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1.1 Einfdhrung: Atomeund Molekllein intensiven Laserfeldern

100 Jahre nach Albert Einsteins bahnbrechender Arbeit {iber den photoelektrischen Effekt ist
die Wechselwirkung von Licht mit Materie immer noch Gegenstand aktueller Forschung. Ein
wesentlicher Grund sind die enormen Fortschritte in der Lasertechnologie, welche die
Erzeugung immer intensiverer und immer kiirzerer Lichtpulse erlauben. Bei diesen hohen
Intensititen spielen nichtlineare Effekte, welche {iber den klassischen Photoeffekt
hinausgehen, eine wesentliche Rolle (siche Abb. 1).
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Abbildung 1. Vom Photoeffekt zur Tunnelionisation.

Schon 1931 verdffentlichte Maria Goeppert-Mayer eine Arbeit iiber Multiphotonenprozesse'.
Spiter folgte eine Vielzahl von theoretischen und experimentellen Untersuchungen?, in denen
sich sowohl der Teilchen- (Multiphoton-lonisation) als auch der klassische Wellencharakter
(Feldionisation) manifestieren. Als recht erfolgreich in der Beschreibung von
Elektronendynamik erwies sich das sogenannte "single active electron" (SAE) Modell,
welches die beobachteten Raten fiir Einfachionisation gut wiedergeben konnte. Eine rege
Diskussion der zugrunde liegenden Mechanismen 16ste vor gut 20 Jahren die Beobachtung
aus, daB fiir niedrigere Intensititen die Ausbeute an doppelt und mehrfach geladenen Ionen
um mehrere GréBenordnungen iiber den von dem SAE-Modell vorhergesagten Werten lag’.
Hierbei wurde eine sequentielle Feldionisation angenommen und die beobachtete gravierende
Diskrepanz als nichtsequentielle Doppel- bzw. Mehrfachionisation bezeichnet (Abb. 2). In
den vergangenen Jahren hat sich das Verstindnis dieser Prozesse dank moderner
experimenteller Zugénge und neuer theoretischer Ansétze entscheidend verbessert, wozu
nicht zuletzt auch die hier dargestellten Arbeiten entscheidend beigetragen haben®.

Neben der atomaren Ionisation ist die Fragmentation von Molekiilen (Ionisation,
Dissoziation) in starken Laserfeldern ein ebenso aktueller Forschungsgegenstand. Der Laser
hat dabei als extern steuerbares ,,Werkzeug” eine zentrale Bedeutung, was sich in vielfdltiger
Anwendung im Bereich der kohédrenten Kontrolle zeigt. Daneben beriihrt die den betrachteten
Prozessen zugrunde liegende Wellenpaketsdynamik fundamentale Fragestellungen in der
Quantenmechanik, wie z.B. Dekohidrenz, welche u.a. besonders relevant fiir mdgliche
Anwendungen (Quantencomputer, Kryptographie, Teleportation) sind.

"' M. Goeppert-Mayer, Ann. Phys. (Leipzig) 9 (1931) 273.

* L. F. DiMauro and P. Agostini, Adv. At. Mol. Opt. Phys. 35 (1995) 79; M. Protopapas et al., Phys. Rep. 60
(1997) 389.

* A. L’Huiller et al., Phys. Rev. A 27 (1983) 2503.

*R. Dérner et al., Adv. At. Mol. Opt. Phys. 48 (2002) 1.
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Abbildung 2. Tonenausbeuten fiir Einfach- und Doppelionisation von Neon in intensiven Laserpulsen.

Einen Schwerpunkt der Forschung bildet hier aufgrund seiner strukturellen Einfachheit H,
bzw. D, und speziell seine ionische Form H," (D;). Letzteres stellt das einfachste molekulare
System iiberhaupt dar und ist durch einige spezifische Eigenschaften ausgezeichnet, die es zu
einem idealen und vielfach untersuchten Modellsystem fiir die theoretische Beschreibung von
Laser-Materie-Wechselwirkung machen’: Erstens ist nur der elektronische Grundzustand 1sc,
gebunden, wihrend alle angeregten Zusténde repulsive Potentialkurven bilden, die zum 1/R-
Coulomb-Potential der beiden Protonen konvergieren (Abb. 3, R: internuklearer Abstand).
Zweitens bedingt die Entartung der beiden untersten Zustinde 1sc, und 2pc, bei groBen
Kernabstinden in Gegenwart eines &uBleren elektrischen Feldes ein grofles Dipol-
Ubergangsmoment dieser Niveaus, welches wesentlich fiir die Kopplung des Systems an das
Laserfeld und somit fiir die Fragmentationsdynamik ist. Drittens erlaubt die grofle Differenz
der Ionisationspotentiale von H, (15,6 eV) und H, (30 eV) eine Behandlung der
Fragmentation als Zwei-Stufen-Prozefl (Abb. 3): Beginnend mit neutralem H, wird in einem
starken Laserfeld zundchst durch Feldionisation ein Elektron entfernt (1) und das so gebildete
Molekiilion erfihrt nachfolgend weitere Fragmentationsprozesse.

Nach dem ersten lonisationsschritt ist die so priparierte Kernwellenfunktion kein
Eigenzustand zu der neuen Potentialkurve von H," und beginnt auf dieser als Wellenpaket zu
propagieren. In Gegenwart des Laserfeldes kommt es zur Ausbildung von lichtinduzierten
Potentialkurven (dressed states)’, welche der Absorption einer diskreten Anzahl von Photonen
entsprechen. Uber vermiedene Kreuzungen offnen sich dabei verschiedene Kanile der
Dissoziation (2), welche mit der Netto-Absorption von einem (1w) bzw. zwei (20) Photonen
verkniipft sind. Die Emission des zweiten Elektrons fithrt zur Coulomb-Explosion, welche im
Prinzip auf zwei unterschiedlichen Wegen erreicht werden kann. Im Falle von Feldionisation
spricht man von sequentieller Doppelionisation (3a), welche als Spezialfall des

> S. Chelkovski et al, Phys. Rev. Lett. 82 (1999) 3416.
% A.D. Bandrauk and M.L. Sink, J. Chem. Phys. 74 (1981) 1110.
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Abbildung 3. Fragmentationskanéle von H, im intensiven Laserfeld.

dissoziierenden Molekiils im Bereich von R=3bis8a.u.’ eine stark erhohte
Ionisationswahrscheinlichkeit aufweist (Charge Resonance Enhanced Ionization, CREI)S. Im
Falle linearer Polarisation kann das erste Elektron vom oszillierenden Feld zu seinem
Mutterion zuriickgetrieben werden und dieses entweder direkt durch StoBionisation oder
indirekt durch StoBanregung mit nachfolgender Feldionisation des angeregten Elektrons
weiter ionisieren (nichtsequentielle Doppelionisation, (3b))°. Als Konzept fiir zeitaufgeloste
Studien wurde in neueren Arbeiten die Idee einer ,,molekularen Uhr” eingeﬁihrtlo, welche auf
der kombinierten Wellenpaketsdynamik des emittierten Elektrons und der Kerne im oben
geschilderten Rekollisions-Szenario fiir nichtsequentielle Doppelionisation beruht. Die
Emission des ersten Elektrons setzt den Startzeitpunkt fiir die Propagation der Kerne, welche
nach einer wohldefinierten Zeit durch die vom Rekollisionsprozefl induzierte Coulomb-
Explosion gestoppt wird. Aus der kinetischen Energie der Fragmente kann nun der
Kernabstand zum Zeitpunkt der Rekollision bestimmt werden, was im Prinzip eine
Rekonstruktion des dynamischen Prozesses mit Attosekunden-Zeitauflosung erlaubt.

Fiir die Durchfiihrung der hier beschriebenen Studien standen zundchst am Max-Born-
Institut in Berlin-Adlershof und dann am MPI-K ein fs-Lasersystem zur Verfiigung.
AuBerdem wurde erstmals ein hochauflosendes Reaktionsmikroskop [33] (Abb. 4) speziell fiir
die Untersuchung der Wechselwirkung intensiver, ultrakurzer Laserpulse mit Atomen und
Molekiilen aufgebaut. Insbesondere die Verwendung von Vielfachkoinzidenztechniken hat,
dhnlich wie zuvor schon in anderen Bereichen'', zu entscheidenden Durchbriichen im
Verstindnis der laserinduzierten Dynamik gefiihrt. Neben zeitgleich durchgefiihrten

7 Im folgenden werden vielfach atomare Einheiten (a.u.) verwendet. Lange: Bohrscher Radius a;
Geschwindigkeit: 1/137 der Lichtgeschwindigkeit; Masse: Elektronenmasse; Energie: 27,2 eV (2 Rydberg); Zeit:
0,024 fs.

¥ T. Zuo and A. Bandrauk, Phys. Rev. A 52 (1995) R2511

? A. Staudte et al, Phys. Rev. A 65 (2002) 020703

' H. Niikura et al., Nature 417 (2002) 917.

1'J. Ullrich et al., Rep. Prog. Phys. 66 (2003) 1463.
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Abbildung 4. Schematischer Aufbau des Reaktionsmikroskops zur Untersuchung von laserinduzierten
Prozessen (Ionisation, Fragmentation) in Atomen und Molekiilen.

Pionierexperimenten der Universitdt Frankfurt werden Reaktionsmikroskope inzwischen
weltweit an sechs fiihrenden Labors verwendet bzw. befinden sich im Aufbau. In einer
Ultrahochvakuum-Kammer (2-10"" mbar) wird der Laserstrahl auf ein kollimiertes
Uberschallstrahl-Gastarget fokussiert. Bei einem Fokus-Durchmesser von 5 pm werden am
MPI-K Intensititen bis zu 5-10'® W/cm® erreicht. Die im Quellvolumen erzeugten
Reaktionsprodukte (RiickstoBionen, Elektronen) werden mit schwachen elektrischen (2 V/cm)
und magnetischen (7 G) Feldern senkrecht zum Laserstrahl extrahiert und auf
ortsempfindliche Detektoren abgebildet. Aus Ort und Flugzeit konnen die
Impulskomponenten nach dem Sto8 mit sehr hoher Auflésung (< 0,02 a.u.) und iiber einen
grolen Raumwinkelbereich (bis zu 4m) bestimmt werden. Der Ti:Saphir-Laser (795 nm
Wellenlénge) erzeugt Pulse von 25 fs Dauer und einer Energie von bis zu 400 pJ bei einer
Repititionsrate von 3 kHz. Zur Erzeugung ultrakurzer Pulse mit wenigen optischen
Zyklen wird das Spektrum in einer gasgefiillten Hohlfaser verbreitert und die Pulse in einem
Spiegel-Prismensystem auf 6 fs komprimiert'. Zum Zeitpunkt der hier durchgefiihrten
Arbeiten konnten lediglich in ca. fiinf Labors international solch kurze Pulsdauern realisiert
werden.

1.2 Nichtsequentielle Doppéel- und Mehrfachionisation von Atomen
1.2.1 Kinematik geladener Teilchen in intensiven Laserfeldern

Eine wichtige Grundlage zum Verstindnis der nichtsequentiellen Doppel- und
Mehrfachionisation von Atomen bildet die (klassische) Kinematik geladener Teilchen in
einem intensiven Laserfeld. Daher sei diese der Interpretation der experimentellen Befunde
vorangestellt. Fiir die betrachteten Intensititen (10'* - 10"> W/cm®) und Wellenléinge (795 nm)
wird die Freisetzung von Elektronen im Bild der Feld- bzw. Tunnelionisation verstanden,
wobei das Photonenfeld klassisch als elektrisches Feld"” beschrieben wird. Auch in diesem
Fall ist das elektrische Wechselfeld (optischer Zyklus: 2,7 fs) des Lasers quasistatisch auf der

12 K. Zrost, Dissertation, Heidelberg 2005.
' Fiir Intensititen unterhalb von 10" W/cm? sind relativistische Effekte unbedeutend, so dal die magnetische
Komponente vernachlissigt werden kann.

12
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Abbildung 5. Schematische Darstellung exemplarischer Trajektorien eines geladenen Teilchens in
einem Laserfeld fiir verschiedene Startphasen ¢o = oty [10]. (1): ¢o = 0°, maximaler Driftimpuls; (2): @,
= 180°, Driftimpuls = 0; (3): ¢, = 107°, Rekollision mit maximaler kinetischer Energie (3,17U,).
Elastische Riickstreuung von Elektronen zu diesem Zeitpunkt fiihrt zu einer kinetischen Energie von
10U, ("Cutoff" in ATI-Spektren)'*.

Zeitskala (10" s) des gebundenen Elektrons. Die Adiabasie wird durch den sog. Keldysh-
Parameter' y ausgedriickt. welcher durch das Verhiltnis der charakteristischen Energien des
gebundenen und freien Elektrons bestimmt ist:

y =V 1,/2U, (1)

Hier ist |, die Bindungsenergie (Ionisationspotential) und U, die mittlere kinetische Energie
(ponderomotives Potential, U, = |/4w%) des im Laserfeld (Intensitit |, Frequenz o)
oszillierenden Elektrons. Fiir y < 1 liegt Tunnelionisation vor. In diesem Fall ist die kinetische
Energie unmittelbar nach dem Tunneln vernachldssigbar klein und als Anfangsbedingung fiir
die Bewegung im Laserfeld kann ein ruhendes Teilchen angenommen werden. Die Losung

der klassischen Bewegungsgleichungen [10] fiir ein Teilchen der Ladung q im oszillierenden
Feld

E(t) = &(r) sinwt (2)

eines linear polarisierten Laserpulses ergibt zwei Anteile — eine oszillierende Bewegung,
welche nur wihrend des Pulses auftritt und mit diesem abklingt und eine Driftbewegung,

welche durch die Phase des Wechselfeldes zum Zeitpunkt der Ionisation ty bestimmt ist (siche
Abb. 6):

(
p(ty) = 4 Eo(ty) cos wiy.

w (3)

"* G.G. Paulus et al, J. Phys. B 27 (2000) L703
S L.V. Keldysh, Zh. Eksp. Teor. Fiz. 47 (1964) 1945.
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Abbildung 6. Zusammenhang der beobachteten Driftimpulse mit der Phase des Laserfeldes. Gezeigt ist
ein Spektrum der RiickstoBionen fiir Einfachionisation von Neon bei einer Intensitit von ca.
1-10" W/em? [6].

Somit ist die beobachtete Impulskomponente (Driftimpuls) p; parallel zur Richtung der
Laserpolarisation direkt mit der Phase des Laserfeldes zur Zeit ty verkniipft. Der maximale
Driftimpuls

¢
Pmax = i gI]‘l:lX = 25] Up
w

(4)

ergibt sich beim Start zu einem Nulldurchgang des Feldes, wihrend fiir die an den
Feldextrema beginnenden Trajektorien der Driftimpuls gleich Null ist. Da nun die
Tunnelwahrscheinlichkeit exponentiell von der Feldstirke abhédngt, folgt im SAE-Modell eine
gauBartige Verteilung fiir p, deren Maximum bei Null liegt'® (siche Abb. 6).

1.2.2 Nichtsequentielle Doppelionisation von Neon: Riickstol3ionenspektren

Die ersten differentiellen Messungen zur nichtsequentiellen Doppel- und Mehrfachionisation
von Neon wurden im Sommer 1999 in Zusammenarbeit mit dem Max-Born-Institut, Berlin-
Adlershof (Gruppe Prof. Sandner) am dortigen Institut durchgefiihrt. Parallel dazu liefen
Untersuchungen zur  Doppelionisation von Helium einer Frankfurt-Marburger
Kollaboration'”.

Die gemessenen RiickstoBionen-Impulsspektren fiir Neon sind in Abb. 7 dargestellt. Im
Gegensatz zur Einfachionisation, welche die fiir das SAE-Modell erwartete Verteilung mit
Maximum bei Null zeigt, ergibt sich fiir Ne*” und Ne** eine ginzlich andere Form mit einem
Doppelmaximum bei jeweils betragsmiBig recht hohen Impulsen, die zudem mit dem
Ladungszustand skalieren. Die Intensitit der Pulse von 30 fs Dauer lag jeweils bei ca.

' N.B. Delone and V.P. Krainov, J. Opt. Soc. Am. B 8 (1991) 1207.
7 Th. Weber et al, Phys. Rev. Lett. 84 (2000) 443.
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Abbildung 7. Zweidimensionale Spektren der RiickstoBionenimpulse parallel (p;) und senkrecht (p,) zur
Richtung der Laserpolarisation fiir Einfach-, Doppel-, und Dreifachionisation von Neon bei einer Intensitdt von
ca. 1-10"° W/em? [6].

1-10"° W/em?. Unter den seinerzeit iiber mehr als ein Jahrzehnt hinweg kontrovers
diskutierten Mechanismen der nichtsequentiellen Doppel- und Mehrfachionisation konnten
somit jene ausgeschlossen werden, die eine "simultane" Freisetzung der Elektronen bei
maximalem Feld annahmen (Shakeoff'®, kollektives Tunneln'”), da diese eine dhnliche Form
des Spektrums wie bei der Einfachionisation erwarten lieBen. Hingegen lassen die hohen
Driftimpulse auf eine sehr kleine Feldstirke zum Zeitpunkt der Doppel- bzw.
Mehrfachionisation schlie3en, was eine Feldionisation praktisch ausschlieft. Einzig das 1993
von Paul Corkum vorgeschlagene sog. Rekollisionsmodell*® und das vorher in einem anderen
Zusammenhang bereits diskutierte "antenna model"' erwiesen sich als konsistent mit diesem
Befund. Die Propagation des Elektrons im Laserfeld wird dabei in der im vorigen Abschnitt
ausgefiihrten Weise klassisch behandelt. Tunnelt das erste Elektron kurz nach dem Maximum
des Feldes, so kann es vom oszillierenden Feld zu seinem Mutterion zuriickgetrieben werden
und durch StoBionisation in einem (e,2¢)-ProzeB ein oder mehrere Elektronen herausschlagen
(Abb. 5). Dieses geschieht in der Nihe eines Nulldurchgangs des Feldes, so dal} die zu diesem
Zeitpunkt gebildeten, nun zweifach oder dreifach geladenen Ionen einen hohen Driftimpuls
aufnehmen, der nach GI. (4) proprotional zum Ladungszustand ist. Da bei optischen
Wellenldngen der Impulsiibertrag der Photonen vernachléssigt werden kann, ist der Impuls
des Ions zu jedem Zeitpunkt gleich dem negativen Summenimpuls der freigesetzten
Elektronen, der Gesamtimpuls aller Teilchen (von der geringen thermischen Bewegung des
kalten Targets abgesehen) gleich Null (siche Abb. 8). Der gemessene Impuls

'® D.N. Fittinghoff et al., Phys. Rev. Lett. 69 (1992) 2642.
' U. Eichmann, Phys. Rev. Lett. 84 (2000) 3550.

0 p B. Corkum, Phys. Rev. Lett. 71 (1993) 1994.

2I MLY. Kuchiev, Sov. Phys.-JETP Lett. 45 (1987) 404.
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Abbildung 8. Impulsiibertrag auf das Ion durch Riickstol der nach der StoBionisation auslaufenden
Elektronen. Die Pfeile in den Spektren rechts geben den maximalen Driftimpuls an, siche Gl. (4).

der Ionen ist die Summe aus dem Driftimpuls (fiir den Startzeitpunkt der Rekollision) und
dem RiickstoBimpuls pr. aus dem StoBprozeB. Dieser RiickstoBimpuls ist dem Driftimpuls
bei der (wahrscheinlicheren) Vorwirtsstreuung der Elektronen entgegengesetzt [6,10] und so
erwartet man die Maxima der Impulsverteilung etwas unterhalb des maximalen Driftimpulses,
was sehr gut mit dem experimentellen Befund iibereinstimmt (schattierter Bereich innerhalb
der Pfeile in den Spektren rechts in Abb. §). Ein weiterer Grund fiir die Lage der Maxima
innerhalb der maximalen Driftimpulse liegt darin, daB je nach Phasenlage der
Tunnelionisation des ersten Elektrons auch kleinere Driftimpulse auftreten (siche auch Fig. 4
in [6]).

Die Untersuchung von Neon an Stelle von Helium hatte meftechnische Griinde, erwies
sich aber im Nachhinein als Vorteil. Zum einen war diese Messung komplementér zur Arbeit
der Frankfurt-Marburger Kollaboration, welche das von seiner Struktur her einfachere Helium
betrachteten. Zum anderen erwies sich die Doppelstruktur der Spektren als deutlich
ausgeprégter als im Falle von Helium (siehe auch Abschnitt 1.2.4) und die Ergebnisse fiir die
Dreifachionisation ergaben ein zusitzliches sehr starkes Indiz fiir den Mechanismus der
Rekollision. Technisch gesehen handelt es sich bei den hier diskutierten Arbeiten um die wohl
erste Anwendung einer "Attosekunden-Streak-Kamera"*, da die beobachteten Driftimpulse
mit einer Zeitauflosung unterhalb einer Femtosekunde mit der Phase des Laserfeldes
korreliert sind.

1.2.3 Nichtsequentielle Doppelionisation von Neon und Argon: Korrelierte
Elektronenspektren

Zeigte sich schon die Doppelstruktur der Impulspektren fiir Helium® weniger deutlich
ausgepragt als fiir Neon, so galt dies noch mehr fiir Argon (Abb. 9), wie parallel Ergebnisse
unserer und der Frankfurt-Marburger = Gruppen  zeigten, wobei auch die
Intensititsabhingigkeit der RiickstoBionenspektren untersucht wurde™. Dies lie Zweifel an
der Richtigkeit des Rekollisionsmodells aufkommen, obgleich theoretische Studien dieses im
Prinzip stiitzten®**. Bereichert wurde die experimentell verfiigbare Information durch die

** Itatani et al., Phys. Rev. Lett. 88 (2002) 173903; M. Drescher et al., Nature 419 (2002) 803.
> Th. Weber et al., Phys. Rev. Lett. 84 (2000) 443.

2 A. Becker and F.H.M. Faisal, Phys. Rev. Lett. 84 (2000) 3564; M. Lein et al., Phys. Rev. Lett. 85 (2000) 4707.
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Abbildung 9. Korrelierte Spektren der Longitudinalimpulse (parallel zur Laserpolarisation) der emittierten
Elektronen fiir nichtsequentielle Doppelionisation von Neon [21] und Argon [13].

erste koinzidente Messung der Impulse beider Elektronen fiir Doppelionisation von Argon®®,
jedoch konnte noch keine umfassende und konsistente Interpretation gegeben werden. In
Bezug auf die Auffiillung des ,, Tals* zwischen den Maxima der RiickstoBimpulsspektren, also
den Bereich um Impuls Null wurde ein weiterer Mechanismus innerhalb des
Rekollisionsmodells diskutiert, ndmlich die ElektronenstoBanregung bei der Rekollision mit
nachfolgender Tunnelionisation des angeregten Elektrons (recollision-excitation plus
subsequent field ionization (RESD))’?[10]. Ein Indiz ist die Tatsache, daB die
Tunnelionisation vorzugsweise kleine Driftimpulse liefert. Um dieser Frage detaillierter
nachzugehen, wurde eine kinematische Analyse eigener Daten zu den koinzident gemessenen
Impulsen beider Elektronen vorgenommen. Wie im vorigen Abschnitt erwéhnt, ist ja der
Impuls des lons gleich dem negativen Summenimpuls der emittierten Elektronen.

Abb. 9 zeigt die zweidimensionalen Spektren fiir die korrelierten Impulskomponenten der
beiden Elektronen parallel zur Richtung der Laserpolarisation. Dabei entspricht der erste und
dritte Quadrant einer Emission beider Elektronen in den gleichen Halbraum und der zweite
bzw. vierte Quadrant einer Emission in entgegengesetzte Halbrdume. Vergleicht man die
Ergebnisse fiir Neon mit denen fiir Argon, so fdllt im letzteren Fall die relativ stirkere
Besetzung des zweiten und vierten Quadraten auf. Der Bildung des Summenimpulses,
welcher betragsmiBig gleich dem RiickstoBBionenimpuls ist, entspricht die Projektion des 2-D-
Spektrums auf die Hauptdiagonale. Zwar finden sich entlang dieser in beiden Fillen die
Maxima der 2-D-Verteilung, doch fithren die zahlreichen Ereignisse im zweiten und vierten
Quadranten bei Argon zu einer Auffiillung des Minimums im Spektrum der RiickstoBimpulse.

Die kinematische Analyse innerhalb des Rekollisionsmodells erlaubt nun, unter
Berticksichtigung der Energie- und Impulserhaltung, Grenzen fiir die beobachteten Impulse
anzugeben [13]. Der Vorteil einer solchen rein kinematischen Betrachtung liegt darin, daB3 sie
keinerlei Kenntnis iiber die Details der Dynamik bedarf. Fiir den Fall einer direkten
StoBionisation (e,2e), ist der RiickstoBimpuls auf das Ion durch die UberschuBenergie limitiert
wie in Abb. 10 illustriert. Es ergeben sich Kreisflichen moglicher Impulsverteilungen

» R. Kopold et al., Phys. Rev. Lett. 85 (2000) 3781.
2 Th, Weber et al., Nature (London) 405 (2000) 658.
*"H. van der Hart, J. Phys. B 33 (2000) L699.
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Abbildung 10. Kinematische Grenzen fiir die beobachteten Impulse der Elektronen nach dem
Rekollisions-(e,2¢)-ProzeB.

zwischen den beiden Elektronen, deren Radius proportional zur Quadratwurzel der
UberschuBenergie E. ist und deren Mittelpunkte um den Driftimpuls entlang der
Hauptdiagonale vom Ursprung weg verschoben sind, da beide Elektronen nach dem Stof3 den
gleichen Driftimpuls aufnehmen. Der fiir einen (e,2¢)-Prozel kinematisch erlaubte Bereich ist
nun durch die Union aller dieser Kreisflichen fiir sdmtliche Startzeitpunkte des ersten,
feldionisierten Elektrons gegeben. Eine repriasentative Auswahl dieser Kreise ist in Abb. 9
jeweils fiir Neon und Argon eingezeichnet. Im Fall von Neon [21] liegen fast alle Ereignisse
innerhalb des fiir StoBionisation kinematisch erlaubten Bereiches — dies ist demnach der
dominierende Mechanismus. Hingegen zeigt das Resultat fiir Argon [13], daB ein GrofBteil der
Daten nicht mit direkter StoBionisation vertrdglich ist — dies betrifft vor allem den zweiten
und vierten Quadranten. Dies legt nahe, dal es ein anderer, mutmaBlich der RESI-
Mechanismus, entscheidend zu nichtsequentieller Doppelionisation beitrdgt. Die zur vorigen
Betrachtung analog ermittelten kinematischen Grenzen ergeben Rechtecke (Fig. 1b in [13]),
keine Kreise, da nun beide Elektronen unabhidngig voneinander emittiert werden: Das erste
erfiahrt bei der Rekollision eine inelastische Streuung, das zweite wird sequentiell nach der
Anregung durch Feldionisation freigesetzt. Der gesamte kinematisch erlaubte Bereich ist
durch seinen kreuzférmigen Umrifl als unterbrochene Linie in Abb. 11 dargestellt. Zur
Verdeutlichung des Summenimpulses wurde das Diagramm gegeniiber Abb. 9 um 45°
gedreht. Es zeigt sich, dal die experimentell gefundenen Daten fiir Argon mit den nun durch
den zweiten Mechanismus erweiterten kinematischen Grenzen vollstindig abgedeckt werden.
Mehr noch: Da fiir die betrachtete Intensitdt von 2,5 10" W/em? sich die mit StoBionisation
vertraglichen Bereiche hier auf den ersten und dritten Quadranten beschrinken, war es unter
der Annahme, daB sich die RESI-Ereignisse auf alle vier Quadranten gleichméBig verteilen®,
erstmals mdglich, beide Beitrdge zu separieren [13]. Die Projektion der beiden Anteile auf die
Hauptdiagonale ergibt das Spektrum der RiickstoBionen, welches in Abb. 11 oben dargestellt
ist. Dabei entfallen ca. 3/4 Anteile auf den RESI-Mechanismus, welcher ein breites Maximum
bei Impuls Null liefert, wihrend sich fiir die verbleibenden Ereignisse die erwartete
Doppelstruktur fiir den Fall der direkten StoBionisation ergibt. Die beobachtete Haufung in
der Nidhe der Hauptdiagonalen [21] ist eine recht tiiberraschende Tatsache, da fiir

*% Dies ist dann gerechtfertigt, wenn die Lebensdauer der angeregten Zustidnde mindestens einen optischen
Zyklus betrégt - siche auch Abschnitt 1.2.4
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Abbildung 11. Korreliertes Spektrum der Longitudinalimpulse (parallel zur Laserpolarisation) der
emittierten Elektronen fiir nichtsequentielle Doppelionisation von Argon (Intensitit 2,5-10'* W/cm?).
Kinematische Grenzen fiir die beobachteten Impulse der Elektronen nach dem Rekollisions-(e.2¢)-
(zwei Ovale) bzw. RESI-Modell (kreuzférmig). Die Projektion auf die Hauptdiagonale ergibt das
Impulsspektrum der Ionen (obere Grafik), welches sich nach den (e,2e)- und RESI-Anteilen separieren
1aRt.

StoBionisation mit schnellen Elektronen {iblicherweise eine asymmetrische Aufteilung der
UberschuBenergie nach dem StoB unter den emittierten Elektronen erfolgt, was zu einer
Héufung abseits der Diagonalen, mehr zu den Achsen hin, fithren sollte. Dies wird auch von
Rechnungen, welche differentielle Querschnitte — allerdings unter Vernachldssigung des
Laserfeldes in diesem Punkt — verwenden vorhergesagt™. Offenbar verhilt sich die Dynamik
der StoBionisation in Gegenwart des Laserfeldes bzw. bei durch das Laserfeld induzierter
Rekollision vollstindig anders als aus ElektronenstoB-Experimenten bekannt, wo die
elektrostatische Abstoung der Elektronen imEndzustand eine wichtige Rolle spielt. Letztere
manifestiert sich aber auch bei der Rekollision, wenn man zusétzlich den Transversalimpuls

¥ S.P. Goreslavskii et al., Phys. Rev. A 64 (2000) 053402.
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(senkrecht zur Laserpolarisation) der Elektronen einschriankt, wie im Fall von Argon
untersucht wurde [17]. Damit betrachtet man nur noch Elektronen, welche weitgehend
parallel zum Laserfeld emittiert werden. Unter dieser Bedingung spaltet das Maximum in
zwel symmetrische Gebiete abseits der Hauptdiagonalen auf. Dies ist offenbar eine direkte
Folge der ElektronenabstoBung, welche eine Emission in die gleiche Raumrichtung
unterdriickt. Solange aber der transversale Freiheitsgrad voll zur Verfligung steht, scheint das
Laserfeld — im Gegensatz zum feldfreien Fall — eine symmetrische Aufteilung der
UberschuBenergie zu begiinstigen. Eine definitive Erklirung hierfiir liegt trotz einer Vielzahl
von inzwischen erschienenen theoretischen Modellen leider mangels vollstindig
quantenmechanischer Rechnungen, welche den EinfluBl des Laserfeldes auf die StoBdynamik
beriicksichtigen, nicht vor. Dieser Umstand erhoht wiederum das Interesse am Studium
laserassistierter Elektron-Atom-StéBe. Zur Zeit werden von verschiedener Seite erhebliche
Anstrengungen unternommen, durch numerische Losung der Schrodingergleichung im
Laserfeld zu einem vollstindigen Verstindnis der Dynamik der Doppelionisation zu
gelangen. Solche Rechnungen bewegen sich an der Grenze des mit moderner
Computertechnologie machbaren.

1.2.4 Nichtsequentielle Doppelionisation von Helium, Neon und Argon: Bedeutung der
atomaren Struktur

Aus dem schon diskutierten unterschiedlichen Verhalten von Neon und Argon erhebt sich die
Frage nach dem EinfluB der atomaren Struktur auf die Dynamik nichtsequentieller
Doppelionisation. Im SAE-Modell kommt diese (abgesehen von der Bindungsenergie)
praktisch nicht vor, ja es wurde sogar teilweise die Ansicht vertreten, in Gegenwart starker
Laserfelder wiirden sich alle Atome sehr dhnlich verhalten. Im Rekollisionsmodell hingegen
spielen Elektronenstofprozesse eine wesentliche Rolle; zudem ereignen sich diese zu Zeiten
nahe der Nulldurchginge des oszillierenden Feldes, so dafl eine Abhéngigkeit von der
Atomstruktur nicht allzu {iberraschend erscheint. Ein wesentlicher Parameter fiir Sto3e mit
Elektronen ist deren anfingliche Energie. Bei der Rekollision ist die (klassisch betrachtet)
maximale kinetische Energie proportional zur Intensitdt des Laserfeldes (3,17U,) und héingt
zudem von der urspriinglichen Tunnelphase ab. Um die Energieabhingikeit ndher zu
untersuchen, wurden die longitudinalen Impulsspektren der Ionen nach Doppelionisation
systematisch bei verschiedenen Laserintensititen (Pulsdauer 23 fs) fiir die Targets Helium,
Neon und Argon vermessen [31]. Das Ergebnis ist in Abb. 12 zusammengestellt.

Da die Bestimmung der Laserintensitit im Fokus allein aus der Geometrie und den
Strahlparametern mit einem typischen Fehler von 30-50 % recht ungenau ist, wurde ein neues
Verfahren der Intensititskalibrierung angewendet. Hierzu wurde an das Elektronenspektrum
fir Einfachionisation von Neon eine theoretische GauBverteilung® angepaBt. Mit dieser
Methode konnte die absolute Intensitdt mit einer Genauigkeit von besser als 15 % bestimmt
werden [31]. Die Intensititen (Angaben jeweils oben links in Einheiten von 10"° W/cm?)
wurden so gewdhlt, daB die maximale Rekollisionsenergie in Einheiten des
elementspezifischen Ionisationspotentials |, der einfach geladenen Ionen etwa den gleichen
Wert hat (kursive Zahlen oben rechts). Die schattierten Fldchen geben die Bereiche an, in
welchen die Maxima der Impulsverteilung fiir den (e,2e)-Mechanismus erwartet werden
(siche Abschnitt 1.2.2 und Abb. 8). Wihrend die Verteilungen fiir Neon, abgesehen von der
mit der Intensitit wachsenden totalen Breite, immer die gleiche Gestalt haben, so zeigt sich

3% N.B. Delone and V.P. Krainov, Phys.-Usp. 41 (1998) 469.
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Abbildung 12. Spektren der Longitudinalimpulse fiir He*'-, Ne*'- und Ar*"-Tonen [31]. Zum Vergleich sind
jeweils die Spektren {iibereinander angeordnet, fiir welche die Rekollisionsenergie in Einheiten des
Ionisationspotentials der einfach geladenen Ionen etwa den gleichen Wert hat (kursive Zahlen oben rechts). Die
absolute Intensitdt in Einheiten von 10> W/cm? ist oben links angegeben. In den schattierten Bereichen erwartet
man die Maxima fiir den (e,2e)-Mechanismus.

fiir Helium zu niedrigeren Intensititen hin die bereits fiir Argon beobachtete Auffiillung des
Minimums um den Impuls Null. Der Ubergang zu einer deutlichen Doppelstruktur wird bei
Argon im Gegensatz zu Helium nicht mehr beobachtet, da oberhalb von 6-10'* W/cm? bereits
sequentielle Doppelionisation dominiert, welche von der Form des Spektrums her der
Einfachionisation gleicht (Feldionisation fiir beide Elektronen).

Um das unterschiedliche Verhalten der drei Edelgase qualitativ zu verstehen, wurde eine
einfache Modellrechnung fiir die relativen Anteile von RESI und (e,2e) vorgenommen.
Zundchst wurden hierzu die (feldfreien) Wirkungsquerschnitte fiir ElektronenstoBanregung
bzw. -ionisation mittels semiempirischer Formeln®', die z.B. in der Astro- oder Plasmaphysik
Verwendung finden, berechnet. Abb. 13 zeigt den Verlauf der Wirkungsquerschnitte als
Funktion der Primirenergie der Elektronen in Einheiten des lonisationspotentials. Schon
hieraus wird deutlich, daB3 in Helium und vor allem in Argon die Querschnitte fiir Anregung
gegeniiber der Ionisation dominieren. Hinzu kommt das generell unterschiedliche
Schwellenverhalten von lonisation und Anregung: Die Ionisationsquerschnitte streben gegen
Null, wihrend die Querschnitte fiir Anregung schwellennah besonders hohe Werte annehmen.
Die Bevorzugung der Anregung in Argon gegeniiber Neon liegt in der atomaren Struktur
begriindet. In Ar’ treten neben den Anregungen 3p — 4s und 3s — 3p insbesondere
Ubergiinge 3p — 3d auf, welche durch den groBen Uberlapp der beteiligten Orbitale (gleiche
Hauptquantenzahl) sehr hohe Oszillatorstirken aufweisen (Dipol-Riesenresonanzen in der

' H. van Regemorter, Astrophys. J. 136 (1962) 906; V.A. Bernshtam et al, J. Phys. B 33 (2000) 5025.
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Abbildung 13. Wirkungsquerschnitte fiir ElektronenstoBanregung (durchgezogen) und -ionisation
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(gestrichelt) von He'-, Ne'- und Ar'-Ionen [31] als Funktion der auf das Ionisationspotential normierten

Primérenergie.

Photoabsorption)**. In Ne' dagegen findet man 2p — 3s, 2s — 2p und 2p — 3d, die
Riesenresonanz tritt nicht auf. He' ist ein wasserstoffihnliches System mit einem hohen
Entartungsgrad der angeregten Niveaus und als Folge dessen dominiert hier wiederum die
Anregung. Um die relativen Beitrdge Yionexe der beiden Rekollisionsmechanismen zur
nichtsequentiellen Doppelionisation zu berechnen, werden die Querschnitte, gewichtet mit der
Tunnelwahrscheinlichkeit Wpg, tiber alle moglichen Startzeiten t, innerhalb eines optischen
Zyklus™ gemittelt:

Yionexe = Wapk (to )Tion.exc (Erec(tn)) d(wty).
.sz (5)

Die Rekollisionsenergien E. ergeben sich dabei aus der klassischen Propagation des
Elektrons im Laserfeld (siehe 1.2.1). Ferner wurde eine Absenkung der Potentialbarriere in
Gegenwart eines endlichen Laserfeldes fiir die StoBionisation beriicksichtigt, was durch ein
effektiv geringeres Ionisationspotential ausgedriickt werden kann®* [25,31]. Abb. 14 zeigt fiir

32 A. Hibbert and J.E. Hansen, J. Phys. B 27 (1994) 3325.
3 Aus Symmetriegriinden geniigt es einen Viertelzyklus zu betrachten.
** H.W. van der Hart and K. Burnett, Phys. Rev. A 62 (2000) 013407.
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Abbildung 14. Modellierung der relativen Beitrdge von RESI und (e,2e) zur nichtsequentiellen
Doppelionisation von He (punktiert), Ne (gestrichelt) und Ar (durchgezogen) basierend auf den
Wirkungsquerschnitten (Abb. 13). Eingetragen ist das experimentelle Resultat fiir Argon [13] (sieche
Abschnitt 1.2.3).

He, Ne und Ar das Resultat fiir das Verhiltnis Yjon/Yexe von RESI zu (e,2¢) als Funktion der
Laserintensitit, wobei angenommen wird, daBl alle angeregten Zustinde vollstindig
feldionisiert werden. Wie anhand der Querschnitte (Abb. 13) zu erwarten, dominiert fiir
Helium und Argon der RESI-, fiir Neon hingegen der (e,2e)-Mechanismus. Vergleicht man
die Modellrechnung mit dem aus den kinematisch vollstindigen Argon-Daten gewonnenen
relativen Anteil [13], so ergibt sich eine recht gute Ubereinstimmung, was durchaus
tiberraschend ist, da das Modell starke Vereinfachungen beinhaltet und semiempirische
feldfreie Querschnitte verwendet. Innerhalb dieser Betrachtung blieb die Frage nach der
Lebensdauer der stoBangeregten Zustinde in Gegenwart des Laserfeldes unberiicksichtigt —
hierauf wird im folgenden Abschnitt nochmals eingegangen.

1.2.5 Nichtsequentielle Mehrfachionisation

Im folgenden soll dargestellt werden, wie sich das Rekollisionsmodell auf die
Mehrfachionisation verallgemeinern 1a3t. Der beobachtete Impuls eines n-fach geladenen Ions
ist bis auf das Vorzeichen gleich dem Summenimpuls der emittierten Elektronen. Diese lassen
sich nun danach unterscheiden, ob sie durch Feldionisation (er) oder in einem
RekollisionsprozeB (er) freigesetzt wurden [10, 35]:

m

!
P:::.i - Z piler) — Z pleg) n=1+m.
- = (6)

Gemdll dem Rekollisionsmodell tragen zu signifikanten Driftimpulsen nur diejenigen

Elektronen bei, welche einen Stoprozel3 mit dem Mutterion durchlaufen haben oder in einem
solchen freigesetzt wurden. Die Driftimpulse von feldionisierten Elektronen hingegen fallen
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Abbildung 15. Ubersicht der verschiedenen Mechanismen zur Doppel-(Mehrfach)ionisation in starken
Laserfeldern und daraus resultierende (longitudinale) Impulsspektren der Ionen (aus [35]).

klein aus (siche 1.2.1). Abb. 15 veranschaulicht dies noch einmal am Beispiel der
Doppelionisation: Die schmalste Ionen-Impulsverteilung ergibt sich fiir sequentielle
Feldionisation. Im Falle von RESI wird ein Elektron inelastisch gestreut, das andere tunnelt
sequentiell — durch den StoBprozeB erscheint die Impulsverteilung gegeniiber dem rein
sequentiellen Fall verbreitert. Im Falle von Rekollision mit StoBionisation (e,2¢) schlieBlich
nehmen beide Elektronen einen recht hohen Driftimpuls auf. Die Breite der Impulsverteilung
ist demnach im wesentlichen durch die Zahl m der gleichzeitig in einem StoBprozef
freigesetzten Elektronen gegeben. Elektronen (I) aus reiner Feldionisation tragen
demgegeniiber nur unwesentlich zum Gesamtimpuls bei. Die maximale Breite zum
Ladungszustand n findet sich demnach fiir einen reinen (e,ne)-Prozef3:

!)I]l'[lx = 2'”\{ U;) (7)

Eine endliche UberschuBenergie nach dem StoB fiihrt bei Vorwirtsemission der Elektronen zu
einem etwas geringeren Endimpuls. Die Lage der Maxima der Impulsverteilung 146t sich
unter Annahme eines minimalen Energieverlusts im Stof3 daher dem folgenden kinematisch
bevorzugten Bereich zuordnen [10]:

20Ty — 213170, — 1,(1 - m] < pj* < 20T, -
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Abbildung 16. Kinematisch bevorzugte Bereiche (schraffiert) fiir Doppel-und Dreifachionisation von Neon
in linear polarisierten Laserpulsen [10]. Rein sequentiell: (0-1-2) bzw. (0-1-2-3); rein nichtsequentiell: (0-2)
bzw. (0-3); kombiniert sequentiell-nichtsequentieller Fall: (0-1-3).

Hier ist |,(1 — n) die lonisationsschwelle fiir den (e,ne)-Prozel3. Neben einem reinen (e,ne)-
ProzeB3 sind aber auch Kombinationen von sequentieller und nichtsequentieller Ionisation
mdglich. Im Falle von RESI folgt der Anregung eine Feldionisation. Auch ist bei hoheren
Intensitdten eine stufenweise sequentielle Ionisation bis zu einem Ladungszustand |
sequentielle Feldionisation denkbar, gefolgt von einer Rekollision mit einem (e,(m-1)e)-
ProzeB. Dieser kombinierte Mechanismus wird dann dominieren, wenn die sequentielle
Ionisation bis zum Ladungszustand | sittigt. Die kinematisch bevorzugten Bereiche sind in
Abb. 16 als Funktion der Laserintensitit fiir die Doppel- und Dreifachionisation von Neon
dargestellt [10]. Als typischer Impuls fiir die rein sequentielle Ionisation (0-1-2) bzw. (0-1-2-
3) wurde die Halbwertsbreite der Impulsverteilung fiir Tunnelionisation gewahlt. Fiir rein
nichtsequentielle Doppel- (0-2) bzw. Dreifachionisation (0-3) ergibt sich die aus GIl. (8)
folgende Kinematik und fiir den kombinierten Pfad (0-1-3) ergeben sich nach GIl. (6)
entsprechend kleinere Impulse. In neueren Experimenten stellte sich heraus, daB3 fiir Neon bis
zum Ladungszustand 4 der rein nichtsequentielle (e,ne)-Mechanismus dominiert, wiahrend im
Fall von Argon dieser gar nicht beobachtet wird und statt dessen die kombinierten Pfade
bevorzugt werden [35,38,39].

Betrachtet man die Intensitdtsabhéngigkeit der lonenausbeuten, so dominiert zunichst der
rein nichtsequentielle Mechanismus. Bei sehr hohen Intensititen erfolgt die
Mehrfachionisation rein sequentiell. In einem Ubergangsbereich sind die kombinierten
Ionisationspfade zu erwarten. Durch die unterschiedliche Kinematik ergibt sich fiir das
Spektrum dreifach geladener Ionen qualitativ die in Abb. 17 skizzierte Entwicklung [10].

1.3 Theoretische Studien zur Wellenpaketspropagation

Thema dieses Forschungsprojektes, welches im Rahmen eines DFG-Forschungsstipendiums
an der Kansas State University durchgefiihrt wurde, war die Untersuchung des Einflusses
starker Laserfelder auf den Einfang und die Emission von Elektronen in atomaren StoBen.
Diese Thematik ist in das umfassendere Gebiet der laserassistierten atomaren StofBe (und
HalbstoBe) einzuordnen. Aufgrund erheblicher experimenteller Schwierigkeiten war und ist
der Erkenntnisstand hier weitgehend auf die Theorie beschrinkt, wobei bisher auch nur
wenige Arbeiten vorliegen®. Es ist aber damit zu rechnen, daB weiterer Fortschritt in der

33 T. Kirchner, Phys. Rev. Lett. 89 (2002) 093203.
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Abbildung 17. Schematisches Diagramm fiir den Intensitétsverlauf der Tonenausbeuten fiir einfache,
doppelte und mehrfache Ionisation von Atomen in linear polarisierten Laserpulsen. Rechts ist die
qualitative Entwicklung der lIonenspektren fiir Dreifachionisation von rein nichtsequentieller zu rein
sequentieller Tonisation skizziert (aus [10]).

Lasertechnologie in Kombination mit effizienteren Untersuchungsmethoden atomarer
StoBprozesse in Kiirze auch dieses Gebiet fiir das Experiment erschlieft. Die besondere
Schwierigkeit liegt darin, das Interaktionsvolumen mdglichst gleichméBig rdumlich und
zeitlich mit einem hinreichend starken Laserfeld zu iiberlagern. Dies setzt einen gepulsten
Betrieb sowohl des Lasers als auch des Projektilstrahls sowie eine sehr gute Fokussierung
beider Strahlen voraus. Die wenigen bisher vorgenommenen experimentellen Untersuchungen
konzentrierten sich auf elastische und inelastische (Anregung) Streuung von Elektronen, also
gebundene Systeme, und waren auf niedrige Laserintensititen (perturbativer Bereich)
beschrankt*®*’. Daher war ein erster Teil des Vorhabens als Machbarkeitsstudie ausgelegt.
Hierbei sollte in einem vereinfachten Modell die zeitliche Entwicklung des
Elektronenzustands wéhrend eines Sto3prozesses unter Einwirkung des Laserfeldes betrachtet
werden.

Aufgrund der inhaltlichen Ndhe zum beantragten Vorhaben (im Sinne eines HalbstoBes)
und der Aktualitdt der Fragestellung — u.a. von Seiten des Experiments vor Ort in Kansas und
nicht zuletzt motiviert durch zukiinftige Experimente in Heidelberg — wurde zunichst die
Fragmentation (Dissoziation und Coulomb-Explosion) von H," behandelt. Dies ist unter
anderem deswegen von besonderem Interesse, als dafl durch die Kopplung des Elektrons an
das Laserfeld eine zusitzliche elektronische Zeitskala (fs) auftritt, die nicht mehr kurz
gegeniiber der Kernbewegung (ebenfalls fs-Skala) ist, was einen Zusammenbruch der Born-
Oppenheimer-Nédherung bedeutet. Der erste Teil der Arbeit war mehr technisch orientiert.
Hier wurde nach Wegen gesucht, die Fragment-Impulsverteilungen moglichst effizient aus
den Propagationsrechnungen zu extrahieren [20]. Daneben wurde untersucht, wie die
Eigenschaften des dreidimensionalen (3D) Molekiils (Potentialkurven) moglichst gut in einem
kollinearen Modell mit jeweils einer Dimension fiir Elektronen- und Kernbewegung (parallel
zur Laser-Polarisationsrichtung) reproduziert werden konnen. Dieses verbesserte Modell war
dann Grundlage fiir Rechnungen zur Fragmentationsdynamik von H," in einem intensiven

*N.J. Mason, Rep. Prog. Phys. 56 (1993) 1275.
37 C. Hohr et al., Phys. Rev. Lett. 94 (2005) 153201.
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Laserpuls, wobei speziell die Abhédngigkeit der Fragmentationskanédle Dissoziation und
Coulomb-Explosion vom Vibrations-Anfangszustand und der Laserintensitit untersucht
wurde [22]. In einem dritten Schritt wurde diese Studie, welche ein statistisches Gemisch von
Vibrationsniveaus — wie es in einem Molekiilionenstrahl vorliegt — betrachtet, auf Pump-
Probe-Szenarien mit zwei ultrakurzen (< 10 fs) Laserpulsen erweitert. Hierbei wird durch den
ersten Puls eine kohérente Uberlagerung von Vibrationsniveaus pripariert, welche vermdge
der auf fs genau kontrollierbaren Verzogerung vom zweiten Puls zeitaufgelost abgefragt wird.
Uber die Coulomb-Explosions-Spektren der Fragmente kann die zeitabhiingige
Elektronendichteverteilung rekonstruiert werden, was einen direkten Zugang zur
Wellenpaketsdynamik erlaubt [24]. Auch ist die Messung von Dekohdrenzzeiten und somit
die Kopplung an mdogliche weitere Freiheitsgrade auf einer fs- bis ps-Zeitskala mit dieser
Methode denkbar.

Im vierten Teil wurde das bisher betrachtete Halbsto3-Szenario (laserinduzierte Molekiil-
Fragmentation) auf laserassistierte Ion-Atom-StoBe iibertragen. Konkret wurde das
Stofsystem Proton-Wasserstoff betrachtet, wobei das Projektil auf einer geradlinigen,
klassischen Trajektorie mit StoBparameter b gefiihrt wird. Die Elektronenbewegung bleibt in
diesem Modell auf zwei Dimensionen (Streuebene) beschrinkt. Berechnet wurden die
Einfangs- und Ionisationswahrscheinlichkeiten Peap(D), Pion(D) als Funktion des
StoBparameters in Abhéngigkeit von der Projektilgeschwindigkeit und den Laserparametern
Frequenz, Intensitit und Polarisation. Bei letzterer wird im allgemeinen Fall elliptischer
Polarisation angenommen, daBl die Polarisationsellipse in der Streuebene liegt. Die
Rechnungen ergaben einen deutlichen zirkularen Dichroismus beim Einfang in langsamen
Proton-Wasserstoff-StéBen unter Einflul eines zirkular polarisierten Laserfeldes.

Bei allen hier vorgestellten Propagationsrechnungen wurde die zeitabhidngige
Schrédinger-Gleichung auf einem Gitter numerisch mit der Crank-Nicholson-Split-Operator-
Methode™® geldst.

1.3.1 Berechnung von Fragment-Impulsverteilungen mit der Methode des
, Virtuellen Detektors

Wellenpaket-Propagationsrechnungen werden iiblicherweise im Ortsraum auf einem
numerischen Gitter durchgefiihrt. Ein Problem dabei ist die Behandlung der Wellenfunktion
am Rand des Gitters. Um hier unphysikalische Reflexionen zu vermeiden kann man entweder
das Gitter geniligend gro3 wéhlen, was aber oft an die Grenzen der verfiigbaren
Rechnerleistung st6ft, oder vor dem Rand einen ,Absorber’ plazieren, einen Bereich mit
einem optischen (imaginédren) Potential, welches das Wellenpaket wegddmpft, bevor es den
Rand des Gitters erreicht. Damit geht aber auch der fiir den Vergleich mit experimentellen
Impulsverteilungen von Fragmenten wichtige Kontinuumsanteil der Wellenfunktion verloren.
Eine Standardmethode zur Extraktion von Impulsverteilungen aus der Wellenfunktion im
Ortsraum ist die Fourier-Transformation in den Impulsraum. Dabei muf3 aber der gebundene
Anteil der Wellenfunktion vom Anteil im Kontinuum separiert sein. Propagiert man nun die
Wellenfunktion geniigend lang, wird zwar eine rdumliche Trennung dieser Anteile erfolgen,
der Kontinuumsanteil aber aufgrund der Dispersion der Wellenpakete einen sehr groflen
Raumbereich einnehmen, wodurch sich sowohl der numerische Aufwand der Propagation als
solcher wie auch der Fourier-Transformation stark erhéht. Es ist nun zur Bestimmung von
Reaktionsraten iiblich, den ausgehenden FluB vor dem Rand des Gitters (Absorbers) zu
erfassen, welcher als Wahrscheinlichkeitsstromdichte ein Mal} fiir die Fragmentationsrate

% W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.F. Flannery, Numerical Recipes (Cambridge University
Press, Cambridge, 1992), p. 842.

27



(Ionisation, Dissoziation) ist. Die Idee war nun, aus der Zeitabhdngigkeit der Wellenfunktion
an einem festen Ort (vor dem Absorber) auf die Impulsverteilung zuriickzuschlieBen. Dies ist
gewissermallen komplementér zur Fourier-Transformation, wo zu einem festen Zeitpunkt (am
Ende der Propagation) die in der rdumlichen Verteilung enthaltene Information genutzt wird.
Vorteil der neuen Methode ist, dalB das Wellenpaket ohne Verlust an Information absorbiert
werden kann. Dadurch kann das numerische Gitter im Vergleich zur Methode der Fourier-
Transformation wesentlich kleiner gehalten werden.

Die Berechnung der Impulsverteilung gestaltet sich wie folgt: Zu jedem Zeitschritt wird
unmittelbar vor dem Absorber der Gradient der Phase der Wellenfunktion bestimmt, welcher
als lokaler Impuls interpretiert werden kann. Diese Impulse werden in ein Histogramm
einsortiert, welches schliellich die gesuchte Impulsverteilung ergibt. Da das Verfahren zu
einem gewissen Grade einem Flugzeitspektrometer dhnelt, wurde hierfiir die Bezeichnung
,Virtueller Detektor’ gewihlt. In der Publikation [20] ist dieses Verfahren ndher beschrieben.
Neben zwei numerischen Beispielen fiir Molekiil-Dissoziation und Photoionisation eines
Modellatoms in einem intensiven Laserpuls wird am Beispiel eines Gauflschen Wellenpakets
die Methode analytisch demonstriert und die numerische Konvergenz fiir dieses Beispiel
getestet. Gegeniiber konventioneller Fourier-Transformation kann leicht eine GréBenordnung
an Rechenzeit gespart werden. Die Methode des ,Virtuellen Detektors” wurde in den Arbeiten
zur Dissoziation und Coulomb-Explosion von H," in intensiven Laserpulsen zur Berechnung
der Fragment-Impulsverteilungen verwendet.

1.3.2. Fragmentation von H," im Laserfeld: Abhangigkeit vom Vibrations-Anfangszustand.

Die Fragmentationsdynamik des H,'-Molekiilions in intensiven Laserpulsen wird im
wesentlichen durch die beiden tiefsten elektronischen Zustéinde 1s 6, und 2p o, bestimmt
(siche auch Abschnitt 1.1). Fiir groBBe internukleare Abstinde sind diese Zustinde entartet,
weshalb die elektronische Wellenfunktion hier durch eine Uberlagerung von 1s o, und 2p o,
beschrieben wird. Dies entspricht anschaulich der Lokalisierung der Elektronenwolke an
einem der beiden Kerne, also dem asymptotischen Zustand Proton plus Wasserstoffatom.
Weiter folgt hieraus ein linear mit R wachsendes Dipolmoment, welches eine starke
Kopplung an das Laserfeld bedeutet. Das Molekiilion im Laserfeld kann durch lichtinduzierte
Potentialkurven beschrieben werden, welche der Absorption von 0,1,2,3 ... usw. Photonen
entsprechen (siche Abb. 3). Mit wachsender Laserintensitit kommt es zur Ausbildung
vermiedener Kreuzungen, welche die Dissoziationsdynamik (1-Photon-Absorption sowie 3-
Photonen-Absorption mit 1-Photon-Reemission) bestimmen. Zudem kommt es im Bereich der
Kreuzungen zum oben erwidhnten CREI-Prozef3.

Zunichst wurde das Ziel verfolgt, die ,wahre’ Form der Potentialkurven (in drei
Dimensionen) in dem benutzten eindimensionalen Modell méglichst gut zu reproduzieren.
Hierzu wurde das iiblicherweise verwendete ,Softcore’-Coulomb-Potential modifiziert und
mittels einer R-abhédngigen Abschirmfunktion eine exakte Anpassung an die ,reale’ (1s c,)-
Kurve sowie eine hinreichend gute Wiedergabe der (2p c,)-Kurve erzielt (Fig. 1 aus [22]).
Auf der Grundlage dieses verbesserten Modells wurde mittels Wellenpaket-Propagation die
Fragmentation von H," in Abhingigkeit vom Vibrations-Anfangszustand und der Intensitit
untersucht und dabei sowohl die zeitabhidngigen Raten als auch die Impulsverteilungen der
Kerne fiir Dissoziation und Coulomb-Explosion berechnet. Im Intensitdtsbereich um 0,1
PW/cm® kommt es zu einer Konkurrenz der beiden Fragmentationskanile Dissoziation und
Coulomb-Explosion, die im Detail vom anfianglichen Vibrationszustand bestimmt wird (Fig. 7
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Abbildung 18. Wahrscheinlichkeiten fiir Dissoziation (Kreise) und Coulomb-Explosion (Dreiecke) von
H," in 25-fs-Laserpulsen (800 nm) als Funktion der Laserintensitit fiir die Vibrationszustinde v = 3
(gefiillte Symbole) und v = 6 (offene Symbole) [22].

aus [22]). Zusétzlich macht sich noch ein Schwelleneffekt bemerkbar, da die Zustinde v=10 —
5 nur {iber den 3-Photonen-Kanal dissoziieren konnen. Fiir hohere Vibrationsniveaus stehen
dagegen beide Kanile offen, was sich in einer unterschiedlichen Intensitidtsabhéngigkeit
niederschligt, wie in Abb. 18 am Beispiel von V=3 bzw. v= 6 demonstriert.

1.3.3 Visualisierung der Wellenpaketsdynamik von D," mittels ultrakurzer Pulse

Wie in der Einleitung schon erwidhnt, wurde bei der tiiberwiegenden Mehrheit der
experimentellen Untersuchungen das neutrale Molekiil als Target verwendet. Bei den
verwendeten Pulslingen (50 — 150 fs) laufen Produktion und Fragmentation der
Molekiilionen innerhalb dieser Zeitskala ab, die oberhalb der typischen Vibrationsperiode von
H," (14 fs) liegt. Somit ist das zeitliche Verhalten des Molekiilions nicht direkt beobachtbar.
Bei jedem einzelnen Ionisationsproze3 von H, (welcher schnell gegeniiber der Kernbewegung
geschieht) wird die Kernwellenfunktion auf die Potentialfliche von H," projiziert (Franck-
Condon-Ubergang). Dieses Wellenpaket kann nun in dem neuen Potential, zu dem es kein
Eigenzustand ist, als Superposition der Eigenzustinde von H," beschrieben werden. Ein
kleinerer Teil hat einen Uberlapp mit dem Kontinuum und dissoziiert folglich, der groBere
Teil vollfiihrt eine kohdrente gebundene Bewegung (siehe z.B. Fig. 2 aus [20]). Beschreibt
man dieses Wellenpaket mit einer Dichtematrix (Gln. (1-3) aus [24]), so geben die Nicht-
Diagonalelemente die Zeitabhingigkeit an, wihrend es sich bei den konstanten
Diagonalelementen um die bekannten Franck-Condon-Uberlappfaktoren handelt. Ist nun der
Zeitpunkt zwischen der Priparation des Wellenpakets (Ionisation von H») und einer weiteren
Wechselwirkung (z.B. Fragmentation) nicht genau definiert, kann nur ein Zeitmittel der
Dichtematrix beobachtet werden. Insbesondere verschwinden bei Mittelung iiber einen
Zeitraum, der lang gegeniiber der Zeitskala der Kernbewegung ist, die Nicht-
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Abbildung 19. Skizze zur Visualisierung von Wellenpaketsdynamik mittels Spektroskopie der
Fragmente nach Coulomb-Explosion im Probepuls.

Diagonalelemente und es verbleibt lediglich eine inkohdrente Franck-Condon-Verteilung,
also ein statistisches Gemisch. Dies gilt z.B. fiir aus einer lonenquelle extrahierte
Molekiilionen™, da die Zeitdifferenz zwischen Ionisation und Wechselwirkung mit dem
Laserpuls in der Gréfenordnung von ps schwankt.

Einen Ausweg stellen Pump-Probe-Experimente mit zwei definiert zeitlich verzogerten
Laserpulsen dar. Eine erste solche Studie zur Fragmentation von D," wurde vor einigen
Jahren mit Pulslingen von 80 fs durchgefithrt®. Trotz der hier noch beschrinkten
Zeitauflosung konnte eine von der Verzdgerung abhingige Struktur in den
Fragmentationsspektren beobachtet werden, welche als verzogerte Ionisation des
auslaufenden Dissoziations-Wellenpakets gedeutet wurde, wobei die Coulomb-Energie mit
zunehmendem Abstand der Fragmente, d.h. mit wachsender Verzogerung, abnimmt. Es
gelang, ein solches Verhalten anhand der numerischen Wellenpaket-Propagation qualitativ zu
reproduzieren (Fig. 1 u. 2 aus [24]). Mit ultrakurzen Pulsen (< 10 fs) sollte es ferner moglich
sein, auch die Bewegung gebundener Zustinde zeitlich aufgelost zu verfolgen. Hierzu wurden
Modellrechnungen fiir zwei intensive (1-2 PW/cm?) Pulse von 5 fs Dauer vorgenommen.
Dabei ionisiert der erste (Pump)-Puls D, mit einer Effizienz von nahe 100 % innerhalb von 1-
2 fs, ohne jedoch das so erzeugte D, -Molekiilion zu zerstren, was erst durch den Einsatz
genligend kurzer Pulse moglich wird. Die so priparierte kohdrente Superposition von
gebundenen Vibrationsniveaus wird mit dem zweiten (Probe-)Puls abgefragt, wobei das
zweite Elektron ionisiert wird. Dabei kann aus der Coulomb-Energie der Fragmente der
Kernabstand und somit das Betragsquadrat der Kernwellenfunktion rekonstruiert werden®'
(Abb. 19). Aufgrund der Anharmonizitdt des Molekiilpotentials sind die Vibrationsniveaus
nicht dquidistant. Dies flihrt zu einer komplizierten Zeitentwicklung des gebundenen

¥ K. Sandig, H. Figger and T.W. Hinsch, Phys. Rev. Lett. 85 (2000) 4876; I.D. Williams et al., J. Phys. B 33
(2000) 2743.

0 C. Trump, H. Rottke and W. Sandner, Phys. Rev. A 59 (1999) 2858.

*1'S. Chelkowski et al., Phys. Rev. Lett. 82 (1999) 3416; S. Chelkowski and A.D. Bandrauk, Phys. Rev. A 65
(2002) 023403.
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Wellenpakets, welche durch ein periodisches, von Interferenzstrukturen iiberlagertes
ZerflieBen und Wiederherstellen (,Revival’) des Wellenpakets gekennzeichnet ist (siche
Fig. 3 u. 4 aus [24]). Eine solche (partielle) Wiederkehr tritt nach ca. 580 fs auf (siche auch
Abschnitt 1.4.2).

Eine interessante Fragestellung ist, wie lange die Kohédrenz eines Quantensystems erhalten
bleibt. Koppelt das System an weitere (viele) Freiheitsgrade oder gar an ein Warmebad, so
gehen die festen Phasenbeziehungen in der Dichtematrix (GI. (2) aus [24]) verloren. Dieses
als Dekohérenz bezeichnete Phdnomen ist von groBer Bedeutung sowohl fiir die Grundlagen
der Quantenmechanik (Theorie des MeBprozesses) als auch fiir deren Anwendungen
(Quantencomputer). Wird z.B. die in Fig. 3 aus [24] gezeigte Wellenpaketsdynamik durch
Dekohirenz irreversibel gestort, so verschwindet die Zeitabhingigkeit der rekonstruierten
Aufenthaltswahrscheinlichkeiten (Fig. 4 aus [24]) nach einer bestimmten, charakteristischen
Dekohidrenzzeit. Statt dessen beobachtet man nunmehr eine zeitunabhingige, inkohirente
Franck-Condon-Verteilung.

1.3.4. lon-Atom-S6f3ein elliptisch polarisierten Laserfeldern: Zirkularer Dichroismus

Die oben betrachtete Molekiilfragmentation kann als HalbstoB aufgefalit werden. Der
Ubergang zu atomaren StéBen (Proton auf atomaren Wasserstoff) wurde hier so realisiert, daf
das Projektil mit der Geschwindigkeit V,, auf einer geradlinigen klassischen Trajektorie mit
StoBparameter b gefiihrt wird. Die Wellenpaketpropagation fiir das Elektron wurde dabei auf
einem zweidimensionalen Gitter vorgenommen, welches die Streuebene definiert, welche
gleichzeitig die Polarisationsellipse des Laserfeldes enthilt (sieche Abb. 20).
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Abbildung 20. Veranschaulichung der Kollision des auf einer geraden Linie gefiihrten Protons
(StoBparameter b und Geschwindigkeit v) mit einem atomaren Wasserstoff-Target in einem zirkular
polarisierten Laserfeld [32]. Der rotierende Feldvektor bricht die azimutale Symmetrie: Fiir positive b
folgt das Projektil dem Feldvektor (korotierender Fall), fiir negative b bewegen sich Projektil und
Feldvektor gegenldufig (kontrarotierender Fall). Die absolute Phase ¢(t) des Laserfeldes ist bezogen auf
den Zeitpunkt der nichsten Anndherung von Projektil und Target definiert.
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Anschaulich werden die deutlichsten Effekte fiir langsame (V, < 1 a.u.) StoBe erwartet, wo die
typische Stofzeit t = b/v,, in der GréBenordnung der Oszillationszeit (fs) des Laserfeldes liegt.
In diesem Geschwindigkeitsbereich ist der Elektroneneinfang der dominierende Prozef3,
Ionisation ist von stark untergeordneter Bedeutung. Interessant ist nun wie und unter welchen
Bedingungen ein dulleres Laserfeld die Elektronendynamik — evtl. sogar kontrollierbar —
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Abbildung 21. Elektroneneinfang und Ionisation im laserassistierten Stol von Protonen (1,21 keV) mit
atomarem Wasserstoff [32]. Die Intensitit des zirkular polarisierten Lasers betrdgt 5-10'* W/cm®. Die
Konturplots zeigen die Einfangs- bzw. Ionisationswahrscheinlichkeit als Funktion des StoBparameters b und der
Laserphase ¢ zum Zeitpunkt der néchsten Annéherung von Projektil und Target.

beeinflufft. Als einfachste differentielle Observable kommen die stoparameterabhéngige
Einfangs- und Ionisationswahrscheinlichkeiten Pcap(D), Pion(D) in Betracht.

Abb. 21 zeigt ein ausgewdhltes Resultat (aus [32]) fiir die stoBparameterabhingige
Wahrscheinlichkeit fiir Elektroneneinfang und fiir Ionisation fiir laserassistierte Stéfe von
Protonen mit atomarem Wasserstoff. Die Energie der Protonen betrdgt 1,21 keV und die
Intensitit des zirkular polarisierten Lasers 5-10'* W/cm®. Die Frequenz liegt mit 1064 nm im
nahen Infrarot (Nd:YAG-Laser). Es ergibt sich eine links/rechts-Asymmetrie, welche fiir den
Einfang gegeniiber der lonisation aber stirker ausgeprigt ist. Eine wichtige Grofle ist die
phasengemittelte Einfangs- bzw. Ionisationswahrscheinlichkeit (obere Grafiken), da die Phase
des Laserfeldes nach derzeitigem Ermessen in einem Experiment nicht mit dem Stof3
synchronisierbar ist. Fiir den Einfang bleibt auch nach der Mittelung eine deutliche
Asymmetrie (zirkularer Dichroismus) iibrig, wéhrend sich fiir die Ionisation ein nahezu
symmetrisches Bild ergibt. Interessant ist aber die Tatsache, dal die betrachtete
Laserintensitéit nicht ausreicht das Target zu ionisieren, so dal man in beiden nicht
kombinierten  Féllen (nur Stof bzw. nur Laser) eine vernachldssigbare
Ionisationswahrscheinlichkeit erhélt. Es handelt sich somit um einen echten laserassistierten
ProzeB3. Beide Effekte (Asymmetrie und stark erhohte Ionisationsraten) sollten experimentell
relativ leicht zugingliche MeBgroBen sein, falls die o.g. technischen Schwierigkeiten
tiberwunden werden.

1.4 Wellenpaketsdynamik von H," in ultrakurzen Laser pulsen

Als Vorstudie zu Pump-Probe-Experimenten zur Visualisierung der Wellenpaketsdynamik
(siche Abschnitt 1.3.3) wurde das Verhalten von H," in einzelnen Laserpulsen fiir
verschiedene Pulsdauern und Intensitdten untersucht [37]. Abb. 22 zeigt die Flugzeitspektren
der Riickstoflionen aus der Ionisation von H; bzw. nachfolgender Fragmentation fiir
verschiedene Intensitdten und Pulsldngen fiir lineare Laserpolarisation, welche hier parallel
zur Flugzeitachse des Spektrometers ist. Bei der intensiven Linie rechts handelt es sich um die
einfach ionisierten Molekiilionen (H,"). In der nahezu spiegelsymmetrischen Struktur links
davon finden sich Protonen aus der Dissoziation bzw. Coulomb-Explosion (CE) von H,".
Dabei entspricht die Mitte der Struktur Ionen mit Longitudinalimpuls Null. Ionen, deren
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Abbildung 22. Flugzeitspektren der Fragmente von molekularem Wasserstoff in linear polarisierten
Laserpulsen. Die Laserpolarisation ist parallel zur Flugzeitachse des Spektrometers (Abb. 4).

Impulsvektor auf den Detektor zu gerichtet ist, haben kiirzere Flugzeiten als im umgekehrten
Fall, weshalb die einzeln Fragmentationskanéle jeweils doppelt erscheinen. Mit zunehmender
Intensitit ist die Doppelionisation (CREI, siehe Abschnitt 1.1) stidrker ausgepragt, wihrend sie
mit abnehmender Pulsdauer stark unterdriickt wird (vergleiche die Spektren bei gleicher
Intensitit (0,5 PW/cm®). Zugleich kehrt sich das Verzweigungsverhiltnis der beiden
Dissoziationskanile (1o und 2®) um und die zugehdrigen Linien verbreitern sich. Erhéht man
hingegen die Intensitdt bei ultrakurzen (6 fs) Pulsen, so erscheint wiederum eine Struktur,
welche durch Koinzidenzmessungen als Doppelionisation identifiziert werden kann [37], nun
aber bei etwas hoherer kinetischer Energie, wie auch Abb. 22 demonstriert. Dabei verschiebt
sich die Struktur mit wachsender Intensitdt weiter zu hoheren Energien (Pfeile in Abb. 23,
gestrichelte Linie unten in Abb. 22). Dieses Verhalten kann — wie auch das Verschwinden von
CREI — auf die Wellenpaketsbewegung in H," zuriickgefiihrt werden. Bei sehr kurzen Pulsen
bleibt nicht geniligend Zeit zur Propagation vom Gleichgewichtsabstand von H, (1,4 a.u.,
siche Abb. 3) in den CREI-Bereich (3-8 a.u.) hinein. Statt dessen kann aber bei hinreichend
hoher Intensitit H," sequentiell weiter ionisiert werden (CREI ist letztlich nur ein Spezialfall
sequentieller lonisation). Da die lonisationswahrscheinlichkeit mit dem internuklearen
Abstand R stark anwichst, wird mit wachsender Intensitdt der Pulse immer mehr auch der
Bereich kleinerer R erfaf3t, was zu hoherer Energie der Coulomb-Explosions-Fragmente fiihrt.
Dieses Verhalten wird auch durch neuere Modellrechnungen reproduziert™.

#2 X.M. Tong and C.D. Lin, Phys. Rev. A 70 (2004) 023406.
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Abbildung 23. Spektren der Fragmentenergien nach Dissoziation bzw. Coulomb-Explosion (Pfeile) von H," in
ultrakurzen Laserpulsen (6 fs) [37]. Der Ubersichtlichkeit halber sind die einzelnen Spektren vertikal
gegeneinander verschoben. Die Intensitdten von unten nach oben in PW/cm?>: 0,2 - 0,3 -0,5-0,8 - 1,4 - 2.,0.
Gestrichelte Linien: theoretische Franck-Condon-Verteilung.

Die Form des Spektrums der Dissoziationsfragmente (links in Abb. 23) in ultrakurzen
Pulsen ist mit einer Franck-Condon-Verteilung (gestrichelte Kurven) verglichen, welche sich
im Grenzfall einer instantanen lonisation in einem deltaformigen Puls ergeben sollte [20]. Die
beste Ubereinstimmung findet sich dabei fiir mittlere Intensititen um 0,8 PW/cm®. Bei
hoheren Intensititen ist die Ndherung einer gegeniiber der Zeitskala der Kernbewegung
vernachldssigbar kurzen Pulsdauer zunehmend schlechter erfiillt, da die effektive Pulsdauer
innerhalb welcher Ionisation bzw. Dissoziation auftreten kann wichst. Hinzu treten stérende
Vor- und Nachpulse®. Fiir niedrigere Intensititen zeigt sich ein Mangel an héher
energetischen Dissoziationsfragmenten. Dies kann mit der Tatsache erklirt werden, daf3 sich
auf Grund der stark mit R wachsenden lonisationswahrscheinlichkeit von H, weniger hoch
angeregte  Vibrationsniveaus besetzt werden®, was auch die Anregung in das
Dissoziationskontinuum betrifft.

Fiir lineare Polarisation tritt auch nichtsequentielle Doppelionisation auf. Da dies
innerhalb eines optischen Zyklus geschieht, finden sich hier auch die hochsten
Fragmentenergien (Schulter links in Abb. 22 bzw. rechts in Abb. 23). Vergleicht man die
Spektren der longitudinalen Summenimpulse der beiden Protonen, welche dem
RiickstoBionenimpuls bei nichtsequentieller Doppelionisation von Atomen entspricht, fiir den
Rekollisionsmechanismus mit denen aus dem (sequentiellen) CREI-Bereich (Abb. 24), so

* Die Fragmentationsdynamik von H," zeigt sich als sehr empfindlich gegeniiber der Pulsform und kann daher
zur Pulsdiagnostik verwendet werden — fiir eine detailliertere Diskussion siehe [37].
# X. Urbain et al., Phys. Rev. Lett. 92 (2004) 163004.
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Abbildung 24. Spektren des longitudinalen Summenimpulses beider Protonen nach sequentieller (a)
und nichtsequentieller (b) Doppelionisation von H, in linear polarisierten Laserpulsen [37]. Pulsdauer
25 fs, Intensitit 0,5 PW/cm?.

ergibt sich eine signifikant breitere Verteilung, wie sie von Atomen her bekannt ist (siche
Abschnitt 1.2). Es ist aber keine Doppelstruktur zu beobachten, was auf eine Dominanz des
RESI-Mechanismus hindeutet. Diese Interpretation wird auch von der Theorie gestiitzt".

1.5 Ausblick: Pump-Probe-Experimente und laser assistierte Prozesse

Die Manipulation und moglicherweise die Kontrolle ultraschneller Dynamik von
Mehrteilchen-Quantensystemen ist ein junges und hochaktuelles Gebiet innerhalb der Atom-,
Molekiil- und Optischen Physik, welches Elemente der StoBphysik mit solchen der
Quantenoptik verbindet und durch den Einsatz innovativer Techniken (Préparation von
Quantenzustdnden, Manipulation der Dynamik, kinematisch vollstindige Experimente) ein
hohes Entwicklungspotential aufweist. Gleichzeitig besteht interdisziplinir ein starker Bezug
zur Physikalischen Chemie. Aus diesem Kontext ergeben sich zentrale Fragestellungen, z.B.
Kontrolle von Wellenpaketsdynamik iiber Potentialbarrieren, laserinduzierte Fragmentation
sowie lasermodifizierte Stofe und chemische Prozesse. Ziel zukiinftiger Untersuchungen ist
es, diese Fragestellungen in kinematisch vollstindigen Experimenten zu beleuchten, wobei
sowohl die Anfangszustands-Prdparation als auch die Manipulation der Dynamik weitere
wichtige Aspekte darstellen. Hier kommt dem Laser als ,,Werkzeug” eine zentrale Bedeutung

* X_.M. Tong et al., Phys. Rev. A 68 (2003) 043412.

35



zu. Mein besonderes Interesse finden die thematisch verwandten Gebiete der laserinduzierten
Fragmentation (HalbstoBe) kleiner Molekiile sowie der laserassistierten atomare Stof3e.

Erste Pump-Probe-Experimente — noch mit 25 fs Pulsdauer — ermdglichten bereits die
Visualisierung dissoziierender Wellenpakete und iiber die Kontrolle der Interferenz zweier
tierlappender Pump-Probe-Pulse eine Manipulation der Fragmentationsdynamik [41]. Um
auch die Wellenpaketsdynamik gebundener Zustinde des Wasserstoffmolekiilions zu
visualisieren, ist eine weitere Reduzierung der ,,.Belichtungszeit* notwendig. Derzeit wird die
Wellenpaketdynamik von H,” und D, zeitaufgeldst mit ultrakurzen (7 fs) Pump-Probe-
Pulsen untersucht, wobei die Modellrechnung [24] bestdtigt werden konnte (siche Abb. 25).

In der Verbindung koinzidenter hochaufgeloster Spektrometrie der Elektronen und
Fragmente mit Pump-Probe-Techniken ultrakurzer (6-7 fs) Laserpulse wird experimentelles
Neuland betreten und die Wellenpaketdynamik leichter Molekiile erstmals beobachtbar. Dies
gilt noch mehr fir das Studium laserassistierter StoBe, welche sich bislang dem
experimentellen Zugang weitgehend verschlossen. Einen Ausweg bieten neuartige Laser-
Ionenquellen zur Erzeugung gepulster energiescharfer Ionenstrahlen mit kleiner Emittanz in
Verbindung mit einem Reaktionsmikroskop, was letztlich die technische Basis fiir eine breite
Klasse zukiinftiger, innovativer Experimente darstellt.
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Abbildung 25. Wellenpaketsdynamik von D," nach Ionisation von D, in einem ultrakurzen (7 fs) Laserpuls.
Oben: Modellrechnung [24] fiir die Wahrscheinlichkeitsdichte, die Kerne im Abstand R zu finden, als Funktion
der Zeit nach dem Pump-Laserpuls. Die Bewegung im anharmonischen Molekiilpotential fithrt zu einem
"Kollaps" des Wellenpakets, welches sich nach einer gewissen Zeit regeneriert ("Revival") - siche auch die
Autokorrelationsfunktion (blaue Kurve). Unten: Experimentell wird die Wellenpaketsdynamik zeitaufgelost tiber
Coulomb-Explosion im Probe-Puls visualisiert (siche Abb. 19). Im entsprechenden Spektrum zeigen sich
(invertiert) die Strukturen, wie sie von der Modellrechnung vorhergesagt sind. Deutlich erkennbar ist ferner die
Bewegung dissoziierender Molekiilfragmente, wie sie schon mit 25-fs-Pulsen beobachtet wurde [41].
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Momentum Distributions of Ne”* lons Created by an Intense Ultrashort Laser Pulse

R. Moshammet;* B. Feuersteir, W. Schmitt!> A. Dorn,' C.D. Schrétet, and J. UllricH
'Universitat Freiburg, Hermann-Herder Srrasse 3, D-79104 Freiburg, Germany
2Gesellschaft fur Schwerionenforschung, D-64220 Dar mstadt, Germany

H. Rottke? C. Trump? M. Wittmann] G. Korn? K. Hoffmann} and W. Sandnét
3Max-Born-Institut, Rudower Chaussee 6, D-12489 Berlin, Germany
4Technische Universitét Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany
(Received 24 August 1999

Vector momentum distributions of Né (n = 1,2, 3) ions created by 30 fsg1 PW/cn? laser pulses
at 795 nm have been measured using recoil-ion momentum spectroscopy. Distinct maxima along the
light polarization axis are observed at 4.0 and 7.5 a.u. fof"Nand Né* production, respectively.
Hence, mechanisms based on an instantaneous release of two (or more) electrons can be ruled out as
a dominant contribution to nonsequential strong-field multiple ionization. The positions of the maxima
are in accord with kinematical constraints set by the classical “rescattering model.”

PACS numbers: 32.80.Rm, 31.90.+s, 32.80.Fb

In the past, a profound understanding of nonlineateraction has been approximately incorporated [7]. Third,
physics leading to single ionization and high harmonic genand most recently, collective multielectron tunneling has
eration has been achieved within a single active electrobeen considered in detail but found to be quantitatively too
(SAE) model. Contrarily, the observation of surprisingly weak. A semiempirical expression resembling a tunneling
large yields of multiply charged ions emerging from the in-formula has been found that is in good overall agreement
teraction of intense laser fields with single atoms has beewith measured multiple ionization rates [12]. A conclu-
the subject of controversial debate since the first experision that “tunneling is responsible for NS double ioniza-
mental evidence was reported about 15 years ago [1]. Evdion” has been drawn from the measured ratios of double
recent precision measurements (see, e.g., [2—4]) could nta single ionization yields over a large range of laser
unambiguously clarify the mechanisms of enhanced multiintensities [3].
ple ionization. The prediction of multiple ionization yields  In this Letter, we present first differential experimental
within SAE, assuming sequential ionization of indepen-data on double and triple ionization of neon in ultrashort
dent electrons, fails by many orders of magnitude (for a30 fs FWHM) laser pulses at intensiti¢s:1 PW/cnv)
overview, see [5]). While there is common agreemenwwhere NS multiple ionization dominates but saturation
that the correlated electron-electron dynamics is resporis not yet reached. Cold target recoil-ion momentum
sible for the observed discrepancy [6], the “nonsequentialspectroscopy (COLTRIMS) [13] has been used to mea-
(NS) mechanisms leading to the enhanced yields remainesire the momentum vectorﬁion of ejected NE 3+
unclear and are under lively discussion (see, e.g., [7,8]jons. In the limit of negligibly small momentum transfer
Up to now, this debate was solely based on total multipldy the absorbed photorig, < 0.05 a.u) and for short
ionization rate measurements. laser pulses (no ponderomotive acceleration of electrons)

In essence, three dynamic mechanisms have been prp:., reflects the sum momentum of emitted electrons
posed for NS double ionization: First, when one electrorp;,, = — Y p.. Thus, the ion momentum distributions
is rapidly removed in the laser field the remaining elec-are a sensitive measure of the many-electron dynamics.
tron cannot adiabatically readjust to the ionic potential andVe demonstrate that each proposed multiple ionization
is instantaneously “shaken off” into the continuum [2]. mechanism leads to distinct momentum patterns of the
This mechanism is known to dominate double ionizationions. The comparison with the observed distributions
of helium after absorption of single photons with energiesgives, for the first time, decisive information about the
beyond 1 keV [9]. Second, a “rescattering” process wasmportance of different mechanisms.
proposed [10] within a semiclassical model where the sec- The experiment was performed at the Max Born
ond electron is ionizede, 2¢) in a collision with the first  Institute using light pulses of a Kerr-lens mode locked
electron hitting its parent ion after free propagation dur-Ti:sapphire laser at 795 nm wavelength amplified to pulse
ing about half an optical cycle in the external laser field.energies of up t&®00 wJ at 1 kHz repetition rate. The
This process is also immanent to many-body intense-fieltight pulses of 30 fs (FWHM) were focused by a lens
S-matrix calculations [11] which are in excellent agree-(f = 260 mm) to a spot of30 um (FWHM) diameter
ment with experimental data. Rescattering in a generainto an ultrahigh vacuum chambef5 x 107! torr)
ized view has been shown to play an important role for NSeaching pulse peak intensities up th8 PW/cn?.
ionization in SAE calculations where tleee Coulomb in-  Intensity fluctuations monitored during the experiment

0031-9007 00/ 84(3)/447(4)$15.00 © 2000 The American Physical Society 447
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were kept below 5%. To verify the intensity calculated
from the beam parameters we measured Ne' © momentum
distributions for circularly polarized light at different
intensities. An annular momentum distribution was
observed with a diameter which is in accordance with
previous measurements of electron energy distributions
and theoretical models [14].

At its focus the laser beam was crossed by a low-
density (10% atoms/cm?) supersonic jet of Ne atoms. The
jet was formed by expanding Ne gas a a pressure of
5 bar through a cooled (LN, temperature) 10 wm nozzle.
After expansion, the beam was collimated over a total
length of 2 m to a diameter of 2 mm at the interaction
point. lons created in the focus were extracted by a weak
homogeneous electric field of 1 V/cm. After acceleration
over 10 cm and passing a field free drift tube of 20 cm
length they were recorded by a two dimensiona posi-
tion sensitive multichannel plate detector (0.1 mm posi-
tion resolution). From the time of flight the charge state
of the ion and its momentum component in the direc-
tion of extraction is obtained, the two other components
are calculated from the position on the detector. Thus,
COLTRIMS vyields the charge state and the momentum
vector of each single ion with an actua resolution in
any direction of Ap,, . = 0.2 au. (limited mainly by the
temperature of the gas jet) and a solid angle for accep-
tance of 47 for al ions with momenta below | pion| =
10 au. Only the salient points of recoil-ion spectroscopy
are given here; details can be found in Ref. [13].

In Fig. 1 the momentum distributions of Ne!'* ions par-
alel (P)) and perpendicular (P, ) to the polarization axis
are shown for linearly polarized light. The laser inten-
sity of 1.3 PW/cm? corresponds to a Keldysh parameter
[15] of vy = 0.35 indicating that the production of singly

yield [arb. units]

p [a.ul

FIG. 1. Momentum distributions parallel (p;) and perpen-
dicular (p,) to the polarization axis of Ne'* ions cre-
ated by 30 fs linearly polarized 795 nm laser pulses a a
peak intensity of 1.3 PW/cm? (solid line: theoretical results
according to [14]).

448

charged ions mainly occurs via tunnel ionization. In this
case most of the ions are “born” at a time when the elec-
tric field maximizes. For linear polarization the electric
field can be written as E(¢) = E, () Sin(wt). Assuming
that an ion is created with charge state ¢ and zero initial
momentum at a time ¢, the fina ionic drift momentum
strongly depends on the phase ¢ = w1y as

p(to) = - Eq(t) cos(wro) M

Thus, the final ion momentum distribution contains in-
formation about the phase ¢ when ionization occurs. It
follows from Eq. (1) that ions created at ¢ = 90° (i.e,
at maximum field strengths where the tunneling probabil -
ity maximizes) gain zero drift momentum and, hence, the
final momentum distribution peaks at zero. Our experi-
mental results are in nice agreement with a ssimple ex-
pression for electron momentum distributions derived by
Delone and Krainov [14] on the basis of tunnel ionization
(Fig. 1). Thus, as expected, the Ne!* momentum spectra
are well understood in terms of tunnel ionization at the

[a.u.]

PL

[a.u.]

PL

p, [a.ul

FIG. 2. Two-dimensional momentum distributions (py, p.)
of Ne'* ions at peak intensities of 1.3 PW/cm? (Ne!™, Ne**)
and 1.5 PW/cm? (Ne¥™). The distributions are integrated over
the third Cartesian coordinate.
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FIG. 3. Projections of the momentum distributions of Fig. 2
onto the axis paralel (p)) and perpendicular (p,) to the
polarization direction for Ne&** and Ne**.

present intensity and the agreement confirms the approxi-
mation that the ion balances the electron momenta

As mentioned before, different NS multiple ionization
mechanisms result in specific ion momentum distribu-
tions. The “collective tunneling” mechanism [12] should
lead to a momentum distribution concentrated around zero
as discussed before for single ionization [see Eg. (1)].
Thisfollows also for the proposed “ shake-off” mechanism
[2]. In both cases, the two electrons are released “simulta-
neously” close to the maximum field strength, i.e., around
¢ = 90° where the tunneling probability maximizes. In
contrast to these instantaneous double (multiple) ioniza-
tion processes a stepwise ionization by inelastic rescatter-
ing of thefirst electron leads to substantially different final
momenta. The second or more el ectrons are ionized when
the first electron revisits the parent ion, which occurs most
likely at a phase when the electric field strength is close
to zero. Thisresultsin a large final drift momentum ac-
cording to Eqg. (1). In addition, a certain momentum can
be transferred to theion in thisionizing (e, ne) collision.

The experimenta two-dimensiona ( pj, p,) momen-
tum distributions for Ne** ions are shown in Fig. 2. In
striking contrast to Ne™ the distributions for Ne** and
Ne** exhibit a minimum at p; = 0 and symmetric wings
peaking at 4 and 7.5 a.u., respectively. Thus, any instan-
taneous process leading to double or triple ionization can
be excluded as a dominant contribution to multiple ioni-
zation under the present conditions. Hence, rescattering
appears to be the most appropriate model.

In the following, we will give a qualitative interpreta-
tion of our experimental results using a two-step model
for double and triple ionization based on inelastic ionizing
collisions of the rescattered first electron [10]: First, at a
time 1y single ionization occurs via tunneling. Depend-

15
Ne?* // Ne3*
10 / 1 /
3, 51
i v
ot
90 T 120 150 90 120 150
ot, [deg] of, [deg]

FIG. 4. Within a classical rescattering model kinematically
alowed regions of final longitudinal ion momenta (hatched
areas) as a function of the phase ¢ = wt, where initial single
ionization occurs. The solid line is a reasonable likely phase
dependence (see text). Intensities are the same as in Fig. 2.

ing on the phase ¢ = wt, the first electron may return
back at atime #; leading to doubly or triply charged ion
viaan (e, 2e) or (e, 3e) process, respectively. Considering
the kinematical conditions for the inelastic rescattering the
final longitudinal momentum of the ion is given by

pu+(to) = pr+(t1) + Ap + pdif(s)), n=23,
(2

where p14(#;) is the momentum of the singly charged ion
[which balances the momentum p.(z;) of the rescattered
electron] at time f; (it should be noted that 7, is a
function of the initial phase wf)). The second term
denotes the momentum A p transferred to the ion in the
(e, ne) process, and pdif(z)) is the final drift momentum
an ion with charge state ¢ = n (created with zero initial
momentum) accumulates.

The kinematics of the in€lastic (e, ne) collision with
an ionization potential 7, sets well-defined constraints
for the longitudina momentum transfer Ap™™mM& =
pe(t1) ¥ n - /(1/n)[p2(t;) — 21,] and therefore defines
via Eq. (2) a lower and upper limit of possible final
longitudina momenta of created ions as a function of
the phase ¢ = wty when the first electron was ionized.
Thiskinematically alowed region isdisplayed in Fig. 4in
addition with a reasonable likely phase dependence (solid
line in Fig. 4) assuming minimal energy loss of the first
electron scattered in the forward direction. Since single
ionization by tunneling preferentially occurs near ¢ =
90° we expect favored ion momenta of 3—4 a.u. for Ne**
and of 7-8 au. for Ne**, respectively, in close overall
agreement with the experiment. A detailed description of
momentum distributions within the classical rescattering
model will be published in aforthcoming paper.

In conclusion, as a result of the measured momentum
distributions for multiply charged Ne ions we are able to
rule out several mechanisms proposed to explain nonse-
guential ionization in intense light pulses. Only the kine-
matics of the rescattering mechanism isin accordance with
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the present experimental data. Upon inelastic scattering
at the first return of the tunnel ionized first electron to the
core a second and even two electrons can be removed from
Ne* by electronimpact ionization. Inthefuture, kinemati-
cally complete experiments similar to those performed for
ion, electron, and single photon impact [13] are planned
using combined recoil-ion and many-electron momentum
spectroscopy [16].
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Program of the Deutsche Forschungsgemeinschaft DFG.
Support from GSl is gratefully acknowledged. We would
like to thank W. Becker, M. Doerr, and R. Dérner for
fruitful discussions.
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Nonsequential multiple ionization in intense laser pulses:
interpretation of ion momentum distributions within the
classical ‘rescattering’ model

B Feuerstein, R Moshammer and J Ullrich
Fakultit fiir Physik, Universitit Freiburg, D-79104 Freiburg, Germany

Received 24 August 2000, in final form 28 September 2000

Abstract. The classical ‘rescattering” model is used to give an interpretation of ion momentum
distributions for multiple ionization of atoms in intense fs laser pulses. Kinematical constraints
for the ion momenta derived from simple classical considerations reproduce the positions of
the maxima observed in experimental momentum distributions of Ne?* and Ne>* ions. Based
on these constraints we present a first prediction on the principle structure of differential ion
momentum distributions for multiple ionization. We show that different ionization channels can be
characterized by their kinematics, leading to specific ion momentum distributions. A qualitative
analysis of the intensity dependence is also given.

The physics of double and multiple ionization of atoms in strong fs laser pulses has been the
subject of vivid discussion since the first observation of surprisingly high ion yields more than
15 years ago [1]. Single ionization is quantitatively well understood within the ‘single active
electron’ (SAE) model which also holds for double and multiple ionization at intensities above
~ 1 PW cm~2, where the atom is ionized sequentially during the laser pulse by individual
single ionization events. The model of ‘sequential’ double (or multiple) ionization fails
at lower intensities where the predicted ion yields are several orders of magnitude weaker
than the experimental values. This discrepancy was the origin of a controversial debate
on the mechanisms leading to the enhanced ionization rates. There is general agreement
that a ‘nonsequential’ ionization mechanism (in contrast to the sequential ionization at high
intensities) has to imply the correlated dynamics of two (or more) electrons in the strong laser
field. However, the nature of this mechanism was not clear as far as the discussion was based
only on total ion yields, i.e. integral observables.

In essence, three mechanisms have been proposed for nonsequential double ionization.
First, within the ‘sudden approximation’, when one electron is rapidly removed in the laser field,
the remaining electron can be instantaneously ‘shaken off” into the continuum due to a finite
overlap of its initial (bound) and final (continuum) state wavefunction [2]. Second, a classical
‘rescattering’ model was proposed [3,4] in which the first ionized electron freely propagates
during about half an optical laser cycle. Under certain conditions it is then ‘rescattered’ to
its parent ion causing double or n-fold ionization in an (e, ne) collision. It should be noted
that this process is also immanent to many-body intense-field S-matrix calculations [5, 6]
which are in good agreement with experimental data. Third, and most recently, a ‘collective
multi-electron tunnelling” mechanism has been considered [7] which, however, was found
to be quantitatively too weak. Both ‘shake-off’ as well as the ‘collective tunnelling’ yield
an instantaneous emission of the electrons whereas in the ‘rescattering’ model the second
electron is emitted after the classical recurrence time of the first electron. Thus, this difference

0953-4075/00/210823+08$30.00 © 2000 IOP Publishing Ltd L823
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in the kinematics should manifest itself in differential observables, e.g. in the momentum
distributions of various fragments.

Recent experiments in helium [8], neon [9] and argon [10] succeeded in measuring the
momentum distributions of singly, doubly and triply charged ions at laser intensities where
nonsequential ionization dominates the total yield. In addition, and most recently, coincident
momentum distributions of two electrons have been determined for double ionization of
argon [11]. In [9] it was shown that mechanisms based on an instantaneous release of two
(or more) electrons can be ruled out as a dominant contribution to nonsequential strong-field
multiple ionization. This follows from the fact that a simultaneous electron emission leads to
an ion momentum distribution along the laser polarization axis which peaks at zero momentum.
In contrast, the observed distributions in the nonsequential regime exhibit distinct maxima at
nonzero values [8,9]. For Ne?* and Ne3* ions the positions of these maxima are in accord with
kinematical constraints set by the classical ‘rescattering’ model [9].

The purpose of this letter is to give a more detailed description of these kinematical
constraints with the extension to different ionization channels for n-fold (n > 2) ionization.
For instance, triple ionization can occur via three different ionization channels: First, purely
nonsequential ionization (0-3), second, a two-step sequential-nonsequential ionization where
two electrons tunnel sequentially and the third electron is emitted in a nonsequential process
(0—1-3). The other two-step (nonsequential-sequential) channel with a nonsequential first
ionization step (0—2-3) is not considered here since it does not contribute significantly to the
total ion yield. Third, purely sequential ionization might occur, which will be denoted (0-1-
2-3). In a recent theoretical work on strong-field multiple ionization of the noble gases [12]
these various decay channels have been taken into account in the S-matrix approach. The
results agree remarkably well with experimental total ion yields over the entire intensity range
and reproduce the observed ‘knee’ structures.

In this letter we will give a first prediction on the principle structure of differential ion
momentum distributions for multiple ionization based on simple classical considerations. It
will be shown that the ionization channels mentioned above, each of which dominates the ion
yield at a specific intensity range, can be characterized by the kinematical constraints for the ion
momenta. By comparison with (future) experimental results this should give a deeper insight
into the mechanisms leading to strong-field multiple ionization. The kinematical constraints
will be derived within the classical rescattering model. First, we will consider the motion of
a single charged particle in a linearly polarized laser field which is given by the oscillating
electric field vector £(f) = &y(¢) sin wt with an envelope function &£y(¢). Since the magnetic
field can be neglected for the intensity range considered here, we have a one-dimensional
motion along the laser polarization axis (x-axis). The integration of the equation of motion
F(t) = g £(t) = m i leads to the momentum p(t, ty) of the particle (charge ¢, mass m) at
time ¢ depending on the starting time #y:

p(t, 1) :/ F@ar :q/ &) sinwt’ dt’ (1

o I

t
_4 [£0(t") cos a)t’]; + i/ E(t") cos wt’ dt’
[ " w

fo

Q

q / At q gmax . 7t
- [£0(t") cos wt ]to b [sin w? ]to .
In the second step we used the estimation & ~ Emax /T, where &« is the maximum field
during the laser pulse. If the duration 7 of the pulse is long compared to the oscillation period
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Figure 1. Sketch of the motion x(¢) of an electron in a linearly polarized laser field £(¢) o sin wt.
Exemplary trajectories are shown for three different phases ¢ = wtp at which the initial single
ionization occurs. Curve (1): ¢o = 0°, no rescattering. Curve (2): ¢o = 90°, the electron reaches
its parent ion, but with zero kinetic energy. Curve (3): ¢9 = 107°, the electron hits its parent ion
with maximal kinetic energy of 3.17 U,,; elastic backscattering at this point leads to the ‘cut-off”
electron energy of 10 Up, [14].

(tw > 1)7 the second term can be neglected yielding
p(t, to) = _4 [Eo(t) cos wt — Ey(tp) cos wity] . 2)
1)

Here, the first term describes the oscillatory motion in the alternating field and the second term
corresponds to a drift momentum which depends on the phase wfy when the charged particle
was ‘born’. As the laser pulse passes by, the oscillatory motion vanishes with & (¢) and the
final drift momentum remains (t — oo, &(t) — 0)

plio) = % (1) cos ot 3)

Thus, the maximal drift momentum of a charged particle created in a laser pulse takes the form
q
Pmax = 5 Emax =2 q+/ Up 4)

where U, = £%/4w? is the ‘ponderomotive potential’ which reflects the mean quiver energy
of a charged particle in the laser field. Assuming that an ion is created with charge state ¢ and
zero initial momentum at time fq the final ion momentum distribution contains information
about the phase w#y, when the ionization occurs (see equation (3)). lons created at wty = 90°,
where the field strength is maximal and tunnel ionization is most probable, gain zero drift
momentums and, hence, the final momentum distribution peaks at zero. This is well known
for single ionization in the ‘tunnelling regime’ [13]. The same holds for sequential multiple
ionization because it is a sequence of single tunnel ionization steps [10].

Large final momenta for multiply charged ions are observed when the ion gets its final
charge state close to a zero crossing of the oscillating field. This can be understood within the
classical rescattering model. Figure 1 illustrates the motion of an electron in the laser field

T Inrecent experiments [8—10] T was of the order of 70—-450.
1 Except for the small contribution of the second term in (1) which is of the order of \/2 Up/tw.
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for three different phases ¢9 = wfy where the single ionization occurs via tunnelling (this
means zero initial momentum). At ¢ = 0° (or 180°, zero crossing) the electron acquires the
maximal drift momentum and escapes from the atom without rescattering (curve (1)), whereas
at ¢g = 90° (or 270°, maximal field strength) the electron gets zero drift momentum and it
returns back to the ion with zero kinetic energy (curve (2)). Only within the phase ranges
90° < ¢p < 180° and 270° < ¢y < 360°, can the electron hit its parent ion with finite
kinetic energy. The maximal and the most likely electron velocity at the classical recurrence
time #; corresponds to an kinetic energy of approximately 3.17 U, (see figure 1 of [3]). The
corresponding phase of the initial tunnel ionization is around 107° (287°) and the electron
passes its parent ion close to a zero crossing of the oscillating field (curve (3) in figure 1).
Now, the electron can undergo an elastic} or inelastic scattering process. An (e, ne) collision
at this point results in a large final drift momentum of the ion according to equation (3). It should
be noted that in the limit of small momentum transfer by the absorbed photons (p,, < 0.05 au
for a Ti:sapphire laser) and short laser pulses (no ponderomotive acceleration of the electrons)
the ion momentum p;,, reflects the sum momentum of the emitted electrons: pio, = — > Pe.

In order to obtain kinematical constraints for the final ion momentum distributions the
momentum exchange during the (e, ne) collision has to be taken into account. In the case
of purely nonsequential ionization the momentum of the incoming electron balances the
momentum of the singly charged ion:

Pion = = Pe: 5)
Directly after the collision, the momentum of the n-fold charged ion is equal to the recoil

momentum A p. due to the (e, ne) process. The latter reflects the sum momentum of the n
outgoing electrons:

n
1313; = Aﬁrec = - Z ﬁe,-- (6)
i=1

Finally, the ion acquires the drift momentum according to equation (3) which leads to a final
momentum p,"* (1) = Aprec(t1, to) + Py (11, 10). Note that the recurrence time #; depends
implicitly on the phase wf, at which the initial single ionization occurs.The recoil momentum
is limited by the excess energy Eeyc, i.e. the kinetic energy of the rescattered electron minus
the sum of the binding energies of n ionized electrons in an (e, ne) event. This leads to the
following kinematical constraints for the ion momentum parallel (||) and perpendicular (L) to

the polarization direction:
P (o) min = Parirc (11, 10) = v/2 1 Eexc (11, 10), )

[P ()| < /21 Eexe(t1, 1o). ®)

The kinematically allowed regions of final parallel ion momenta as a function of the phase wty
according to equation (7) are shown in figure 4 of [9].

In the following we will discuss the kinematics for the general case of combined
sequential-nonsequential multiple ionization with the emphasis on the intensity dependence.
For the sake of simplicity we will only consider the most probable kinetic energy of the
rescattered electron of 3.17 U, and the maximal drift momentum of Zn\/ﬁp (equation (4)).
Assuming that small recoil momenta are favoured in the (e, ne) collision, which is well justified
by various measurements (see e.g. [15]), one obtains from equation (7) for the most probable

T If the electron is elastically backscattered (broken curve in figure 1) it gains a large final kinetic energy of up to
10U, [14] which corresponds to the well-known ‘cut-off” energy in electron spectra following strong-field single
ionization.
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Figure 2. Kinematically favoured regions (hatched areas) of final longitudinal momenta
for (a) Ne** and (b) Ne>* ions as a function of the laser intensity for different ionization
channels: nonsequential ionization (0-2),(0-3); sequential ionization (0-1-2),(0—1-2-3);
combined sequential-nonsequential ionization (0—1-3). The solid curves give the ion momenta
for zero recoil momentum Apr. in the (e, ne) collision. For nonsequential ionization (0-2),(0-3)
this is the drift momentum 2n\/U>p of an n-fold charged ion. The lower limit (broken curves)
corresponds to a minimal energy loss of the first electron scattered in the forward direction. The
half width of the momentum distribution for sequential ionization is given by the dotted curves.

final ion momentum:

20Ty = 23170, = (1 = ] < pff* < 20/T. ©)

Here, I,(1 — n) is the ionization potential. The lower limit corresponds to a minimal energy
loss of the first electron scattered in the forward direction. For multiple ionization of neon at
an intensity of ~ 1 PW cm™? we get pj* ~ 3-6 au and p;* =~ 6-9 au, respectively, which is in
good accord with the observed maxima of the corresponding ion momentum distributions [9].
Recent S-matrix calculations [16] for the momentum distributions of recoil ions from laser-
induced nonsequential double ionization of He reproduced the double-hump structure along
the polarization axis. Moreover, a cutoff formula for the ion momentum was found which is
similar to the upper limit in equation (7). In a combined sequential-nonsequential ionization
channel, first the atom is ionized sequentially into charge state m followed by an (e, [n —m+1]e)
collision creating the n-fold charged ion. Now, the momentum p. of the incoming electron
does not balance the momentum of the m-fold charged ion due to the (m — 1) other electrons
which were created in sequential processes and do not take part in the collision. Thus, for
the momentum of the n-fold charged ion directly after the (e, [n — m + 1]e) collision we find
p10n = (1 — m) pe + Aprec. Analogous to equation (9) the most probable final ion momenta
parallel to the polarization direction can be estimated by

20Uy — (m — 1)y/2 317Uy — 2 Ee < Pt <20/U, — (m — 1)y/2-3.170,  (10)
with Eeye = 3.17U, — I,(m — n).

Figure 2(a) illustrates the kinematically favoured momentum range (in atomic units)
for nonsequential (0-2) and sequential (0—1-2) double ionization of neon as a function of
the laser intensity. For sequential ionization the half width of the momentum distribution
is shown as a dotted curve. This width is calculated by convolution of the two single
ionization momentum distributions according to [13]. The classical rescattering model predicts
a ‘threshold intensity’ where the kinematically allowed momentum range shrinks to zero. At
this intensity the maximal kinetic energy of the returning electron is equal to the ionization
potential. Below the threshold intensity the classical model fails to explain the observed
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Figure 3. Schematic diagram of the ion yield Y for single, double and triple ionization in an intense
linearly polarized laser field as a function of the laser intensity /. A qualitative evolution for the
momentum distributions of triply charged ions is shown on the right. The contributions of the
different ionization channels are indicated by the hatched areas: \\\\\, nonsequential ionization
(0-3);/ /1711, combined sequential-nonsequential ionization (0—1-3); | | | | |, sequential ionization
(0-1-2-3).

multiple ionization yields which do not indicate any threshold effect. The only classically
allowed ion momentum at threshold is the drift momentum 2 nﬁ , whereas at higher
intensities the kinematically favoured momentum range lies below this value. In figure 2() the
kinematically favoured regions are shown for triple ionization of neon. The three ionization
channels, purely nonsequential (0-3), combined sequential-nonsequential (0—1-3) and purely
sequential (0—1-2-3) ionization can be characterized by their specific momentum distributions.
Maxima at finite momenta are predicted for the channels (0—3) and (0—1-3) whereas the channel
(0—1-2-3) peaks at zero. Here, analogous to double ionization, the dotted curve gives the half
width of a convolution of three single ionization momentum distributions.

Based on this kinematical analysis we are able to predict the general intensity dependence
of the shape of momentum distributions for triply charged ions created in a strong laser pulse.
The ion momentum distribution consists of portions from the different ionization channels.
Since their relative contributions to the total ion yield are strongly intensity-dependent, the
shape of the momentum distribution will change as we go from the nonsequential regime to
the sequential regime. Figure 3 illustrates this behaviour in a qualitative way. The left part of the
figure shows a schematic diagram of the ion yield Y as a function of the laser intensity /. On the
right, four exemplary momentum distributions of triply charged ions are given schematically.
At low intensities, purely nonsequential (0-3) triple ionization dominates the total ion yield
leading to the well-known double-hump shape of the momentum distribution. At intensities
above the first ‘knee’ in the total ion yield, the combined sequential-nonsequential channel
(0-1-3) starts to exceed the (0-3) channel leading to a momentum distribution which may
exhibit up to four maxima since both channels are of the same magnitude. However, the width
of the individual maxima cannot be predicted on the basis of purely classical considerations
and, hence, this structure may be washed out. As the intensity increases further, the (0-3)
contribution vanishes relative to the other channels. Above the second ‘knee’ the purely
sequential channel (0—1-2-3) exceeds the (0-1-3) channel and a corresponding maximum
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appears at zero momentum. Finally, in the purely sequential regime the momentum distribution
is dominated by the (0—1-2-3) channel with a single maximum at zero momentum. Up to now
only the momentum distribution of Ne?* has been measured in the (0-3) regime [9]. How
the shape of the momentum distribution evolves quantitatively with increasing intensity is not
known, since no experimental or theoretical data are available at the moment. The momentum
distributions should depend strongly on the cross section of the (e, ne) collision as well as on
the division of the excess energy between the ejected electrons.

Finally, we will discuss the limits of the classical rescattering model. One important point
is the existence of a threshold intensity which has not been observed experimentally. This
limitation is a result of the classical treatment of the laser field in combination with tunnel
ionization, i.e. the assumption that the electron appears in the continuum for single ionization
with zero initial momentum. In a quantum-mechanical description (e.g. as in [5]) the absorption
of a corresponding number of photons by the first ionized electron provides the energy needed
for double (or multiple) ionization. This demonstrates nicely the transition from the classical-
field regime to the multi-photon regime with decreasing intensity and it explains the ion yield
below the threshold which is out of the scope of the classical model. In this context the
relevance of target excitation also has to be mentioned, since the rescattering mechanism can
also lead to exited target states which are then sequentially field-ionized. Another limitation
of a simple classical model is the fact that no details of an (e, ne) process in the presence of
a laser field are included except the kinematical constraints which are simply based on the
conservation of energy and momentum. Nevertheless, the classical rescattering model allows
us to understand the observed ion momentum distributions and is strongly supported by recent
time-dependent quantum calculations [17, 18].

To conclude, we have used the classical rescattering model to obtain kinematical
constraints for ion momentum distributions following multiple ionization of atoms by intense
laser fields. It is shown that different ionization channels (nonsequential, sequential and
combinations of them) can be characterized by the kinematical constraints for the ion momenta.
For nonsequential production of Ne?* and Ne** ions at an intensity of ~ 1 PW cm™? these
constraints reproduce positions of the maxima observed in previous experimental momentum
distributions. At higher intensities the contribution of more than one multiple ionization
channel may lead to more complex ion momentum distributions. A comparison of this
prediction with experiment and more sophisticated theories has to wait for future investigations
in this field. We hope that this work based on a very simple model will stimulate further
experimental and theoretical studies on the intensity dependence of strong-field multiple
ionization.

This work was supported by the Leibniz-Programm of the Deutsche Forschungsgemeinschaft.
We would like to thank W Becker and R Kopold for fruitful discussions.

References

[1] L’Huillier A, L’'Lompre A, Mainfray G and Manus C 1983 Phys. Rev. A 27 2503

[2] Fittinghoff D N, Bolton P R, Chang B and Kulander K D 1992 Phys. Rev. Lett. 69 2642

[3] Corkum P B 1993 Phys. Rev. Lett. 71 1994

[4] Kulander K C, Cooper J and Schafer K J 1995 Phys. Rev. A 51 561

[5] Becker A and Faisal F HM 1996 J. Phys. B: At. Mol. Opt. Phys. 29 L197

[6] Becker A and Faisal F H M 1999 Phys. Rev. A 59 R3182 and references therein

[7]1 Eichmann U, Dorr M, Maeda H, Becker W and Sandner W 2000 Phys. Rev. Lett. 84 3550

[8] Weber Th, Weckenbrock M, Staudte A, Spielberger L, Jagutzki O, Mergel V, Urbasch G, Vollmer M, Giessen H
and Dorner R 2000 Phys. Rev. Lett. 84 443



L830 Letter to the Editor

[9]
[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

Moshammer R, Feuerstein B, Schmitt W, Dorn A, Schréter C D, Ullrich J, Rottke H, Trump C, Wittmann M,
Korn G, Hoffmann K and Sandner W 2000 Phys. Rev. Lett. 84 447

Weber Th, Weckenbrock M, Staudte A, Spielberger L, Jagutzki O, Mergel V, Afaneh F, Urbasch G, Vollmer M,
Giessen H and Dérner R 2000 J. Phys. B: At. Mol. Opt. Phys. 33 L127

Weber Th et al 2000 Nature 405 658

Becker A and Faisal F HM 1999 J. Phys. B: At. Mol. Opt. Phys. 32 1L335

Delone N B and Krainov V P 1991 J. Opt. Soc. Am. B 8 1207

Paulus G G, Becker W, Nicklich W and Walther H 1994 J. Phys. B: At. Mol. Opt. Phys. 27 L703

Ehrhardt H, Jung K, Knoth G and Schlemmer P 1986 Z. Phys. D13

Becker A and Faisal F HM 2000 Phys. Rev. Lett. 84 3546

Lein M, Gross E K U and Engel V 2000 J. Phys. B: At. Mol. Opt. Phys. 33 433

Dorr 2000 Opt. Express 6 111



VOLUME 87, NUMBER 4

PHYSICAL REVIEW LETTERS

23 Jury 2001

Separation of Recollision Mechanisms in Nonsequential Strong Field Double Ionization of Ar:
The Role of Excitation Tunneling
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Vector momentum distributions of two electrons created in double ionization of Ar by 25 fs,
0.25 PW/cm? laser pulses at 795 nm have been measured using a “reaction microscope.” At this intensity,
where nonsequential ionization dominates, distinct correlation patterns are observed in the two-electron
momentum distributions. A kinematical analysis of these spectra within the classical “recollision model”
revealed an (e, 2¢)-like process and excitation with subsequent tunneling of the second electron as two

different ionization mechanisms.

This allows a qualitative separation of the two mechanisms dem-

onstrating that excitation-tunneling is the dominant contribution to the total double ionization yield.

DOI: 10.1103/PhysRevLett.87.043003

Since the first observation of surprisingly high ion yields
in double and multiple ionization in strong, linearly polar-
ized laser pulses more than 15 years ago [1] many-electron
dynamics in intense laser fields has been the subject of
a large number of theoretical and experimental investiga-
tions (for a review, see [2]). Considering that theoretical
predictions based on the “single active electron” model, as-
suming sequential ionization of independent electrons, fail
by many orders of magnitude, it was agreed that a “non-
sequential” (NS) ionization mechanism has to incorporate
the correlated dynamics of two (or more) electrons in the
strong laser field.

Experimental imaging techniques [3], combined with re-
cent progress in laser development, succeeded in measur-
ing momentum distributions of multiply charged ions for
He [4], Ne [5], and Ar [6]. It was shown that mecha-
nisms based on an instantaneous release of two (or more)
electrons at a phase where the field maximizes, such as
“shakeoff” [7] or “collective tunneling” [8], can be ruled
out as a dominant contribution to NS double ionization.
Whereas these processes lead to an ion momentum distri-
bution along the laser polarization axis peaking at zero,
the observed spectra exhibit distinct maxima at nonzero
momenta [4,5]. The positions of these maxima are in
accord with kinematical constraints set by the classical
“rescattering model” [5,9] which was originally proposed
by Corkum [10] eight years ago. In this model the first ion-
ized electron is driven back by the oscillating laser field to
its parent ion causing the ionization of a second electron
in an (e, 2e)-like process. The experimental results settled
the controversial debate on the mechanisms responsible for
NS multiple ionization and stimulated a series of theoreti-
cal papers [11-14], which all include the (e,2e) recol-
lision mechanism and, thus, support the widely accepted

043003-1 0031-9007/01/87(4)/043003(4)$15.00
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evidence that rescattering dominates multiple ionization in
the intensity regimes investigated.

Since ion momentum distributions alone do not give
complete information on the (e,2e) process during recolli-
sion, the interest focused on the correlation of the electrons
emitted by an atom in the strong laser field. Very recently,
coincident momentum distributions of two electrons have
been determined for double ionization of Ar [15]. The in-
vestigation of strong-field double ionization of argon is of
special interest because a systematic experimental study
of the intensity dependence of the ion momentum distribu-
tions along the laser polarization axis for an intensity range
from 0.2 to 2 PW/cm? [6] revealed distinct differences
in the shape of these distributions compared to theoretical
predictions either based on simple classical considerations
[9] or on recent quasiclassical calculations [11,13]. Instead
of a double-peak structure which should become more pro-
nounced with decreasing laser intensity the observed distri-
butions show only one broad peak around zero momentum.
A similar behavior was found for He [4].

The observation that the minimum between the two
peaks is filled with decreasing laser intensity is closely
related to the question of a threshold intensity where
the maximum kinetic energy of the rescattered electron
becomes equal to the ionization potential of the singly
charged ion. Experimentally, no such threshold effect has
ever been observed. In contrast to a classical approach the
quantum-mechanical description avoids the problem of
a threshold intensity: the absorption of a corresponding
number of photons by the first ionized electron provides
the energy needed for double ionization. Indeed, a “saw-
tooth structure” appears in the calculated ion momentum
distributions at intensities below the classical threshold
(Fig. 2 of [13]) which reflects the discrete energy transfer

© 2001 The American Physical Society 043003-1
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from the laser field to the atom and demonstrates nicely
the transition from the classical-field regime to the
multiphoton domain. It has been pointed out repeatedly
[9,13,15] that electron impact excitation during the re-
collision with subsequent electric field (tunnel) ionization
of the excited electron may also contribute significantly
to double ionization. This has been already demonstrated
for He in a recent semiquantitative calculation [16].
Because of its sequential nature the excitation-tunneling
mechanism tends to fill up the minimum in the momentum
distribution.

In order to clarify this question we present a de-
tailed kinematical analysis on the correlated electron
momenta for argon double ionization at an intensity
of 0.25 PW/cm?. It will be demonstrated that a kine-
matically complete experiment allows one to identify
and separate contributions from two types of recollision
mechanisms — (e, 2¢) and excitation tunneling.

The experiments were performed at the Max-Born-
Institut in Berlin using pulses of a Kerr-lens mode locked
Ti:sapphire laser at 795 nm wavelength amplified to pulse
energies up to 500 wJ at 1 kHz repetition rate. The width
of the amplified pulses was 25 fs.

Focused by a spherical on-axis mirror (f = 100 mm)
to a spot size of 10 um diameter (FWHM) in an ultra-
high vacuum chamber (7 X 10~ !! mbar), it was possible
to achieve pulse peak intensities of up to 25 PW/cm?. In-
tensity fluctuations were controlled throughout the experi-
ment and kept below 5%. The laser beam was focused on
a low-density (10% atoms/cm?) supersonic Ar jet which
was collimated to a rectangular shape of 0.2 X 4 mm? at
the focal spot. The wide side of the jet was oriented per-
pendicular with respect to the laser beam thus yielding an
overlap volume between laser beam and Ar jet of 200 um
length and 10 um diameter.

Vector momenta of ions and electrons emerging from
the source volume were recorded using a “reaction micro-
scope” which has been described in detail before [17]. All
electrons with transverse energies below 30 eV and longi-
tudinal energies below 15 eV were detected with 47 solid
angle of acceptance. The ion momentum resolution along
the jet expansion axis was limited by the internal jet tem-
perature to 0.3 a.u. Transverse to the jet axis a resolution
of 0.1 a.u. was achieved due to collimation of the atomic
beam. In order to ensure that electrons and ions detected
in each laser shot emerged from the same atom, the target
and rest gas densities had to be low enough to have less
than one ionization event per laser pulse occurring.

The final momentum pri,, of an electron emitted from
an atom in a strong, linearly polarized laser pulse is the sum
of the drift momentum pg,s; due to the acceleration in the
field and the initial momentum piyicia1(#1) of the electron
starting at time #;. The drift momentum depends on the
phase ¢ = wi, where the electron was born in the oscil-
lating electric field £ (1) = Eo(t)sin(wt) through pgrif; =
o 'Eo(t1)cos(wt;). After an (e,2e) process during re-
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collision both electrons receive the same drift momentum.
The initial momenta 131([111)&;11, ﬁi(nzi)tial of the two electrons
depend on the dynamical parameters of the (e, 2¢) process
itself, i.e., on the excess energy of the recolliding electron,
energy sharing, and the emission angles. Thus, the (e, 2¢)
final two-particle momentum state just after the recollision
is simply shifted by payife for each of the electrons yield-

ing the finally observed correlated two electron momentum

patterns. Since only the momentum components plll, pg

parallel to the polarization direction are affected by ac-
celeration in the laser field, the perpendicular components
pi, pi remain unchanged directly reflecting the (e, 2¢)
dynamics. This also holds true for the momentum dif-
ference p— = p; — p» since the identical drift momenta
cancel each other [15].

We now consider the correlated electron momentum
spectra for the parallel component. Because of energy
conservation we get for a given phase wt; as kinemati-
cally allowed regions two circles with radius +/2E¢. cen-
tered on the diagonal with equal drift momenta pqyif(¢1)
as illustrated in Fig. 1(a). Here, Eexc is the excess energy
of the (e, 2e) process. Superposition of the circles for all
phases where the energy of the recolliding electron exceeds
the ionization potential of the singly charged ion leads to
the kinematical constraints for the (e,2e) reaction (solid
line in Fig. 2). This classical domain has been found also
in a recent quasiclassical calculation by Goreslavski and
Popruzhenko [11].

In Fig. 2 the parallel momentum correlation spectrum
is presented for electron pairs emitted from an Ar atom
during a 0.25 PW/cm? laser pulse. The large portion of
events outside the (e, 2¢)-allowed regime now leads us to
the excitation-tunneling model. Again, the observed elec-
tron momenta consist of the drift momentum and the initial
momentum but, in contrast, now the electrons start at dif-
ferent times #; (recollision) and #, (tunneling) and, thus,
gain different drift momenta. The first, recolliding elec-
tron excites its parent ion yielding an initial momentum
| p1(t1)] = /2Eex.. The second, excited electron subse-
quently tunnels at a time #, and receives only drift mo-
mentum since the initial momentum for tunneling can be
neglected.

Based on this scenario we can now derive the kine-
matical constraints for the correlated parallel electron
momenta. For a given phase wt; the final momentum
of the recolliding electron is restricted by parisi(wty) —
\/2Eexc (tl) = plflinal(tl) = pdrift(wtl) + \/2Eexc (tl), where-
as the momentum of the second, tunneling electron is
limited by pllclinal(tl) =< partt = 2./Up with an expected
maximum at pgp,; = 0. Here, Up = I/4w> is the
ponderomotive potential which corresponds to the mean
quiver energy of an electron in the laser field with intensity
I. The kinematically allowed region [shown in Fig. 1(b)]
now has a rectangular shape and occurs fourfold due to
the two half cycles of the laser field yielding opposite drift

043003-2
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FIG. 1.

correlated electron momentum components p;, p, parallel
to the laser polarization axis. (a) Recollision (e,2e) process.
(b) Recollision excitation with subsequent tunneling. See text
for details.

Kinematically allowed regions (shaded areas) for the

momenta and due to the indistinguishability of the elec-
trons. Superposition of these areas for all phases where
the recollision energy exceeds the necessary excitation en-
ergy gives the total kinematically allowed region for the
excitation-tunneling mechanism. Figure 2 illustrates that
these kinematical constraints (dashed line) are in excellent
accord with the experimental data. Of special interest is
the symmetry of the correlation patterns for the two double
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FIG. 2. Correlated electron momentum spectrum of two elec-

trons emitted from Ar atoms at 0.25 PW/cm? for the parallel

components plll, p!. The superposition of the kinematical con-

straints for all phases is shown for the recollision (e, 2¢) process
(solid line) and for recollision excitation with subsequent tun-
neling (dashed line), respectively.

ionization mechanisms. Because of the fact that the elec-
trons cannot be distinguished and the laser field defines

only an alignment but not an orientation the correlation

pattern for plll, pg is symmetric with respect to both diago-

nals. In the case of the excitation-tunneling mechanism an
additional symmetry with respect to the coordinate axes
occurs because of the subsequent, independent emission
of the electrons. For the (e,2¢) mechanism this symmetry
is broken due to the fact that both electrons acquire the
same drift momentum.

Now, we discuss the filling of the “valley” in the ion

momentum distribution parallel to the laser polarization

direction. In the plll, pg correlation spectrum the events

due to the (e,2e) process are found only in the first and
third quadrants. Based on the symmetry discussed above
it is possible to obtain the full correlation pattern for the
excitation-tunneling mechanism from the data in the sec-
ond and fourth quadrants. This allows us to separate both
mechanisms by subtracting the corresponding number of
excitation-tunneling events from the measured number
of all events in the first and third quadrants. Projection of

the correlation pattern on the main diagonal gives the dis-

tribution for the parallel sum momentum pﬂr = p|1| + pg,

which reflects the parallel momentum spectrum of the
doubly charged ions. Figure 3 shows these spectra sepa-
rately for the different mechanisms. The (e,2e) process
alone now leads to two clearly separated maxima close
to the ion drift momentum of 4,/Up, which is indicated
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FIG. 3. Separation of the contributions of recollision ioniza-
tion and excitation to the ion momentum distributions parallel
to the laser polarization axis. Total ion momentum spectrum (a),
recollision excitation with subsequent tunneling (b), and recolli-
sion (e, 2¢) process (c). The drift momentum 4+/Up for doubly
charged ions is indicated by the arrows.

by the arrows. This is in good accord with our previous
predictions based on simple classical considerations [9],
as well as with recent quasiclassical calculations [11,13].
The second (excitation-tunneling) mechanism gives a
single peak around zero momentum which dominates the
total ion yield. Thus, the valley between the (e, 2e) peaks
is filled leading to the observed broad structure in the ion
momentum distribution.

Finally, one may ask why the excitation mechanism
in Ar at 0.25 PW/cm? is much more pronounced com-
pared to Ne at 1.0 PW/cm? [5]. The reason may be
twofold. First, the intensity normalized to the ionization
potential is lower for Ar* (Ip = 1.01 a.u.) than for Ne*
(Ip = 1.51 a.u.). Thus, the phase range where the re-
collision energy exceeds Ip is reduced for Ar. Moreover,
excitation and ionization by electron impact differ in their
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behavior at low impact energies. Whereas the ionization
cross section approaches zero at threshold excitation may
become increasingly probable. Second, 3p-3d excitations
occur in Ar with large cross sections which are missing in
Ne. The so-called “collapse” of the 3d orbital gives rise
to large overlap with the 3p orbital yielding in very strong
3p-3d transitions which exceed the oscillator strength of
3p-4s transitions by a factor of 4 [18].

In conclusion, using a kinematical analysis of two-
electron momentum correlation patterns for nonsequential
double ionization of Ar in 0.25 PW/cm? laser pulses
we are able to separate two different double ionization
mechanisms. Both are based on the recollision of the
first ionized electron with its parent ion core. In addition
to the (e,2e) mechanism we identified excitation of the
parent ion during the recollision with subsequent tunnel
ionization of the excited electron as a second, dominant
mechanism. This model explains the shape of observed
ion momentum distributions and demonstrates the im-
portance of excitation tunneling for nonsequential double
ionization of Ar.

The experiments were supported by the Leibniz-
Program of the Deutsche Forschungsgemeinschaft DFG.
Support from GSI is gratefully acknowledged. We thank
R. Dérner and W. Becker for fruitful discussions.
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Correlated two-electron dynamics in strong-field double ionization
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Vector momenta of electrons and ions have been measured for strong2fiefd, 0.25 to 1.0 PW/cf
double ionization of Ar using a “reaction microscope.” Correlated two-electron momentum distributions along
the field direction Py ,P,;) are explored at different transverse mome®ia of one of the electrons. Whereas
a distinct Py, ,P5) correlation, strongly varying witlP,, is observed for nonsequential double ionization at
small light intensity, only a weak, but still significant correlation is found at large intensity where sequential
ionization dominates.

DOI: 10.1103/PhysRevA.65.035401 PACS nuntber32.80.Rm, 31.90:s, 32.80.Fb

A profound knowledge of many-electron dynamics in in-  Though being generally accepted that rescattering is the
tense, femtosecond laser fields interacting with single atomkeading mechanism at intermediate intensities, the various
or molecules is basic and indispensable for our understandalculations strongly disagree among each other in predicting
ing of laser-matter interactions in general and, thus, for ahe details of the underlying dynamics, i.e., of the electron-
large variety of present and future application. Among themimpact-ionization €,2e) kinematics in the presence of the
are high-order harmonic generation, acceleration of electroneld. Moreover, none of them is in quantitative agreement
and ions, strong-field induced fusion or the realization ofwith first experimental results for argon double ionization
intense table-top x-ray sources. Theoretically, this requires fL6]. Here, the correlated electron-momentum distributions
consistent quantum description of the time-dependent correzlong the field direction of the linear polarized light were
lated motion of several electrons in the combined fields ofound to be strongly peaked for emission of the two electrons
the laser light and of the ionic core on a subfemtosecondh the same direction with a significant contribution of back-
time scale, i.e., for times that are short compared to onéo-back scattered electrons.
optical cycle of a typical laser pulse. Experimentally, the Whereas all three-dimension@D) S matrix calculations
ultimate goal would be to trace the electronic dynamics orf10-12 do predict the unidirectional emission of the elec-
such short time scales, which has not been feasible up tvons at moderate light intensities, none of them can account
now, leaving this domain completely unexplored. for back-to-back ejection of the two electrofB5]. More-

The development of multielectron-ion imaging techniquesover, even the details for unidirectionally emitted electrons
[1] and their successful combination with femtosecond lasediffer strongly in the various 3D models. One of them, based
systems with kilohertz pulse-repetition rates enabled firsbn a Coulomb form factor for thee(2e) scattering process,
single-differential measurements on strong-field multiplepredicts strongly asymmetric enerdgygnomentum sharing
ionization of He[2,3], Ne [4], Ar [5], and Xe[6]. Surpris-  between the two electrof0,12. The other one, assuming a
ingly, the determination of ion recoil momenta alone alreadyhard-core contact potential for the electron-electron interac-
settled a 15-yr controversial debate on the mechanisms réion, on the other hand yields symmetric longitudinal mo-
sponsible for nonsequentiaNS) double ionization and mentum sharing11,13.
stimulated a series of theoretical papers: Only the “rescatter- Thus, in essence, though rescattering as being the trigger
ing model” proposed by Corkunji7] eight years ago was for multiple NS double ionization seems to be out of ques-
found to be kinematically consistent with experimental-iontion, the details of the electron-scattering dynamics, i.e., of
momentum distribution$4,8]. Recent theoreticab-matrix  the (e,2e) kinematics in the presence of the electric field are
results [9-12), various numerical time-dependent two- far from being well understood and remain the subject of
electron quantum calculation&3,14] as well as predictions intense debate.

based on classical dynamig$5] all obtain the experimen- In a previous papdrl7] we have shown for 0.25 PW/¢én
tally observed, characteristic double-peak structure in th@5-fs light pulses interacting with an argon target, that back-
recoil-ion momentum along the polarization directiBg; . to-back emitted electrons may consistently be interpreted as

Thus, they all provide strong evidence that re-being due to excitation during rescatterift] at a phase
scattering dominantly contributes to NS multiple ionizationwhere the electric field is small with subsequent and inde-
in the intensity-regimes investigated. pendent field(tunne) ionization of the second electron.
Within the assumptions of the modgtlassical €,2e) dy-
namics without energy exchange with the light wave during
*Email address: R.Moshammer@mpi-hd.mpg.de recollision] both processes may be separated experimentally,
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leaving us now with the question on the correlated dynamics T ' ' ' ' T
of unidirectionally emitted electrons.

In this paper, we present differential experimental infor-
mation on correlated electron-momentum spectra in the lon-
gitudinal direction for unidirectionally emitted electrons as a
function of one-electron’s transverse momentum, shedding
light on the details of the correlated electronic motion in the
field and providing benchmark data for theory. Strong effects
are observed in that an asymmetric sharing of the longitudi-
nal momenta is favored if the transverse momentum space is
restricted. Surprisingly, a weak though significant correlation
is also found at an increased light intensity where sequential
double ionization is expected to dominate. Recently, similar
results were reported by Weckenbroeikal. for 150-fs laser

Py [a.u.]

pulses[20]. 3 2 0 1 2 3
The experiments were performed at the Max-Born-Institut
in Berlin using a Kerr-lens mode-locked Ti sapphire laser at Py [a.U]

795-nm central wavelength. The laser pulses were amplified
at 1 kHz repetition rate up to pulse energies of ADand
focused by an on-axis spherical mirrof100 mm) to a
spot of ~10 um diameter(full width at half maximum
within an ultrahigh vacuum chambé@rase pressure less than
7%x10 ' mbap. The pulse peak intensity was adjusted in
the range between 0.25 and 1.0 PWicimtensity fluctua-
tions were controlled throughout the experiment and kept
below 5%. [17], the longitudinal electron momenta are presented with-
The laser beam was focused on a low densityout any further restriction on the other momentum compo-
(10% atom/cn?) supersonic gas jet formed by expanding Ar nents. As discussed, a significant correlation is observed:
at a stagnation pressure of 5 bar through a cooledum@- Preferentially the two electrons are emitted into the same
diam nozzle. The beam was collimated over a total path of Zlirection having both either positive or, equivalently, nega-
m to a rectangular shape of 2 mnt at the focal spot, tive momenta of similar magnitude. Here, at relatively low
oriented with the broad side perpendicular to the laser beantight intensity, a kinematical analysis within the conditions
This yielded an overlap volume between laser beam and aflescribed in Ref[17] demonstrated, that events due to
gon jet of 200um in length and 1Qum in diameter. (e,2e) ionization during rescattering are exclusively re-
Vector momenta of ions and electrons emerging from thétricted to unidirectional emission of the two electrons into
source volume were recorded using a “reaction microscopethe area surrounded by the solid line. Excitation during re-
that has been described in detail bef¢i®]. Low-energy  scattering followed by tunnel ionization of the second elec-
ions and electrons are accelerated in opposite directions bytePn, instead, allow for two-electron momenta inside the area
1-Vicm electric field applied perpendicular with respect toindicated by the broken lines.
the propagation directions of the laser as well as the atomic In order to explore the electronic motion during rescatter-
beam and parallel to the laser-polarization direction. Thedng in more detail we have plotted the correlated electron
transverse motion of the electrons is confined by an addimomenta for unidirectional emission, where the,2¢)
tional homogeneous solenoidal magnetic field. In this way alevents occur, under the additional condition that the trans-
electrons with transverse energies smaller than 50 eV anderse momentum of one electroRy ) is either larger or
longitudinal energies below 15 eV are guided onto a 75-mmsmaller than 0.5 a.uFig. 2). This splits the total number of
diam two-dimensional position-sensitive microchannel plateevents into two contributions of about identical size.
detector placed 20 cm away from the reaction volume. From Distinct differences are found. If the transverse momen-
the measured absolute positions and flight times the ion an@m of electron “one” is largeP,, =0.5 a.u., the correlation
electron trajectories are reconstructed and their initial moin the longitudinal electronic motion becomes even more
menta are calculated. For the electrons a momentum resol@onounced[Fig. 2&]. Unequal momentum sharing is
tion in transverse and longitudinal directions of 0.05 a.u. iswidely suppressed and the electrons most likely emerge with
achieved. The ion-momentum resolution in the direction ofquite similar final momenta along the diagonal in the two-
the jet expansion is limited by the internal jet temperature tglimensional plot. Therefore, both electrons must have been
0.3 a.u. Transverse to the jet expansion a resolution of 0.¢reated with similar or very small momentum components
a.u. is achieved due to collimation of the jet. Py, Py at the same phase in the light wave and, thus, have
In Fig. 1 the correlated two-electron longitudinal momen-received similar drift momenta after their creation.
tum spectrum is shown for argon double ionization at a This tendency might be understood within the rescattering
power density of 0.25 PW/chnwhere nonsequential ioniza- model assuming energy conservatiBf,+ P3,+ PZ, + P3,
tion dominates. In this plot, which has been published before=2(E,—1,) during recollision(Ey: energy of the returning

FIG. 1. Longitudinal momentum of electron on4) versus
that of electron two P,;) for Ar double ionization by 25-fs laser
pulses at a peak intensity of 0.25 PW/crBox sizes correspond to
the intensity on a linear scale between zero and maximum intensity.
Full line: borderline for €,2e) kinematics. Dashed line: borderline
for excitation-tunneling eventsee also Refl17]).
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. ; . . . . . FIG. 3. Same as Fig. 1 for an intensity of 1.0 PW#ci@haded
4 - ! . area indicates a region of no acceptance for electron “one.”
2] i e i the recollision phase in the oscillating field, both electrons
. o r e - would then acquire nearly identical drift momenta of less
LN A than 1.5 a.u. each, in qualitative agreement with the experi-
TremmaEE e T mental data.
= =N #... iEm . - Obviously, the Coulomb repulsion between the two elec-
< 7TunmulliEEw - - - trons in the longitudinal direction is strongly suppressed and
— nssElESEEE: - - quite similar momenta do occur if comparably large relative
a e ., C LN | L L R - momenta of the electrons in the second, i.e., in the transverse
i B ElEEEE= - dimension, are admitted. Thus, one-dimensional calculations
) EEREsEEEE - T _ will never be able to give longitudinal momentum distribu-
:=:—:_:—:!-=__'f ' ) tions in a_greement with the experimental data. In essence,
TTET I E | they predict zero intensity for equal momentum sharing, i.e.,
] along the diagonals in Figs. 1 and 2 at a light intensity com-

0 1 2 parable with the one used hef&3,14. Clearly, the defi-
Py [a.u.] ciency of_such models lies i_n th_eir reduced dimensionality
resulting in a strong overestimation of the electron-electron
FIG. 2. Enlarged view of the uppermost right-hand part of Fig. 1f€Pulsion. As a consequence, equal longitudinal electron mo-
with additional conditions on the transverse momentum of electrofnenta are strictly forbidden if they are created in a rescatter-

“one:” (a) Py, =0.5a.u. andb) P;, <0.5a.u. ing event at identical phase.
If small transverse momenta of electron “ond®;;

_ o ] =<0.5 a.u. are selected instead, i.e., if the two-electron phase
electron; 1,=27.62 eV: ionization potenUa:I of ArIn a  gpace in the second dimension is reduced, e P, pat-
field-free (e,2e) collision at moderateE,, “binary colli- tern changes significantljFig. 2(b)]. Unequal momentum
sions” between the electrons would dominate for significantsharing is strongly favored now, with typical momenta
transverse momentum transfer to one of them;.(  around 1 a.u. for one and 0.5 a.u. for the other electron. This
=0.5a.u.), leaving the second one with a simiB§,  pehavior is well known from field-freee(2e) dynamics,
=0.5 a.u. Consequently, this reduces the kinematically alynere unequal energy sharing dominantly contributes to the
lowed regime for the longitudinal momenta froRf,+ P35,  cross section at small scattering angles of the projectile elec-
=2(Eo—1p)=1.47 a.u. forP, =P, =0 at maximumEqy  tron. In the rescattering scenario, the impinging electron is
=3.1M, to Pf+P5<0.97au. forP;,, P, =05au. litle deflected and only looses a small part of its longitudinal
(Up is the ponderomotive potentialThus, a significantly momentum in the €,2e) collision, producing a low-energy
reduced, still quite large momentum spread between the twsecondary electron. Thus, directly after recollision, the start
electrons in the longitudinal direction remains possible andnomenta of both electrons are very different, resulting in a
asymmetric sharing is expected from field-freg2e) dy-  most likely asymmetric momentum sharing in the final state.
namics. This is definitely not observed experimentffig. Basically, such a behavior has been theoretically predicted
2(a)]. Assuming further thaPinwP%H, which might be jus- for Argon at identical light intensity within as-matrix ap-
tified at small excess energies, finally leads to similar longiproach using a Coulomb form factor to describe the2€)
tudinal electron momenta of less than 0.7 a.u., Depending ocollision [10,17. It is not consistent, however, with the re-
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sults of similar calculations using a hard-core potentialsymmetric two-electron momentum distribution. Surpris-
[11,12. Moreover, since the momentum space is reduced ifngly, more events appear along the diagonal line indicating
the transverse direction, Coulomb repulsion between the tweghat some correlation is left. Both electrons are preferentially
electrons after recollision, which is not included in any of theemitted into the same direction for small longitudinal-
3D calculations[10,12, is expected to reduce events with momentum components, i.e., for electrons that have been
similar longitudinal momenta. Reduction of the transversecreated close to the maxima of the oscillating electric field.
momentum of one of the electrons essentially limits its mo-Such a pattern might be expected if two electrons either
tion in this direction, making the electron propagation “one-leave by tunnelingsequential or collectiyeor by “shake-
dimensional” with increased importance of the electron-off” during the same cycle of the laser pulse.
electron repulsion in the longitudinal direction. Thus, itisno  In summary, we have presented differential correlated
surprise that the two-electron momentum distribution is nowtwo-electron longitudinal-momentum spectra for different
in better qualitative agreement with results of one-transverse momenta of one of the electrons. It has been dem-
dimensional calculations. onstrated that our experimental data can help to distinguish
Finally, two-electron spectra have been investigated irbetween predictions of different calculations, thus, serving as
Fig. 3 at a high peak intensity of 1 PW/éwhere sequential benchmark data for theory.
electric-field (tunne) ionization is expected to be the domi-
nant mechanism. We cannot completely exclude possible
volume effects, but any contribution from regions with lower The experiments were supported by the Deutsche For-
intensities should result in the appearance of a structure simschungsgemeinschafdFG, RO 1929 and by the Leibniz-
lar to that of Fig. 1, namely, two well-separated maxima inProgram of the DFG. Support from GSI, Darmstadt, is grate-
the momentum pattern. For sequential and therefore noncofully acknowledged. The MPI(former Freiburg group
related electron emission one would expect a sphericallyvould like to thank the MBI for their hospitality.
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Abstract

We present a new method to extract momentum distributions from time-
dependent wavepacket calculations. In contrast to established Fourier
transformation of the spatial wavepacket at a fixed time, the proposed
‘virtual detector’ method examines the time dependence of the wavepacket
at a fixed position. In first applications to the ionization of model atoms
and the dissociation of H3, we find a significant reduction of computing
time and are able to extract reliable fragment momentum distributions by
using a comparatively small spatial numerical grid for the time-dependent
wavefunction.

1. Introduction

Numerical wavefunction propagation for solving the time-dependent Schrodinger equation
has been used extensively in order to describe the dynamics of strongly perturbed systems
(Hermann and Fleck 1988, Kosloff 1994, Borisov et al 1999, Thumm 2002). Especially
in the area of laser—matter interactions at high intensities, this method is currently applied to
photoionization and photodissociation of few-particle systems such as the helium atom or small
molecules, where the low or reduced dimensionality of the problem makes time-dependent
calculations of this type feasible (Kulander et al 1996, Walsh et al 1998, Liu et al 2000, Lein
et al 2000, Parker et al 2001, Bandrauk and Chelkowski 2001). Usually, the propagation is
carried out in coordinate space and yields integral information about the considered process,
e.g. total dissociation or ionization rates. However, if one desires to compare the calculation
to differential experimental data such as momentum or kinetic energy distributions of the
fragments, one has to extract these distributions from the outgoing wavepackets. A well
established method is Fourier transformation (FT) which projects the wavefunction onto
momentum eigenfunctions at a fixed time. The finite width of the momentum distributions
gives rise to a significant dispersion of the wavepackets in coordinate space. Thus, a large
numerical grid and long propagation times are required to get the full momentum information
and to make the Fourier integrals converge. This becomes a serious computing time problem for
systems of higher dimensionality. If the asymptotic behaviour of the continuum wavefunction
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is analytically known, this problem can be avoided. Using analytical propagation for the
asymptotic part of the wavefunction, the size of the numerical grid can be kept rather small
(Keller 1995).

In this paper, we propose a new method to extract momentum distributions without
propagation of the wavepacket over a large numerical grid. Here, the time dependence of
the wavepacket at a fixed position is the source of the momentum information. Due to the
analogy of this procedure to an experimental situation, we call this the ‘virtual detector’ (VD)
method. The paper is structured as follows. After the general formulation, we demonstrate
this method analytically as well as numerically for Gaussian wavepackets in one dimension.
Next, we give numerical examples for the one-dimensional (1D) dissociation of H3 following a
Franck—Condon transition from the H, ground state and for the strong-field ionization of a 1D
model hydrogen atom. We use atomic units throughout this paper, unless indicated otherwise.

2. General formulation of the ‘virtual detector’ method

The principles of quantum mechanics tell us that the wavefunction in any representation
contains complete information about the considered system. As an example, the momentum
distribution of a wavepacket WV is given by

2

| (k)|> = ‘(2;1)3/2[\11(@ exp(—ikr) dr| | (1)

i.e. by FT of the wavepacket’s coordinate space representation W (7). Thus, the momentum
information is based on the global behaviour of W in coordinate space. In many applications,
transition rates which are related to the motion of wavepackets in coordinate space like
ionization and dissociation (Kulander et al 1996, Chelkowski et al 1996, Dundas et al 1999)
or reactive scattering (Neuhauser 1992) have been derived from the outgoing flux of the
wavepacket through a given surface. The time-integrated flux corresponds to the probability
of the corresponding ionization, dissociation or reaction channel. Using absorbing walls,
comparatively small numerical grids can be used and, thus, the computing time can be
significantly reduced. Here, we wish to extract information about the momentum distribution
from the time dependence of an outgoing wavepacket at a fixed position in coordinate space.
The input for FT is the spatial dependence of the wavefunction at a fixed time, i.e. the end of
the propagation.
For the following considerations, we rewrite the wavefunction in the form

W(r,t) = A(r,t)exp(ip(r, 1)) (2)

with a real, time-dependent amplitude A(r, ) and a real, time-dependent phase ¢ (7, ). Ata
given position 74, ¢ (7, t) contains information about the momentum distribution. To reveal
this information, we consider the current density j at rq4 of outgoing particles with mass p,

. p(rq, 1) .
J(re, 1) = TV¢(Td, 1) with p(ra, 1) = |A(ra, )|, 3)
The (probability) current density can be interpreted as the product of the probability density p
and a ‘local’ velocity v at position r4 which corresponds to the momentum

k(rq, 1) = pv = Vo (re, 1). “)

The simplest example is an outgoing monochromatic plane wave WY(r,f) =
(2m) 32 expli(kr — wt)] where the phase gradient is directly related to the momentum
k. Similar to an experimental time-of-flight set-up, we now have to apply a ‘binning’ or
‘histogramming’ procedure in order to derive the momentum distribution d N /dk. In order
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to keep this formulation transparent, we consider here the 1D case. Having the VD located
at xq4, for each time 7, we get the momentum k(xq, t). After time integration, the probability
for finding the number of ‘events’ AN with momenta k within a small interval Ak around a
momentum value k; is given by

fork € [k; — &% k; + 8]
else.

AN(k;) = Ak/ dt j(xq, 1) !(]) (5)
0

In the limit of an infinitesimal interval length dk, the ‘box’ distribution in (5) becomes a §
distribution,

dN

dk |,
The implicit time dependence of the argument of the § distribution can be transformed into an
explicit time dependence according to

= /0 dt j(xq, )8 (k" — k(xq,1)). (6)

v —Zf dr j(x t)(s(t fi) tm @ k(tn) = K (7
dk |, ~ TG D) meHm =
J(xa, 1K)
A 8
|5 (¢ (k) ®

Equation (7) can be reduced to (8) if j (x4, ) has dominant contributions only for sufficiently
large ¢. This applies in the example below (section 3.1), where k() is a monotonous function
in ¢ and the argument of the § distribution in (6) has only one zero.

The VD method can be extended to higher-dimensional calculations. In this case, the
detector becomes a (hyper)surface the flux through which is given according to (3) by the
current density at all points 4 on this surface. The momentum spectra for all points, integrated
over the entire (hyper)surface, yield the final momentum spectrum. The choice of the surface
depends on the physical problem and the range of momentum components of interest. In
the following two sections 3.1 and 3.2, we will test this technique for a moving Gaussian
wavepacket in one dimension.

3. Simple test: momentum distribution for a moving Gaussian wavepacket

3.1. Analytical result

The Gaussian wavepacket is prepared at time ¢ = 0, centred at x = 0 with an initial width T’
and an initial (average) momentum k),

1 2
Glx,t =0) = ( ﬁn1/4> exp( 2XF2) exp(ikox). )

The momentum representation of this wavepacket

M k) = G(x,t = 0)exp(—ikx)dx = ‘/li exp(—%(ko - k)zrz) (10)

7l

leads to the time-dependent, freely propagating wavepacket in coordinate space

G(x,t) = \/%/ M (k) exp(i(kx — %kzt//L)) dk
T J—o0
1 [ T (x — ikoT'?)? 1
= e v eXp(_72(F2 " it/u)) exp(—ik(z)r?), (11)
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In order to derive the phase gradient, we rewrite G (x, t) in the form A (x, 1) exp(i¢ (x, t)) with
the real, time-dependent amplitude

T 2 (x — kot /p)?
A(x, 1) = Lex <_(x4—(2)/,u;))’ (12)
Ja(T4+12/u2) 2T +12/p2)
and a real, time-dependent phase
Mho(x — k2t /) + 2 x°t
bl 1) = TSR ) (13)

4 +12/
The additional global phase 6(¢) is not of interest, since it does not affect the phase gradient.
According to (3), (4), we find the ‘local’ momentum at position xq4:

Mko + Xqt /1L .

d
k(xa,t) = —| ¢, 1) = = pv (14)

0x 4 +12/u?

X=Xq
~ pxq/t (xat/p > Diko, 12 /u® > T, (15)

and the outgoing current

2(xq — k 2\ k
J(xa, 1) = plxg, Dk/p = |AGxa, DI*k/p = —M)—

r
————————eXxp .
V(T4 +12/u?) ( Té4er2/u

(16)

Note, that for the 1D case considered here, there is no need to distinguish between current and
current density. Provided that the approximation given above is valid, equation (15) is directly
related to a time-of-flight measurement in an experiment with a particle detector placed at
position x4, and the label ‘VD method’ appears appropriate. However, we note that this analogy
with the experiment is limited and possibly misleading, since a real ‘measurement’ of the
momentum at a fixed position would violate the uncertainty principle. Nevertheless, the phase
gradient is related to the momentum distribution. Physically, (13)—(15) show that the leading
edge of the Gaussian wavepacket is moving faster than the remaining part, corresponding to
normal dispersion.
For sufficiently large ¢ (15) holds and we can use the approximation (8). With j(xq, t)
from (16) and using ¢ (k) ~ uxq/k (15) we finally obtain
dN r Fz(xd — koxd/k)z Xd
= exp| — —
< I+ x3/k? > k

k- Jr@4+x2/k2)

r
v exp(—I"2(k — ko)?) = |M (k)| (g /K> =17 /u? > T,

(18)

which is the momentum distribution of the wavepacket (see (10)). The conditions (15), (18)
mean that the momentum components of W (x, #) which have the same initial phase att = 0 (9)
are dephasing due to the dispersion relation in (11), Eyj, = %kz /1. According to (14), k(t)
is equal to k¢ for very small # and exhibits a maximum before it reaches the asymptotic 1/¢
behaviour.

A7)

3.2. Numerical result

Let us now consider the numerical test of the VD method for the Gaussian wavepacket. Here,
as well as for the other examples in section 4, we use the Crank—Nicholson propagation scheme
which provides unconditional numerical stability. The momentum spectra are generated as
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1.0
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dN/dk

0.0 . = . : . — .
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Figure 1. Convergence behaviour of the VD method for a moving Gaussian wavepacket. The exact
analytical momentum distribution (10) is given by the thick solid curve. The numerical momentum
spectrum is shown for different positions xq of the VD: — - —, x4 = 5; -+ -+ ,xg = 10; - - - -,
Xd = 20; s Xd = 50.

follows. For each time step #; the phase gradient of the wavepacket at the position x4 of
the VD is calculated using a five point formula. According to (5) and (14), the momenta
ki = k() = 9/0x[¢(x, t;)]x, and AN/Ak(k;) are combined to a histogram. This procedure
ensures correct normalization, i.e. the integrated momentum distribution gives the total yield
in the corresponding fragmentation channel. Figure 1 shows the convergence behaviour of
the VD method with increasing x4, i.e. the transition from (14) to (15) and (17) to (18),
respectively. In the present example we use a Gaussian wavepacket initially centred at x = 0
with T = 1, ko = 5, u = 1. The propagation was performed up to t = 25 with time intervals
At = 1073 on a numerical grid which extends from x = —20 to 280 with a grid spacing
of Ax = 0.05. The numerically derived momentum distribution converges quickly towards
the analytical result |M (k)|? as xq increases from 5 to 50. Once convergence is reached, the
numerical distribution no longer depends on x4 (see (18)). The smaller width of the numerical
momentum distributions for values of x4 that are smaller than required by approximation (15)
is caused by the ‘soliton-like’ behaviour of the wavepacket at small 7. In this case we find
k(xq,t) = ko which leads to an (unphysical) § distribution AN/Ak ~ §(kg). Once the
dispersion-induced broadening of the wavepacket becomes large compared to the initial width
I', the numerical momentum distribution also broadens and converges to the analytical result.

4. Numerical applications of the ‘virtual detector’ method

4.1. Momentum distribution of dissociating H3

Asafirstapplication, we study dissociation of the H} molecule following (fast) single ionization
of H,. The stationary ground state (v = 0) nuclear wavefunction of the neutral H, molecule
is promoted via a vertical (Franck—Condon) transition onto the potential curve of the H}
molecular ion. In our simulation this is achieved by propagating the v = 0 state of H, on the
potential curve of HJ in the electronic ground state. Since the electronic ground state potential
curves for H, and H} differ in equilibrium distance and width (Huber and Herzberg 1979),
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Figure 2. Wavepacket dynamics of H} following a Franck—-Condon transition from the Hj
vibrational ground state. The time evolution of the probability density is shown as a contour
plot on a logarithmic grey scale (R: internuclear distance). The position Rg = 20 of the VD is
indicated by the dashed line. Note the revival of the bound part of the wavepacket at r = 275 fs.

the wavefunction becomes a non-stationary wavepacket leading to a coherent superposition
of many (bound) vibrational states of H} as well as to dissociation. For comparison, the
momentum distribution of the dissociative part of the wavefunction will here be calculated by
using (a) standard FT (equation (1)) and (b) the VD method. The 1D numerical grid for the
internuclear distance R extends from R = 0.05 to 500 with a grid spacing of AR = 0.05. The
propagation was carried out until fyex = 2 x 10* (480 fs) with intervals Az = 1.

Figure 2 shows the time evolution of the probability density as a contour plot on a
logarithmic grey scale. The FT needs to be taken only for the dissociating part of the
wavepacket. Thus, one has to wait until the wavepacket has left the region of bound states,
which are localized at R < 15. By the time the slowest dissociation components have left that
region, the fastest components already reach distances of R = 420 which defines a minimum
size of the array needed for the FT (figure 3). The sharp cutoff of the wavefront at R = 420 is
caused by the finite grid spacing which supports free propagation of momentum components
up to kyax & 1/AR = 20 according to Nyquist’s criterion. The corresponding maximum
velocity Umax = kmax/m = 20/918 = 2.18 x 1072 gives the position of the wavefront at the
end of the propagation at time 7, at Rynax = 435 which is close to the cutoff in figure 3. In
contrast to FT, a VD located at R4y = 20 requires a much smaller numerical grid extending only
to R = 30. This includes an absorber located between R = 20 and 30, which is adjusted to
prevent reflections of the wavepacket at the boundary of the numerical grid. We implemented
this absorber as a fourth-order optical potential Vi, = 0.05(R — 20)* starting at R = 20. We
also checked the convergence by comparing the numerical momentum spectra for Ry = 20
and 40 which show no significant difference. This demonstrates the efficiency of the VD
method which reduces the computation time in the present example by more than an order
of magnitude. A comparison of the FT result for the fragment momentum spectrum dN /dk
with the VD method is given in figure 4. Both results agree very well except for the small
superimposed oscillations which are caused by the finite grid size (for the FT) and by the finite
number of time steps which causes a statistical error in the VD method. The statistical error
can be reduced either by using smaller time steps At or by using a set of VDs which extends
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Figure 3. Snapshot (log scale) of the 1D probability density for the Hj nuclei (see also figure 2)
as a function of the internuclear distance R at + = 480 fs. The bound part of the wavepacket is
localized at R < 15, whereas the dissociative part has already spread from R = 15 to 420. The
position Rq = 20 of the VD is indicated by the dashed line. Note the sharp cutoff of the wavefront
at R = 420 due to the the finite grid spacing (AR = 0.05).
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Figure 4. Momentum spectrum for dissociation of H} following a Franck—-Condon transition from
the Hy vibrational ground state. Thick solid curve: VD method; thin solid curve: FT result.

over a finite array of grid points. The latter method was found to be much more effective with
respect to computation time, since it only requires the calculation of the phase gradient at a set
of fixed positions x4. The time propagation is a matrix operation on the entire numerical grid
and, thus, reduction of At is much more time consuming.

4.2. Quiver motion of an electron ionized by a strong laser field

In the second numerical example, we examine the strong-field ionization of a 1D model
hydrogen atom, in particular, the effect of the quiver motion of the electron on the momentum
distribution. The mean quiver energy of an electron in the presence of the laser of electric field
strength £ and frequency w is expressed in terms of the ‘ponderomotive energy’ U, = £ 2 /47,
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Figure 5. Strong-field ionization of a 1D model hydrogen atom by a 0.1 PW cm ™~ intensity,
800 nm CW laser (with 25 fs ramp): contour plot (logarithmic grey scale) of the time evolution of
the electron probability density. The positions of the VD are indicated by the broken lines. Selected
classical trajectories starting within one optical cycle are shown as solid curves. The labels give
the corresponding phases relative to the sin(wt) CW laser electric field.

The electron—nucleus interaction of the atom is modelled by a soft-core Coulomb potential
(Su and Eberly 1991) —1/+/x2 + a? where the parameter a = 1.4 is adjusted to the ionization
potential of hydrogen. The 1D grid extends from x = —200 to 200 with a grid spacing of
Ax = 0.2. Fourth-order optical potential absorbers were used covering the first and last 100
grid points.

The quiver motion may lead (depending on the phase of the laser field, when the electron
was ionized) to a rescattering of the electron (Corkum 1993, Paulus et al 1994, Kulander ef al
1995, Feuerstein et al 2000). Figure 5 shows the time-dependent electron probability density
for the 1D model hydrogen atom interacting with a CW 800 nm laser at 0.1 PW cm~2 with a
25fs sin? ramp. For the propagation, 1100 time steps were used per optical cycle. Interestingly,
the outgoing electron ‘jets’ exhibit a structure similar to classical electron trajectories in a
laser field (see, e.g., figure 1 in Feuerstein et al 2000). For comparison, we show selected
classical trajectories starting within one optical cycle for different phases of the oscillating
laser field (sin(wt)). Rescattering occurs for phases 90° < wt < 180° and 270° < wt < 360°,
respectively. The VD method allows us to extract the (not directly observable) momenta of
the quiver motion. In order to demonstrate the effect of the quiver motion, we consider the
momentum distributions derived for two different positions of the VD. In the first case, the
VD is placed at a distance x4 = 8 from the atomic nucleus. This distance is smaller than the
classical quiver amplitude xq = £/w* = 5.3 x 1072/0.057* = 16.4, but lies outside the region
with significant density of bound states which would otherwise disturb the spectrum. At this
position close to the nucleus, rescattering events influence the momentum distribution (solid
curve in figure 6). Negative momenta (note that x4 > 0) are observed with a cutoff close to
the classical maximal recollision momentum (Corkum 1993) kyec = —,/2 x 3.17U, = —1.2.

If the VD is placed at x4 = 40 we exclude negative drift momenta, since only the
corresponding classical trajectories starting at 90° < wt < 270° reach the VD. Thus, the
momentum distribution is shifted towards positive momenta (the dashed curve in figure 6)
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Figure 6. Momentum distributions for an electron after strong-field ionization of a 1D model
hydrogen atom. Laser parameters: 0.1 PW cm~2 intensity, 800 nm wavelength, CW with a 25 fs
ramp. The VD is placed at xq4 = 8 (solid curve) and xq4 = 40 (dashed curve), respectively. Typical
momenta for an electron in a laser field are indicated by arrows (also see the text).

and extends up to the upper limit for the classical motion of an electron in a strong laser
field kpmax = 4\/71, = 1.9. Here, the drift and quiver momenta (the maximum value of both
being 2\/U_p = 0.95) add up constructively. We note that the asymmetry of both spectra
shown in figure 6 with respect to & = 0 is not caused by an absolute phase effect, but rather
by the fact that we considered only one direction, i.e. we used only one VD. Absolute phase
effects are negligible in this example since the laser field is turned on sufficiently slowly and, at
0.1 PW cm™2, the ionization rate is relatively small, i.e. the ionization occurs over many optical
cycles without depletion of the bound states. A VD placed at —x4 would yield a mirror image
of the corresponding momentum distribution. Thus, the sum of the spectra for VDs placed at
xq and —xq will give a symmetric spectrum since absolute phase effects are negligible.

5. Conclusion

In this paper we proposed a new method to extract momentum and kinetic energy distributions
from time-dependent wavepacket propagation calculations. Compared to the established FT
method which uses the spatial dependence of the wavepacket at a fixed time, this new VD
method examines the time-dependent behaviour of the wavepacket at a fixed position xq.
Thus, the size of the spatial array needed to extract the momentum spectrum can be reduced
significantly. As a test, for 1D Gaussian wavepackets, the equivalence with FT was shown
analytically. In numerical examples we demonstrate that compared to FT, the computation time
can be reduced by more than a factor of ten. In addition to being faster than the FT method,
the use of the VD method provides momentum information that is not otherwise available, as
shown in our example for the quiver motion of an electron ionized by a strong laser field.
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Abstract

Double ionization of Ne by 25 fs, 1.0 PW ¢cm~2 laser pulses has been explored in
a kinematically complete experiment using a ‘reaction microscope’. Electrons
are found to be emitted into a narrow cone along the laser polarization (g),
much more confined than for single ionization, with a broad maximum in their
energy distribution along ¢. Correlated momentum spectra show both electrons
being ejected into the same hemisphere, in sharp contrast to predictions based
on field-free (e, 2e) recollision dynamics, but in overall agreement with recent
semiclassical calculations for He.

Double ionization of atoms is one of the most fundamental processes when intense laser
fields interact with matter, and, at the same time, one of the most challenging problems in
atomic physics, theoretically as well as experimentally. Whereas single ionization is well
understood in the framework of the ‘single active electron model’ (SAE), the measured yields
of double ionization exceed those theoretically expected assuming a sequence of individual
and independent single-ionization events by many orders of magnitudes at an intermediate
intensity regime. Undoubtedly, this ‘non-sequential’ (NS) contribution to double ionization
is a consequence of the electron—electron interaction. The underlying mechanism, however,
remained unclear for many years (for reviews see [1, 2]).

Only recently, a new generation of differential measurements [3, 4], along with various
quantum [5-10] as well as classical calculations [11, 12], provided convincing evidence that
the so-called ‘rescattering’ or recollision scenario—one of the three NS double-ionization
pathways (beyond collective tunnelling and shake-off) which have been proposed in the past—
is the dominating mechanism. Here, one electron is ionized via tunnelling, accelerated in the
oscillating laser field and, under certain conditions, driven back to its parent ion knocking out
another electron. It was demonstrated that the kinematics of this dynamical process is the only
one that leads to recoil-ion momentum distributions with a ‘double-hump’ structure as observed
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in the experiments [13]. Even before, results of experiments on harmonic generation [1] and,
in particular, the disappearance of NS ionization when circularly polarized light is used [14]
were strongly in favour of the rescattering model. Thus, it is generally accepted at present
that rescattering is the dominant NS double-ionization mechanism in an intermediate intensity
regime. On the other hand, however, the underlying dynamics during recollision, i.e. the
electron impact ionization (e, 2e) dynamics in the presence of the laser field, its intensity or
pulse-time dependence, is far from being understood.

Consequently, a series of recent experiments have addressed this question on different
levels of sophistication. Ratios of double to single ionization and electron energy distributions
for double ionization (partly integrated over emission angles for low electron energies) have
been reported [15-18] along with experiments where one momentum component of one
emerging electron was measured in coincidence with the full momentum vector of the recoiling
target ion, providing information about the correlated momenta of both emitted electrons
along the laser polarization direction [19, 20]. Here, for NS double ionization of Ar by 0.38
and 0.2 PW cm~2, 780 nm pulses at a pulse length of 220 and 25 fs, respectively, detailed
information on the momentum sharing between both ejected electrons was obtained, which
sensitively depends on the recollision dynamics. In both experiments, the two electrons were
found to be predominantly emitted into the same hemisphere in agreement with the kinematical
constraints set by the classical rescattering model. In addition, however, a considerable fraction
was observed to be emitted back-to-back, which has been interpreted as being due to excitation
during rescattering [20] with subsequent and independent field (tunnel) ionization of the
second electron. Measuring in addition the transverse momentum of one of the electrons,
the recollision dynamics was explored in even more detail. Setting severe constraints on the
transverse motion of the electrons, signatures of the final-state repulsion between the two
emitted electrons along the polarization direction were observed [21, 22].

For lighter target atoms, where excitation can be expected to be less important and, thus, the
recollision dynamics should be less obscured by the target electronic structure, no experimental
data on correlated electron emission for strong-field double ionization have been reported
up to now because of enormous experimental complications. Here, the comparison with
theory, completely neglecting any influence of the atomic structure, should become much more
reliable. Quantum mechanical S-matrix calculations [8] indeed predict the correlated electron
momentum distributions to depend sensitively on the details of the recollision process: different
approximations used to account for the electron—electron correlation in double ionization of Ne
led to completely different two-electron momentum patterns. If a simplified contact potential
is applied to describe the interaction between the colliding electrons, they both appear with
similar momenta along the polarization direction in the final state. In contrast, if a more
realistic Coulomb form factor is used a quite asymmetric electron momentum sharing is
predicted. Applying a three-dimensional semiclassical model Fu et al [12] have obtained a
quite symmetric momentum sharing for 1 PW cm™~? pulses interacting with He atoms with both
electrons having most likely similar or even equal momenta along the polarization direction.
Fully quantum-mechanical theoretical treatments solving the three-dimensional Schrodinger
equation [9] are only feasible at higher photon frequencies with present computer capabilities.
Hence, the correlated two-electron dynamics in the presence of the laser field occurring during
rescattering essentially remained in the dark.

Here we present highly differential information on strong-field (1 PW cm~2) NS double
ionization of Ne, obtained in a kinematically complete experiment with a reaction microscope.
Energy- and angle-resolved electron spectra, covering the major part of the final-state
momentum space, are presented in addition to two-electron momentum distributions along
the polarization direction (¢). Electrons are found to be strongly directed along ¢ with similar
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Figure 1. Correlated two-electron momentum distributions along the laser polarization axis for
electrons ejected in double ionization of Ne by 25 fs, linearly polarized, 800 nm laser pulses
at a peak intensity of 1.0 PW cm~2. The data are integrated over the momentum components
perpendicular to the polarization. The full curves denote the upper limit of correlated electron
momenta compatible with the classical rescattering model. The z axis is on a logarithmic scale
with box sizes corresponding to the respective intensity.

momenta, in contrast to field-free (e, 2e) recollision kinematics [8] but in qualitative agreement
with classical predictions [12]. Back-to-back emission of both electrons is extremely unlikely
for Ne in sharp contrast to the Ar results.

The experiment was performed at the Max Born Institute in Berlin using a Kerr-lens mode-
locked Ti:sapphire laser at 800 nm wavelength with a repetition rate of 1 kHz. By focusing the
25 fs (FWHM) light pulses onto a spot of 10 um (FWHM) diameter in an ultrahigh vacuum
chamber (2 x 10! Torr), pulse peak intensities of 1.0 PW cm~2 were reached. At its focus
the laser beam was crossed by a well collimated low-density (10% atoms cm™>) supersonic Ne
jet, resulting in an interaction volume of 50 um length and 10 um diameter. Using a reaction
microscope, which has been described in detail in [2, 20, 22], the ionic charge as well as the
coincident momentum vectors of both ions and electrons were recorded with a momentum
resolution of Ap ~ 0.1 au. Intensity fluctuations were monitored during the experiment
and kept below 5%. The stability of all experimentally relevant parameters was maintained
throughout the beam-time of several days.

In figure 1 the longitudinal momentum (i.e. the component along the laser polarization
axis) of one electron is plotted versus that of the other electron without any restriction on
their transverse momenta. A strongly correlated electron motion is observed in a way that
both electrons are preferentially emitted into the same hemisphere with very similar momenta.
Differing from all previous results for Ar targets [19-22], back-to-back-emission is essentially
absent, i.e. only a few events are observed where both electrons escape in opposite directions,
confirming the expectation that recollisional excitation and subsequent field ionization is
less important for lighter targets. Moreover, one might now inspect whether the measured
distribution is compatible with the recollision kinematics (see also [20]). For a certain
tunnelling phase of the first electron wty, recollision happens at a well defined recollision
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energy E ¢!l ‘and phase wt;. The latter results in well defined and equal drift momenta of both
electrons pf”'f "(wt;) after the collision. In addition, they can share the excess energy
E®* = E™!l _ Ip (Ip: ionization potential). Neglecting the transverse energies of the
electrons, which will be shown to be small, energy conservation ann + pSZII = 2E¢ during

rescattering yields a circle with radius +/2 E¢* around the points (& pj{l‘f “wn), + pj;f “(wh))
as maximum drift momentum combinations. Considering all phases, the full curves in
figure 1 are obtained, indicating the classical boundary for rescattering. The comparison
with experimental data impressively shows that nearly all events are within these boundaries.

While practically all events are compatible with the kinematical boundaries for recollision
the correlation pattern itself, however, with many electrons of quite similar longitudinal
momenta is in contradiction with predictions based on field-free electron-impact (e, 2e)
ionization dynamics, which becomes actually more obvious at higher intensities [8]. In
accordance with the fact that unequal energy sharing between projectile and ionized electron
is by far the most likely configuration in field-free (e, 2e) at not too low impact energy, unequal
final momenta are also predicted for NS double ionization in laser fields, in striking contrast
to the experimental results. Several other predictions, using a hard core form factor for the
electron collision [8] or solving the one-dimensional time-dependent Schrodinger equation
with correlated electrons, are in poor agreement with experiment. Only recent semiclassical
calculations [12] were able to predict a similar pattern as observed. There, the first electron is
set free with a velocity distribution following from tunnelling theory and propagated classically
in the combined fields of the laser and ionic core. The remaining He* ion is also modelled
classically, with the electron in a micro-canonical distribution in the intermediate state. Thus,
within the classical approximation, all interactions are correctly taken into account in all three
dimensions.

To further elucidate electron emission in NS double ionization of Ne, electron energy
distributions are shown in figure 2 for single as well as double ionization integrated over all
emission angles. At the present laser intensity of 1.0 PW cm~? the Keldysh parameter [23]
is y = 0.30, indicating that single ionization mainly proceeds via tunnelling [24]. Since
tunnelling ionization is most likely close to the maximum of the electric field F(r) =
ﬁo (¢) - sin(wrt) the final drift momentum p@/! (1)) = 1/w - Fy(to) cos(wty) is typically small.
Thus, structureless electron spectra are expected, peaked at low kinetic energies in agreement
with experiment.

In comparison, the electron energy distribution in coincidence with double ionization is
significantly less steep, extending to much higher energies. Similar observations have been
reported recently for emission along the polarization axis for Xe, Ar and He targets [15—
17]. Larger electron energies are in qualitative agreement with the rescattering scenario,
since recollision most likely happens at a phase close to a zero crossing of the oscillating
electric field. Hence, both electrons accumulate large drift momenta or, equivalently, large
final kinetic energies of up to E,,, = F02/ (Qw?) = 2Up = 120 eV for the present laser
intensity. Obviously, inspecting doubly differential energy spectra for different emission angles
¥ with respect to the polarization in figure 3, this value sets an upper limit for the electron
energies for emission along ¢. Here the differences in the spectra between single and double
ionization are even more significant: whereas the distribution strongly peaks at small energies
for Ne'* production, a broad maximum around 30 eV is observed for double ionization. Such
a behaviour has not been observed in the previous measurements [15-17].

In contrast to the very different energy distributions for single and double ionization
the electron angular distributions integrated over all electron energies are very similar, as
illustrated in figure 4. In both cases, as might have been expected from the drift motion,
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Figure 2. Electron energy distributions integrated over all emission angles for single and double
ionization of Ne for the same laser parameters as in figure 1. In the case of double ionization the
distribution of one (typical) of the two electrons is shown. The Ne?* counts have to be divided by
a factor of 10 to recover the experimental double- to single ionization ratio.

electrons are preferentially emitted along the polarization axis. Most surprisingly however, the
angular distribution is significantly narrower for double ionization, intuitively contradicting the
recollision scenario: during the (e, 2e)-like rescattering event the returning projectile electron,
as well as the ionized electron, can gain considerable momenta in the transverse direction of
up to p'*" < /2(3.17Up — I,,) which, for the present laser intensity, can be as large as the
maximum drift momentum of 2,/Up. Hence, a substantial broadening of the angular emission
would be expected and even electron emission angles of up to ¥ = 45° might occur.

Staying within the recollision scenario, the sharply peaked angular distribution for electron
emission in double ionization necessarily leads to the conclusion that large transverse electron
momenta are unlikely to appear. Obviously, the dominant contribution to NS double ionization
of Ne comes from nonviolent, soft (e, 2e) collisions with small energy and momentum transfers
between the colliding partners, where the external field substantially assists in overcoming the
binding energy of the second electron, i.e. at a most likely recollision phase where the field is not
zero. Then, the ponderomotive force, acting along the polarization axis, dictates the emission
characteristics of electrons being ‘just’ promoted into the continuum during recollision,
resulting in a strongly directed, jet-like electron ejection with very similar longitudinal
momenta, significantly below the maximum drift momentum. Such an interpretation is
supported by recent measurements at laser intensities below the classical threshold for (e, 2e)
during recollision, where the double-hump structure for Ne is still observed [25].
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Figure 3. Electron energy distributions for fixed emission angles ¢ (integrated over Ay = £5°)
with respect to the polarization axis for double ionization of Ne. The distribution of one (typical)
of the two electrons is shown.
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Figure 4. Angular distributions of electrons ejected in single and double ionization of Ne. The
number of registered electrons per solid angle sin ¥ d? is plotted versus ¢. Intensities are the same
as in figure 1.

In summary, the first kinematically complete experimental data on NS double ionization
in intense laser pulses have been presented. Strongly directed and correlated jet-like electron
emission was observed. Even though the experimental data are in accordance with the
kinematics of the rescattering mechanism, the attempt to interpret the data based on the well
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known dynamics of field-free electron impact ionization fails. On the contrary, oneis led to the
conclusion that the laser field is crucially required to obtain double ionization: at a phase where
the field is not zero, low-energy electrons are created during recollision whose kinematics is
then dictated by the external field.
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The fragmentation of the 44 molecular ion in 25-fs, 800-nm laser pulses in the intensity range 0.05-0.5
P W/cnf is investigated by means of wave-packet propagation calculations. We use a collinear reduced-
dimensionality model that represents both the nuclear and electronic motion by one degree of freedom includ-
ing non-Born-Oppenheimer couplings. In order to reproduce accurately the properties of the “real” three-
dimensional molecule, we introduce a modified “soft-core” Coulomb potential with a softening function that
depends on the internuclear distance. The analysis of the calculated flux of the outgoing wave packets allows
us to obtain fragmentation probabilities and kinetic-energy spectra. Our results show that the relative prob-
abilities for dissociation and Coulomb explosion depend critically on the initial vibrational state of the mo-

lecular ion.
DOI: 10.1103/PhysRevA.67.043405 PACS nuntBer33.80.Rv, 33.90+h, 42.50.Hz
[. INTRODUCTION Experimentally, the situation is more challenging since

mostly neutral H targets are availabld6—22, such that the

This simplest molecule, the hydrogen molecular ion, is ofproduction and fragmentation of the molecular ion occur in
fundamental interest in atomic and molecular physics. It conthe same laser pulse and are difficult to separate. It was
stitutes a bound three-body Coulomb system which, in conshown that for 50-fs pulses, saturation ofHis never
trast to its atomic counterparts, the negative hydrogen iomeached at any intensify19]. Hence, there is a growing in-
and the helium atom, exhibitsf we neglect rotationtwo  terest in molecular ions as targets which have been investi-
time scales, the fast electronic motitas scalgand the vi- gated in two recent experimenfg3,24. In this work, we
brational motion of the nucldifemtosecondfs) scald. The consider the vibrational-state dependence of the fragmenta-
interaction of this smallest molecule with strong fs lasertion yields for the processdd) and (2). The experimental
pulses is of particular interest, since the pulse duration islata of Posthumust al. [19] show that there is competition
comparable to the vibrational peridd4 fs for H,™ in the  of dissociation and CREI for intensities around“1@v/cn?.
vibrational ground staje Further, from a theoretical point of We use wave-packet propagation calculations in a collinear
view, the simple structure of H allows for a numerical 2X1D (one-dimensionalmodel to derive dissociation and
solution of the time-dependent Schinger equation within  CE probabilities and the corresponding kinetic-energy spec-
reduced dimensionality models by using, e.g., standardra for the fragments.
Crank-Nicholson split-operator propagation techniques This paper is structured as follows. First, in Sec. Il, we

[1-7]. describe our theoretical model with emphasis on the effects
Interacting with a strong, linearly polarized laser field, of the reduced dimensionality on the potential curves of
H,* exhibits two fragmentation channels, dissociation H,". This section includes a discussion of the properties of
the widely used “soft-core{SC) Coulomb potentia]25] for
H,* +nfiw—p+H, (1)  the electron-nucleus interactig®ec. Il A). In Sec. I B, we
present an improved SC Coulomb potential which allows the
and Coulomb explosiofiCE) exact reproduction of the 3D ground-state potential curve of
H,*. Next, we provide kinetic-energy spectra by applying
H,*+n'ho—p+p+e . (2)  the recently proposed “virtual detector” meth$a6] to the

laser-induced fragmentation of,H. We present and discus
The fragmentation of K" in strong laser fields has been the numerical results for the vibrational-state dependence of
considered in numerous theoretical investigations emphasizhe fragmentation dynamics including the intensity depen-
ing the influence of the two-center nature of the electroniadence for two selected vibrational stat&ec. Ill). Our con-
potential on strong-field ionizatiof3,4,8—19. Here, the cluding remarks follow in Sec. IV. Atomic units are used
laser-induced coupling of the lowest electronic states 1  throughout this paper, unless otherwise indicated.
and 2o, results in a localization of the electron near one of
the nuclei. The electron cloud oscillates between the nuclei
and gives rise to dissociation of the molecule and to “charge
resonance enhanced ionizatiof€REI) at intermediate inter- For linearly polarized nonrelativistic laser fields consid-
nuclear distanceR between 5 and 10 a.{#,8,9. ered here, only the coordinates parallel to the electric-field
vector play an important role. Thus, in order to keep the
computational effort at a reasonable level, we describe the
*Electronic address: feuerstb@mpi-hd.mpg.de molecular ion in a collinear model. This reduced-
TElectronic address: thumm@phys.ksu.edu dimensionality model includes two coordinates, the elec-

Il. THEORETICAL MODEL
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tronic coordinatez relative to the center of mass of the nuclei
and the internuclear distand® The model-inherent align-

PHYSICAL REVIEW A67, 043405 (2003

at large distances For one-electron systems, such as hydro-
genlike ions, it turns out that for each value@fthe param-

ment of the molecule along the polarization axis is not aetera has to be adjusted separately in order to reproduce the
serious problem, since in a kinematically complete expericorrect binding energy of the ground state.

ment fragmentation along this axis can be selected. We note In the case of K", the two-center potential requires a
that the model includes non-Born-Oppenheimer couplinggontinuous adjustment @ while the internuclear distande

between the electronic and nuclear motion. The solution o
the time-dependent Schidimger equation is formally given
by the propagation of the initial wave function,

\P(z,R,t)zexp{ —i ftdt’ H(z,R,t")|¥(z,R,t=0) (3)
0

with the Hamiltonian

H(z,R,t) =Tg+Vn(R) +Hey, (4a)

He1=T,+Ven(z,R)+F(1)z. (4b)

Tr and 7, are the kinetic-energy operators for the electronic
and the nuclear motionV,,(R)=1/R is the internuclear
Coulomb potential and/.(z,R) the two-center Coulomb
potential for the electron-nucleus interaction. The interactio
of the electric componenk(t) of the laser field with the
electron is given in dipole approximation in the lengt
gauge. The propagatiof8) is carried out numerically on a
grid using the Crank-Nicholson split-operator method which
provides unconditional numerical stabilif)27]. Here, for
each time stepAt, the wave function at time+ At is recur-
sively given by

h

W(t+At)=exd — 3iTrAt]exd —i (Von+ He) At]
X exd — 3i TrRAt]W (1) + O(ALtS). (5)

In order to avoid the singularity of the Coulomb potential in
1D calculations, usually a SC Coulomb potential is intro-
duced[3,25].

A. Soft-core Coulomb potential for H,*

fs changed. The two limiting cases aRe=0 (He atom,a
=0.709) andR—x (H atom,a=1.415). In their previous
work, Kulander, Mies, and Schafg8] suggested a softening
function a(R), but did not use it for their calculations. In-
stead, they keem=1 fixed for all internuclear distances.
They compare the basic properties of their 1D model mol-
ecule with known 3D results for the shape of the two lowest
electronic state (doy and 2p0,) potential curves and the
dipole matrix elemend,,=(2po|z|1sog4) coupling these
states. It has been show4,8,9 that these two states and
their coupling are most important for the dynamics of Hn
strong laser fields. The degeneracy sb} and 2o, elec-
tronic states enables charge localization at one nucleus and
results in a diverging dipole moment which increases linearly
with R. The shape of the potential curves also affects the

rpositions of(avoided crossings of the differem Floquet

channels, corresponding to a net absorption=efl, 2, or 3
photons[16]. Figure 1a) shows these 1D dressed potential
curves for a fixed softening parametr1 in comparison
with the result of a full 3D calculation. We find theséd,
curve in the 1D model from Ref3] shifted to largerR by
30% in the equilibrium distance whereas thpo2, curves
show a better overall agreement of the 1D and 3D calcula-
tions. The larger equilibrium distancR, in Kulander’s
model is crucial, since the ionization probability depends
critically on the position ofR, relative to the curve cross-
ings. A comparison of the model molecular properties with
the corresponding exact 3D values is given in Table I. The
anharmonicity constantgX, is obtained by fitting the lowest
vibrational energies in thesb, potential curve to the ex-
pressionE, = we(v + 3) — wXe(v + 3)2. Figure 2 shows the
1D and 3D values for the coupling dipole momelt, of the
lowest electronic states as a functionRf

Before we discus the application of the SC potential to the

H,* molecular ion, we briefly consider its basic properties.
The SC Coulomb potential is given by

-Q
JZ2+a?’

Q describes thdeffective nuclear charge of the atom/ion,
anda is a “softening” parameter which removes the singu-
larity atz=0. For largez, this looks like a Coulomb potential
—Q/z whereas the behavior for smalt resembles a
harmonic-oscillator potential

Vsd2)= (6)

Vsd2)=—Qla+QZ%(2a%)+0O(Z3). (7)

The parametea can be adjusted in order to reproduce the

correct ground-state energy. In principle, one could also

change the paramet&). However, this would lead to an
unphysical asymptotic behavior of the potential, aQd

B. Improved soft-core Coulomb potential for H,*

Based on the idea of Kulander, Mies, and Schagro
use a softening functiom(R), we now attempt to find a
more realistic 1D model. The SC Coulomb potentigl be-
haves like a harmonic-oscillator potential for smallThe
parametera determines simultaneously the deptlQ/a and
width of the potential. The width is proportional &//Q,
i.e., it is given by the prefacta®/a? of the quadratic term.
Our idea is now to control depth and width of the SC Cou-
lomb potential for B* independently in order to reproduce
the exact 5oy curve and, at the same time, to yield a rea-
sonable agreement forpzr,. This modified SC Coulomb
potential is given by

Veemod2) = —Q
SCemod =l 1 ja—alb+ 22+ (alb)?’

®

would differ from the asymptotic charge seen by the electrorwith two parametersa and b. For small z we find
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19-20

FIG. 1. Dressed now (n
=0,...,3) Floquet potential
curves and vibrational energy lev-
els for the two lowest electronic
states oy and 2o, of H,".
Solid curves, 1D model molecule;
dashed curves, full 3D resulta)
Model by Kulander, Mies, and

Schafer{3] using the SC Coulomb
potential(6) with a fixed softening

parameter a=1. (b) Improved
model (this work based on the
modified SC Coulomb potential

(8) with the softening function
a(R) (shown in the inset

R (a.u.)

Vsemod2)~—Q(a—3b7z?), whereas for largez the
asymptotic behavior- Q/z is unchanged. Using scmog the
two-center model potential in E¢4) for H," (Q=1) takes
the form

-1

Ver(z,R) =
en(2.R) 1/a(R)—a(R)/b+\Z2 +[a(R)/b]?

-1
i 1/a(R)—a(R)/b+z2 +[a(R)/b]?’

z.=z*+R/2. 9

For a given value ot, the functiona(R) is adjusted to
exactly reproduce the 3D potential curve okd,y. b is a

R(a.u.)

fixed parameter which determines the shape of the repulsive
2po, curve. The result fob=5 in comparison with the 3D
curves is shown in Fig.(b) with the functiona(R) given as

an inset. There is still some difference between our 1D and
the full 3D models for the Bo, potential curve. A better
agreement can be achieved for larger valued diut this
makes the potential more and more cusplike at the position
of the nuclei. This limits the value df since for practicable
grid spacings the numerical grid cannot resolve a very nar-
row potential cusp. We found that=5 models the repulsive
2po, potential curve well without causing spurious effects
in the numerical propagation on the grid. Based on our modi-
fied SC Coulomb potentigB), we calculated the properties
of our 1D model molecule. In comparison with the 1D SC
Coulomb potential from Ref{3], our results are in better
agreement with the 3D datésee Fig. 1 and Table).l In

TABLE |. Properties of the 1D model molecule compared with the real 3D moldattenic unit$. Ry,
equilibrium internuclear distanc®,, dissociation energyw., ground-state frequencyex., anharmonic-

ity constant;l ,, ionization potential.

pr

1D model
3D result [3] This work

Ro 2.0 2.6 2.0
D. 0.103 0.11 0.103
we 1.06x1072 9.93x10°3 1.06x1072
WeXe 3.02x1074 2.02x10°4 3.02x1074
15(Ro) 1.1 1.154 1.1
Number of bound states 19 21 19
lw crossing R 4.8 5.2 5.2

v 9 9 10
3w crossing R 3.3 3.6 34

v 3 2 4
lw threshold v=5 v=6 v=5

3Molecular constants from Reff28].
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5 we find the current density
. AR
4 J(z,R,t)=TV¢(z,R,t). (12
3 Here,mis the mass of the particle. The dissociation yiBld
';-{ into the fragmentation channél) is given by the time-
8 integrated nuclear flux in thR direction atR,q,
5 2 —e 1D T t tZ,q
}[3] D(t)=f dt’f dzjr(z,R,q,t"). (13
1 —o—3D 0 ~Zvd
— this work Removal of the electron leads to CE, the yield of which is
| | | | given by the time-integrated electronic flux in theirection
0 2 4 6 8 10 7= FZa
R(a.u.) t Rod .
C(t)= | dt’ dRj,(z,4,R,t"). (14)
0 0.05

FIG. 2. Dipole coupling matrix element,,=(2po|z|1s0y)
for the lowest electronic sates of,H. One-dimensional model cal-
culation of this work compared with the former res@D model
and full 3D calculation from Ref.[3].

We derive the nuclear momentum distribution for disso-
ciation using the “virtual detector” methol®6] and imagine
virtual detectors for the nuclear and electronic flux at the
addition, the dipole moment, is slightly better reproduced positionsR,q and +z,4 indicated above. At each time step
than by the simple SC Coulomb potenti&ig. 2). ti, we _numencally calculate the gradientéfat R, 4 using a

We note that by adjusting a softening functia(R) only ~ fIVé-Point formula for the momentum,
in a model potentiaM(z, R)=—Q/JZ*+a(R)?, the Isoy P
potential curve can also be exactly reproduced. However, the p(RD)(z,ti)zﬁ d(z,R 1;). (15

shape of the corresponding repulsived, curve is in quite R,q
poor agreement with the 3D result. This led us to introduce a
second free parameterin Egs.(8) and (9). Integration overz and binning of the momentum values for
all timest; yield the momentum distribution for dissociation.
C. Numerical propagation scheme The CE momentum spectra are obtained by first comput-

i i ) ing the ionization rate as the outgoing electron flux through
Our numerical grid extends from 0.05 to 30Rwith a  +7 = a4t a given internuclear distand® During the (fasb

spacing of 0.05 and from-45 to 45 inz with a spacing of  jgnization of the electron we treat thiglow) nuclei as “fro-
0.2. Absorbing regions using an optical potential are intro-,gn » For eachR, the Coulomb energy ®/is released. In

duced in order to prevent the reflection of the outgoing wave, qer to take the initia(dissociativé momentum
packets at the border of the grid. We implemented this ab-

sorber as fourth-order optical potentialszmandR: 9
. Pint(Rit)=-2  ¢(zR1Y) (16)
Vopl(Z,R) = —1[V,(2) +Vr(R) ], (109 Z,d
5[(—25—2)/20]%, z<-25 of the nuclei into account, we add the Coulomb energy and
the initial kinetic energy of the nuclei at the ionization time
VA2)= Sl(z-25)/20]", 2=25 (10 and obtain the final mgoymentum
0 otherwise,

PR (Rt) = VPR t) +2u/R (7

of the released fragments. Hegejs the reduced mass of the
nuclei. Analogous to the dissociation, integration oReand

The number of time steps per optical cycle is 1100. For eachinning of the nuclear momentum values for all tiniegive
time step the norm of the total wave function within 0.05the momentum distribution for CE.

<R=20, —25<z=<25 is calculated. The outgoing current

flux through the borderg,q= *£25, R,q=20 of this inner IIl. RESULTS

part of the grid is used to obtain differential and integrated ] ) )

data on the fragmentation process. If we write the outgoin%raBefore we discus the vibrational-state dependence of the

wave packet in terms of a real amplitudieand a real phase ragmentation of " in a 25-fs laser pulse, we consider the
b, intensity dependence for two selected vibrational states

|v=23) and|v =6). The main difference between these states
T (z,R,t)=A(z,R,t)exdid(z,R,1)], (11 is the fact thatjv =3) lies below the threshold for theail

0.0 (R—20)/10]*, R=20

VR(RI=1 4 (109

otherwise.
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Floquet channel whereas states=5) or higher can decay LR

. ; . 1.0 J
into the kv as well as into the @ [29] channel that is open . 0.2 PW/cm?2
for all v states(see Fig. L Thus, lower initial states need 0.8 1 .
excited-state contribution®=5) in order to decay into the 064 v=3 i
lw dissociation channel. 1
Vibrational excitation is likely in sufficiently short and 044 i
1 D

intense laser pulses if the electric-field envelope changes sig g

nificantly on the time scale of the vibrational motion. In this Lasefpuse

AAARAA RS o

case, the time dependence of the dreg§dalque) potential 0.0 T
curves leads to nonadiabatic transitions between vibrationa 5| "~ T T T T Tt T T T T T T T T ]
states. The influence of the pulse duration on the kinetic- ] (b) 2 3 ;

energy spectra has been demonstrated by Frastsii. 20 / 7
[18]. We note that these transitions are mediated by the in- _ 15_’
teraction of the electron cloud with the laser field, since the =
nuclei cannot absorb photons directly. For all calculations, g 104
we used sifishaped 25-fs full width at half maximum pulses
of 800-nm wavelength.

B e e
S

T i )

or——T—T——T T T T T T
A. Fragmentation of H,* (v=3) in a 25-fs laser 0 20 40 60 80 100 120 140 160 180
pulse: Intensity dependence t(fs)

Figure 3a) shows the time-dependent norm T DAL N T

1) 0.05 PW/cm? ] 0.1 PW/cm2
0.6 | - -

R - 04 i 2w i 2w

vd v - ® - & =
N(t)=f de dZW(z,R,t)|? (18) 1 ] M j
0.05 ~2,4 W 02 i i

. .. QOO-AL, r—t WES— ,- . S —’,“;, : ;
and the probabilities for dissociatidd(t) and Coulomb ex- 3 g5 ' N ' .
plosion C(t) for H,* (v=3) interacting with a 25-fs laser i~ g 02 Piijem ] 20 0.5 PWjem i

pulse of intensityl =0.2 PW/cmi. We find 20% probability S ] - )

for dissociation and 70% for CE. The time evolution of the =~ 04 , S 7 i 7
nuclear probability density 023 [ i . “1\ i
LT/ it W SR SOV (SN (SN =

" 0 5 10 0 5 10

vd
P(Rt)= f dzW(z,R1)[? (19 EV)
~Zyd

FIG. 3. Fragmentation of 54 (v=3) in a 25-fs laser pulséa)

is illustrated in Fig. 8) with contour lines indicating the Time-dependent norrtN) and probabilities for Coulomb explosion
electronic ionization rate due to CREI. In the density plot,(CE) and dissociatior(D) at 1=0.2 PW/cri. (b) Corresponding
the dissociation appears as a threefold jetlike structure. Thigrobability densityP(R,t) (logarithmic gray scaleand ionization
structure can be associated with distinct peaks in the dissg@tes (contour lines. (c) Kinetic-energy spectra for dissociation
ciation kinetic-energy spectrum shown as a solid line in Fig_(solld lineg and CE(dashed linesfor intensities in the range from
3(c) for intensities in the range from 0.05 to 0.5 PWfcm 0051005 PWi/crh

The kinetic-energy range for one- and two-photon absorption

into Floquet channels for all vibrational states is given by the

shaded areas. For 0.1 PW/cmwe find the strongest disso- - S

ciation. With increasing i/r%l;tensities Coulomg explosionsoc'at'on probability is reduced to 10% and the CE enhanced
(dashed lingbecomes dominant and ,results in the reduction© 88%. For the lower intensities, dissociation is much stron-
of the final dissociation probability. At 0.2 PW/@nthe CE  9€f than for theu =3) initial state, mainly due to the open-

spectrum forms a broad peak between 4 and 8 eV corrdng of the I channel[note the different scale in the upper

sponding to internuclear distances in the CREI region in FigfoW of Fig. 4c)]. The CE spectra behave similarly to the

3(b) at 3.5<R<7. The CE peak is shifted towards higher =3 case put with a generally higher ionizatiqn prqbgbility.
kinetic energies for 0.5 PW/ci showing a substructure The intensity dependence of the fragmentatidissociation

which reflects the nodes of the initial wave function. and CH probabilities for thgv =3) and|v =6) initial states
is summarized in Fig. 5. Fgo = 3), the dissociation channel

shows a maximum of 37% around 0.1 PWfcwhereas for
|v=6) the dissociation probability increases further with de-
creasing intensity up to 73% at 0.05 PW/cihe ionization

Figure 4 shows the fragmentation dynamics of the (CE) probability reaches saturation for both initial states at
=6) initial state. Compared to=3, at 0.2 PW/crhithe dis- 0.5 PW/cnf.

B. Fragmentation of H,™ (v=6) in a 25-fs laser
pulse: Intensity dependence
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I % I I i I ¥ 1 v v v LA L LA | v v v LA B L
CE 0.2 PW/cm? ] 1 a
V=6 - ] ]
D ] 2 0.1 =
I :
T T T T T 6 : :
2 ! = Z
0.01 3 4
- - - = ) 0 ) L ' 0 ’ ) ST
e o 0.1 1
0 20 40 60 8 100 120 140 160 180 Intensity (PW/cm?)
t (fs) FIG. 5. Intensity dependence of the fragmentation probabilities.
|v=3) initial state:®, dissociation;A, CE.|v==6) initial state:O,
3_' T e ] S e ] dissociation;/A, CE. The curves joining the points only serve to
] (C) 0.05 PW/cm ] 0.1 PW/cm ] guide the eye.
2 20 . 20 _
e - becomes likely. With increasing the overlap of the initial
w ”_AKJ } wave function with the CREI region becomes larger. In ad-
g o . V. SEY.ii, W— dltlon_, these_ states are more sensitive to the b_ond softening.
T 08+ 0.2 PW/em? ] 0.5 PW/em? ] The increasing overlap of the initial states with the CREI
0.6 4 2w " = 20 n !
1 e Y 1M I T T T T T
047 4 c ] i ] 0207 v=0 v=1
0242 FERY - Pl T 015 - 2o . 20
0.0 1 1\ I_,‘I’ . "\‘\ oy 1 L I",' _ I‘\I__I_' 0.10_-4103 7 {1 7
0 5 10 0 5 10 0.05 ] " ]
E(eV) 1 1 A ]
0.00 ~————————r———
FIG. 4. Same as Fig. 3 but wiflv=6) as initial state. 08 ve2 | ved |
06 mipmzn 1, ]
C. Fragmentation of H,™ in a 25-fs 0.2-P Wcm? laser 0.4 4t S ;\"I‘\ -
pulse: Vibrational-state dependence 02 ’/'\\ ] L J 1 ]
As mentioned above, for 25-fs pulses we have a compe-"'g" oo M\ \_ " -'I. e
tition of dissociation and CREI at an intensity ef0.2 S 08- . .
PW/cn?. Figure 6 shows the fragment kinetic-energy spectra ¢ ] — V=5 - =T ]
for the initial stategv), v=0-2, 4, 5, 7-9for v=3, 6, see e A e 1
Figs. 3c) and 4c)]. These states significantly contribute to a 0411 o ] Y ]
Franck-Condon distribution one would expect foj ‘Hcre- 0.2 1 P ] [N §
ated in an ion sourde?4] (see Franck-Condon factors in Fig. 00l ", e iy D - e ——
7). We find the vibrational ground state being almost stable 08 veg 1 X el
against fragmentation. With increasing first dissociation 0.6 - 20 ’."-l - . :'-.| i
dominates with a maximum probability of 33% fhr=2). 0.4 1o i Jmme 0 ]
Then CREI becomes more and more favorable at the expens 1 Y P
of dissociation with ionization probabilities>90% for 0.2 [N y ;% 7
|[v=7) and higher(see Fig. 7. There is also a noticeable 0.0 Jamd LA IO N . ——
shift in the dissociation spectra from the 1o the 2» region 0 5 10 0 5 10
(indicated by the shaded arg¢as E (eV)

The v-dependent behavior of the ionization probability  FiG. 6. Fragmentation of 5 in a 25-fs laser pulse at
can be explained in the following way. For the lewstates,  =0.2 Pw/cni. Kinetic-energy spectra for dissociati¢solid lines
we have first an expansion of the molecule due to bond softand CE(dashed lingsfor initial vibrational statesv), v=0-2, 4,
ening. OnceR reaches the “critical” region of 5-10, CREIl 5, 7-9[for v=3, 6 see Figs. &) and 4¢)].
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100 —-0.25 0.4 — .
[ Dissociation M [
o] s ' LM
8071 oz2pwem? B [E20 03 ; i
it R : [[I0] v &
< I ] Y ]
3; 60 ] [ _—0.15 o " 'l \
= 504 [ g - 024 . \ m
£ . A b
8 404 ' Lo.10 @ © N 4
& I
L 7 \}
30 L [ 0.14 ' \ -
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204 = b L 0.05 ' \
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FIG. 7. Fragmentation of # in a 25-fs laser pulse at FIG. 8. Fragmentation of jf in a 25-fs laser pulse at
=0.2 PW/cni. Initial-vibrational-state dependence of the probabili- =0.2 PW/cm. Kinetic-energy spectra for dissociati¢solid lineg

ties for dissociation and CE. The black squares show the Franckand CE(dashed linesfor a statistical(Franck-Condonmixture of
Condon factorgright scale [(H,", v[H,, v=0)|2. initial vibrational states.

. . L “real” 3D molecule. We calculated the probabilities and
region shifts the range where ionization occurs towardginetic-energy spectra for dissociation and CE of the mol-
largerR. This results in lower Coulomb energy release, i.€..ecyle for various intensities and initial vibrational states. For
in a slight shift of the CREI peak in the spectrum from 6.5¢he initial vibrational statefy =3) and|v=6) and different

evV(w=1)to5eV p=9). ____ intensities, we demonstrated the effect of the threshold (
So far no experiment with selected pure initial V|brat|0naI>5) for the L Floguet channel. For 0.2 PW/&rour cal-
states has been done due to technical difficulties. lon sourcggation revealed a strong vibrational-state dependence of the
usually provide a broad distribution ofv) states. The pranching ratio between dissociation and CE. We found that
kinetic-energy spectrum for this kind of ensemble is showryissociation dominates for molecular ions that are prepared
in Fig. 8 for a 25-fs, IO..Z-PW/cFrpuIse. Here, we added the i, the two lowest vibrational states only, while CE becomes
spectra for all significant states €0, ...,9), weighted  more and more dominant for higher vibrational states. The
with the Franck-Condon factors. As a result of this summayatter is caused by the increasing overlap of the initial nuclear
tion, much of the interesting dependence is lost. An alter- \yaye function with the region of internuclear distances
native to the preparation of pure states is the use of not toghere CREI leads to high ionization probabilities. We also
intense, “long” (>100 f9 pulses, which avoid nonadiabatic considered an incohere(franck-Condonmixture of vibra-
vibrational excitations. In this case, high-resolution spectrostigna states, e.g., a beam of molecular ions created in an ion
copy allows the identification of individuab) states in the gource. In contrast to a coherent superposition of vibrational
1w and 2» dissociation spectrum, as it has been done in thatates, the time dependence of which could be studied in a
recent experiment by &dig, Figger, and Hasch[23]. two-pulse pump-probe experimei], some of the interest-
ing v dependence is lost after averaging over the Franck-
IV. CONCLUSION Condon distribution. We hope that our work stimulates chal-
Using wave-packet propagation calculations within a Col_lenging 'future experime_ntal_ inv?stigations including - the
linear reduced-dimensionality model, we investigated thé:)reparatlon of selected vibrational states.
fragmentation of the H" molecular ion in 25-fs, 800-nm
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in D, with ultrashort laser pulses
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Fast ionization of B leads to the coherent population of many vibrational states,6f Wsually, only the
squared absolute values of the vibrational state amplitudes, known as Franck-Condon factors, are observed
since insufficient experimental time resolution averages out all coherence effects. We propose a Coulomb
explosion imaging method to visualize the coherent motion of bound wave packets using ultt&stsprt
intense pump-probe laser pulses. With this type of experiment decoherence times in the fs to ps range may
become directly observable and provide essential information for coherent control.

DOI: 10.1103/PhysRevA.67.063408 PACS nuntber33.80.Rv, 33.90+h, 34.50.Gb, 03.65.Yz

The H,™ (D,™) molecular ion is of fundamental interest packetg21] should become feasible even for light molecules
in atomic and molecular physics. Together with its atomicsuch as H. Further, ultrashort pulses enable pump-probe
counterparts (H and He, this simplest molecule represents experiments that separate the production and fragmentation
a bound three-body Coulomb system. In contrast to th&f the molecular ion. The time-resolved observation of the
atomic systems, the molecule exhibiié we neglect rota- nuclear motion will reveal coherence effects, which we de-
tion) two timescales, the fast electronic moti@s scalgand ~ Scribe within the density matrix formalism, starting with a
the vibrational motion of the nucléfs scalg. The interaction ~ coherent superposition of vibrational eigenstaggs
of these smallest molecules with strong fs laser pulses is of
particular interest, since the pulse duration is comparable to D(R,t)=2, agexp —imyt)or(R). 1
the vibrational period14 fs for H,* (¥=0)]. For homo- K
quclear systems, the nuclei do not couple Qiregtly to the Iase1nhe probability density of this state can be expressed
fl'_(;ld dl:ﬁ todthe la,Ck 9f atr?erlmane?t Iedle_ctr:jc d',pOI? ;n%miﬂtin terms of the time-dependent density matrixy,

us, the dynamics in the laser field is dominated by the_ _ _« = ; _
interaction of the electron with the field, which acts only A EXP( k) WIth win= 01— O,
indirectly back on the nuclei via non-Born—Oppenheimer
couplings. |¢’(R't)|2:2k Pkk|¢k|2+k;m pxm(Dekern- (2

Numerous theoretical investigations onHin strong la-
ser fields have been done so far emphasizing the influence @iveraging over a timd results in
the two-center nature of the electronic potential on strong-
field ionization[1-10Q]. Here, the laser-induced coupling of == 2
the lowest electronic states leads to an oscillating localiza- |[®(RT)] _zk: Pid ol
tion of the electron near one of the nuclei. This gives rise to )
dissociation of the molecule and to “charge resonance en- =S aat ot expl—iwgml)—1
hanced ionization” at intermediate internuclear distanRes i K mPkPm i omT ’
between 5 and 10 a.{2,4]. Experimentally, the situation is
more challenging, since mostly neutra} kD,) targets are The first sum, containing only diagonal elements of the den-
available[1,11-18§, such that the production and fragmenta- sity matrix, corresponds to an incoherent mixture of eigen-
tion of the molecular ion occurring in the same laser pulsestates. The coherence—expressed by the off-diagonal ele-
are difficult to separate. It was shown that for 50 fs pulsesments in the second term—vanishes for a sufficiently large
saturation of H* is never reached at any intensifg4]. averaging timeT>w[n1]. Then, the time average is equiva-
Moreover, a recent kinematically complete study for all ion-lent to an ensemble average. In two recent experiniésis
ization and fragmentation channels of Hvealed the break- the H,* ions have been prepared in an ion source. The un-
down of the simple two-step model of production and frag-certainty in the time delay between production of the mo-
mentation of H* [18], i.e., the correlation of the two lecular ions and the interaction with the laser pulse is of the
electrons has to be taken into account. To overcome thisrder of us. Thus, coherence effects on the fs timescale are
problem, attempts have been made to get either more deweraged out according to E(B). Similarly, environment-
tailed information on the time evolution of the molecule dur-induced decoheren¢@2] should yield a stationary probabil-
ing the laser pulsgl4,15 or to use a molecular ion beam as ity distribution after a sufficiently long timé&. Information

()

the targef19]. about decoherence times is of great importance for the co-
Due to advances in ultrashort pulse technology, pulse duherent control of quantum systems.
rations down to 5 fs are now availabj&0], and Coulomb The aim of this paper is twofold. First, we model the frag-

explosion(CE) imaging of bound and moving nuclear wave mentation of D out of the vibrational ground statev (
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=0) in a two-pulse laser field. We consideg Drather than 10490— T ('a)"
H,™ in order to take advantage of the slower nuclear motion. ] N ]
Our numerical results will be compared with a recent experi-
ment[15]. Second, we propose a pump-probe experiment for 054
the neutral B molecule in order to image the coherent 1
nuclear wave packet dynamics. We use atomic units, except
where otherwise indicated.

The molecular ion is described in a reduced- 2o AL
dimensionality collinear model in terms of the electronic co- ]
ordinatez relative to the center of mass of the nuclei and the 15
internuclear distancB. The model-inherent alignment of the ]
molecule along the polarization axis of the laser electric field 3 10
F(t) is not a serious problem since in a kinematically com- 5:“3 ]
plete experiment fragmentation along this axis can be se- 5
lected. Further, for linearly polarized nonrelativistic laser ]
fields considered here, only the coordinates parallel to the 0 T T i

LA LA B [ B B N R B |
40 80 120 160 200 240

electric field vector play an important role. Our model in- £ fs)
S

cludes the(non-Born—Oppenheimgrcoupling between the

electronic and nuclear motion. The Hamiltonian is given by g5 1 (a) Time-dependent norrN) and probabilities for Cou-

lomb explosion(CE) and dissociatioriD) of D,* (»=0) in a two-

H=T,+ 1R+ T+ Ve, —zF(D), (48 pulse laser field25 fs, 0.3 PW/crf 50 fs delay. (b) Corresponding
probability density|®(R,t)|? (logarithmic gray scaleand ioniza-
Vo= — 1/\/23 +a( R)Z— 1/\/22+ +a( R)z, (4b) tion rates(contour lines.

with z. =z+R/2. T,, and T, are the kinetic energies for the Exin=1/R+Ejnir(R). 5

nuclei and the electron, respectively. Softcore Coulomb po-

tentials [23] are used for the electron-nucleus interaction Figure Xa) shows the time-dependent norh and the
with an R-dependent softening functica(R), which is ad-  yield for dissociatiorD and CE for B* (»=0) and two 25
justed to exactly reproduce the electronic ground-state poteris laser pulses of 0.3 PW/¢mintensity and a delayr

tial curve [24]. We solve the time-dependent Sctlimger =50fs. The time evolution of the probability density
equation numerically on a grid using the Crank-NicholsonP(R,t)=|®(R,t)|? is shown in Fig. 1b) with contour lines
split-operator methof5]. The grid extends from 0.05 to 30 indicating the electronic ionization rate. Three different ion-
in Rwith a spacing of 0.05 and from45 to 45 inzwith a  ization regions can be distinguished: ionization from bound
spacing of 0.2. Absorbing regions using an optical potentialibrational states during the firg¢f) and secondB) laser

are introduced over the last 2Qh R) and 100(in 2) grid pulse and delayed ionization of the dissociating wave packet
points in order to prevent a reflection of the outgoing wave(C). Figure 2 shows the corresponding total fragment kinetic
packets by the border of the grid. The number of time stepgnergy spectra for delays of 30, 50, and 70 fs. The low-
per optical cycle is 1100. Each time step the norm of the totabnergy part of the spectrum is due to dissociation via the
wave function within 0.05R=<20, —25<z=<25 is calcu- Floquet one- and two-photon channgld]. The CE spectra
lated. The outgoing flux through the borders of this inner parimap ionization events in regiors B, andC. The broad peak

of the grid can be used to obtain differential and integratedA (5—-13 e\} shows no delay dependence. Its large width
data on the fragmentation process. The dissociation yieldomplies with the ionization rates in Fig(d and Eqg.(5).

into the D" + D fragmentation channel is given by the time- Besides ionization, the first pulse induces dissociation and
integrated flux in theR direction atR=20. Removal of the excitation into a coherent superposition of bound vibrational
electron leads to CEnto D" +D™ +e7), the yield of which  states. During the second pulse we find ionization of the
is given by the time-integrated electronic flux in thdirec-  bound paripeakB) and delayed ionization of the continuum
tion atz=*=25. From the time-dependent phase of the outpart of the wave packépeakC). PeakB is delay dependent
going nuclear wave packets Rt=20, we derive the nuclear due to the coherent motion of the bound wave packet. Peak
momentum distribution for dissociation using the “virtual C moves towards lower kinetic energies with increasing
detector” method 26]. The CE spectra are obtained by first and finally merges with the dissociation peaks for large
computing the ionization rate as the outgoing electron flux asince the energy due to CE becomes small at I&g&his

a given positionR. During the(fasY ionization of the elec- kind of imaging has been recently reported for'l} 15]. The

tron we treat théslow) nuclei as “frozen.” For each position experiment used a Dtarget and 80 fs laser pulses and re-
R, the Coulomb energy R/ is released. In order to take the vealed a delay-dependent peak in the kinetic energy spectra
initial (dissociative velocity of the nuclei into account, we (Fig. 2 of[15]), which shows the same delay dependence as
add the Coulomb energy and the initial kinetic energypeakC in our model.

Einit(R) of the nuclei at the ionization time and obtain the  The behavior of peaB reflects the coherent motion of the
final kinetic energy of the fragments, bound wave packet and suggests a pump-probe study of the
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FIG. 2. Kinetic energy spectra for dissociati(olid lineg and
Coulomb explosiondashed lingsof D,* (»=0) in a two-pulse _
laser field(25 fs, 0.3 PW/crf) with variable delayr. The features FIG. 3. Coherent motion of the D nuclear wave packet fol-
A—C correspond to the ionization regions in FigblL lowing ionization of B (v=0) in a 5-fs, 1-PW/crhlaser pulse(a)

Probability density®(R,t)|? (logarithmic gray scaleand expecta-
) tion value(R). (b) Autocorrelation function.
neutral molecule using ultrashar10 fs) laser pulses. For

neutral targets and+pulse durations0 fs, production and g (g 1) for a givenr of the probe pulse is then transformed
fragmentation of " cannot be easily separated. On thei, the reconstructed probability density
other hand, molecular ion beams cannot reveal coherence

since the ions have to be treated as a statistical ensemble. We P'(R,7)=KE(E(R),7)/R2. (6)
therefore propose to firgalmos) completely ionize B with

an ultrashort(5 fs), intense(1 PWi/cnf) pulse within less This transformation neglects the kinetic energy of the nuclear
than 2 fs near the pulse maximy1]. The ionization time ~ Motion at the ionization time [21]. In general, the accuracy

is short compared to the classical oscillation time for theof this imaging method is limited b§1) the finite ionization

D, (v=0) state of 20 fs. Hence, the ionization can be treatedime during the probe pulse<2 fs), (2) the initial average

as a vertical(Franck-Condon transition where the P(v N N
=0) initial wave function is projected onto the, D potential 31 t210fs | t=201fs ]
curve. We start the calculation in the center of the first pulse. ]
Since the assumed intensity of the 5 fs pump pulse is higr
enough to saturate the,D production, the ionization prob-
ability does not depend oR.

Our calculation shows I ions that are prepared at the - S o el
center of a 1-PW/ch5 fs pulse and survive with a high 1=301s | t1=401s ]
probability the remaining half pulse. Thus, these pulse pa-, ]
rameters are suitable for experimental studies and avoic@
double ionization contributions from the first pulse. The dis- £ ||
sociation (ionization yield due to the half pulse is 2%
(1.7%. For H,*, we find 11%(4%). The higher stability of A e et e
D,* originates in the slower nuclear motion. Figuréa)3 1=1651s 1=580fs |
illustrates the coherent nuclear wave packet dynamics o
D,"* following the vertical transition from B(»=0). The
expectation valugR) starts at the equilibrium distance of 1. ]
D, (v=0), Ry=1.4. After a few oscillations, the anharmo- ) A,
nicity of the potential curve, i.e., the nonequal spacing of the o RaAALe m— ey —
vibrational levels, leads to the “collapse” of the wave 6 1 2 3 4 5 60 1 2 3 4 5 6
packet. Fort~580 fs, we find a partial revival of the wave A@u)
packet. _A measure for the collapse an_d revival is the auto- g5 4. Snapshots of the coherent nuclear motion i Bol-
correlation function(®(t=0)|®(t))|? [Fig. 3(b)]. lowing ionization of D, (»v=0) in a 5-fs, 1-PW/crhlaser pulse for

A second Iaier pulse, strong enough to ensure complel@rious delaysr of the probe pulse. Thick solid line: reconstructed
ionization of D,", can probe the time evolution of the wave probability density P’(R). Thin solid line: original density

packet. In this case CE allows a mapping B{R,t) |®(R, 7)|2. The incoherent Franck-Condon distribution is given by
=|®(R,t)|]2. The measured kinetic energy distribution the dashed lines.

i
1

i

wWo
L

N
N
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(group velocity of the wave packet, an@) the inherent  time dependence. Thus, after a “decoherence time” the CE
momentum spread due to the uncertainty princigl¢.and  spectra become independentrpfind the reconstructed wave
(3) are similar to the photographic blurring effect for a finite packet merges into an incoherent Franck-Condon distribu-
exposure time.(2) leads to a shift ofP’(R,7) towards tion. This offers, in principle, a direct measure of decoher-
smallerR (i.e., larger kinetic energy releasén contrast to  ence times of a quantum system. Since the direct coupling of
(1), the effect(3) remains, even in the limit of an instant the homonuclear B to the thermal radiation is very weak
ionizatior_L An upper limit for the influence @8) is obtair)ed due to the lack of a permanent electric dipole moment, an
from the initial width of the wave packeARyp=0.2, which  oyperimental study with HD could demonstrate the influ-
leads to a finite image resolution &fRimage<0.1. ence of coupling strengths on the decoherence time.

Figure 4 shows’ (R, 7) compgred with the original prob- |5 conclusion, the development of ultrashés fs), in-
ability densityP(R, 7) =|®(R, 7)|“ for selectedrvalues. The  yoge aser pulses enables pump-probe studies of the nuclear
intensity of thg > s probe pulse Is 2 P_W/%_:nFor " wave packet dynamics even for light molecular systems such
=10fs, the shift of the reconstructed distribution towardsas H" or D,*. Dissociating wave packets as well as the

smallerR due to the kinetic energy of the wave packet be- . .
. . . ; coherent motion of bound states can be probed on a fs time
comes obvious. This effect is less important close to the turn-

ing point of the oscillating wave packet at=20 fs. The scale. This method should enable the direct measurement of
partial revival atr=580 fs shows the wave packet with its decoherence times on a fs to ps time scale and, thus, provide

maximum close to the equilibrium distance of.Din the important information for the coherent control of quantum
region of the “collapse” of the wave packet, the interferenceSYStems-

structures are partially shifted and partially averaged out due

to the effectg1) and(3). However, if coherence is preserved,  This work was supported by the Division of Chemical
the time-dependent nuclear motion should be observable ificiences, Office of Basic Energy Sciences, Office of Energy
CE imaging. Further, if decoherence occurs due to couplingResearch, U.S. DOE, and NSF Grant No. PHY-0071035.
to other degrees of freedofe.g., rotation or to a thermal B.F. acknowledges a research scholarship from the DFG
background, it should manifest itself in a breakdown of the(Germany.
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Abstract

The ion momentum spectra for nonsequential double ionization of rare gases
(He, Ne and Ar) in 23 fs 795 nm laser pulses were measured in the intensity
range 0.075-1.25 PW cm~2. In the studies published, confusing differences in
the shape of momentum distributions among different targets are consistently
explained within a recollision scenario: excitation during recollision plus
subsequent field ionization, not implemented in most theoretical approaches,
evidently plays a decisive role for He and Ar nonsequential double ionization
whereas it plays only a minor role for Ne.

Many-electron dynamics in intense laser fields has been the subject of a large number of
theoretical and experimental investigations. In particular, strong field double ionization is a
fundamental process and, at the same time, one of the most challenging problems in atomic
and optical physics, theoretically as well as experimentally. Whereas single ionization is
considered to be well understood within the ‘single active electron’ (SAE) model, the observed
yields of double ionization in linearly polarized laser pulses exceed those predicted by the SAE
model assuming a sequence of individual single ionization events by many orders of magnitude.
Although the underlying mechanism of this ‘nonsequential’ (NS) double ionization remained
unclear for many years, it was agreed that the NS double ionization has to incorporate the
correlated two-electron dynamics in intense laser fields (for reviews see [1, 2]).

Experiments using circularly polarized light as well as recent results exploiting advanced
experimental imaging techniques [3, 4] in agreement with most quantum [5-9] and classical
calculations [10, 11] provided widely accepted evidence that the so-called rescattering or
recollision scenario [12] is the dominating mechanism for NS double ionization. Here, the
first (tunnel-)ionized electron is driven back by the oscillating laser field to its parent ion
causing ionization of a second electron in an (e, 2e)-like process. It was shown that the
kinematics of this dynamical process is the only one that can explain the ‘double-hump’
structure of ion momentum distributions along the laser polarization direction [13], clearly
observed exclusively for Ne?* and Ne** ions in the NS intensity regime [4]. However,
summarizing the results of published experimental data as well as theoretical predictions for
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NS double ionization of He, Ne and Ar atoms, one finds quite a confusing situation indicating
that the underlying mechanisms are by far not understood.

Singly differential momentum spectra for He?* ions have been measured so far in the
intensity range 0.29-0.66 PW cm~2. Here, indications of a double-hump structure have been
observed only at the highest intensity. Compared to Ne this characteristic feature is much
less pronounced and hardly visible at all. In contrast, as summarized in figure 9 of [2], most
of the theoretical models predict a very clear double-hump shape with a deep minimum at
zero momentum not consistent with experiment. Moreover, and even more surprising, the
apparently most complete approach, namely the numerical solution of the time-dependent
Schrodinger equation for two correlated electrons in a one-dimensional model [7] predicts
just the opposite behaviour, i.e. a single maximum at zero momentum, which also does not
agree with the experimental findings. Recent calculations by van der Hart [14] revealed that
excitation of He* during recollision followed by subsequent field ionization of the excited
electron contributes decisively to double ionization. This mechanism was not considered
in previous theoretical models, which actually predict the double-hump behaviour. Some
of them even correctly reproduce the total rates for multiple ionization without taking this
mechanism into account. Finally, a systematic study on the intensity dependence of ion
momentum spectra for Ar>* did not reveal a double-hump structure for any intensity [15]. Such
behaviour for Ar was recently explained by the recollision—excitation mechanism mentioned
above, by inspecting correlated electron spectra where the momenta of both emitted electrons
are measured in coincidence [16]. In contrast to Ne [17], the majority of the correlated
events violate the kinematical constraints set by conservation of energy and momentum in the
recollision—ionization scenario [16], whereas these data were found to be consistent with the
kinematics of recollision—excitation with subsequent field ionization. Due to its sequential
nature, this mechanism leads to small drift momenta of one of the electrons, and thus fills
the ‘valley’ in the ion momentum distribution as observed for He [3] and Ar [15, 16]. Note
that other effects of electron correlation, such as the so-called ‘shake-off’ mechanism, have
recently been shown to contribute negligibly to NS strong field ionization [5]. Other many-
body effects in tunnelling (including core excitations) as discussed recently in [18] concern
mainly the multiple ionization of atoms by circularly polarized light. In our case of linear
polarization, the nonsequential recollision mechanism is by far the dominating one for double
ionization.

Consequently, inspecting all available data, severe questions arise: whether the atomic
structure can influence the dynamics of NS double ionization, whether such a potential structure
dependence can explain the experimental results for different targets and what really is then the
dominant NS double ionization mechanism for the various atomic species. These questions
become even more pressing since it is frequently doubted if at such high intensities the atomic
structure plays any role at all.

In order to clarify this situation we present the first comprehensive experimental study
on the ion momentum distributions of He2*, Ne2* and Ar?* ions using a novel method for the
in situ calibration of the intensity in the range 0.075-1.25 PW cm™2. On the basis of a
consistent model calculation for the relative contributions of direct (e, 2e) ionization and
excitation during recollision followed by subsequent field ionization, we demonstrate a strong
target structure dependence of NS double ionization as well as the decisive importance of
recollision—excitation. Indeed, we provide convincing evidence that for He and Ar this is the
dominant NS ionization mechanism over a wide intensity range. Atomic units are used in the
following except where indicated otherwise.

For our experiment, we use a Kerr-lens mode locked Ti:sapphire laser at 795 nm
wavelength amplified to pulse energies up to 350 wJ at 3 kHz repetition rate. The width
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Figure 1. Longitudinal electron kinetic energy spectrum for single ionization of Ne. The spectrum
shows a change in slope close to the kinetic energy of 2U), indicating the transition from direct to
rescattered electrons. A Gaussian fit (dashed curve) according to the tunnelling theory can, in an
indirect way, determine the laser intensity (see text for details).

of the amplified pulses is 23 fs. After compensation of astigmatism by means of a spherical
mirror telescope, the laser beam is focused by a spherical on-axis mirror (f = 100 mm) to
a spot size of 6.5(8) um on a supersonic gas jet target in an ultra-high vacuum chamber
(8 x 1079 mbar). The focus diameter has been determined from measured optical parameters
of the laser beam. Vector momenta of recoil ions emerging from the source volume are recorded
using a ‘reaction microscope’ which has been described in detail before [19]. The polarization
direction of the laser is parallel to the time-of-flight axis of the spectrometer. Along this axis
(which is perpendicular to the jet axis) an ion momentum resolution of 0.1 au is achieved due
to collimation of the gas jet. In addition to the conventional method, we determined the laser
intensity ‘in situ’ by simultaneously measuring the electron kinetic energy spectra along the
laser polarization axis for single ionization. Figure 1 shows such a longitudinal (i.e. parallel to
the laser polarization direction) kinetic energy spectrum (log scale) of the electron for single
ionization of Ne along with a Gaussian according to the tunnelling theory [20] fitted to the
distribution in the region of direct electrons: wapk (py) = w(0) exp [ piw?(21,/1)*/?]. Here,
w is the Ammosov—Delone—Krainov (ADK) tunnelling rate for a final longitudinal momentum
p of the electron, w is the laser frequency and I, is the ionization potential. Since the width
of the electron spectrum sensitively depends on the intensity /, the fit yields in indirect, online
and accurate determination of / = 0.40(5) PW cm™2 for the spectrum in figure 1. Moreover,
as is well known, the spectrum shows a distinct change in slope occurring close to the kinetic
energy of 2U,, (ponderomotive potential U, = I/4w?) indicating the transition from direct
and rescattered electrons dominating electron production. At higher energies a ‘plateau’ of
rescattered electrons extends up to ~10U,, [21]. The intensity derived from the fit results in a
focus diameter of 5.5(5) um, which agrees well with the value given above. We estimate the
accuracy of this method for absolute intensity calibration to be better than 15%. The relative
intensities are derived from the pulse energies measured with <5% accuracy, which is—at the
same time—the stability of the laser.



L164 Letter to the Editor

0.60 2.1 |™ 0.70 251 11.00 3.5 111.25 4.4
He 100 ® 200
B / . %117 7
0 j% %L 0 J% /er " 0 4 1 4 o all.
0] 0.40 1.9 =060 Py ®]1.00 4.4
Ne 400
200 Ml
Iy IR TR I N o W7, .
= 0.30 2.1 1™ 0.40 28| 1050 3.5 luo| 0.70 4.9
800 sequential
Ar 800 "
% % 400 ) 7 . % 400 % %
g A, Z ZL . Z s I
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
p, (a.u.)

Figure 2. Ion longitudinal momentum spectra for He”*, Ne>* and Ar®*. The spectra are shown
in four columns comparing the three species at intensities (numbers on the left) corresponding
to approximately the same maximum recollision energy in units of the ionization potential 1; of
the singly charged ion 3.17U,/ I; (italic numbers on the right). The shaded areas indicate the
kinematically favoured regions based on the recollision (e, 2e) model (see equation (9) in [13]).
Note that in the last spectrum for Ar (0.7 PW cm~?2) the sequential regime is already achieved.

Figure 2 summarizes the measured longitudinal ion momentum spectra for He*, Ne”*
and Ar’>*. We compare the three species at intensities corresponding to the same maximum
recollision energy in units of the ionization potential I, of the singly charged ion 3.17U,/I,.
Whereas the shape of the spectra for Ne only shows a weak intensity dependence with a clear
double-hump structure everywhere, a distinct transition from a single maximum to a broad
structure is observed for Ar and He. At the highest intensity (1.25 PW cm~2) for He we find
for the first time a pronounced minimum at zero momentum. For Ar such behaviour cannot
be observed at all, presumably since the regime of sequential double ionization is already
reached at 0.7 PW cm~2. The shaded areas indicate the kinematically favoured regions based
on the recollision (e, 2e) model (see equation (9) in [13]). Obviously, for He and Ar another
mechanism besides (e, 2e)—most likely a sequential excitation tunnelling process—plays a
crucial role in the doubly charged ion formation.

In order to calculate the relative contributions of direct ionization and excitation tunnelling,
we use the following semiclassical model within the recollision scenario. In a first step
one electron is field-ionized via tunnelling at a phase wf; of the oscillating, linearly
polarized electric field F(t) = Fpsin(wt). Depending on the initial phase the electron
may be driven back to its parent ion at a phase wt; with a classical recollision energy
Eree = 0.5Fw ?[cos(wty) — cos(wt)]*. Here, in a second step electron impact ionization
or excitation takes place. In the first case, the second electron is directly ionized in an (e, 2e)
process, whereas the excitation is followed by subsequent tunnelling of the excited electron.
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In the intensity range considered here, this tunnelling occurs with almost 100% probability.

Thus, for the calculation of the relative contribution of these two mechanisms, we only need to

calculate the ratio of the effective (phase averaged) yields Yo exc for ionization and excitation
Yion T

s Yion,exc = WADK(IO)O'ion,exc(Erec (t0)) d(wtp). (1

Y exc /2

R =

Here, W (wty) is the ADK [20] static-field tunnelling rate. The electron impact cross-sections
O ionexc are derived using general, simplified (field-free) expressions. In the case of ionization
we use the following formula [22]:

2—8 ~
0.5 In[1+ (Eree — I50) /10
(Tion(Erec) = ZC@ (—+(k)> %_lbk - /I+I(Jk) p ) (2)
Lk P rec/ Lp

The coefficients Cy, §; can be found in [22]. &, is the number of equivalent electrons in the
initial subshell ¢ and by is the branching ratio for ionization into a specific term k of the final
state. For Ne* (Ar*) we included ionization from the 2p (3p) and 2s (3s) subshells. In order
to take into account the effect of barrier suppression due to a finite field at the recollision time
t1, we introduce the suppressed ionization potential of the ion [23] T ; =1 ; — 2J/2F ().

The 1s — 2¢ excitation cross-sections for He* are taken from a convergent close-coupling
calculation [24]. We extrapolate the cross-sections for higher-lying He* levels by scaling with
known transition strengths [25]. Since comprehensive data on excitation cross-section for Ne*
and Ar* are not available, we use the van Regemorter formula [26] for transitions i — &

. 272 fir G(x)
(ik) — !
Oexe (X) = ,
¢ V3EL x

X = EICC/E[kv (30)

Oexe(X) = Y _ 08 (x), (3b)
ik

with the Gaunt factor G(x) = 0.349 Inx + 0.0988 + 0.455x~! [24], E;; is the excitation energy
and fj; is the absorption oscillator strength (values from [25]). Figure 3 shows the total
cross-sections for He*, Ne™ and Ar" as a function of the electron impact energy in units of /,,.
As expected from the atomic structure (3p—3d transitions) excitation is much stronger in Ar*
than in Ne™. The structure of He" is hydrogen-like which results in a reduced ionization cross-
section compared to excitation since the latter consumes a large amount of the total oscillator
strength. The result for the phase-integrated ratio R as a function of the laser intensity is shown
in figure 4. Again, we find a much stronger excitation contribution for He and Ar compared
to Ne. This qualitatively explains the different shape of the ion momentum spectra for
NS double ionization. For Ar, we can directly compare the calculated ratio R.,; = 0.37 at
0.25 PW cm~2 with the experimental result from [16], Rex, = 0.37(6) at 0.25(5) PW cm™?2
which is found to be well reproduced by our model.

To conclude, we have presented the first comprehensive study on nonsequential double
ionization of the noble gases He, Ne and Ar. We used a novel technique for intensity calibration
based on the well-established ADK tunnelling theory for single ionization electron spectra,
the result of which agrees well with the intensity derived from the laser beam parameters. A
qualitative difference in shape and intensity dependence of the longitudinal momentum spectra
of the doubly charged ions is observed for Ne compared to He and Ar, which behave similarly.
For the first time a clear double-hump structure in the He?>* momentum distribution is observed.
We developed a consistent model calculation within the recollision scenario including both
(e, 2e) and excitation tunnelling mechanisms which can—at least qualitatively—explain the
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Figure 3. Total excitation (solid lines) and ionization (dashed lines) cross-sections for He*, Ne*
and Ar? as a function of the electron impact energy in units of ionization potential I;.
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equation (1) based on the cross-sections shown in figure 3 as a function of the laser intensity.
At 0.58 PW cm 2 the suppressed 1; is zero for Ar and, thus, beyond this value the calculation is
no longer valid. The experimental result for Ar from [16] Rexp = 0.37(6) at 0.25(5) PW cm~2 (the
Ar?* spectra are depicted on the top) is also shown in the figure.

substantially different behaviour of He/Ar versus Ne due to differences in the excitation cross-
sections, caused by the atomic structure. This might be quite surprising considering the fact
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that we used field-free cross-sections; the atomic structure seems to be well preserved even
in considerably perturbed systems. However, at the phases where recollision occurs, the laser
field strength is typically small [12]. In order to obtain more insight into the mechanisms
of nonsequential double ionization, more kinematically complete studies are planned, in
particular for He since this is the only case where an ab initio theoretical description might
become available in the future.
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We investigate the effects of a strong laser field on the dynamics of electron capture and emission in
ion-atom collisions within a reduced dimensionality model of the scattering system in which the motion of the
active electron and the laser electric field vector are confined to the scattering plane. We examine the prob-
abilities for electron capture and ionization as a function of the laser intensity, the projectile impact parameter
b, and the laser phaskthat determines the orientation of the laser electric field with respect to the internuclear
axis at the time of closest approach between target and projectile. Our results ledépendent ionization
and capture probabilities show a strong dependence ongbatid the helicity of the circularly polarized laser
light. For intensities above %10 W/cn? our model predicts a noticeable circular dichroism in the capture
probability for slow proton-hydrogen collisions, which persists after averaging ¢v€&apture and electron
emission probabilities defer significantly from results for laser-unassisted collisions. Furthermore, we find
evidence for a charge-resonance-enhanced ionization mechanism that may enable the measurement of the
absolute laser phasg.

DOI: 10.1103/PhysRevA.70.023408 PACS nuniber34.50.Rk, 34.70te, 32.80.Qk

I. INTRODUCTION and two pulsedpump and probelaser beams and crossed
all beams in a small interaction volume. They explained an
The study of charge exchange in ion-atom collisions dategscillatory structure in the angular distribution of excited Na
back to the beginning of the last century, when Hendersoprojectiles after laser-assisted collisions with Kr atoms in
[1] experimentally discovered electron capturedogarticles  terms of optical molecular transitions in the transient NaKr
passing through matter and was pursued actively over mangomplex.
decadeg?]. More recently, the COLTRIMS techniqy8,4] So far, technical challenges in the generation of suffi-
has allowed for the investigation of the electron dynamics inciently long and intense laser pulses and the synchronization
ion-atom collisions with unprecedented resolution in energyof laser pulses within the interaction time interyaipically
and momentum of the interacting electrons and nuclei. IndeRot more than 10° s in slow ion-atom collisionshave pre-
pendently, the interaction of strong laser fields with atomsyented a more detailed experimental investigation of laser-
ions, or molecules has been addressed in a large number @§sisted or laser-controlled charge-exchange reactions in
experimental and theoretical investigatiof&6] over the heavy—p_artlcle cc_>II|S|ons: Wlth_ the increasing availability of
past two decades. Even though the detailed investigation Gnergetic lasers in atomic collision laboratorjésd), we ex-
laser-assisted heavy-particle collisions may ultimately hel?€Ct laser-induced effects in laser-assisted heavy-particle col-
in steering chemical reactions into specific reaction channel sions to become observable. High laser intensities, focused

by adjusting laser parametetintensity, wavelength, and on relatively large areas and long laser pulse durations, will

Ulse shape the promising combination of the two research significantly improve the statistics in laser-assisted collision
P Pe P ng . . experiments and are expected to soon open the door towards
areas—laser-matter  interactions and  heavy-particl

llisi has b h bi ¢ onl ¢ X fnore detailed experimental studies that may contribute sub-
collisions—has been the subject of only a few experimentsyniia|ly 1o our understanding of laser-controlled chemical
with crossed heavy-particle and laser beams. For exampl

. ; feactions.
Débarre and Cahuzd@] observed laser-induced charge ex- On the theoretical side, a variety of methods have been
change between Smand Ba in a mixture of strontium and

) . ) . applied to the calculation of charge exchange and electron
barium vapors using Nd-YAG lasers with relatively very low Pp d d

. . emission in laser-assisted heavy-particle collisionsetLal.
Intensities up to 5 10° W/cn®. Grosseret al. [8] used a 10,17 predicted, within lowest-order perturbation theory in
continuous beam of Na atoms, a pulsed beam of Kr atom

he electron nucleus interaction, that the dressing of atomic
levels in an intense laser field leads to a significant modifi-
cation of capture and ionization cross sections in fast proton-

*Electronic address: esdimax@phys.ksu.edu hydrogen collisions. Voitkiv and Ullrich12] found, also
"Electronic address: Bernold.Feuerstein@mpi-hd.mpg.de within lowest-order perturbation theory in the electron-
*Electronic address: thumm@phys.ksu.edu projectile interaction, that a linearly polarized laser field can
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substantially influence the binary-encounter electron emis- Ionization
sion process in fast collisions af particles with hydrogen \
atoms. Close-coupling calculations for heavy-particle colli- / corotating__p?

Y H?

@ <

sions, taking place in a strong laser pulse, were recently per-

. +b Capture
formed by Madseret al. [13] and Kirchner[14]. Madsenet -— oﬁl
2’ o(t)

al. predicted a strong laser-induced modification of she

-b

excitation probability in laser-assisted protoids) and x / 3 Xi"mr-wmﬁ"x
proton-Nd3s) collisions. Kirchner found a strong influence |_ &
of the electron capture and loss probabilities in laser-assisted z
He?*-H collisions on the laser wavelength and the initial ) o .
phase of the laser electric field. Lattice calculations on a FIG. 1. (Color onling Collision scenario for a proton on a
three-dimensional Cartesian grid for laser-assisted protofiraight-line trajectory with impact parameternd velocityo col-
collisions with lithium atoms in ground and excited states byliding with an atomic hydrogen target. The rotating laser electric
Pindzolaet al. [15] show a significant modification of the field breaks the azimuthal symmetry: For positive impact param-
charge-transfer process for moderate laser intensities &ters, the projectile follows the rotating laser fiebdrotating casg
10'2 W/cn?. Lein and Ros{16] applied a reduced dimen- for n_egatlve |_mp_act parameters,_ the projectile moves against the
sionality model, solved the Schrédinger equation on a twolotating electric fieldcounterrotating case
dimensional Cartesian grid, and predicted the generation of
ultrahigh harmonics in laser-assisted collisions of 2 keV pro- Il. THEORY
tons with hydrogen atoms in linearly polarized laser pulses
with 16 optical cycles, a wavelength of 800 nm, and
10* W/cn? intensity. Unless indicated otherwise we will use atomic ur(its

More work, both experimental and theoretical, has beer=m,=e=1) throughout this paper. For the impact energies
done for laser-assisted electron scattering, but even a strugpnsidered in this work, we may neglect the nucleus-nucleus
tureless projectile constitutes a serious challenge to preseieraction and assume that the projectile ion of mams

theories[17-19. The early theory of Kroll and Watsdi20] ~ ,5yes along a straight-line trajectory in thelirection,
which only retained terms to first order in the photon fre-

quency disagrees with the experimental results of Wallbank ﬁ(t) = b8, +v(t—ty)6,, (1)
and Holmeg21]. This discrepancy between theory and ex-

periment was traced to off-shell effects in the long-rangewhich is characterized by the impact parameiethe con-
polarization part of the electron-atom scattering potentiaktant velocityv, and the time of closest approagh(Fig. 1).
[22]. Joachain, Dorr, and Kylstid 8] introduced the nonper- Taking the location of the target as the coordinate origin,
turbative R-matrix Floquet method which was subsequentlywe employ two-dimensional soft-core Coulomb potentials
applied to multiphoton ionization, higher-harmonic genera-

tion, and laser-assisted electron atom collisions. Electron-ion V_e}* - _ 1 2)

A. Potentials

collisions have recently attracted considerable interest as an We+Z2+a

integral part of the rescattering process, in which nonsequen-

tial double ionization of an atom or molecule is explained inand

terms of electron impact ionization of one electron by the 1

laser-driven and rescattered other electi®23). Ve (1) =- (3)
To the best of our knowledge, laser-assisted ion-atom col- V(x=b)?+[z-v(t-tg)]*+a

lisions in circularly polarized light have not yet been inves-
tigated. In this paper we numerically solve the Schrédinget™ : .
9 bap y 9 jectile nucleus, respectively. The “softening” parameder

equation on a two-dimensional grid. Within this reduced di-_0 641 lari h il he | . fth lei
mensionality model, the electronic motion and the rotating” ™ regularizes the potentials at the Jocation of the nuclei

laser electric field are confined to the scattering plane. Fo??d IS "",dJL;IStg"d to reproduce the ground-state binding energy
projectiles(protong on a classical straight-line trajectory, we 0 ?torr?lcd_y Irogen. o he i ion b h
study the dependence of the probabilities for electron loss, n the dipole approximation, the interaction between the
capture, and emission on the intensity and helicity of theActive electron and a monochromatic laser electric field of

laser electric field. Even though experimental results are ex@ngular frequency,

jo represent the electronic interaction with the target and pro-

pected to differ slightly from the predictions of our two- E,(t) = Eg(t)cod w(t — to) + ¢], (4)
dimensional calculations, we expect our results to be of suf-
ficient accuracy to provide useful estimates for optimized E(t) = Eg(t)e sifw(t - to) + ¢], (5)

laser and collision parameters that most clearly display the

effects of a laser pulse on the electronic dynamics in heavyis given by the potential

particle collisions. Our numerical results show the strongest —

influence of the laser electric field on the capture probability VixzD) = B(Ox+ BLD)2 ©®
at a laser intensity of 0.0014 a.(6.0x 10" W/cn?)—i.e.,  (Figs. 1 and 2 Heree e [-1, 1] denotes the ellipticity of the
when the laser electric force equals a few percent of théaser light. The laser phasgdetermines the direction of the
electrostatic Coulomb force exerted on the active electron blaser electric field at the time of closest approaslit, be-
the target nucleus. tween the projectile and target.

023408-2
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(countey rotating collisions occur for positivenegative im-
pact parameters.

In order to suppress unphysical reflections of the elec-
tronic probability density at the boundaries of our rectangu-
lar numerical grid, we employ absorbing boundarjgd].

For example, for absorption beyong in the +X direction,
this is achieved by adjusting the absorber strersgtind ab-
sorber widthx, in the negative imaginary potential

- is( X" X%
Va(x) = Xo
0, otherwise,

2
) . Xo < X< Xo+Xg,

9

so that the reflected probability flux becomes negligible. The
net electronic potential to be used in wave function propaga-
tion is thus given

V(x,z,t) = V1(X,2) + Vp(X,z,t) + V| (X,Z,t) + Va(X,2),
(10

FIG. 2. (Color onling Snapshot of the electronic potential. For whereV,(x,2) models the absorption in all directions in ob-

negative helicity, the laser electric field causes a clockwise rotatioffI0US two-dimensional generalization Wh(x).
of the inclined potential plane about the target while the projectile
moves toward the right-rear end along a straight line.

B. Dynamics

For the numerical applications in this work, we assume The solution of the time-dependent Schrédinger equation
circularly polarized light of positive helicitfe=1), corre-  (TDSE) id|W(1))=H(t)|¥ (1)) is formally given by the evo-
sponding to clockwise rotation of the laser electric field vec-lution of the initial wave function¥(x,z,t=0),
tor in thezx plane(Fig. 1). The wave vector of the incident t
laser light is directed into the collision plane in Fig. 1. The W(x,z,t) :'Al'exp[— if dt’H(x,z,t’)}\If(x,z,O), (11)
envelope functiorEy(t) of the laser electric field turns the 0
laser smoothly on during the timeand then remains con- -
stant, once it has reached the maximum field strefigth ~ With the time-ordering operatdr and the Hamiltonian

H(t) =T, + T, + V(x,z1). (12

Eosin2<7—T£), ost<r,
Eq(t) = 27 (1) T, andT, are the electronic kinetic energy operators. The
Eo t> 7. numerical propagation of the TDSEY) is carried out on a
_— . ..., . humerical grid using the unconditional stable Crank-
We assumer<ty, such that the oscillating electric field is \ji~holson split-operator methd@5,26. For a time stept
fully turned on before the collision. At the time of closest the wave function(11) at timet+At, is recursively given in

approach, the electric field is given by terms of W (t) by
E,=Eycos¢, E,=Eysing. (8) At
The sign of the projectile angular momentum relative to ¥ (t+At) = exp{— iTXE] X exp(=i[T,+V(x,zH)]At}
the target center of mads=R X mpv, depends on the sign of ¢
the impact parametek. can be either parallel or antiparallel X exp[— iTX—}\P(t) (13

to the laser helicity vector. In the first case the projectile
moves in the same direction around the target as the lasge choose equal grid spacingsnand z direction of Ax

electric field. We will address this situation asrotating  =Az=0.2. Our grid covers 120 a.u. along the projectile tra-
scenario. Similarly, for thecounterrotatingscenarioL and  jectory (z direction) and has a variable length in tixedirec-
the helicity vector are antiparallel. tion, depending on the impact parameter, given by [80+

The collision process in the laser field is symmetrical withWe implemented absorbing boundaries of widkths z,=20
respect to the simultaneous change in sign of helicity andnside the grid boundaries with an absorption strengtls of
impact parameter. We can therefore limit our calculations ta=0.01. These absorber parameters produce converged results
a given helicity while allowing for both positive and negative that do not differ from those obtained with altered absorbers
impact parameters. In all calculations we will assume aof twice the absorption width or strength and show no signs
clockwise rotating laser electric fielghositive helicity—i.e.,  of unphysical reflections at the grid edges.
e=1). For the coordinate system given in Fig. 1 and for the The laser frequency was chosen in the near infrared with
laser light propagating into the plane of the figure cow=0.0428, which corresponds to a wavelength of 1064 nm
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available from common Nd:YAG lasers. After a initial ramp- 10 — T 1
ing time 7=450=10.9 fs we propagate the electronic wave
function in the laser field for 550 a.u.=13.2 fs. A total propa-
gation time in the laser field df,,.=1450=35.1 fs leads to 08 -

converged results for capture and ionization probabilities for

® present calculations
Lein and Rost

>
all relevant values ob and ¢ and for laser intensities be- =
tween 2.85¢10°=1x102W/cn? and 2.8510%=1 @ °°f
X 10" W/cn?. Time steps ofAt=0.1 were found small '§
enough to guarantee the long-term accuracy of the propage2
tion scheme. S o4r

At each time step we integrate the probability density &
over two square boxes of length 20 a.u., centered on tht(‘Bs
projectile ion and target. For larger internuclear distances, we
interpret these integrald+(t) and Np(t) as as instantaneous
electronic charge states on the projectile and target, respe ) ) ) X
tively. At the end of the numerical propagation, at time 0 2 4 6 8 10 12
=tha0 they serve as approximations for the capture and ion- Impact parameter b [a.u.]
ization probabilities:

+ - - FIG. 3. (Color onling Capture probability as a function of the
Pcap(b, ®) =Np(t=tmay, (14) impact parameter for field-free collisions of 2 keV protons with
hydrogen atoms. Results from independent two-dimensional wave
+ — — —
Pion(0,¢) = [1 = Np(t =tma) = Nr(t=tmad]. (15 fynction propagation calculations: Lein and Rf8] (solid curve,
The superscripts+ distinguish between caq+) and  Present resultedots.

counter(—) rotating collisions. Since the laser phageis | 6in and Rosf16]. Their results are almost identical with
currently not observable or experimentally controllable, weg,, fie|d-free capture probabilitie€Fig. 3). Total capture

average overp: cross sections for collisions of 1-2 keV protons with atomic
1 (27 hydrogen have been measured by Gealy and Van[Zgjl
Piap(b):z— f dpPzb, &), (16)  For 2 keV incident kinetic energy, our calculated capture
TJo cross section is 44% larger than the experimental value. For

1 keV protons it is 34% largaiTable ).
N 1 (% . The difference between the measured and calculated cross
Pion(0) = fo dpPion(b, @). (17)  sections can be understood in terms of a simple overlap ar-
0 gument. Compared to experiment or full-dimensionality cal-
We found that it is sufficient to calculate the capture andculations, the smaller phase space inherent in reduced-
ionization probability for eight different laser phasgse-  dimensionality calculations increases the wave function
tween 0° and 315° with increments of 45%alues for overlap between the interacting projectile and target, thus
pgap(b,(ﬁ) and PZ (b, ) at arbitrary values forp are ob- resulting in larger calculated cross §echc(fﬁable_ ). How-
tained by spline interpolation. Test calculations using 36 dif-€ve€l, we do not expect that the main conclusions from our
ferent phases with increments of 10° showed no relevarffumerical results for laser-assisted collisigsse beloware

change in the interpolated probabilities. significantly influenced by reducing the dimensionality from
Finally, we integrate oveb in order to obtain total cross 3 {0 2. In particular, reduced-dimensionality results that in-
sections for capture and ionization: dicate a strong relative difference in the capture or ionization
B cross sections between corotating and counterrotating laser-
O%ap: Zﬂ_f dbbPEap(b), (18) assisted collisions are expected to be observable.
0

B. Circular polarization

The presence of the laser radiation during the collision

oh= 27Tf dbbF% (b). (19 process results in an additional dependence of the electronic
0

TABLE I. Comparison of the calculate@educed dimensional-
We note thaPiap(b,qS) andP; (b, ¢) are calculated within a ity) total capture cross sections for field-free collisions with the
two-dimensional model and that effects due to the reduceédxperiment of Gealy and Van Zy27].
dimensionality are disregarded in the integration olen

gﬁa o and g-l‘f) o Electron capture cross section
Il NUMERICAL RESULTS Energy Utc';epm zrﬁ;g‘
. (keV) (1076 cnp) (10%cnmd) Difference
A. Field-free results 1 21.87 16.3+18% 34%
Reduced-dimensionality numerical capture probabilites o 20.04 13.9+17% 44%

for field-free proton-hydrogen collisions have been published
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10+ cap  Plon electric field point in opposite directiong-or these particu-
“m e corotating o lar phases, the field-modified Coulomb potentials of target
o 0 counter-rotating /. \ and projectile are identical &§, and the internuclear axis is
>4 SN / \ Field Free momentarily perpendicular to the laser electric field. This
/ | implies perfect level matching of field-dressed projectile and
061 / g /\ b Average Capture target states and explains the large capture probabilities for

(counter-rotating) ¢=90° and 270° in Fig. &).
To support this interpretation further, we also calculated

\ Average Capture the electron capture probability for@nstantelectric field,
\ / \  (co-rotating) corresponding in direction and magnitude to the laser electric
-0 h: field at timet,, with otherwise identical parametef&ig.
5(d)]. In this calculationg parametrizes the direction of the
stationary electric field. We note that this scenario is some-
what unrealistic, since a constant electric field would deflect
the projectile ion and invalidate our assumption of a straight-

FIG. 4. (Color onling Capture and ionization probability as a line projectile trajectory. Interestingly, however, the depen-
function of the laser phasé at the time of closest approach be- dence On the |aser e|eCtI‘IC f|e|d dll’ECtIOI’] Of the Capture prOb-
tween projectile and target for 1.21-kewH collisions. The impact ~ @bility in Fig. &d) compares well with the dependence in
parameter isb=+4 a.u. and the laser intensity>5102 W/cn?.  Fig. @), thus adding credibility to the importance of energy-
Phase-averaged results for the capture probability differ signifilevel matching between projectile and target states at tjme
cantly for corotating and counterrotating laser-assisted collisions. ~ For the laser phaseg=0° and 180° and positive impact
parameters, the laser force on the electron at tijpp@ints to

dynamics on the laser phask at the time of closest ap- the ta'rgetl or to the projectile, respective{lyice versa'for
proach. Our results for a fixed impact parameter+4 and ~ N€gative impact parametgrsThe mismatch of the field-
laser intensity 5 10 W/cn? for the capture probability as dressed hydrogen energy levels is Iargest at the time of clos_-
a function of  show large amplitude oscillations and differ €St approach, thus strongly suppressing electron capture in
from the field-free results most strikingly fe¥=0° and 180° favor of enhanced |oanat|on fap_:1§30 at positive |mpact
(Fig. 4). They also display a strong dichroism effect—i.e., aParameters and fap=0° at negative impact paramet¢Fsg.
substantial difference in the electron capture probability for(D)]- -
positive and negative impact parameters or, equivalently, for Compared to the laser phase of 270°, Figs) E‘fd 3d)
corotating as compared to counterrotating collisions. show a slightly reduced capture probabilitydat 90°, when

In comparison to the phase-averaged results for the fieldhe Iase_r eI_ectrlc force on the electrontgts antiparallel to
free case, we find that the capture probabilities in both coroth® Projectile velocity. The target electron loss probability
tating and counterrotating collisions are considerably relFigs: ¢) and §d)] does not show this asymmetry, and the
duced. The ionization probabilities depend less sensitively of/9htly larger capture probability fop=270° appears to be
&, and their phase averag@mt shown in Fig. #differ much due to the_ extra _push the ele_ctrqn receives by the laser
less for corotating and counterrotating collisiofositive ~ [0'C€ alto in direction of the projectile motion. In contrast,
and negative impact parameterthan the phase-averaged fpr $=90°, the electron is accelgrated in th_e oppo$|te_d|rec-
capture probabilities. This tendency of weak dichroism in theion by the laser force and is a little more likely to ionize.
ionization probability extends to other impact parameters, as Overall, Fig. a) displays a strong enhancement of the
will be discussed below. In the following discussion, we will €/€Ctron capture probability for negative impact parameters
first focus on the strong dichroism apparent in the C{jlpmrécounterrotatlng collisionsin comparison with for positive

probability, followed by an analysis of the ionization process.MPact parametergorotating collisions with much broader
peaks at$p=90° and 270° for the counterrotating case.

If the laser electric field is oriented perpendicular to the
internuclear axis, both Coulomb potentials are identical and

Figure Ra), shows the electron capture probability as aelectron transfer is most likely. For corotating collisions, the
function of the impact parameter and the laser phader a  relative orientation of the laser electric field and internuclear
laser intensity ofl=5x 103 W/cn?. The electron capture axis changes much less rapidly during the collision time than
probability shows maxima at impact parametbrsx2 and  for counterrotating collisions. At appropriate impact energies
b~ +4.0. Similar structures appear for the field-free captureand impact parameters, this relative orientation is maintained
probability (Fig. 3). They originate in the large wave func- throughout the projectile-target interaction for corotating col-
tion overlap of the corresponding target and projectile statelisions. During the interaction time, which is of the order of
near the point of closest approach. one laser cycle, the projectile and target will then form a

With regard to the dependence on the phase of the rotatinghort-lived quasimolecule. Thus, in conclusion, electron cap-
laser field, the capture probability shows a strong enhanceure is expected to depend sensitively on the laser phase for
ment at¢=90° and 270°, when the force exerted by the lasercorotating collisions.
electric field on the electron at the timyeof closest approach In contrast, for counterrotating collisions, the angle be-
is either antiparallel or parallel to the direction of the projec-tween the rotating electric field of the laser light and the
tile motion, respectivelysee Fig. 1 and note that force and internuclear axis changes rapidly, irrespective of the value of
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FIG. 5. (Color onling Electron capturé€a), ionization(b), and target electron loss probabilii) in laser-assisted 1.21-ke¥H collisions
for a laser intensity of =5x 10' W/cn?. The contour plots show the probabilities as a function of the impact paraimeied the laser
phase¢. The probability difference between consecutive contour lines is 0.125. The top para)s (i), and (c) show phase averaged
results. The side panel {it) shows the impact-parameter average as a function of the laser phase. Capture, ionization, and loss probabilities
as a function of the impact parameter and the laser phase for the caseatitalectric field, corresponding in the direction and magnitude
to the laser electric field at the distance of closest approa¢h),iib), and(c), are shown in(d) for comparison.

¢. Level matching of projectile and target states occurs for aounterrotating electron capture becomes much less pro-
wide range of laser phases, but only for a small fraction ofhounced projectiles if we double the impact velodig,

the interaction time. However, since the time scale of the=4.83 keV).

electronic motion(1 a.u) is about two orders of magnitude  As mentioned earlier, thes dependence in laser-assisted
faster than a laser cycld46.7 a.u, the transient reflection capture cross sections is difficult to resolve experimentally.
symmetry of both Coulomb potentials still lasts long enoughlinterestingly, however, the clear enhancement of the capture
to enable noticeable electron transfer. In particular, at thg@robability in counterrotating over corotating collisions re-
chosen projectile velocityv=0.22 electron transfer to the mains after averaging ovep [top panel of Fig. )] and
projectile is relatively likely, while recapture by the target is may be probed in angle-differential collision experiments, at
suppressed by the rapidly increasing asymmetry between trappropriate projectile velocities.

two laser-modified Coulomb potentials.

For the given projectile speed, this explains the enhance-
ment of capture in counterrotating collisions. For corotating The ionization probabilities in Figs.(B) and §d) show a
collisions, the relative orientation of the laser electric fieldbroad enhancement near90° when the laser electric force
and the internuclear axis is maintained for approximatelyon the electron opposes the projectile motion and for impact
half a laser cycle, and the formation of a transient moleculgarameters arounio=+1.5. A less pronounced enhancement
decreases the probability for the electron to remain in a proin the ionization probability occurs dt~ +6 [Fig. 5b)].
jectile state. In agreement with this explanation, a numerical For corotating collisiongpositive b) and larger impact
test has shown that the capture probability in corotating colparameters, ionization is enhanced at a laser phase of 180°,
lisions is reduced, and the difference between corotating andhile in the counterrotating case a much broader and weaker

2. lonization
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FIG. 7. (Color onling Total electron capture cross sections as a
function of the laser intensity for corotating and counterrotating
collisions. Also shown is the relative differende which is largest
at a laser intensity of & 10" W/cn?.

peek occurs neap=0°. In both cases the laser force on the a-gap+ UEaA
electron points towards the projectile at the time of closest

approach. This explains the signature of enhanced |on|zat|om the total electron capture cross section as a function of the

Isn oFr:?JI;s St(c?)tr?et (vﬁv:I(I)-knaor:/(vjnl(?k?a} Z?:Zsﬁggﬁgg_een:]ﬁgzgggi;Ie}ser intensity is shown in Fig. 7. The difference in the cap-
P 9 re cross section or corotating and counterrotating collisions

ization (CREI) during the fragmentation of diatomic mol- amounts to up to 40% at a laser intensity of 5

c[ezc;;]les in strong laser fields at larger internuclear dlstance>s< 105 W/cn? (Table Il). We consider these differences as

The broadening of the ionization peak for counterrotatingUpper limits for the dichroism effect and expect them to de-

collisions (neaativeb) is identical to the corresponding fea- crease slightly in full three-dimensional calculations, since
ture in the( ng ture )robabilit discussed earligr In thge coro?ln added degree of freedom no longer limits the electronic
P P Y ' motion to the plane in which the laser field rotates.

aing scenario, hle nesr e geL he projectle nove.” Th resuls i Fig. 7 et toal cross secton oy
Iase?electric forces then add to their malximal ossible ma Experimentally, scattering-angle differentiatross sections
: . : : P ) g[and P(b)] can be measured either directly by detecting the
nitude for a relatively long time. The time during which a =~ " . : . .
Iprolectlle scattering angle or indirectly by observing the re-

maximal force is exerted on the electron is much smaller focoil direction of the target. For scattering angles that corre-
the counterrotating case. Therefore, for counterrotating colli- get g ang

sions, the CREI peak aroung=0° is weaker and less com- fspon.d tg it:npart]:t %a}r?]mt_eters v]:/fith the largest circular dicfh.ro'
pressed than the CREI peak in corotating collisionspat 'S.? n '(I), the dic _rmsn;] € _ect |s|more pronounced in
=180°[Fig. 5b)]. The distinctive CREI peak might allow for differential cross sections than in total cross secti@hsFig.

the determination of the actual laser phase in future phasé)'

locked experiments. Averaging over all laser phagege-

Impact parameter b (a.u.)

FIG. 6. (Color onling bP.,, averaged over the laser phase, at
different laser intensities for corotatir{gositive impact parameter
and counterrotatingnegative impact parametgrsollisions.

moves the dichroism effect almost ent”fetpp pane| in F|g TABLE II. Comparison of the total capture cross section for
5(b)]. corotating and counterrotating collisions at different laser
intensities.

3. Laser intensity dependence Electron capture cross section

Intensity
Figure 6 shows the laser phase-averaged results for the (W/cm?) Corotating Counterrotating

weighted electron capture probability.,, at different laser

intensities for corotating and counterrotating collisions. No- 0 78.08 78.08
ticeable differences between corotation and counterrotation 1% 10 72.67 76.47
appear above laser intensities ok 302 W/cn?. The cap- 5x 10" 57.85 70.41
ture probability rapidly decreases for laser intensities above  1x 103 47.53 64.52
1x 10 W/cn?, when ionization begins to be the dominate. 5% 103 26.18 43.74
It is for all intensities smaller than for field-free collisions. 1x 104 4.97 7.63

The relative difference
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IV. CONCLUSION assisted ionization. In conjunction with phase-locked lasers,
. . o this effect may be used in angle-differential laser-assisted
We have shown by numerically solving the Schrodingercqjision experiments in order to select a specific orientation
equation within a two-dimensional model that a significantyf e aser electric field at the time of closest approach be-
dn‘ferenpe in the electron.capture propabllltlé’%p_(b) i tween projectile and target.
corotating and counterrotating laser-assigted collisions is We hope that this work will stimulate the challenging ex-
due to a energy-level matching effect between the target anerimental test of the predicted effects, electron capture di-
projectile states at relevant impact parameters. We thus prenroism, and CREI in laser-assisted collisions. In the long
dict a strong circular dichroism; i.e., we find that captureryn, this may lead to new and more efficient schemes for the
(and to a lesser extent ionizatipprobabilities are different  control of chemical reactions with intense laser radiation.
for parallel and antiparallel laser helicity and projectile an-
gular momentum. _ ACKNOWLEDGMENTS
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Abstract

We present the results of a systematic experimental study of dissociation
and Coulomb explosion of molecular hydrogen induced by intense ultrashort
(7-25 fs) laser pulses. Using coincident recoil-ion momentum spectroscopy
we can distinguish the contributions from dissociation and double ionization
even if they result in the same kinetic energies of the fragments. The dynamics
of all fragmentation channels drastically depends on the pulse duration, and for
7 fs pulses becomes extremely sensitive to the pulse shape.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The fragmentation of the two simplest molecules H, and Hj (or alternatively D,/D3) in
intense optical fields has been extensively studied both theoretically and experimentally. In
contrast to the atomic case, the molecule exhibits three timescales, the fast electronic motion
(as scale), the vibrational (fs scale) and rotational (ps scale) nuclear motion. The vibrational
degree of freedom is of particular interest since its timescale matches the duration of state-
of-the-art optical laser pulses. Considerable theoretical work has been done for the neutral
hydrogen molecule (see, e.g., Yu et al (1996), Walsh et al (1998), Harumiya et al (2002), Saenz
(2002a, 2002b)) and for the molecular ion (see, e.g., Zuo and Bandrauk (1995), Chelkovski
et al (1996, 1999), Numico et al (1997), Dundas et al (2000), Bandrauk and Shon (2002),
Feuerstein and Thumm (2003)). Some specific properties make the latter a model laboratory
system for laser—matter interactions. First, there exists only one bound potential curve,
i.e. the electronic ground state—all other electronically excited states are purely repulsive
and converge towards the Coulombic 1/R curve, where R is the internuclear distance (see
figure 1). Second, the degeneracy of the two lowest electronic states 1so, and 2po, at large
internuclear distances leads to a strong dipole interaction of these levels in the presence of
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Figure 1. Potential curves of two lowest electronic states of H; dressed with n (n = 1, 2, 3)
photons. Arrows indicate different fragmentation pathways. SI: single ionization; SDI: sequential
double ionization; NSDI: non-sequential double ionization; CREI: charge resonance enhanced
ionization.

external electrical fields, which is essential for the coupling of the system to laser radiation.
Third, the quite large difference in the ionization energies of H, (15.2 eV) and H} (29.9 eV) is
the basis of a two-step treatment. Starting with the neutral molecule in a strong laser pulse the
first electron will be easily removed creating the ionic state which will subsequently undergo
further fragmentation processes. Most experiments have used the neutral molecule as a target
(Zavriyev et al 1993, Walsh et al 1997, Thomson et al 1997, Gibson et al 1997, Frasinski et al
1999, Posthumus et al 2000, Rottke et al 2002). However, the formation and fragmentation
of H occur in the same laser pulse and, thus, cannot be completely disentangled (Walsh et a/
1998).

Hence, there is a growing interest in using molecular ions as targets (Williams ez al
2000, Sandig et al 2000, Schellhammer et al 2000) or in getting better insight into the time
dependence of the fragmentation dynamics. The latter is not least stimulated by the fact
that in contrast to the ionic case, using a neutral molecule as a target opens an additional
possibility of probing the dynamics of the nuclear motion. Recently, the pioneering concept
of a ‘molecular clock’ (Niikura er al 2002, 2003, Alnaser et al 2003) was introduced. The
idea is based on the so-called recollision model (Corkum 1993). Here, one considers the
combined propagation of the nuclear and electronic wave packets, which is started by the first
ionization step. The emitted electron is driven back and forth by the oscillating laser field and
may recollide after a well-defined time with its parent ion, while the nuclei have moved apart
according to their motion on the new HJ potential curve. Emission of the second electron
induced by the recollision leads to Coulomb explosion (CE) of the molecule, which provides
a mapping of the nuclear wave packet at the time of recollision via the relation of the kinetic
energy release (KER) of the fragments Ey, = 1/R. However, to read the molecular clock
one has to know via which channel the fragmentation takes place. This requires a detailed
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and comprehensive modelling of the recollision process. Very recently, a good agreement of
theory and experiment has been achieved (Alnaser et al 2003, Tong et al 2003). However,
there are still open questions remaining. In particular, there is an ongoing debate whether
recollision-induced dissociation contributes to the fragments detected in the molecular clock
scheme.

The present work focuses on the influence of the temporal structure of short and ultrashort
(<10 fs) laser pulses on the fragmentation dynamics of H, and on the problem of reliably
distinguishing between the contributions from the dissociation and Coulomb explosion for the
cases where they lead to fragments with similar kinetic energies. The paper is structured as
follows: in section 2 a brief description of the experimental set-up is given, followed by an
overview of the various fragmentation channels and the driving mechanisms in section 3. The
experimental results are presented and discussed in section 4, and conclusions are given in
section 5. Atomic units (au) are used if not stated otherwise.

2. Experimental set-up

The measurements were performed using a new ‘reaction microscope’ (Ullrich et al 2003)
designed to meet the specific requirement of the experiments with high-intensity lasers (see
de Jesus et al (2004b) for details). We used linearly polarized radiation of a Kerr-lens
mode-locked Ti:sapphire laser at 795 nm wavelength with 25 fs pulse width (FWHM). To
generate few-cycle pulses, they were spectrally broadened in a gas-filled hollow fibre and
then compressed to 7 fs (FWHM) by chirped mirrors and a prism compressor. Fluctuations
of the laser intensity from pulse to pulse were monitored during the experiment and did not
exceed 5%. Absolute calibration of the peak intensity was performed using a clear kink in
the measured photoelectron momentum distribution, which corresponds to the maximum drift
momentum of 2/UT, that electrons can gain from the laser field (de Jesus et al 2004a).

The laser beam was focused to a spot size of ~7 um on the collimated supersonic gas jet
in the ultrahigh vacuum chamber (2 x 10~'! mbar). Charged reaction fragments were guided
to two position-sensitive channel plate detectors by weak electric (2 V cm™!) and magnetic
(7 G) fields applied along the laser polarization axis. From the time-of-flight (TOF) and
position on the detectors, the full momentum vectors of the recoil ions and electrons were
calculated.

A typical TOF spectrum of H, fragmentation by 25 fs laser pulse is shown in figure 2(a).
The most prominent line at the right side of the spectrum corresponds to Hj ions. H*
fragments form two groups of peaks nearly mirror symmetric with respect to the full vertical
line indicating the TOF of the protons with zero longitudinal (along the polarization direction)
momentum. ‘Forward’ protons are those going directly to the ion detector, while ‘backward’
ones go first to the opposite hemisphere and then are turned back by the extraction field.
Thus, the H* peaks corresponding to the various fragmentation channels appear two-fold in
the spectrum. Slight asymmetry in the peak positions is due to the fact that the longitudinal
momentum is not exactly linear with TOF. Here it should be noted that the heights of the
peaks, i.e. the branching ratios of the different channels, depend on the acceptance of the
spectrometer, which differs for different fragment energies (see de Jesus et al (2004b) for
details). Thus only the qualitative changes of these ratios with intensity and pulse duration
will be considered here.

Figure 2(b) shows the corresponding energy spectrum for the forward protons, where the
same set of peaks can be seen. Fragmentation mechanisms giving rise to these structures are
discussed in the next section.
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Figure 2. H, fragmentation spectra with 25 fs pulses at 0.2 PW cm~2. (a) Typical time-of-flight
ion spectra. The dashed vertical line indicates time-of-flight of the protons with zero momentum
along the field polarization direction. (b) Solid line: corresponding proton energy spectrum for
the forward protons (see text). Dashed line: the data obtained with circularly polarized light. The
curve is normalized to fit the 2w peak for linear polarization. In the circular case the intensity was
halved. RI: recollision ionization; RESI: recollision—excitation with subsequent field ionization.

3. Fragmentation channels of H, in strong 800 nm laser pulses

Figure 1 shows the different ionization and fragmentation pathways of H, in a strong
800 nm laser field in the form of a potential curve diagram. By single ionization of H; the
initial vibrational ground state is promoted in a vertical transition onto the electronic ground
state potential curve 1so, of H3. Since the wave packet is no longer an eigenstate it will start
to propagate on the new potential curve defining a timescale for subsequent fragmentation
processes. The molecular ion can either dissociate or be further ionized leading to a pair of
protons (Coulomb explosion). Up to now there has been no experimental evidence found for
direct molecular dissociation leading to a pair of neutral hydrogen atoms (Posthumus 2004).

3.1. Dissociation

Dissociation is driven by a strong dipole interaction of the two lowest electronic states 1so,
and 2po, in the presence of a strong field along the molecular axis. In a cycle-averaged
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Floquet description (Shirley 1965, Bandrauk and Sink 1981), one finds a series of dressed
potential curves spaced by the photon energy. Via avoided crossings the molecular ion
can dissociate by a net absorption of one or two photons. In the latter case, absorption
of three photons in the first avoided crossing is followed by a re-emission of one photon
at the second crossing. Since for each photon the parity of the molecular state must
change, there is no direct two-photon process. In the fragment kinetic energy spectrum (see
figure 2(b)), these channels manifest themselves as two peaks below 1 eV per proton (1w and
2w peaks). A comprehensive discussion on the dynamics and interplay of different dissociation
mechanisms referred to as ‘bond-softening’ (Bucksbaum et al 1990), vibrational trapping or
‘bond-hardening’ (Frasinski et al 1999), ‘above-threshold’ (Giusti-Suzor et al 1990), ‘below-
threshold” (Numico et al 1997) or ‘zero-photon’ (Posthumus et al 2000) dissociation can be
found in the reviews of Giusti-Suzor et al (1995) and Posthumus (2004).

3.2. Sequential double ionization (SDI)

The mechanism of sequential double ionization (SDI) in strong laser fields, which is well
known for atoms, becomes more complex in the molecular case since the ionization potential
of the molecular ion depends on the internuclear separation R. In addition, at intermediate R
an even stronger enhancement of the field ionization rates is observed due to the interaction
of the 1so, and 2po, states, which causes an oscillating localization of the electron cloud
at one of the nuclei. This effect of charge resonance enhanced ionization (CREI) (see,
e.g. Zuo and Bandrauk (1995)) gives the largest ionization probabilities for H, in a range
of internuclear distance from 3.5 to 7 au corresponding to a KER per proton of 24 eV
(figure 2(b)). Since the dipole interaction occurs along the molecular axis, the corresponding
Coulomb explosion contribution is strongly peaked along the laser polarization direction
(Posthumus 2004). CREI was found to be a dominant sequential double ionization channel
in most of the measurements on H, and D,. However, the results of recent experiments
(Légare et al 2003, Alnaser et al 2004) have shown that if few-cycle laser pulses are used, the
‘atomic-like’ sequential double ionization, which results in more energetic Coulomb explosion
fragments with more isotropic angular distribution, starts to compete with CREI. In Légare
et al (2003), these two channels were referred to as ‘sequential ionization’ and ‘enhanced
ionization’. This should not lead to confusion: both processes are definitely sequential and
the essential difference is the extreme R-dependence of the enhanced ionization (CREI).
Throughout this paper, we use the term ‘sequential” double ionization to denote the processes
where two electrons are emitted independently, in contrast to the ‘non-sequential’ case, where
an electron—electron interaction is involved.

3.3. Non-sequential double ionization (NSDI)

In the case of a linearly polarized laser field, the first emitted electron can be driven back
and recollide after about three quarters of an optical cycle with its parent ion. The returning
electron may either kick out the second electron directly through recollision—ionization (RI)
or promote the bound electron into an excited state, which can then be easily field ionized.
This mechanism of recollision—excitation followed by subsequent field ionization (RESI) was
found to play a decisive role for non-sequential double ionization of atoms (Feuerstein et al
2001, de Jesus et al 2004a, 2004b). For H, the non-sequential double ionization channel has
been identified as a high-energy shoulder in the fragment energy spectra for linear polarization,
which disappears in the circular case as shown in figure 2(b) since in this case the electron
does not recollide with its parent ion (see also Staudte et al (2002), Sakai et al (2003), Légare
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Figure 3. Evolution of the proton time-of-flight spectra with the pulse duration. (a) 25 fs pulses
with the intensities of 0.2, 0.3 and 0.5 PW cm 2 for the lower, middle and upper curves, respectively.
The curves are separated in the vertical direction for visual convenience. (b) 10 fs, 0.5 PW cm™2.
(c) 7 fs, 0.8 PW cm~2. Curves 1 and 2 were obtained with pulses of different shape (see text and
figure 4).

et al (2003)). Non-sequential double ionization leads to the largest fragment energies since
it is a fast process, which for the first electron return gives the nuclei less than one optical
cycle to separate. In a recent work based on the molecular clock principle mentioned above, it
was shown by comparison of experimental and theoretical results that RESI is the dominating
non-sequential double ionization channel (Alnaser et al 2003, Tong et al 2003).

4. Results and discussion

4.1. From short to ultrashort pulses: influence of the pulse shape

Figure 3 shows the evolution of the TOF spectra of the H, fragments with decreasing pulse
duration. The spectra for 25 fs pulses at peak intensities of 0.2, 0.3 and 0.5 PW cm™2 are
shown in figure 3(a). Similar to figure 2(a), with lowest kinetic energy we find the 1w and 2w
dissociation peaks followed by the broad structure due to CREI. As the intensity is increased,
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the branching ratio of the lw versus 2w dissociation becomes smaller and CREI starts to
compete with the dissociation channel. A similar intensity dependence of the spectra was
observed in previous experiments (Thomson et al 1997, Trump et al 2000, Staudte et al 2002).
If we now reduce the pulse duration while keeping the peak intensity approximately fixed,
the fragmentation pattern changes significantly (figure 3(b): 10 fs; figure 3(c): 7 fs). We find
the branching ratio of 1w and 2w dissociation channels reversed and the corresponding peaks
broadened, a feature that will be discussed in section 4.3. With decreasing pulse duration,
we observe a strong suppression of the Coulomb explosion (CREI) channel compared to
dissociation. Intuitively it is comprehensible: when the pulse length becomes shorter than
the vibrational period, the pulse may be gone before the molecule extends to the critical
internuclear distances corresponding to the region of enhanced ionization.

Figure 3(c) depicts two spectra obtained with pulses of the same temporal width (FWHM)
(7 fs) but different shapes. Figure 4 shows the measured frequency spectra, the Fourier
limit for the intensity profile and measured second-order autocorrelation for both pulses.
Autocorrelation patterns calculated from the spectra are very close to the measured ones.
Panels (a)—(c) and (d)—(f) in figure 4 correspond to the curves 1 and 2 in figure 3(c),
respectively. For curve 1, similar to the results of Légare et al (2003) on D,, we find a
splitting of the Coulomb explosion peak into two components, one corresponding to CREI
and one with higher energies, whereas for curve 2 only the outer peak can be observed. In
order to elucidate this effect in more detail, we consider the correlated longitudinal (along
the field polarization direction) momenta of two protons detected in coincidence as shown in
two-dimensional diagrams in figure 5 for 25 fs (a) and 7 fs (b) pulse width, respectively. The
true coincidences are found close to the diagonal reflecting almost zero sum momentum. The
remaining width is due to the momentum defect carried away by the electron which is not
shown here (see de Jesus et al (2004b)). All other events are due to random coincidences,
mainly with protons from dissociation as can be seen from the projected momentum spectra at
the top and on the left-hand side. In figure 5(a), CREI events are found in the broad maximum
on this diagonal whereas the events due to recollision form the tail extending to larger momenta.
The small peak around %9 au consists mainly of false events due to the crossing of two bands
of random coincidences. The correlation diagram for the 7 fs pulse, which belongs to the
curve 1 of figure 3(c), again reveals the disappearance of the broad CREI peak and, instead,
two new peaks in its flanking parts. At lower momenta (14 au) a third peak shows up, which
is certainly not an artefact since it does not fit a band of random coincidences. Assuming all
proton energy to be due to the Coulomb explosion, the internuclear distance R at the time when
the second electron was removed can be extracted from the peak positions. Here, we find
R =3.2auand R = 5.7 au for the two peaks visible in figure 3(c). The third peak corresponds to
R = 9.4 au and, hence, the question arises how the nuclear wave packet can reach that distance
within the duration of the pulse. This leads us back to figure 3(c) and the dependence on the
pulse shape.

As can be seen from figure 4, for those cases where we find in the correlation spectrum
a clear splitting of sequential double ionization peak, the pulse shape was affected by quite
strong pre- and post-pulses. By optimizing the pulse shape, i.e. suppressing the pre- and
post-pulses (figures 4(d)—(f)), two low-energy peaks are suppressed and only the peak with
the highest kinetic energy (and consequently shortest delay between removal of the first and
the second electron) survives (curve 2 in figure 3(c)). This proves that the pre- and post-pulses
were strong enough for a subsequent ionization on a time scale of 15-25 fs, which is much
longer than the FWHM of the main peak of the temporal pulse profile. This critical dependence
on the pulse shape is due to the fact that the molecular ion becomes more and more sensitive
to field ionization as it expands with time and reaches the region of enhanced ionization where
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Figure 4. Characteristics of two laser pulses corresponding to the results of figure 3(c). (a), (d)
Measured frequency spectra. (b), (e) Fourier limit for the intensity profile. (c), (f) Measured
second-order autocorrelation. Panels (a)—(c) and (d)—(f) correspond to the curves 1 and 2 in
figure 3(c), respectively.

even a weak post-pulse can remove the second electron. From a more technical point of view,
this behaviour makes H, a sensitive probe for the quality of ultrashort laser pulses which could
be used as a diagnostic tool.

4.2. Sequential double ionization

The intensity dependence of the proton energy spectra for ultrashort pulses with a ‘clean’
temporal profile, i.e. without significant pre- and post-pulses, is depicted in figure 6. Here only
the most energetic sequential double ionization peak, where the second ionization step occurs
before the internuclear distance reaches the region of enhanced ionization, can be resolved.
However, some residual structures on the position of two low-energy double ionization peaks
can still be observed in the coincidence diagrams. This is more pronounced for the highest
intensities: indeed, for a peak intensity of PW cm™2 the post-pulses on a level as low as 1%
can still result in a considerable number of enhanced ionization events.
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Figure 5. Coincidence diagram of the proton longitudinal momenta. The momentum of the
protons detected on the detector as a first hit Py is plotted versus the momentum of the second
one (P,). The momentum distribution is recalculated from the ion time-of-flight and thus contains
the contribution of H;' ions (a peak above 30 au) which does not reflect their momenta. The
real coincidences lie near the diagonal P! = —P,/ due to momentum conservation. (a) 25 fs,
0.5PW cm™2. (b) 7 fs, 0.8 PW cm~2. The diagram corresponds to curve 1 in figure 3(c) and panels
(a)—(c) in figure 4. For discrete Coulomb explosion peaks, the estimated values of the internuclear
distances R are indicated.

Over the peak intensity range from 0.2 to 2.0 PW c¢cm~? sequential double ionization
starts from almost negligible contribution at the lowest power density and becomes finally
comparable with the dissociation channel. The maximum of the sequential double ionization
peak shifts from 4.1 eV for 0.2 PW cm ™2 to 5.2 eV for 2.0 PW cm~2, which corresponds to
an internuclear separation of R = 3.3 au and R = 2.6 au, respectively. This effect has been
recently demonstrated theoretically by Tong and Lin (2004). In their simulations for D,, the
peak positions of ~6.2 eV at 3.2 PW cm™2 and ~5.7 eV at 2.4 PW cm~? are predicted, which
are in good qualitative agreement with our results. This shift is due to the fact that for the
same pulse duration at higher peak intensities the second ionization step can occur earlier, at
smaller values of R, thus resulting in larger Coulomb energies of the fragments. The effect is
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Figure 6. Proton kinetic energy distributions obtained with 7 fs laser pulse. The curves are
separated in the vertical direction for visual convenience. The intensities from up to down:
2.0 PW cm™2, 1.4 PW cm 2, 0.8 PW cm~2, 0.5 PW cm 2, 0.3 PW cm™2, 0.2 PW cm 2. The
data were obtained with the clean pulses (the curve for 0.8 PW cm~2 corresponds to the curve 2 in
figure 3(c) and panels (d)—(f) in figure 4). Vertical arrows indicate positions of sequential double
ionization maxima. Dashed lines show a Franck—Condon distribution (see text).

less pronounced in the low-intensity regime, most likely due to a stronger R-dependence of
the ionization probability (Plummer and McCann 1996). A similar shift is observed for the
CREI peak (figure 3(a), see also Walsh et al (1997) and Trump et al (2000)).

4.3. Recollision-induced double ionization

For non-sequential double ionization of atoms by strong linearly polarized fields, the electron
correlation is partly reflected by the sum momentum of the electrons parallel to the laser
polarization direction. In the case of an atom, this is identical to the negative recoil momentum
of the doubly charged ion. It is known that the ion momentum distributions along the field
polarization direction for non-sequential double ionization are significantly broader than for
the sequential case (Weber et a/ 2000). It can even exhibit clear maxima at non-zero momenta
(‘double-hump’ structure) in the case of dominance of direct recollision-induced ionization
such as, e.g., for Ne (de Jesus et al 2004b). If RESI is the dominating mechanism of non-
sequential double ionization, one finds a maximum at zero momentum but still a broader
distribution compared to sequential ionization (Feuerstein et a/ 2001). In the case of H,, one
has to consider the sum (or centre-of-mass) momentum of the two protons which plays the
role of the recoil-ion momentum in the atomic case and balances the sum momentum of the
electrons. Figure 7 shows the protons sum momentum distributions for the CREI and non-
sequential double ionization channels for 25 fs and 7 fs laser pulses. In both cases one finds
a significantly broader distribution for non-sequential double ionization compared to CREL
A double-hump structure is not found in the recollision case providing additional evidence
that RESI is the dominating mechanism as has been recently discussed by Tong et al (2003).
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Figure 7. Sum longitudinal momentum of two coincident protons created by sequential (a),
(c) and non-sequential (b), (d) double ionization of Hj at 0.5 PW em™2. (a), (b) 25 fs. (¢), (d) 7 fs.
The width (FWHM) is shown for each spectrum.

It can be noted that the non-sequential double ionization momentum distribution is slightly
broadened for a few-cycle pulse, while the sequential double ionization spectra have almost
the same width. Low statistics does not allow us to draw a conclusion whether this broadening
indeed reflects some changes in the recollision dynamics. To clarify this point, kinematically
complete experiments on rescattering double ionization of H, are under way.

4.4. Dissociation in ultrashort pulses

When the laser pulse duration is decreased from 25 to 10 fs, the most remarkable change
in the low-energy part of the proton spectrum is the reversed branching ratio of 1w and 2w
dissociation channels (figures 3(a) and (b)). Enhancement of the 1w peak for pulses with very
short rise-times was discussed by Numico ez a/ (1997) in terms of below-threshold dissociation.
Later, Frasinski et al (1999) experimentally observed the dynamical shift of this structure to
higher energies with decreasing pulse duration, which was associated with the different speed
of the release of the trapped wave packet at the falling edge of the pulse. For 10 and 7 fs pulses,
we also observe a slight shift of the position of the 1w peak compared to 25 fs. However, it
is not clear to what extent effects such as vibrational trapping or below-threshold dissociation
can contribute in our case of high intensities. In general, with decreasing temporal width
of the pulse the shape of the dissociation part of the spectrum deviates more and more from
the two-peak structure corresponding to the 1w and 2w dissociation channels (see curve 2 in
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Figure 8. Kinetic energy spectra of coincident and non-coincident protons. The set of data is
the same as for the figure 5(b) and curve 1 in figure 3(c). Solid line: all events. Dashed line:
events detected in coincidence. Shaded areas mark the regions where false coincidences cannot be
excluded.

figure 3(c)). The reason for this, apart from the broadening of the photon spectrum, is the
breakdown of the Floquet model for the dissociation which assumes a quasi-CW laser field.
The propagation of the wavepackets on the light-induced potential curves via avoided crossings
(see figure 1) into the dissociation continuum needs time. If the pulse duration becomes shorter
than the time required to reach the level crossings, this mechanism does not work anymore,
similar to the suppression of CREI discussed above. However, even in the limit of an infinitely
short ‘§-like’ pulse the molecule will still have a finite probability of dissociating, since
the vertical (Franck—Condon) transition from H, to H in the preceding single ionization
gives rise to a small overlap of the initial nuclear wavefunction with the dissociation
continuum wavefunction of Hj. The corresponding fragment energy distribution is compared
to the experimental result for a 7 fs pulse in figure 6. The best agreement is found for
0.8 PW cm~2 with a residual deviation most likely due to the finite pulse duration. This
difference becomes stronger at higher intensities in the form of a partial reappearance of the
two light-induced dissociation peaks since even weak post-pulses may be strong enough to open
the dissociation paths through the avoided crossings. (This can be confirmed by comparison
of the curves 1 and 2 in figure 3(c).) The lower intensity shows a remarkable lack of higher
dissociation energies compared to the Franck—Condon distribution. This is most likely caused
by the R-dependent ionization potential of H,, which leads to a considerable reduction of the
ionization probability at small R. As a consequence, the Franck—Condon distribution is shifted
to larger R which reduces the number of more energetic fragments. Such an effect has been
demonstrated in a recent joint experimental and theoretical work (Urbain et al 2004) for the
population of vibrational states of H in strong-field single ionization of H,.

The question remains whether all dissociation products are restricted to the low-energy
region. Figure 8 displays the proton energy spectra corresponding to the coincidence diagram
in figure 5(b) and curve 1 in figure 3(c). The dashed line shows the energy distribution
for the events where two protons are detected in coincidence and momentum conservation
is fulfilled. This makes the separation of double ionization and dissociation events more
reliable. The spectra are scaled in order to match the number of single proton events in the
CREI region. Regions of the spectrum where random coincidences cannot be excluded are
marked by shaded areas. We find a significant deficit of coincident events around 3—-6 eV,
i.e. in the region of sequential double ionization. This indicates indirectly a contribution of
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dissociation since neutral fragments are not detected. The origin of these energetic dissociation
fragments remains unclear. One possible contribution can be given by the RESI mechanism
for non-sequential double ionization. In its second step, the electron in the recollision-induced
excited state is field-ionized. If the laser pulse duration is short enough even at high peak
intensities, some population in excited states may survive. Since all corresponding potential
curves are repulsive, the electronically excited molecule will dissociate. Figure 1 shows that,
for example, recollision population of the first excited state 2po, will lead to a total KER
of 5-12 eV (i.e. 3-6 eV per proton), which is in good accordance with our experimental
findings. Similar values are expected for the 2psm, state. There is an ongoing debate whether
dissociation or Coulomb explosion is the dominating channel in the molecular clock scheme.
Niikura et al (2003) attributed the main feature in the fragment spectrum around 6 eV to the
dissociation of recollision-excited molecular ions. However, their non-coincident experiment
could not distinguish reliably between dissociation and Coulomb explosion. More recently,
Tong et al (2003) demonstrated that both channels contribute and discussed in detail the
non-coincident and coincident (Alnaser et al 2003) spectra. For the dissociation fragments, a
KER per particle of 2-7 eV is calculated, which is in reasonable agreement with our results.
However, it seems unlikely that in our case recollision-induced dissociation is the dominant
source of the high-energy dissociated protons since we do not restrict the solid angle in order
to select the recollision contribution, as was done in the experiment of Alnaser et al (2003).

5. Conclusions and outlook

We have studied the dynamics of molecular hydrogen fragmentation by intense laser pulses
of different durations. For 25 fs pulses we observed the spectra well known from previous
studies, with 1w and 2w dissociation peaks, a broad CREI structure and high-energy tail due
to recollision-induced Coulomb explosion. When the pulse width is reduced, the two-peak
dissociation structure in the proton kinetic energy spectra is smeared out, and for 7 fs becomes
closer to the Franck—Condon distribution. The Coulomb explosion (CREI) contribution is
suppressed, and the atomic-like sequential double ionization which results in the production
of protons with higher kinetic energies starts to be distinguishable. The intensity dependence of
this sequential double ionization is in a good qualitative agreement with the recent theoretical
results (Tong and Lin 2004). Coincident measurements revealed the existence of a low-
energy Coulomb explosion peak which for non-coincident data is hidden in the dissociation
part. Experiments with different pulse shapes showed that this structure is most likely due to
delayed ionization caused by the post-pulses at large internuclear distances. This low-energy
structure, as well as residual CREI contribution, can be enhanced (see curve 1 in figures 3(c),
5(b) and 8), if 7 fs pulses with higher pre- and post-pulses are used.

There are several questions that remain open. The low-energy Coulomb explosion peak
seems to be well-localized. An interesting point is whether two double ionization peaks in
figure 8 (at ~1.5 and 2.5 eV) reflect two maxima in the R-dependence of the probability of
enhanced ionization, which were predicted theoretically (see, e.g., Zuo and Bandrauk (1995))
but never observed experimentally. To answer this question, pump—probe experiments with
few-cycle pulses are planned. Another problem concerns the observed deficit of coincidence
events for proton kinetic energies of 3—6 eV. To clarify this point, more detailed coincident
measurements with ‘clean’ 7 fs pulses together with reliable time-dependent description of
the fragmentation process are required. And, of course more information on the dynamics of
different fragmentation channels can be obtained from the coincident electron spectra. First,
results for 30 fs were reported earlier (Rottke e al 2002), and the experiments with few-cycle
pulses are under way.
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