 10
1 4 W/cm .

Fi gure 4 shows the electron energy spectra ta ken at 7 1 0 1 4 W / cm 2 ( I 3 )
correl ated to sing le- (sol id l ine, 1 :7 1 0 5 counts), doubl e- (da shed line, 7 : 6 1 0 4

counts) and tri pl e- (do tted line, 1 : 1 1 0 4 counts) ionizati on. The trends observed
for the doubl e-ionizati on spectra at the two lower intensi ti es are observed here and
are also seen in the tri pl e-ioni zati on spectrum . The relati ve rates at low electron
energies are smal ler tha n in the sing le-ionizati on case, but the drop-o˜ to wards
hi gh energies is more shal low, leadi ng to enhanced relati ve rates at hi gher elec-
tro n energies. The electrons released thro ugh tri ple-ionizati on are more energeti c
tha n tho se from doubl e-ioni zati on, whi ch in turn are m ore energeti c tha n the sin-
gle-ionizati on electrons. Thi s is not surpri sing, since even tho ugh the peak laser
intensi ty is the sam e for al l three cases, the satura ti on intensi ty di ˜ers am ong
them . As a resul t, the intensi ty at whi ch a given electro n is released into the Ùeld
wi l l be higher on average f or the hi gher charge states. Al tho ugh thi s could expl ain
the di ˜erence in avera ge electro n energy, i t does not address the di ˜erence in the
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shapes of the electron spectra. If doubl e- and tri ple-ionizati ons occur thro ugh the
exact sam e pro cess as single-ionizati on, then the spectra should simpl y scale wi th
a satura ti on intensi ty . The di ˜erences in the shapes of the electro n spectra l ikely
point to som e interesti ng com plexi ti es in the m ulti ple ioni zati on of xenon.

4. Co n cl usion s

W e have presented new results in our studi es of the strong-Ùeld ionizati on
of xenon. Using an electron{ ion coinci dence techni que, the electron spectra corre-
lated to the detecti on of sing ly and doubl y charged ions ha ve been compi led at
two key intensi ti es. In contra st to electron and ion recoi l m omenta m easurem ents
perform ed in argon and hel ium , there are no signiÙcant changes in the structure
of the electron distri buti ons between low and high laser intensi ti es. At the same
ti m e, the shapes of the spectra di ˜er beyond a sim ple scaling factor. It app ears
tha t the doubl e-ionizati on pro cess m ay not be non-sequential at any intensi ty ,
whi le sti ll di ˜eri ng from the single-ionizati on case. Since the ionizati on of xenon
is more mul tipho to n in nature tha n the previ ously studi ed gases, i t is possible
tha t the enhancement of the doubl e-ionizati on rate at low intensi ti es is due to
a di ˜erent process. The e˜ect of ato mic resonances leading to a non-m onoto nic
doubl e-ioni zati on yi eld has been previ ously discussed [39, 40]. Thi s could lead to
the tel l -ta lestructure seen in the Xe 2 + :Xe+ rati o curve wi thi n a se q u en ti al pi cture.
W e have also presented the electron spectra correl ated to Xe + thro ugh Xe 3 + at a
hi gher intensi ty . Here, the trends between the single- and doubl e-ionizati on spec-
tra at the lower intensi ti es are conÙrmed and are m irrored in the tri ple-ionizati on
spectrum . An on-going study of the xenon doubl e-ioni zati on electro n spectra at
lower intensi ti es, in parti cul ar where the above-thresho ld ioni zati on and ato m ic
resonance peaks are most vi sibl e in the sing le-ioni zati on spectra , may pro vi de
m ore insight into the doubl e-ioni zati on pro cess.
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The experim ents were carri ed out at Bro okha ven Na ti onal La borato ry under
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ences.

R ef er en ces

[1] G.S. V orono v, N .B. Delone, JETP Lett . 1, 66 (196 5).

[2] P. A gostini, F. Fabre, G. Mainf ray, G. Petite, P hys. Rev . L ett . 4 2, 1127 (1979).

[3] I .S. A leksakhin, I .P. Zap esochnyi, V .V . Suran, JETP L ett . 26, 11 (1977).



El ect ron Energy Spect ra from t he Strong- Fi eld Doubl e- Ioni zat ion . . . 345

[4] A . L 'H uilli er, L. A . Lompre, G. Mainf ray , C . Manus, Ph ys. Rev . L ett . 48, 1814
(1982).

[5] D.N . Fittingho˜ , P.R. Bolton, B. C hang, K .C . K ulander, Ph ys. R ev . L ett . 69,
2642 (1992).

[6] B. W alker, B. Sheehy, L. F. DiMauro, P. A gostini, K .J . Schafer, K .C . K ulander,

Ph ys. R ev. Lett . 73, 1227 (1994).

[7] S. Laro chelle, A . Talebp our, S.L. C hin, J. Ph ys. B 31, 1201 (1998).

[8] E. Mevel, P. Breger, R. T rainham, G. Petite, P. A gostini, A . Migus, J .-P. Cham-
baret, A . A ntonetti, Ph ys. Rev. L ett . 7 0, 406 (1993).

[9] U . Mohideen, M. H . Sher, H .W. K . Tom, G. D. A umiller, O .R. W ood II , R.R. Free-
man, J. Bokor, P.H . Bucksbaum, Ph ys. Rev . Let t . 71, 509 (1993).

[10] B. W alker, B. Sheehy, K .C. K ulander, L. F. DiMauro, 5031

(1996).

[11] B. Sheehy, R. Laf on, M. Widmer, B. W alker, L. F. DiMauro, P.A . A gostini,
K .C . K ulander, 3942 (1998).

[12] M. V . A mmoso v, N .B. Delone, V .P. K raino v, 1191 (1987).

[13] L. F. DiMauro, P. A gostini, 79 (1995).

[14] A . Becker, L. Pla j a, P. Moreno, M. N urhuda, F. H .M. Faisal,

023408 (2001).

[15] P.B. C orkum, 1994 (1993).

[16] K .J . Schaf er, B. Yang, L. F. DiMauro, K .C . K ulander, 1599
(1993).

[17] J.B. W atson, A . Sanp era, D. G. Lappas, P.L. K night, K . Burnett,
1884 (1997).

[18] J.S. Parker, E. S. Smyth, K .T . Taylor, L571 (1998).

[19] M. A . K ornb erg, P. Lambrop oulos, L603 (1999).

[20] A . Becker, F.H .M. Faisal, 3546 (2000).

[21] R. PanÙli, C . Szymanow ski, W. - C. Liu, J .H . Eb erly , in: ,
Eds. L. F. DiMauro, R.R. F reeman, K .C . K ulander, A merican Institute of Physics,

N ew York (N Y ) 2000, p. 265.

[22] M. Lein, E. K .U . Gross, V . Engel, 4707 (2000).

[23] G.L. Yudin, M. Ivanov, 033404 (2001).

[24] U . Eichmann, M. D �orr, H . Maeda, W. Becker, W. Sandner,

3550 (2000).

[25] S.V . Popruzhenko, S.P. Goresla vskii , L239 (2001).

[26] K . Sacha, B. Eckhardt, 043414 (2001).

[27] N .E. Dahlen, R. van Leeuw en, 023405 (2001).

[28] H .W. van der H art, K . Burnett, 013407 (2000).

[29] Th. W eber, M. W eckenbro ck, A . Staudte, L. Spielb erger, O. Jagutzki, V . Mergel,
F. A faneh, G. U rbasch, M. V ollmer, H . Giessen, R. D�orner, L127
(2000).



346 J.L. Chaloupka et al .

[30] R. Moshammer, B. Feuerstein, W. Schmitt, A. Dorn, C .D. Schr�oter, J . U llrich,
H . Rottke, C . T rump, M. Wittman, G. K orn, K . H o˜man, W. Sandner, Ph ys.

Rev . Lett . 84, 447 (2000).

[31] Th. W eber, M. W eckenbro ck, A . Staudte, L. Spielb erger, O. Jagutzki, V . Mergel,

F. A faneh, G. U rbasch, M. V ollmer, H . Giessen, R. D�orner, Ph ys. R ev . L ett . 84,
443 (2000).

[32] Th. W eber, H . Giessen, M. W eckenbro ck, G. U rbasch, A . Staudte, L. Spielb erger,
O. Jagutzki, V . Mergel, M. Vollmer, R. D�orner, N ature 40 5, 658 (2000).

[33] B. Feuerstein, R. Moshammer, D. Fischer, A . Dorn, C .D. Schr�oter, J . Deip en-

wisch, J .R. Cresp o Lop ez-U rrutia, C . H �ohr, P. N eumayer, J . U llrich, H . Rottke,
C. T rump, M. Wittmann, G. K orn, W. Sandner, Ph ys. R ev. L ett . 87, 043003
(2001).

[34] M. W eckenbro ck, M. H attas, A . C zasch, O . Jagutzki, L. Schmidt, T . W eber,
H . Roskos, T . L�o¯er, M. T homson, R. D�orner, J. Ph ys. B 34, L449 (2001).

[35] B. Witzel, N .A . Papadogianni s, D. C haralambidi s, Ph ys. R ev. Let t . 85, 2268

(2000).

[36] R. Laf on, J .L. C haloupk a, B. Sheehy, P.M. Paul, P. A gostini, K .C . K ulander,
L. F. DiMauro, Ph ys. R ev. L ett . 2762 (2001).

[37] J.L. C haloupk a, R. Laf on, L. F. DiMauro, P. A gostini, K .C . K ulander,
352 (2001).

[38] V . Stert, W. Radlo˜, C .P. Schulz, I .V . H ertel, 97 (1999).

[39] B. W alker, E. Mevel, B. Yang, P. Breger, J .P. C hambaret, A. A ntonetti, L. F. Di-

Mauro, P. A gostini, R894 (1993).

[40] O.V . T ikhono va, in: , Eds. B. Piraux,
K . Rzazew ski, K luw er A cademic Publish ers, Dordrecht 2001, p. 85.


