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1 Einleitung

Licht, wie wir es aus dem taglichen Leben kennen, ist dauerhaft und schwach. Eine Gluhlampe
beispielsweise oder die Sonne strahlen kontinuierlich Licht ab. Man kann sie mit bloiem Auge
betrachten. Ihr Licht setzt sich aus Photonen zusammen, deren Energie gerade ausreicht, um
elementare biologische Prozesse durch photoinduzierte Reaktionen mit Energie zu versorgen,
meist ohne dabei Molekiile zu zerstdren, Atome zu ionisieren oder gar Atomkerne anzuregen.

Ich werde in dieser Arbeit zeigen, dal? man ebenfalls mit sichtbarem Licht, allerdings nicht mit
kontinuierlichem, sondern nun mit extrem kurzen Lichtpulsen, ebendiese elementare intramo-
lekulare Dynamik beobachten und sogar steuern kann. Und mit nahezu demselben experimen-
tellen Aufbau kann man das Geschehen untersuchen, das sich abspielt, wenn man Licht einer
so hohen Intensitat erzeugt, dal? Atome bis zur Nacktheit ionisiert und Atomkerne gespalten
werden.

Die zum Beispiel durch Sonnenlicht ausgeldsten mikroskopischen Prozesse, wie intramolekula-
rer Energie- oder Ladungstransfer spielen sich typischerweise innerhalb von einer Pikosekunde
ab. Um solche photoinduzierten Elementarprozesse in Molekulen in Echtzeit zu beobachten und
insbesondere um einen aktiven Einflu3 auf sie zu gewinnen, muf3 die experimentelle zeitliche
Auflésung an die mikroskopische Dynamik angepal3t werden. Eine elegante und konzeptionell
einfache Methode ist es, hierfiir Laserpulse zu verwenden, deren Dauer kirzer ist, als die in-
tramolekularen Prozesse. Die ultrakurzen Pulse kdnnen einerseits impulsiv Molekulardynamik
starten, sie gezielt unterbrechen und sie auch umlenken und andererseits diese wie in einem
sehr schnellen Stroboskop beobachtbar machen. Die ultrakurzen Laserpulse dienen hier also als
diagnostisches Werkzeug zur Untersuchung molekularer Vorgange.

Konzentriert man ein wenig mehr Energie, sagen wir 1 Joule, in einem solchen ultrakurzen
Laserpuls, so wird er zum Préparator eines auf der Erde exklusiven Zustandes: Im Fokus ei-
nes solchen Laserpulses herrscht eine FluRdichte von iBBPh®tonen pro Sekunde und
Quadratzentimeter, oder eine Lichtintensitat voR°My/crP. Diese Intensitét ist so hoch, als
wirde man das gesamte auf die Erde fallende Sonnenlicht auf eine Flache von einem Zehntel
eines Quadratmillimeters biindeln. Materie am Ort des Laserfokus wird in ein extrem heil3es
und meist dichtes Plasma verwandelt. Dieses Plasma emittiert Rontgenlinienstrahlung bei der
Rekombination seiner lonen. Bei sehr hohen Intensitdten wird das magnetische Feld des Laser-
lichts dominant und treibt die Plasmaelektronen in Propagationsrichtung des Lichts. Die Elek-
tronen werden dabei bis auf relativistische Energien beschleunigt.

Dringen diese heil3en Elektronen in eine Probe ein, so kdnnen darin Atome bis in tiefe Scha-
len ionisiert werden, und es entsteht zum Beispiel sehr effizigrbtkahlung. In inelastischen
StoRen wird Bremsstrahlung mit Photonenenergien bis zu vielen Megaelektronenvolt erzeugt.
Diese Bremsstrahlung kann ihrerseits elementare Kernreaktionen wie Abspaltung eines Neu-



trons oder Spaltung groR3er Kerne induzieren.
Und schliel3lich kann durch hochenergetische Stdl3e im heil3en Laserplasma Kernverschmel-
zung zum Beispiel zweier Deuteriumkerne stattfinden.

Alle Emissionen laserproduzierter Plasmen, Strahlung und Teilchen, tragen wertvolle, sich er-
ganzende Informationen Uber die Wechselwirkung des intensiven Lichtfeldes mit der Materie
und helfen, die Erzeugung und die Eigenschaften relativistischer Laserplasmen zu verstehen.
Dartber hinaus finden viele der Emissionen interessante Anwendungen: Rontgenlicht in der
Lithographie und in der Rontgenbeugung mit hoher Zeitaufldsung, in Zukunft auch in der nicht-
linearen Rontgenoptik. Mit der hochenergetischen Bremsstrahlung lassen sich schwere Atom-
kerne spalten und Neutronen freisetzen, mit denen wiederum Transmutationen aktiver in stabile
oder stabiler in aktive Kerne méglich sind.

Die in dieser Arbeit beschriebenen Experimente beschaftigen sich mit beiden Aspekten, sowohl
mit der Diagnostik laserproduzierter Plasmen als auch mit der Suche nach Anwendungen ihrer
Emissionen.

Die folgenden drei Kapitel sind nach der Grol3e der untersuchten Systeme geordnet: In Kapitel
[2: Molekdle, beschreibe ich meine Arbeiten zur zeitaufgelosten Molekulspektroskopie, die zwi-
schen 1995 und 1998 am Institut fir Physikalische Chemie der Universitat Wirzburg entstanden
sind. Die Experimente zur Erzeugung und Charakterisierung von Rontgenstrahlung aus laser-
produzierten Plasmen (Kapifgl 3: Atome) und die Experimente zu laserinduzierter Kernphysik
(Kapitel[4: Kerne) habe ich am Institut fiir Optik und Quantenelektronik der Universitat Jena
durchgefluhrt. Es schlief3t sich noch ein kurzes Kapitel tber den Jenaer TeraWatt-Laser an, da
dieser unter meiner Leitung zu einem der intensivsten Laser der Welt ausgebaut wurde. In Ka-
pitel[§ werde ich zeigen, wie sich die zunachst sehr unterschiedlich erscheinenden Gebiete der
zeitaufgelosten Molekulspektroskopie und der Laserplasmaphysik gegenseitig befruchten und
erganzen konnen und wie sie hoffentlich auch in meiner zukinftigen Arbeit zusammenfinden
werden. In Kapitel |7 sind ausgewahlte Veroffentlichungen, auf die ich in den vorangegangenen
Kapiteln Bezug genommen habe, abgedruckt, gefolgt von einer Liste meiner Ubrigen Verotffent-
lichungen. Die Seitenangaben im folgenden beziehen sich auf diese Arbeit.



2 Molekule

Ultrakurze Laserpulse gestatten die Untersuchung intramolekularer Dynamik mit einer Zeitauf-
|6sung, die gleich ihrer Pulsdauer ist. Laserpulse, deren Wellenlange meist im sichtbaren bis
nahen infraroten Spektralbereich liegen, induzieren dabei elektronische Ubergange im Molekiil.
Aufgrund ihrer kurzen Dauer und damit spektralen Breite erzeugen sie koharente Uberlagerun-
gen von einigen bis vielen vibronischen Zustanden, regen also ein Schwingungswellenpaket an.
Durch Kombination mehrerer ultrakurzer Pulse geeigneter Wellenlange und geeigneter zeitli-
cher Abstande lafdt sich intramolekulare Dynamik beobachten und beeinflussen. Ein erster La-
serpuls (Pumppuls) regt das Molekiil elektronisch an und erzeugt ein Schwingungswellenpaket,
siehe Skizze links. Dieses entwickelt sich frei, das Molekul schwingt, solange bis ein zweiter
Laserpuls, der Probepuls, dieses Wellenpaket in einen weiteren elektronischen Zustand transfe-
riert. Dieser Probezustand kann zum Beispiel ein fluoreszierender sein oder ein ionischer. Die
Wahrscheinlichkeit des zweiten Ubergangs ist im allgemeinen von der aktuellen Position des
Wellenpakets auf der Potentialflache abhangig: Die Franck-Condon-Faktoren, also die raumli-
chen Uberlappintegrale zwischen den Schwingungszustanden in Zwischen- und Probezustand
sind von den aktuellen Kernkoordinaten abhangig und bestimmen somit die Wahrscheinlichkeit
des Prozesses. Die Bevdlkerung des Probezustandes mul3 nun gemessen werden, zum Beispiel
durch Detektion einer nachfolgenden Fluoreszenz oder durch die Messung der Anzahl erzeug-
ter lonen. Der Nachweis der Bevélkerung des Probezustandes kann sehr langsam erfolgen. Ent-
scheidend flr die Zeitauflésung der Beobachtung der Wellenpaketdynamik sind die Pulsdauer
der Anregungen und die Genauigkeit des zeitlichen Abstandes zwischen Pump- und Probepuls.
Durch haufige Wiederholung des gleichen Experiments unter Variation der Pulsabstande kann
nun die Kernbewegung beobachtet werden.

Der erste und wichtigste Schritt zu optimaler Laserkontrolle des Pfades und der Ausbeute
vieler chemischer Reaktionen ist die selektive Bevolkerung angeregter Molekulschwingungen
des Reaktanten. Angeregte Schwingungszustande konnen als Ubergangszustande zum ange-
strebten Produktzustand agieren, wenn sich wahrend der koharenten Entwicklung des Wellen-
paketes Franck-Condon-Fenster zum Produktzustand 6ffnen. Zum Beispiel erlauben gebun-
dene Schwingungszustande Uber der Barriere eines Doppelmuldenpotentials zweier Isomere
den Ubergang von einem Isomer zum anderen. Unimolekulare Reaktionen mit verschiedenen
maoglichen Endzustanden kénnen durch Anregung eines Schwingungswellenpaketes geeigne-
ter Energie und Form auf einen vorgewahlten Reaktionspfad geleitet werden. Und schlief3lich
konnen intramolekulare Schwingungsrelaxationsprozesse im Detail studiert werden, entweder
zustandsselektiv oder auch zeitaufgelost.

Zu Beginn meiner Arbeiten zur zeitaufgelosten Molekildynamik waren einige solcher Expe-
rimente zur Femtosekunden-Schwingungswellenpaket-Spektroskopie bekannt. Diese Untersu-
chungen blieben jedoch auf Grund der Photonenenergie der eingesetzten ultrakurzen Laserpulse



auf die Beobachtung elektronisch angeregter Zustdnden beschrankt, die zum einen theoretisch
schwierig zu beschreiben und zum anderen in der Natur nur selten relevant sind. Schwingungs-

wellenpakete im elektronischen Grundzustand hingegen waren noch nicht gezielt angeregt wor-

den.

Ein Ansatz zur selektiven und optimalen Bevdlkerung von Schwingungswellenpaketen in elek-
tronischen Grundzustanden wurde 1985 von Tannor und Rice vorgeschlagen [17]: Ein lokali-
siertes Schwingungswellenpaket wird mit einem ultrakurzen Laserpuls in einem elektronisch
angeregten Zustand des betrachteten Molekiils erzeugt. Dieses Wellenpaket beginnt auf sei-
ner elektronischen Potentialflache so lange zu laufen, bis es ein groRes Franck-Condon-Fenster
in den gewunschten Zielzustand im elektronischen Grundzustand erreicht und wird dann mit
einem zweiten ultrakurzen Laserpuls in dieses abgeregt. Wir haben dieses klassische Tannor-
Rice-Schema, das die konzeptionelle Grundlage eines jeden coherent-control-Experiments ist,
erstmals experimentell realisiert. Dazu haben wir ein einfaches zweiatomiges Molekul gewahlt,
namlich das Kaliumdimer, weil dieses wie alle Alkalioligomere grofRe elektronische Ubergangs-
momente hat und seine Schwingungsperioden von unserem Laser zeitlich aufgelést werden
konnten. Das Vorgehen bestand aus drei Schritten: Zunachst die Untersuchung der Dynamik
in Zwischenzustanden( ([1], §.]26), zweitens die Erzeugung eines Wellenpakets im elektroni-
schen Grundzustand {[2],[S.]32) und drittens die erstmalige experimentelle Demonstration eines
Tannor-Rice-Schemas zur Optimierung der Besetzung im Grundzustand [[3], S. 38).

Die Anregung der Grundzustandsschwingung erfolgte Giber einen mit einem elektronischen Zu-
stand des KaliumdimersR)) resonanten Zweiphotonenprozel3. Da die Effizienz des Mecha-
nismus von der kohérenten Entwicklung dieses Zwischenzustandes bestimmt wird, haben wir
zunachst diesen untersucht. [n [1], Séité 26, ist die koharente Dynamik ejslkkils in
seinem|B)-Zustand detailliert beschrieben. Besondere Aufmerksamkeit haben wir dabei dem
Verstandnis der Detektion des Wellenpakets gewidmet. Das Kaliumdim/&)imurde mit

einem variabel verzdgerten ultrakurzen Probepuls ionisiert. Mit Hilfe zeitabhangiger quanten-
mechanischer Rechnungen haben wir gezeigt, dal fur die Selektivitat des lonensignals auf die
Position degB)-Wellenpakets sowohl die Franck-Condon-Faktoren als auch ein koordinaten-
abhangiges Ubergangsdipolmoment verantwortlich sind (siehe Abschnitt [V in S. 29). Der
letzte Aspekt wurde in dieser Arbeit zu erstenmal experimentell beobachtet.

Schwingungswellenpakete im elektronischen Grundzustand wurden tber einen stimulierten Ra-
manprozeld mit zwei zunachst gleichzeitigen Laserpulsen unterschiedlicher Wellenlange, dem
Pump- und dem Stokespuls, erzeugt. Die Energiedifferenz der beteiligten Photonen ergibt die
mittlere Energie des Schwingungswellenpaketes im elektronischen Grundzustand. Dieses Schwin-
gungswellenpaket im Grundzustand wird geprobt mit einem zeitverzdgerten ionisierenden Pro-
bepuls. Durch eine Resonanzverstarkung auf dem lonisationspfad, die auf die Kernabstandsko-
ordinate selektiv ist, bildet das lonensignal die Primérschwingung im elektronischen Grundzu-
stand ab, siehe Bild 1 in[2], §.33.



Bild 3in [2], S.[35 zeigt das detektierte lonensignal als Funktion der Zeit zwischen dem Stokes-
puls und dem Probepuls. Eine Fouriertransformation der Oszillationen (Bildl 4, S. 36) offenbart,
daR sie im wesentlichen aus Grundzustandswellenpaketen mit Beitragen bei b2rminbei

88 cnt ! bestehen. Das Signal bei htherer Energie stammt von einem kalten Schwingungswel-
lenpaket um die Schwingungszustande- 0 undV = 1, das durch An- und Abregung mit
Photonen gleicher Wellenlange generiert wird. Das in diesem Experiment interessante Signal
ist das bei niedrigerer Energie, das von einem durch einen stimulierten Ramanprozel} erzeugten
heilRen Wellenpaket um = 6 stammt (siehe auch Bild 1 inl[3], S.]40). Diese erstmalige expe-
rimentelle Beobachtung koharenter Schwingungsdynamik im elektronischen Grundzustand ist
in [2] beschrieben.

Aus den einleitenden Gedanken und diesen beiden Vorexperimenten folgt nun fast zwingend
die nur noch kleine Variation zur grof3en Tat, die systematische Variation der Zeit zwischen
Pump- und Stokespuls bei fester Wellenlange und der Vergleich der jeweils generierten Po-
pulation im heiRen Grundzustandswellenpaket. Man laf3t also das kohéarente Wellenpaket sich
im Zwischenzustand bis zu einem Zeitpunkt frei entwickeln, an dem der Uberlapp mit dem
angestrebten Zielzustand maximal ist. In diesem Moment regt man es mit dem ultrakurzen Sto-
kespuls dorthin ab.

In Bild 7 in [3], S.[43 ist die Besetzung eines Schwingungswellenpaketes mit mittlerer Schwin-
gungsquantenzahl 11 im elektronischen Grundzustand als Funktion der Pump-Stokes-Verzéger-
ung aufgetragen. Dieses Schwingungswellenpaket kann ganz offensichtlich 150 fs und 650 fs
nach Anregung in den Zwischenzustand optimal erzeugt werden. Zu diesen Zeiten ist das Ka-
liumdimer gerade gestreckt. Damit ist uns der erstmalige saubere experimentelle Nachweis der
Tannor-Rice-Methode zur selektiven Erzeugung von Schwingungswellenpaketen im elektroni-
schen Grundzustand gelungen.

Seinerzeit und vereinzelt auch noch heute, wurden und werden viele methodisch wichtige Ex-
perimente zur Femtosekundenchemie und -physik an einfachen Molekilen, ndmlich zum Bei-
spiel homonuklearen zweiatomigen Molekullen getestet. Erst darauf aufbauend kénnen die ent-
wickelten experimentellen Schemata und theoretischen Modelle auf komplexere Systeme mit
unbekannter intramolekularer Dynamik angewendet werden.

In den Experimenten zur Molekuldynamik haben stets wenige Photonen aus dem Laserpuls,
namlich eins, zwei oder drei, einen elektronischen Prozel3 induziert. Demzufolge mufite die
Laserintensitat klein gehalten werden; die Wellenlange der bis zu drei verschiedenen Pulse hin-
gegen muldte Uber den sichtbaren Wellenlangenbereich flexibel sein.

Im folgenden werden Elektronenanregungen beschrieben, in denen nicht einzelne, sondern zu-
nachst hunderte, dann tausende und schlief3lich millionen von Laserphotonen einen Prozel} in-
duzieren, primar namlich die Beschleunigung von Elektronen.



3 Atome

In diesem Kapitel werde ich drei Experimente zu lasererzeugter Rontgenstrahlung vorstellen.
Diese entsteht, wenn Atome von einem intensiven Laserfeld bis in innerste Schalen ionisiert
wurden und wenn von diesem Laserfeld beschleunigte Elektronen Bremsstrahlung erzeugen.

Ab Lichtintensitaten tiber etwa 3®W/cn? wird Materie durch Feldionisation und Multipho-
tonenabsorption ionisiert. Die vom Licht beschleunigten Elektronen heizen durch St63e das
entstandene Plasma auf hohe Temperaturen und ionisieren die Materie weiter. Diese Stol3ab-
sorption oder inverse Bremsstrahlung ist der dominante Absorptionsmechanismus fir Lichtin-
tensitaten unter 16 W/cm?. Darliber bestimmt die sogenannte Resonanzabsorption den Ener-
gietransfer von Licht in das Plasma: an Orten, an denen die Plasmafrequenz gleich der Licht-
frequenz ist, also an Orten mit der sogenannten kritischen Plasmadichte, wird resonant Energie
in Plasmaschwingungen eingekoppelt.

Die Absorption des Laserlichts durch das Plasma ist bei allen Intensitdten von den Eigenschaf-
ten des Plasmas, wie seiner Elektronendichte und seinem Dichtegradienten, abhéngig. Um das
Aufheizen der Materie zu steuern, ist es aus diesem Grund héaufig vorteilhaft, zunachst mit ei-
nem kleinen Laservorpuls ein sogenanntes Vorplasma zu erzeugen, dieses sich eine bestimmte
Zeit lang entwickeln zu lassen und es dann mit dem Hauptlaserpuls zu heizen. Dieser Trick wird
in den in den folgenden Kapiteln beschriebenen Experimenten mehrfach angewandt.

Sekundar entsteht nun Strahlung: weiche Rontgenlinienstrahlung bei Rekombination der Plas-
maionen, mittelharte Linienstrahlung aus inneren Schalen kalter Atome und Bremsstrahlung bis
zu sehr hohen Energien durch inelastische Stél3e von Elektronen mit Atomen.

Die Experimente in diesem Kapitel sind nach aufsteigender Réntgenphotonenenergie geordnet.
Im Unterschied zu den Molekuldynamik-Experimenten des vorigen Kapitels sind die meisten
dieser Experimente noch in vollem Gang.

3.1 EUV-Strahlung

Linienstrahlung im extrem ultravioletten Spektralbereich (EUV) um 13 nm wird in naher Zu-
kunft die Strahlung fur die lithographische Massenproduktion kleinster Halbleiterbauelemente
werden. Wahrend fur die meisten Prozel3schritte dieser zukinftigen Lithographietechnologie
Lésungen zu erkennen sind, ist Uber die Technologie der eigentlichen Strahlungsquelle noch
nicht entschieden. Neben Synchrotron und Entladungsplasmen kommen lasererzeugte Plasmen
von Elementen mit Emissionslinien um 13 nm in Frage. Im Rahmen einer nationalen Evalu-
ierung der Mdglichkeiten und Chancen verschiedener EUV-Lichtquellenkonzepte haben wir
Experimente zur absoluten Messung der Umwandlungseffizienz von Laserstrahlung in EUV-
Strahlung an einem Sauerstoffplasma durchgefuihrt. Dabei haben wir insbesondere den Einflul3



3.1. EUV-Strahlung 7

der zeitlichen Laserpulsstruktur auf die Konversionseffizienz untersucht [8]] S. 47. Hinter die-
sem Experiment steht die Vorstellung, dal3 flr eine maximale Strahlungsausbeute zun&chst ein
optimal Laserlicht absorbierendes Plasma erzeugt werden muf3, das zum richtigen Zeitpunkt
mit einem kurzen Laserpuls aufgeheizt wird und 13 nm Licht abstrahlt.

Fur diese Versuche haben wir eine Wassertropfchenquelle in einer Hochvakuumanlage aufge-
baut, mit der mit einer Wiederholrate von 1 MHz gt groRe HO-Tropfchen erzeugt wer-

den kénnen. Diese Tropfchen werden von Laserpulsen aus dem Jenaer TeraWatt-Ti:Saphir-
Lasersystem, siehe Kapifél 5, so beschossen, dal3 sie vollstéandig ausgeleuchtet sind, wenig Licht
sie jedoch verfehlt, siehe Abbildung 1 in [8],[S]48. In den ersten Experimenten wurden alle Pa-
rameter des Laserpulses wie Wellenléange, Fokussierung und Energie konstant gehalten. Ledig-
lich die Pulsdauer wurde zwischen 200 fs und 6 ns, also tUber mehr als vier Grél3enordnungen
variiert. Die erzeugte EUV-Strahlung wurde mit einem bei der Physikalisch-Technischen Bun-
desanstalt in Berlin kalibrierten Transmissionsgitterspektrometer aufgezeichnet. Abbildung 5in
[8], S.[50, ist die EUV-Ausbeute in absoluten Einheiten dargestellt (% im vollen Raumwinkel

in der 13 nm-Emissionslinie des funffach geladenen Sauerstoffatoms, Zjl). Das Resultat

zeigt fur verschiedene Laserpulsenergien stets ein deutliches Maximum bei Pulsdauern um et-
wa 100 ps. Dies kann mit einfachen Plasmadynamikargumenten verstanden werden: Zu kurze
Laserpulse (200 fs) werden im wesentlichen am noch tberdichten Plasma reflektiert und tragen
somit nicht zu seiner Aufheizung bei. Umgekehrt expandiert das bereits von der Vorderflanke
eines langen Laserpulses (6 ns) erzeugte Plasma wahrend der Dauer des Laserpulses so weit,
dald seine Dichte unter die kritische Dichte fir die Laserfrequenz sinkt und die hintere Flanke
des Laserpulses durch das Plasma transmittiert wird, ohne absorbiert zu werden. Fir in un-
serem Sinne mittlere Pulsdauern um 100 ps kann das Sauerstoffplasma hingegen am meisten
Laserlicht absorbieren und damit ist auch die EUV Ausbeute am héchsten.

Neben der Pulsdauer von etwa 100 ps mul3 die Energie des Laserpulses auf das bestrahlte Tropf-
chenvolumen abgestimmt werden. Fir die hier verwendeten Wassertropfchen mit einem Durch-
messer von 2(m ist die optimale Laserpulsenergie 50 mJ. Diese entspricht im wesentlichen der
Summe der notwendigen lonisationsenergie aller Sauerstoffatome und der Heizung des Plasmas
auf eine Temperatur von etwa 30 eV, bei der das Strahlungsmaximum bei 13 nm liegt.

Die Arbeiten bestétigten die anfangs gestellte Hypothese, dafd zunachst ein das Laserlicht opti-
mal absorbierendes Plasma erzeugt werden muf3, das dann von einem kurzen Laserpuls optimal
geheizt werden kann. Dies ruft geradezu zwingend nach Einsatz eines Laservorpulses. In einem
zweiten Experiment wurde somit zunachst mit einem wohl definierten Laservorpuls ein Plasma
erzeugt. Nach einer variablen Zeit, wahrend derer dieses Plasma frei expandieren kann, wurde
der Hauptlaserpuls eingekoppelt, der die angestrebten flinffach geladenen Sauerstoffionen pro-
duziert. Der Einsatz des Vorpulses erhoht fur alle Laserpulsdauern die Konversionseffizienz. Die
grolte Effizienzsteigerung und auch die hochste Konversionseffizienz von nahezu 2% wurde flr
Laserpulsdauern von 2 ps und einem Vorpulsabstand von 3 ns erreicht. Diese Messungen und



3.2. Ky-Strahlung 8

Vergleiche mit Plasmadynamik-Simulationen zeigen, dal3 Stof3absorption im fir die Laserwel-
lenfrequenz unterdichten Plasma der wesentliche Absorptionsmechanismus fir das Laserlicht
ist.

Auf diese Weise konnte die Konversionseffizienz von Laserlicht in EUV-Strahlung um mehr
als einen Faktor zehn gesteigert werden. Somit ist die Konversinseffizienz fir Wasser und op-
timierte Pulsform durchaus anderen Targetkonzepten gleich oder gar tiberlegen. Die Plasmady-
namiksimulationen reproduzieren dieses Resultat. Die Emissionsdauer der EUV-Strahlung aus
der Rekombination au3erer Schalen von Plasmaionen ist durch die Dynamik und die Dichte des
Plasmas bestimmt und somit nicht ultrakurz.

Die ersten Resultate sind bereits in Appl. Phys! B [8] veroffentlicht, die neueren werden in
Kirze ebenfalls bei Appl. Phys. B zur Veréffentlichung eingereicht.

3.2 Kqy-Strahlung

Die Elektronenenergien in lasererzeugten Plasmen reichen bei Lichtintensitatert (v dier

bis weit Uber 100 keV. Diese schnellen Elektronen kénnen also durch StoR3e alle Atome selbst
in der K-Schale ionisieren und somit Réntgenlinienstrahlung produzieren. Insbesondere kann
sehr effizient k-Strahlung erzeugt werden, die aufgrund ihrer kurzen Emissionsdauer fur eini-
ge Anwendungen wie zum Beispiel die zeitaufgeloste Rontgenbeugung interessant ist. In zwei
grundlegenden Experimenten zur Vorplasmaabhéngigkeit und zur Intensitatsabhangigkeit der
Ka-Ausbeute zeigte es sich, dald diese Strahlungsquelle bei Photonenenergien von einigen Kilo-
elektronenvolt extrem hohe Rontgenintensitaten liefert, mit denen in Zukunft auch nichtlineare
Prozesse realisierbar sein kdénnten, siehe Kggitel 6.

Die Vorplasmaabhéangigkeit derqkProduktion wurde fir die Elemente Silizium, Titan und
Kobalt durchgefiihrt, indem, wie bei den EUV Experimenten, ein in zeitlichem Vorsprung und
Intensitat variabler Vorpuls eingesetzt wurde. Die dafiir entwickelte voll automatisierte Vor-
pulseinheit ist in[[4] beschrieben. Sowohl bei von Hand optimierten Parametern als auch bei
Einsatz eines Optimierungsalgorithmus mit degr&ignal als Ruckkopplungssignal wurden
Ausbeutensteigerungen von bis zum funffachen erzielt (siehe Abbildung in [7]). Die optimalen
Vorpulsabsténde variieren von Element zu Element und liegen zwischen 50 ps und 150 ps. Die-
se in diesem Zusammenhang sehr langen Zeiten entsprechen so grof3en Plasmaskalenlangen,
daf’ die maximale K-Erzeugung nicht alleine durch Resonanzabsorption des Laserlichts im
Vorplasma erklart werden kann. Es scheint ein weiterer MechanismusefauBbeute zu er-
hohen, der vermutlich eine relativistische Selbstfokussierung des Laserpulses im Vorplasma und
damit eine Intensitatserhohung und ein Aufsteilen des Plasmagradienten bewirkt.

Die Resultate sind bei Physical Review E veroffentliCht [7].

Die hochsten Rontgenflisse haben wir durch Laserbeschul eipen iBnnen Titanfolie er-
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reicht. Vor Beginn dieser Experimente war sowohl aus theoretis¢chén [16] als auch aus expe-
rimentellen [13] Arbeiten bekannt, dal3 fir laserproduziergeHrahlung aus dicken Proben

eine optimale Laserintensitat existiert, die im wesentlichen durch die Bedingung gegeben ist,
dal3 die mittlere Energie bzw. die Temperatur der Plasmaelektronen etwa finfmal héher sein
sollte, als die Energie, die zur K-Schalenionisation aufgewendet werden muf3. Diese Intensitéat
betrégt bei dem von uns untersuchten Element Titan etwa\licn?, und wir haben bei die-

ser Intensitat in der Tat ein lokales Maximum dey-Kusbeute gefunden. Es hat sich nun aber
gezeigt, daR bei weiterer Erhthung der Laserintensitét bis iB&MI@nm? nach Durchlaufen

eines Minimums die K-Ausbeute wieder ansteigt (siehe Bild 3 in [9]] S] 63). Dieser erstmals
experimentell aufgetretene Befund l&l3t sich durch den bei relativistischen Elektronenenergien
logarithmisch wieder ansteigenden Wirkungsquerschnitt geProduktion erklaren: Das Feld

eines relativistischen Elektrons ist transversal zu seiner Flugrichtung starker als parallel zu die-
ser. Somit ist aus der Sicht des ruhenden, in der K-Schale gebundenen Elektrons das angreifende
Feld héher als im Fall langsamer Stol3elektronen. Dieser relativistische Effekt wachst mit stei-
gender Energie der Projektile. Die Wirkungsquerschnitte fir K-Schalenionisation wurden seit
den 70er Jahren mit Elektronenbeschleunigern systematisch fir viele Elemente vermessen. Wir
haben mit diesen Querschnitten ein detailliertes Modell gePkoduktion in einer diinnen Fo-

lie durch lasererzeugte relativistische Elektronen entwickelt. Mit der sinnvollen Annahme der
Existenz einer Elektronentemperatur und dem Wissen um den Zusammenhang zwischen Elek-
tronentemperatur und Laserintensitét (siehe Absdhnitt 3.3, Harte Rontgenstrahlung) lassen sich
unsere zunéchst uberraschenden Resultate erklaren, siehe auch Bild 5ip [P], S. 65.

Die experimentellen Ergebnisse und deren Erklarung wurden bei Europhysics Letters zur Ver-
offentlichung eingereicht [9].

Aus dem nur wenige 1Am® groRen Quellvolumen werden pro LaserschuR bis 23 Iilan
Kg-Photonen einer Energie von 4,5 keV emittiert. Leider, jedenfalls im Sinne einer Anwen-
dung der K-Strahlung, emittiert das laserproduzierte Plasma nicht gu#ahlung, sondern

auch andere Linienstrahlung und Bremsstrahlung und auch schnelle Elektronen und lonen.
Um eine reine k-Strahlungsquelle zu verwirklichen, haben wir einen monochromatisieren-
den, gekrimmten Rontgenspiegel eingesetzt, der diStkahlung aus der Laserplasmaquelle

auf ein Target abbildet. Auf diesem konnten monochromatische Réntgenintensitaten von tber
1019 W/cn? erreicht werden. Diese Strahlung ist inkoharent. Abschatzungen, die wir selbst und
zusammen mit Herrn Fritzsche von der Universitat Kassel gemacht haben, lassen nun hoffen,
daf3 in diesen Feldern erstmals nichtlineare Prozesse mit Rontgenphotonen méglich sein sollten,
siehe auch Kapit¢l| 6.
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3.3 Harte Rdntgenstrahlung, relativistische Plasmaphysik

Erhéht man die Laserintensitét bis auf die von unserem Laser maximal erzeugbare?Yon 10
W/cn? und plaziert ein Target mit hoher Kernladungszahl wie zum Beispiel Tantal in den Fokus,
so wird ein Teil der Plasmaelektronen im intensiven Laserfeld auf suprathermische Energien
von vielen MeV aufgeheizt und erzeugt durch StéRe mit den schweren Atomen des Targets
Bremsstrahlung mit Photonenenergien ebenfalls bis zu vielen MeV.

Der Beschleunigung der Elektronen im Lichtfeld auf relativistische Energien liegt der folgen-
de Mechanismus zu Grunde: In einem Lichtfeld einer Intensitat voho® W/cn? ist die
transversale Schwingungsenergie eines freien Elektrons bereits so grof3 wie seine Ruheener-
gie. Somit kann die Wechselwirkung des relativistisch schnellen Elektrons mit dem Magnetfeld
des Lichtes nicht mehr vernachlassigt werden. Dies fuihrt zu einer Bewegegung der Elektro-
nen in Propagationsrichtung des Lichts. Die Bewegung der relativistischen Elektronen ist also
gerichtet. Somit ist auch die von ihnen erzeugte hochenergetische Bremsstrahlung anisotrop.
Dieses sogenannte ponderomotorische Potential skaliert mit der Wurzel der Laserintensitat und
erreicht bei 16° W/cn? eine Elektronenenergie von etwa 5 MeV. Weiterhin wird das gesamte
inhomogene Plasma durch Absorption des Laserlichts an der kritischen Dichte, durch die so-
genannte Resonanzabsorption aufgeheizt. Resonanzabsorption fiihrt bei Intensitatef®iiber 10
Wi/cm? ebenfalls zu relativistischen Energien der Plasmaelektronen. Sie ist im Detail stark von
der Dichte und dem Dichtegradienten des Plasmas sowie von der Einfallsrichtung und Polari-
sation des Laserlichts abhangig.

Zur Untersuchung dieser relativistischen Laserplasmen haben wir detaillierte Experimente zur
spektralen und raumlichen Verteilung der hochenergetischen Elektronen- und Photonenemissi-
on dieser Plasmen durchgefiihrt: Ein Laserpuls mit einer Intensitat xdids W/cn? (damals

war er noch nicht so intensiv wie heute) wurde untet dbd parallel polarisiert auf ein Tan-
talblech fokussiert. Mit 12 Spektrometern haben wir das gesamte Strahlungsfeld des Plasmas in
der Ebene von Laserstrahl und Probennormaler vermessen. Die beiden wesentlichen Resultate
dieser Experimente sind, dal3 erstens die Temperatur der heil3en Elektronen dem durch das pon-
deromotorische Potential erwarteten Wert von etwa 500 keV entspricht (siehe Abbildung 2 in
[5], S.[69) und daR zweitens die Emission der relativistischen Elektronen und der hochenergeti-
schen Photonen stark anisotrop ist, Abbildungen 3 und/4 in [5]]S. 70. Diese Anisotropie wurde
dabei zum erstenmal experimentell festgestellt. Energie- und Winkelabhangigkeit der Emissio-
nen lassen sich mit relativistischer Kinematik erklaren. Somit erlauben diese Experimente einen
neuen und sehr direkten Blick auf die relativistische Dynamik in laserproduzierten Plasmen.
Diese Arbeiten wurden gemeinsam mit Paul Gibbon in Physical Review Letters verdffentlicht

[5].

Fur diese Experimente haben wir gemeinsam mit der Physikalisch-Technischen Bundesanstalt
ein kompaktes Elektronen- und Roéntgenspektrometer entwickelt, das es erlaubt, simultan das
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Elektronenspektrum und das Réntgenspektrum zwischen etwa 20 keV und etwa 3 MeV zu
vermessen. Das Spektrometer besteht aus einer Vielzahl von Thermolumineszenzdetektoren,
eingepackt zwischen Absorbern verschiedener Dichte. Es erlaubt eine Messung der absolut
einfallenden Dosis mit einer spektralen Auflésung von etwa 10%. Mit diesem Gerat kénnen
also simultan die im Laserplasma primar beschleunigten schnellen Elektronen und die sekundar
von diesen erzeugte Bremsstrahlung charakterisiert werden. Aufgrund ihrer zudem noch sehr
geringen Ausmal3e konnten bis zu 12 solcher Spektrometer gleichzeitig eingesetzt werden. Eine
detaillierte Beschreibung und Charakterisierung dieser Spektrometer haben wir bei Review of
Scientific Instruments zur Verdffentlichung eingereicht [10].
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4 Kerne

Wie wir in Abschnit{ 3.3 gesehen haben, entsteht durch die Wechselwirkung eines hochintensi-
ven Laserpulses mit Materie ein sehr heil3es Plasma, das Elektronen und Photonen mit Energien
von bis zu vielen Megaelektronenvolt emittiert. In diesem Plasma und mit seinen hochenerge-
tischen Emissionen lassen sich einfache Kernreaktionen wie Neutronenabspaltung, Kernfusion
und Kernspaltung auslésen. Ich werde in diesem Kapitel drei Experimente zu diesen Kernre-
aktionen beschreiben, die alle mit dem Jenaer TW-Ti:Saphir-Laser durchgefuhrt wurden. Die
Neutronenabspaltung und die Spaltung grof3er Kerne sind dabei Uberhaupt zum erstenmal mit
einem so kleinen Laser gelungen.

4.1 Photoneutronen

Der Kern mit der niedrigsten Energieschwelle fur photoinduzierte Neutronenabspéjtaing

ist °Be. Ab einer Gammaenergie von E = 1,67 MeV kann Beryllium in ein Neutron®8ed
spalten, welches sofort in zwei Alphateilchen zerfallt. Um diese Kernreaktion mit lasererzeugter
Rontgenstrahlung nachzuweisen, haben wir ein Stiick Beryllium in die Nahe eines Tantaltargets
gestellt, das als Konverter in Bremsstrahlung dient. Die Berylliumprobe wurde in der Richtung
montiert, in der die meiste harte Rontgenstrahlung emittiert wird (siehe AbsEhiitt 3.3). Die
Tantalprobe wurde mit 20000 Laserschiissen einer Intensitat vbarSW/cm? bestrahlt und

es wurde die Zahl der insgesamt produzierten Neutronen gemessen.

In einem ersten erfolgreichen Experiment im Frihjahr 2000 wurden etwa 100 Photoneutronen
pro Laserschul produziert. Es ist nach unserer Kenntnis der erste experimentelle Nachweis ei-
ner(y,n)-Reaktion mit einem Table-Top-Lasersystem. Die Einschrankung auf Table-Top-Laser
mul3 allerdings gemacht werden, da bereits mit zwei wesentlich groReren Lasern am Ruther-
ford Appleton Laboratory und am Lawrence Livermore National Laboratpny)-Reaktionen
nachgewiesen wurden [14,/11]. Bertcksichtigt man die um etwa 10000 geringere Wiederholra-
te dieser Lasersysteme, so ist die Neutronenproduktionsrate mit unserem kleinen Laser jedoch
vergleichbar bis hoher. Neben der grundséatzlichen Bedeutung dieses Experiments steht nun ei-
ne Neutronenquelle fir zukinftige Anwendungen zur Verfiigung, die aufRer ihrer Kompaktheit
insbesondere die einzigartige Eigenschaft besitzt, extrem kurze Neutronenpulse zu produzieren.
Die hochenergetische Bremsstrahlung erzeugenden heil3en Elektronen werden nur wahrend der
Dauer des Laserpulses von ungefahr 100 fs beschleunigt. Berticksichtigt man noch Laufzeiten
der Elektronen und der Bremsstrahlung bis zum Beryllium, so wird die Neutronenemissions-
dauer in der Gré3enordnung weniger Pikosekunden liegen. Wegen der breiten Energieverteilung
der spaltenden Gammastrahlung ist allerdings auch die Energieverteilung der Photoneutronen
breit. Ob diese Eigenschaften eine Anwendung laserproduzierter Photoneutronen in der Neu-
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tronenspektroskopie oder gar der zeitaufgelosten Spektroskopie eréffnen, ist wohl im Moment
nicht zu Gbersehen.

Gleichzeitig mit diesem Photoneutronenexperiment wurde eine weitere laserinduzierte Kernre-
aktion realisiert, namlich die Verwandlung von Gold in Quecksilber durch Neutroneneinfang.
197Au besitzt einen hohen Einfangsquerschnitt fir thermische Neutronen von etwa 100 barn.
Das dadurch erzeugt®®Au zerfallt mit einer Halbwertszeit von 2,7 Tagen durch eiryen
assistierter~-Zerfall in 1°®Hg. Um diese Reaktion nachzuweisen, war die Berylliumprobe,

in der Photoneutronen generiert wurden, auf eine Plastikkugel montiert, in deren Zentrum ein
Stick Gold positioniert wurde. Im Plastikvolumen wurden die Photoneutronen moderiert, so
daf3 sie mit hoher Wahrscheinlichkeit von der Goldprobe eingefangen werden konnten. Nach der
Bestrahlung der Tantalprobe mit 20000 Laserschiissen wurde die Goldprobe vor einen extrem
untergrundarmen Germaniumdetektor in der Physikalisch-Technischen Bundesanstalt gestellt,
der die beinB-Zerfall des'98Au emittiertey-Strahlung der Energie 412 keV aufzeichnete. Die
bestrahlte Goldprobe emittierte etwa dreimal so yiSitrahlung wie eine Referenzprobe, die
durch sténdige Hintergrundsneutronen aktiviert war.

Die quantitative Auswertung der Goldtransmutationsreaktion erlaubt eine Abschatzung der An-
zahl der lasererzeugten Réntgenstrahlung mit Photonenenergien tber 1,67 MeV, der Quelle fur
die Photoneutron-Reaktion in Beryllium. Der erhaltene Wert stimmt innerhalb der Unsicherheit
der Auswertung mit dem Wert, den Thermolumineszenzspektrometer ergaben, tberein. Kern-
reaktionen mit bekannten Energieschwellen kbnnen somit zur Charakterisierung harter laserer-
zeugter Rontgenstrahlung eingesetzt werden. Dies ist insbesondere bei noch héheren Energien
von vielen MeV sehr ntitzlich, da hier keine anderen Detektoren mehr existieren.

Details der Messungen sind in [5, 6] beschrieben.

4.2 Deuteriumfusion

Beschiel3t man mit der hochstmdglichen Laserintensitat eine Deuteriumprobe, so werden da-
bei Deuteriumatome auf Energien von mehreren hundert Kiloelektronenvolt geheizt. Der Wir-
kungsquerschnitt fiir Deuteriumfusion, d(dJdg, ist bei StéRen mit einer Relativenergie von

200 keV bereits etwa 50 mbarn. Mit einem deuterierten Target sollten also Fusionsreaktio-
nen nachweisbar sein. Dies wurde vor unseren Messungen bereits durch Laserbeschuld von
deuteriertem Plastik Cbund von Deuteriumclustern gezeigt [15, 12], wobei Ausbeuten von
10* — 10° Neutronen pro Laser erreicht wurden.

Wir haben die im EUV-Projekt (Abschnjtt 3.2) entwickelte Quelle kleiner Trépfchen mit schwe-
rem Wasser (PO) befillt und diese Tropfchen mit den Laserpulsen aus dem Jenaer TW-Laser
beschossen. In einer Zusammenarbeit mit dem Max-Planck-Institut fir Quantenoptik in Gar-
ching wurde eine Neutronenflugzeitdetektion aufgebaut, mit der die Fusionsneutronen, die aus
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der Fusion eine Energie von 2,45 MeV mitbringen, nachgewiesen werden kdnnen. Zusatzlich
haben wir einen Fanger aus deuteriertem Plastik in die Nahe des Laserfokus gestellt, in dem aus
dem Tropfchen geschleuderte Deuteriumatome weitere Fusionsreaktionen auslésen kénnen.

Das Experiment hat im wesentlichen zwei Resultate: Erstens konnten bi$ Budidnsreak-

tionen pro LaserschuB ausgeldst, also aufgrund der Wiederholrate des L&s¢esittOnen pro
Sekunde erzeugt werden. Zweitens zeigen die Flugzeitspektren mit eingebautem Fanger zwei
Neutronensignale zu unterschiedlichen Flugzeiten. Das frihere Signal wird von Neutronen er-
zeugt, die im Wasserstropfchen enstanden sind, das spatere von Neutronen aus dem Fanger.
Diese erreichen den Detektor um die lonenflugzeit zwischen Tropfchen und Fanger verzogert.
Aus deren Abstand und Breite kdnnen die Energie und die Energieverteilung der fusionieren-
den Deuteriumatome bestimmt werden. Mit dem bekannten Fusionswirkungsquerschnitt kann
daraus die Temperatur der im Tropfchen beschleunigten lonen berechnet werden. Sie betrug in
diesen Experimenten etwa 100 keV. Durch Variation der Fangerposition relativ zur Laserein-
fallsrichtung kann auch die Winkelverteilung der lonenemission detektiert werden. Neben dem
fur laserproduzierte Neutronen auf3erordentlich hohen Neutronenflul? erlaubt dieses Experiment
also auch eine detaillierte Diagnostik der Wechselwirkung intensiver Laserpulse mit Materie.
Die letzten Messungen wurden erst im April 2002 durchgefiihrt. Sie werden zur Zeit sorgfaltig
ausgewertet und dann veréffentlicht.

Zum Schluf3 noch eine kleine Bemerkung: wirden alle Deuteriumpaare des Trépfchens fusio-
nieren, so wurde eine Energie von 50 Joule frei. Naturlich ist hier aber das Lawson-Kriterium

fur selbsttragenden vollstdndigen Abbrand nicht erfiillt und zwar um einen Faktor 10000. Es
besteht also keine Gefahr und auch keine Hoffnung, mit diesem Aufbau Energie gewinnen zu
konnen.

4.3 Spaltung schwerer Kerne

Seit den ersten Gedanken an laserinduzierte Kernreaktionen geistert die Idee durch den Raum,
ob nicht mit Hilfe eines kleinen, einfach zu bedienenden und vergleichsweise preiswerten La-
sers langlebige radioaktive Kerne in kurzlebige oder gar stabile umgewandelt werden kdnnen.
Nicht um morgen der Welt den radioaktiven Abfall aus der Kernenergiegewinnung zu entsor-
gen, sondern zunachst aus Spald an einem fir Laser-, Molekil- oder Plasmaphysiker exotischen
Experiment und besonders auch als Diagnostik der hochenergetischen Plasmaemissionen wie
Elektronen und Photonen.

Fur typische Spaltprodukte aus der Kernenergiegewinnung mit Massenzahlerraid®kom-
men(y, n)- und (y,xn)-Reaktionen mit lasererzeugteStrahlung in Frage, fur spaltbare Kerne
mit Massenzahlen tiber A 230 ebenfallgy, n)-Reaktionen und zusétzliche direkte Photospal-
tung (y,f). Die Wirkungsquerschnitte fur Photospaltung haben typischerweise eine Energie-
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schwelle oberhalb von 6 MeV und ein Maximum bei der Riesenresonanz der Kerne um 15 MeV.
Die Energieschwellen flfy, n)-Reaktionen der Spaltprodukte liegen meist ebenfalls zwischen

5 MeV und 10 MeV, fir(y,xn)-Prozesse sind sie sehr viel hoher. Die radioaktiven Proben fiir
diese Experimente erhalten wir aus dem Institut flr Transurane der Europaischen Kommission
in Karlsruhe, das sich mit der Lagerung, Trennung und Umwandlung radioaktiver Abfallstoffe
beschaftigt.

Wir haben im Marz 2002 folgendes erstes Experiment durchgeftihrt: Laserpulse aus dem Jena-
er TW-Ti:Saphirlaser wurden mit einer Intensitat von tiber B W/cn? auf ein Tantalblech
fokussiert. In dem dabei entstehenden Plasma werden Elektronen auf relativistische Energien in
das Tantalblech hineinbeschleunigt und erzeugen dort Bremssstrahlung. Hinter diesem Brems-
strahlungskonverter wurden 10 g metallisches, abgereichertes Uran montiert. In einem zwei-
ten Experiment wurden 10 g Thoriumoxid bestrahlt. Nach jeweils etwa 10000 Laserschiissen
wurden Gammaspektren der Uran- und Thoriumprobe aufgenommen. Zwischen den intensiven
Linien der selbst stark strahlenden Uran- und Thoriumprobe konnten kleine Signale beobach-
tet werden, die Uber ihre Energie und ihre Lebensdauer kurzlebigen Spaltprodukten zugeordnet
werden konnten. Es konnten Spaltprodukte #i€r, °2Sr, 128Sb, 134 und noch einige mehr
identifiziert werden. Aus der Intensitat det.inien ergab sich die Anzahl der pro Laserschufl3
gespaltenen Kerne zu etwa 1000. Mit den bekannten Photospaltungsquerschnitten kann daraus
berechnet werden, daR pro LaserschuR etfaPt®tonen mit Energien tber 6 MeV erzeugt
wurden. Durch den quantitativen Nachweis von Kernreaktionen mit verschiedenen Energie-
schwellen wird es mdglich sein, das Bremsstrahlungsspektrum bei Energien tber vielen MeV
zu charakterisieren. Daraus kann man auf die Temperatur der heiRen Elektronen riickschlie3en
und somit die Vorhersagen der Mechanismen zur Elektronenbeschleunigung in relativistischen
Laserplasmen tberprifen. Die in Abschhitt]3.3 beschriebenen Thermolumineszenzspektrome-
ter kdnnen nur Elektronen- und Photonentemperaturen unter etwa 2 MeV detektieren. Sie sind
also nur fir Experimente mit Laserintensitaten unterhalb von etwl®0§ W/cn? geeignet.
Daruiber sind Kernreaktionen, wie die hier beschriebenen die einzige Moéglichkeit, Spektren
und Temperaturen zu vermessen.

Eine gemeinsame Veroffentlichung dieser Messungen mit dem Institut flr Transurane ist in
Arbeit. In den folgenden Messungen werden wir versuchen, laserinduzierte Photospaltung an-
derer schwerer Kerne urgg, n)- und(y, xn)-Reaktionen an radioaktiven mittelschweren Kernen
nachzuweisen.
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5 Laser

In den Jahren meiner Arbeitin Jena wurde unter meiner Leitung aus einem 2 Terawatt Titan:Saphir-
Femtosekundenlaser ein sehr gut charakterisiertes 15 Terawatt-Lasersystem, mit dem sich mit
einer Wiederholrate von 10 Hz fokussierte Lichtintensitéten von bis 28\Wdcn? erzeugen

lassen. Dabei blieb die Anlage kompakt und tUberschaubar und Iaf3t sich von einer qualifizier-
ten Person bedienen. Table-Top-Lasersysteme der Klasse um 10 TW gibt es zur Zeit weltweit
ungefahr zehn. Experimentiert wird jedoch nur mit wenigen dieser Laser.

5.1 Das Jenaer 15 Terawatt-Lasersystem

Das Jenaer Lasersystem besteht aus vier wesentlichen Komponenten: einem modengekoppelten
Femtosekundenlaser, einem Strecker, einer dreistufigen Verséarkereinheit und einem Kompres-
sor in Vakuum.

Der Kerrlinsen-modengekoppelte Ti:Saphir-Laser erzeugt Pulse einer Dauer von 45 fs und einer
kleinen Energie von etwa 5 nJ. Diese Pulse sollen nun um einen Faktoefsarkt werden.

Da in modengekoppelten Oszillatoren der kurze Laserpuls immer im Resonator umlauft, ist die
Wiederholrate des Lasers grof3, in unserem Fall etwa 80 MHz. Da man nicht alle Pulse verstar-
ken kann, werden zunéchst zehn Pulse pro Sekunde aus dem Pulszug isoliert. Um wéhrend der
Verstarkung nichtlineare Prozesse unter Kontrolle zu halten und um Zerstérung der optischen
Elemente zu vermeiden, werden in der zweiten Komponente die Pulse auf 150 ps gestreckt und
damit die Intensitat um einen Faktor 3000 reduziert. Dieser Strecker besteht im Grunde nur aus
zwei Dispersionsgittern, einer Linse und einem Spiegel, die so angeordnet sind, dal3 dem breit-
bandigen Laserpuls eine lineare normale Dispersion aufgepragt wird und er am Ende wieder ein
gebundelter Strahl ist. Nun folgen drei Verstarkerstufen, jeweils mit einem Ti:Saphir-Kristall als
Verstarkermedium. Der erste ist ein sogenannter regenerativer Verstarker, der selbst ein Laser-
resonator ist und dadurch die raumliche Mode des Laserpulses wahrend der Verstarkung erhalt.
Die beiden folgenden Stufen sind einfache Verstarker mit vier bzw. drei Durchgéngen durch
den jeweiligen Titan:Saphir-Kristall. Zwischen jeder Stufe wird der Strahldurchmesser vergo-
Bert, um trotz der endlichen Sattigungsenergiedichte des Lasermaterials moglichst viel Energie
extrahieren zu kdnnen. Im letzten Schritt werden die Laserpulse im sogenannten Kompressor,
einem Dispersionsgitteraufbau mit anomaler linearer Dispersion, wieder auf nahezu ihre ur-
sprungliche Dauer verkirzt.

Schlief3lich ist ein Laserpuls mit einer Energie von 1 Joule und mit einer Pulsdauer von 70 Fem-
tosekunden entstanden, also einer Lange in Ausbreitungsrichtung von nur 20 Mikrometern, und
einem transversalen Durchmesser von 70 Millimetern. Die raumliche Mode des Strahls ist dabei
so gut, dafl? er nahezu beugungsbegrenzt auf eine Flache von weniger als 5 Quadratmikrometer
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fokussiert werden kann. An diesem Punkt herrscht dann, fir eine kurze Zeit, eine Lichtintensitat
von 1% Watt pro Quadratzentimeter. Dies ist gerade soviel, als wiirde man alles auf die Erde
fallende Sonnenlicht auf ein Zehntel eines Quadratmillimeters biundeln.

5.2 Diagnostik eines TW-Laserpulses

Es genlgt im Grunde, die Pulsenergie, die Pulsdauer und die Fokusflache des Laserpulses zu
kennen, um seine Intensitat im Brennpunkt zu bestimmen. Um jedoch sicher zu sein, daf3 im
Brennpunkt tatséchlich eine Intensitat vor?d0v/cnm? herrscht und um zu vermeiden, daR
bereits vor Auftreffen des Laserpulses durch Vorpulse ein Plasma erzeugt wird, missen die La-
serpulse in Raum und Zeit extrem ebenmalig sein. Um dies zu erreichen und zu Uberprifen,
haben wir neben der Aufriistung und Verbesserung des Lasers eine ausgefeilte Laserpulsdia-
gnostik aufgebaut.

Ein Autokorrelator dritter Ordnung vermif3t die zeitliche Pulsform in einem Bereich von 500 ps
um den Hauptpuls mit einer Dynamik von 6 Gréf3enordnungen. Zweitens und ebenso notwendig
wird die Ebenheit der Front des Laserpulses vermessen. Denn nur wenn die diinne Lichtscheibe
eben ist und senkrecht zur Ausbreitungsrichtung steht, ist der gesamte Laserpuls im Brenn-
punkt auch kurz. Dazu wurde in einer Diplomarbeit ein geeignetes Interferometer aufgebaut,
das Pulsfrontverkippungen mit einer Genauigkeit von OZAlmessen erlaubt. Weiterhin kann

die Energie des Laserpulses an der Stelle der Probe vermessen werden, indem die Probe durch
eine 50um grol3e Lochblende ersetzt wird und die transmittierte Energie bei einem Schufl3 mit
voller Leistung gemessen wird. Zudem haben wir in einer weiteren Diplomarbeit eine Vorplas-
madiagnostik am Target selbst aufgebaut, die auf einem Interferometer basiert. Damit wird die
zeitliche Vorgeschichte des Hauptlaserpulses innerhalb der 4 ns vor seinem Erscheinen diagno-
stiziert. Schlief3lich wird der Anteil an spontaner verstarkter Emission aus der Plasmabeobach-
tung und aus Pulsdauer- und Energiemessungen auf kleiner als 5% abgeschatzt.

Der vielleicht wichtigste Fortschritt auf dem langen Weg zé®My/cr? war die Verkleinerung

der tatséchlichen Fokusflache auf einen nahezu beugungsbegrenzten Wert voquumitei/s

haben dies einerseits durch Reinigen der Strahlmode erreicht und andererseits durch den Einbau
einer standigen Fokusbeobachtung an der Stelle des Experiments und durch sehr sorgfaltiges
Fokussieren des Laserstrahls mit einem parabolischen Spiegel.

Zwischen die ersten beiden Verstarkerstufen haben wir eine Vorpulseinheit eingebaut, die es
erlaubt, in Energie und zeitlichem Abstand zum Hauptlaserpuls definierte Vorpulse zu erzeugen.
Durch ein automatisiertes Strahlnachfihrungssystem wird dafiir gesorgt, dalR ganz am Ende
des Weges nach 20 m, im Fokus des Laserstrahls, Haupt- und Vorpuls unabhéangig von ihrem
zeitlichen Abstand stets genau Ubereinander liegen. Eine Beschreibung dieser Vorpulseinheit
haben wir in Review of Scientific Instruments veroffentlicht [4].
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Mit all dieser Routinediagnostik kann der Laserpuls nahezu vollstandig charakterisiert werden.
Das Lasersystem ist von einer anfélligen, stets weiterzuentwickelnden und zu reparierenden Ex-
perimentieranordnung zu einem sehr zuverlassigen Arbeitspferd geworden. Es kann mit voller
Leistung und voller Wiederholrate betrieben werden und der Laser kann, und das halte ich fur
sehr wichtig fur den mdglichst taglichen Betrieb, von einer einzelnen getibten Person bedient

werden.
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6 Zukunft

In der Zeit seit meiner Promotion habe ich mich in zwei verschiedenen Instituten mit zwei
zundachst nicht verbunden erscheinenden Themen beschéftigt: in Wirzburg mit zeitaufgeloster
Molekulspektroskopie und fundamentalen Experimenten zu koharenter Kontrolle mit Femtose-
kundenlaserpulsen und in Jena mit der Wechselwirkung hochstintensiver Laserpulse mit Mate-
rie und der Erzeugung und Anwendung dabei entstehender Rontgenstrahlung. Ich will in die-
sem letzten Abschnitt versuchen, die Zukunft der beschriebenen Experimente zu prognostizie-
ren und wir werden dabei sehen, wie interessante Fragestellungen und Methoden aus beiden
Bereichen aufeinander angewiesen sein werden.

Zeitaufgeldste Molekulspektroskopie

Intramolekulare Dynamik wird heute nahezu ausschlief3lich im sichtbaren und infraroten Spek-
tralbereich untersucht. Dabei koppeln ultrakurze Laserpulse an Elektronen in &uf3eren Schalen
und erzeugen dadurch Schwingungs- und Rotationswellenpakete im Molekil. Die Kontrolle
Uber die Molekuldynamik und ihre Beobachtung werden durch zeitverzégerte elektronische An-
regungen erreicht. Damit kdnnen Energietransportprozesse studiert werden. Um aus den elek-
tronischen Eigenschaften auf die innere Dynamik des Molekiils, also die Bewegung der Atome
zu schliel3en, ist allerdings in der Regel die Kenntnis des intramolekularen Potentials notwen-
dig, was nur fr einige kleine Molektle und insbesondere nur selten fir elektronisch angeregte
Zustande der Fall ist. Man versucht zur Zeit, dieses Dilemma durch den Einsatz selbst lernender
und optimierender Anregungen zu umgehen, die ohne diese Kenntnis, und meist auch ohne die
Kenntnis zu liefern, Molekule in vorgewahlte Reaktionspfade lenken. Letztlich ist diese Art der
blinden koh&renten Kontrolle, so modern und experimentell trickreich sie auch sein mag, eher
unbefriedigend.

Einen direkten Blick auf die Dynamik komplexer Molekile kdnnte in Zukunft die Verwen-
dung ultrakurzer Réntgenpulse in Pump-Probe-Experimenten liefern. Statt die elektronischen
Wellenfunktionen zu proben, wird damit direkt die Struktur und die Bewegung der Atome abge-
fragt. In ersten Experimenten ist es gelungen, phononische Anregungen und Schmelzprozesse
in Halbleiterkristallen zu beobachten, indem nach Anregung mit einem sichtbaren Laserpuls
die Intensitats- und Winkelanderung eines Braggreflexes eines ultrakurzen Rontgenpulses auf-
genommen wird. Die zeitliche Aufldsung dieser Experimente ist durch die Pulsdauer der ver-
wendeten K-Strahlung von unter 500 fs gegeben. Um diese Methode auf Systeme mit vielen
Freiheitsgraden anzuwenden, sollte man nun versuchen, Laue-Spektroskopie zu betreiben. Er-
ste zeitaufgeloste Laue-Messungen an Myoglobin mit 150 ps langen Synchrotronpulsen sind
bereits erfolgreich. Ersetzt man die Synchrotron-Roéntgenquelle durch eine laserprodugierte K
Quelle, wie sie in Kapitdl|3 beschrieben ist, so ist diese nicht nur kleiner und billiger, sondern
die potentielle Zeitauflésung steigt um fast drei GroRenordnungen. Dies ist meines Erachtens
ein sehr lohnenswertes Vorhaben.
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Fur die oben und unten genannten Anwendungen ist die Weiterentwicklung der derzeitigen La-
serquellen wichtig. Basierend auf den heute schon kommerziellen Ultrakurzpulslasern werden
auch die Hochintensitatslaser in den nachsten Jahren durch Einsatz neuer Technologien einer-
seits kompakter und andererseits starker werden: Alle oder zumindest einige der heutigen rege-
nerativen und Multipass-Verstarkerstufen werden ersetzt werden durch optisch parametrische
Verstarker. Diese erreichen eine sehr viel h6here Verstarkung bei einem gleichzeitig wesentlich
besseren Vorpulskontrast. AuRerdem wird sich dabei die Anzahl der notwendigen Pumplaser
verringern, was die Kosten und die Komplexitat des Lasersystems erheblich reduziert. Abschéat-
zungen und erste Versuche zeigen, dal3 mit einem einzigen Pumplaser, einer parametrischen und
einer konventionellen Pumpstufe Energien und Leistungen knapp unter denen des derzeitigen
Jenaer Lasersystem erreichbar sein sollten.

Um die Pulsenergie und die Intensitat wesentlich héher zu treiben, missen wohl in den letzten
Verstarkerstufen wie schon seit 20 Jahren dotierte Glaser als Verstarkermaterial verwendet wer-
den. Es werden allerdings in Zukunft Diodenlaser statt der bisher verwendeteten Blitzlampen
als Pumpquellen eingesetzt werden kdnnen. Dies reduziert die Kosten und erhéht die Stabili-
tat und die Effizienz des Systems. Die Verstarkungsbandbreite der Glaser wird auch ultrakurze
Pulse unterstitzen.

In 10 Jahren wird es vermutlich turn-key-Lasersysteme mit den Leistungen des heutigen Je-
naer Systems geben. Die experimentellen Lasersysteme werden entweder wesentlich héhere
Repetitionsraten haben oder Pulsenergien um 1 Kilojoule. Mit diesen Lasersystemen werden
die lasergetriebenen Réntgenquellen intensiver werden, die Rontgenfliisse und die maximalen
Rontgenphotonenenergien werden steigen.

Intensive Rontgenlinienstrahlung

Die Laserplasma-Rdéntgenquellen, wie ich sie in Kapitel 3 beschrieben habe, besitzen einige
sehr nitzliche Eigenschaften: die Zahl der Photonen ist grof3, die Pulsdauer ist sehr kurz, die
Ausdehnung der Quelle ist klein und mindestens djeXrahlung ist auch noch monochroma-
tisch. Zur optimalen Brillanz fehlt also nur noch die Biindelung. Tatsachlich ist die Leuchtstarke
der Ky-Quelle, also die Zahl der Photonen pro Zeit und emittierende Flache und Bandbreite,
grof3er als die, die in zukunftigen Freien Elektronenlasern generiert werden kann. Réntgenlini-
enstrahlung aus (nichtrelativistischen) Atomen wird immer isotrop bleiben. Streut man jedoch
einen starken Laserpuls an einem relativistischen Elektronenstrahl, so wird der Elektronenstrahl
vom Lichtfeld wie in einem Undulator moduliert und strahlt gerichtet ab. Die Energie der Strah-
lung wird durch die Geometrie der Anordnung und die Elektronenenergie bestimmt und kann
viele keV betragen, also genau die Photonenenergie, die fir Réntgenbeugung gewinscht ist.
Die Pulsdauer bleibt dabei kurz, da der Elektronenstrahl nur wahrend der Wechselwirkung mit
dem ultrakurzen Laserpuls moduliert ist. Diese nichtlineare Thomsonstreuung konnte den Pho-
tonenfluld in RoGntgenbeugungsexperimenten erheblich steigern und aul3erdem den Einsatz kom-
plizierter und ineffizienter RGntgenoptik vermeiden helfen.
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Nichtlineare Rontgenoptik

Nichtlinear optische Prozesse erfordern in der Regel hohe Lichtintensitaten, weil die Suszep-
tibilitdten fur héhere Ordnungen der Felder bzw. die Wirkungsquerschnitte fir Mehrphotonen-
prozesse klein sind. Im sichtbaren Spektralbereich ist die Beobachtung, Charakterisierung und
insbesondere die Anwendung nichtlinearer Prozesse bis in hohe Ordnungen durch die Existenz
von starken Lasern einfach. Im Rontgenspektralbereich jedoch ist bislang noch kein einziger
echter Mehrphotonenprozess gemessen worden, da keine geeignete Lichtquelle existiert. Laser-
produzierte K-Quellen, wie ich sie in Kapitél|3 beschrieben habe, kdnnten in naher Zukunft
intensiv genug sein, um einfache nichtlineare Prozesse mit Photonen mit Energien einiger keV
zu induzieren. Zum Beispiel folgt aus dem Wirkungsquerschnitt fir Zweiphotonen-K-Schalen-
lonisation mittelschwerer Kerne und deg+#hotonenmessungen in Abschpitt 3, daf die Ront-
genintensitatim Laserfokus ausreicht, um 1000 Zweiphotonenereignisse pro Laserschul3 zu pro-
duzieren. Leider kann man diese nicht von den viel haufigeren linearen lonisationen durch Pho-
tonen oder Elektronensto3e unterscheiden. Mit einer nicht allzu grof3en Steigerung der Réntgen-
intensitat sollte sich bald ein sauberes Experiment zur nichtlinearen Rontgenoptik durchfiihren
lassen. Die erste Anwendung wird die Messung der Pulsdauer der ultrakurzen Rontgenpulse
selbst sein, die bisher nur aus indirekten Messungen abgeschéatzt werden kann. Die zweite ist
die experimentelle Bestimmung der nichtlinearen Suszeptibilitaten im Rontgenspektralbereich.
Anwendungen zum Beispiel zur Frequenzkonversion wirden wie auch im sichtbaren Spektral-
bereich der Spektroskopie viele Moglichkeiten schaffen.

Laserinduzierte Kernphysik

Die im Kapitel[4 beschriebenen Experimente zu laserinduzierten Kernreaktionen wie Fusion
kleiner oder Spaltung grof3er Kerne sind zunachst aus Neugier auf ein flr Laser- oder Atom-
physiker ungewohntes Thema entstanden. Dal3 die ersten Experimente erfolgreich waren, ist
sehr erfreulich. Bei der Photoneutronenerzeugung und der Kernspaltung sind sie auch erst-
malig Table-top-Laser gelungen. Bislang beschranken sich die beobachteten Reaktionen auf
altbekannte Kernphysik. Dies wird sich erst andern, wenn aufgrund der kurzen Dauer und da-
mit hohen Intensitat der Elektronen- und Photonenpulse nichtlineare Kernanregungen induziert
werden konnen.

Hingegen sind Anwendungen dieser Methoden in der Isotopenproduktion und -transmutation
durch Neutroneneinfang, Protonenstol3 oder Photo- und Elektronenspaltung denkbar. Basierend
auf den Neutronenausbeuten der in Kapitel 4 beschriebenen Experimente haben wir eine detail-
lierte Abschatzung der erzeugbaren Aktivitat eines kurzlebfgyeaktiven lodisotops durchge-

fuhrt (228)). Unter optimalen Moderierungsbedingungen sollte mit einer Neutronenquelle wie
der unseren eine Anfangsaktivitat von vielen hundert Kilobequerel erzeugt werden kénnen.
Dies ist nahe an einem flr radiologische Zwecke notwendigen Wert. Der technische Vorteil ei-
ner solchen Anlage kénnte ihre im Vergleich zu einem Neutronenreaktor geringe Grof3e sein,
die insbesondere lokale Produktion kurzlebiger Isotope erlauben wirde.

Eine weitere mdgliche Anwendung ist die Transmutation langlebiger radioaktiver Isotope aus
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der Kernenergiegewinnung. Diese kdnnen entweder durch thermische Neutronen oder durch
Photospaltung oder durch Spaltung mit schnellen Neutronen in kurzlebige oder gar stabile Iso-
tope umgewandelt werden. Fir einige Isotope ist die Transmutation durch thermische Neu-
tronen allerdings unpraktisch, da aufgrund der Neutroneneinfangquerschnitte des Isotops und
seiner benachbarten Isotope eine gré3ere Menge mehr des zu transmutierenden Isotops gebil-
det als vernichtet wird oder neue, schwere, ebenfalls radiotoxische Isotope erzeugt werden. In
diesen Fallen ist eine Umwandlung durch Photospaltung @chen)-Prozesse moglich. Es hat

sich herausgestellt, dal3 diese Prozesse mit kleinen Laseranlagen ausgelost werden kénnen. Nun
wird man zeigen missen, welche Ausbeuten diese Prozesse erreichen kdnnen, um letztlich zu
einer Aussage Uber die totale Effizienz lasergetriebener Kernspaltung zu gelangen. Dann erst
kann man entscheiden, ob es ein realisierbares Lasersystem geben kann, das in einem sinnvol-
len Zeitrahmen von einigen zehn Jahren nuklearen Abfall in kurzlebige oder gar stabile Kerne
umwandeln kann. Bis dahin wére es aber noch ein weiter Weg.

Die experimentelle Physik in ultrakurzen und ultraintensiven Feldern wird in den kommenden
Jahren spannend und interessant bleiben. Es werden grundlegende Fragen zur relativistischen
Plasmaphysik bei den heute erreichbaren und vielleicht noch héheren Laserintensitaten bearbei-
tet werden. Es werden sich Bezilige zu hochenergetischen astrophysikalischen Problemen auftun
und nichtlineare Prozesse mit Rontgenstrahlung werden moglich sein. Die von relativistischen
Laserplasmen emittierten Photonen, Elektronen, Neutronen und lonen werden wegen ihrer drei
charakteristischen Eigenschaften, der Kiirze, des hohen Flusses und des kleinen Quellvolumens,
in vielen Gebieten Anwendungen finden. Gewil3 wird dies in der zeitaufgeldsten Spektrosko-
pie der Fall sein, und zwar zunachst mit mittelharter Rontgenstrahlung, spéater vielleicht aber
auch mit Teilchenstrahlen. Ob sich wegen einzigartiger Eigenschaften spezielle Anwendungen
in der Isotopenproduktion entwickeln werden, muf3 sich noch zeigen. Im Bereich der intensiven
weichen und mittelharten Réntgenstrahlung erwachst den laserproduzierten Plasmaemissionen
die Konkurrenz des Freien Elektronenlasers. Die besonderen Starken der Laserplasmen im Ver-
gleich zu Freien Elektronenlasern oder Synchrotrons werden aber auf absehbare Zeit die Kirze
und die wirklich hohen Photonenenergien bleiben, und auch der vergleichsweise geringe Auf-
wand, sie zu erzeugen.
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Femtosecond time-resolved two-photon ionization spectroscopy of K 2
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We investigated the coherent motion of vibrational wave packets inBhe'll, state of the
potassium dimer applying two color pump/probe spectroscopy with a sub 100 fs time resolution.
Special interest was paid to the ionization probe step which was analyzed carefully by varying the
probe energy over a wide range. Time-dependent quantum calculations explain the experimental
outcomes by introducing a nonconstant transition dipole moment betwegB)thad the ionic state

|X+) and by taking into account the excitation of long lived autoionizing Rydberg stated99%5
American Institute of Physic§S0021-960627)02647-Q

I. INTRODUCTION domain, obtained by Fourier transformation of the time do-
main signal, the primary results are the energy differences of
Femtosecond time-resolved photoionization spectrosthe contributing levels. In vibrational wave packet spectros-
copy has become a widely applied experimental method teopy these give the vibrational constants of the molecular
study coherent vibrations, rotations, and reaction dynamicsystem and therefore the potential energy surfdde, rota-
of electronically excited molecules and clusters. tional coherence spectroscopy they include the rotational
The method evolved from femtosecond time-resolvedconstants or tensor components which in particular give in-
spectroscopy of chemical reactions pioneered by Zewail anfbrmation about the geometry of the molecular systént.
co-workers: 3 The key idea of the method is as follows: a By a combination of the two coordinates in a spectrogram
first ultrashort laser pulse, the pump pulse, excites a cohereplotting intensity versus time and frequency energy exchange
superposition of molecular eigenstates. This wave packgirocesses can be nicely demonstrated.
subsequently evolves in time until a second laser pulse, the In particular, in a large variety of homonuclear and het-
probe pulse, perturbs its evolution by excitation into a final,eronuclear diatomic systems, vibrational wave packets along
for example, ionic state. In the latter case the number of ionghe internuclear bond were investigated. In,Nad K, vi-
measured as a function of the time between pump and proligrational dynamics in thpA) 1= state could be pursued for
process reflects the dynamics of the wave packet in the inseveral tens of ps including dephasing and rephasing of the
termediate state if the probing step is sensitive to the locatiogignal due to the anharmonicity of the potential energy sur-
of the wave packet on the potential energy surfate. face. Interference effects with the electronic ground state and
The probing pathway does not necessarily have to bgith higher electronic stat&® and spin orbit coupling ef-
ionization but can also be excitation to a fluorescence state dects with a closely lying|b) 31, state were observed in
to a dissociative state. In these cases the fluorescence yield losth molecules® Even isotope selective dynamics 3h3K
the number of dissociation products is measured as a funend 3%*K could be detectéd and an isotope separation
tion of the delay time between pump and probe pufses. scheme which rests on this selectivity was propd€epuan-
Recently the use of femtosecond time-resolved coherent antium mechanical calculation to simulate the obtained transient
stokes Raman spectroscop@ARS) to detect ground and ion signals was performed:?® Experiments on the wave
excited state vibrational motion in a single experiment waspacket dynamics in thiC) 11, state of Cswere reported*
demonstrated in our laboratofyThe advantage of photoion- The latter were analyzed recently with respect to the effect of
ization in comparison to these techniques is the additionathermal averaging? Long lived coherent signal showing dis-
possibility to discriminate easily between different ions bytinct rephasing effects occurred in wave packets in|Bie
utilizing their different charge to mass ratem. This is  state of molecular iodine, detected by ions as well as by zero
essential if molecular systems like clusters or complexes arkinetic energy electrors. Fractional revivals, partial rephas-
investigated which have to be prepared in supersonic jet exng effects in strongly anharmonic potentials, were nicely
pansions. Even if several species are ionized by the lasefemonstrated in Br'® Also, in the heteronuclear NakK, vi-
pulses, a quadrupole or time of flight mass spectrometer caprational wave packets could be obser¢&#f.
select the desired system. In this contribution we describe experimental and theo-
Twofold information can be extracted in principle from retical investigations of vibrational wave packet dynamics in
the transient signals: in the time domain the coherent motiothe |B) 11, state of the potassium dimer,KFigure 1
of the wave packet appears as a superposition of harmonghows the potential energy as a function of the internuclear
signals with frequencies given by the energy spacings of theeparation of the electronic ground stdfé) 129+, the
participating levels. Phase relaxation processes can be sefB) 1} state?® and the ground state of the ion;kx
as a loss of coherence, and energy relaxation or transport can) 22; .2" The vibrational constants in theB) state are
be identified if different modes are coupled. In the spectraw,=75cm ! and wex,=0.39cm? and the equilibrium

J. Chem. Phys. 107 (23), 15 December 1997 0021-9606/97/107(23)/9749/6/$10.00 © 1997 American Institute of Physics 9749
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2 3 4 5 6 7 8 FIG. 2. Schematic view of the experimental setup. The skimmed molecular

beam, cooled in a supersonic jet expansion, enters the interaction region
from the left. Pump and probe pulses are generated by two identical OPA
systems, driven by the output of a commercial Ti: sapphire regenerative
FIG. 1. Pump/probe scheme for femtosecond two-photon photoionizatio@MPplifier. Pulses tunable in wavelength from about 500 to 750 nm with
spectroscopy of the potassium dimer via kBg TT, state. At timet=0 the pulse energies -of sev_er,aU anq 80 fs length are obtained. The_ ion SIgnal_ls
pump pulse creates a vibrational wave packet i Bjestate which evolves ~ detected by a linear time of flightf OF) mass spectrometer, oriented verti-

in time on the electronically excited potential energy surface. The motion of°ally in this figure.

the wave packet is then monitored by applying a time delayed probe pulse

that can be tuned in energy over a wide range, exciting the system to the

ionic ground statéX+) of K.

Internuclear separation / A

chamber from the spectroscopy chamber. The latter is evacu-

ated by a 550 I/s turbomolecular pump to about 1énbar.
nuclear separation ifX) is 3.924 A, in|B) 4.236 A% The The two color femtosecond laser system is a combina-
lower arrow represents the pump pulse exciting the vibration of commercial products: it is headed by a Kerr lens
tional ground state wave function ¢X) to the vibrational ~mode-locked Ti:sapphire laséMIRA, Coheren} producing
manifold of |B). The five upper arrows indicate the probe pulses of 80 fs duration at a repetition rate of 76 MHz. These
process after a time delay ofwith different probing ener- Ppulses are regeneratively amplified in a chirped pulse ampli-
gies. fier (CPA-1000, Clark-MXR to 1.1 mJ per pulse within 90

The paper is organized as follows: A short sectin ~ fs at a repetition rate of 1 kHz. The amplified pulses are

describes the experimental configuration. Section Il presentdivided by a 1:1 beamsplitter and directed into two optical
the experimental observations of the wave packet dynamicgarametric amplifiersTOPAS, Light Conversion By sec-
in the |B) state of K, for different pump and probe wave- ond harmonic generation of the signal wave or sum fre-
lengths. In Sec. IV we will compare these with the theoreti-quency generation of the signal wave with the rest of the
cal predictions and develop possible explanations of thé@ptical parametric amplifieOPA) input beam both OPA

measured results. output pulses can be tuned between 490 and 750 nm. Their
spectral width is approximately 250 cth After passing
Il. EXPERIMENT through prism compressors the duration of the pulses is

about 80 fs with energies of someé per pulse depending on

The experimental setup is composed of three majothe wavelength.
parts: the molecular beam apparatus, the two color femtosec- Both the pump and the probe beams are focused through
ond laser system, and the pump/probe and detection scherpamholes for mode cleaning. The pathlength of the probe
(Fig. 2. beam can be changed by a motorized delay line to control the

The molecular beam apparatus consists of two vacuumelative time delayr between pump and probe pulse. The
chambers, one for the potassium oven and one for spectrobeams enter the spectroscopy chamber collinearly. A 200
copy and detection. The oven chamber is evacuated by mm achromatic lens is used to focus them into the molecular
5000 I/s diffusion pump to a pressure of approximatelybeam. The interaction spot is located in the center of the
10" % mbar. The potassium cartridge is heated to 380 °C, itscceleration region of a 25 cm linear time of fligfitOF)
nozzle(diameter: 10Qum) to 450 °C to prevent plugging. A mass spectrometer equipped with a chevron multichannel
back pressure of 1-3 bar argon gas was applied to the caplate detector. The potassium dimer signal is isolated from
tridge. A skimmer with 1 mm opening separates the overall other cluster ions by setting the integrating window of a
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FIG. 3. Transient ion signals obtained for wavelengths of 635(pump W

and 578 nnprobg and the Fourier transform of the time domain signal are 0 1 2 3 4 5 6
shown. The latter exhibits the energy spacings of the coherently superposed
vibrational levels in thdB) state. Because of the rapid decay of the oscil-
lations in the transient ion signal energy, differences between neighboring
levels due to anharmonicity effects could not be resolved. FIG. 4. Transient ion signals obtained by two-color photoionization pump
probe spectroscopy are shown in this figure as a function of the probe pulse
energy. Starting with low probe pulse energies)=685 nm), where ion-
boxcar integrator to the appropriate time. The boxcar outpuigation to the bottom of the potential energy surface Oﬂ mﬁ) takes place,

. . . ... corresponding to zero excess energy, the wavelength of the probe pulse
is averaged and stored together with the delay line posmo,l‘:i‘hoton is gradually decreaseth: \—580 nm, c: A—556 nm, d: A

In a computer. =531 nm, eA=517 nm, and fA =499 nm)

lon s

|

Time Delay / ps

presses the fact that the Frank—Condon factor for a transition

Nl EXPERIMENTAL RESULTS into high vibronic levels ofB) (578 nm excites t@’ ~30) is

The vibrational wave packets in thB) state of the po- neglectable and neither pump nor probe pulse alone can ion-
tassium dimer are created by tuning one of the OPA to théze the K, molecule. Aroundr=0 the ion signal rises with a
|B)—|X) transition. Due to the bandwidth of the laser pulsesslope determined by the cross correlation function between
of about 250 cm?, three to five vibrational levels are coher- pump and probe pulse. For>0 the ion signal has two con-
ently excited(we=75cm !, wX.=0.39 cni?) at a center tributions: a constant offset which lasts longer than 1 ns and
wavelength of 635 nm. As the equilibrium nuclear separatioran oscillating signal. The latter one is the real time observa-
in |X) and|B) are similar, the Franck—Condon factors die tion of the wave packet motion in tH8) state. Its period of
off quickly with increasingAv.2® Under the realistic assump- 480 fs corresponds to the wave number spacing of the vibra-
tion that the complexes in the supersonic expansion are ifional levels aroundv’ =5 which are(Es. ,=71.4cm?,
their vibronic ground state, the mean vibrational level of theE,._ =70.7 cmi'%). The inset of Fig. 3 shows a Fourier
wave packet in|B) could not be chosen higher thari  transformation of the oscillating part of the ion signal show-
=10. The probe pulse had the same duration and bandwidiiag a single peak at 70 cm. The difference between the
as the pump pulse. In a first experiment, the probe wavewave number spacings due to the anharmonicity of the po-
length was set to the value corresponding to the energy diftential cannot be resolved in this measurement, since the os-
ference between the mean energy of the wave packet and théllation disappears after-8 ps limiting the spectral accu-
bottom of the ionic potential. The total ion signal of the racy to~3 cm ™.

potassium dimer ion was detected as a function of delay In a second experiment we varied,,. Step by step
between pump and probe, which was varied frer@ ps to  from 620 to 499 nm. Tha ,,,,,was held constant at 635 nm
some tens of ps. for simplicity. If the probe energy is increased, more and

In this case, where the sum of pump and probe energiesore final ion states should participate in the ionization, be-
is just the ionization potential, one can expect the transientonging to all possible distributions of the excess kinetic en-
signal to mirror the wave packet motion in thB) state. ergy between the electron and the ion. This distribution,
From the potential energy surfaces and the wavelengths d¢fowever, is limited by the Franck—Condon factors for the
pump and probe photon one can conclude that there shou|X + )« |B) transition. Since all these pathways result in dif-
exist an ionization pathway only at the outer classical turningerent, essentially phase shifted transients, the time depen-
point of the wave packet. dence of the overall ion signal should vanish for large total

Figure 3 shows a typical result for,,,=635 nm, cor-  energy*®?°A simple theory taking into account only the ion
responding to the transitiofB(v' =4))«|X(¢'=0)) and ground state shows that at the latest at about 1600-cm
Nprobe=578 nm. Delay time zero means simultaneous pumpabove the ionization potential, corresponding to 525 nm in
and probe pulses. At negative times the probe pulse is first, @tur experiment, no transient signal should be left.
positive times the pump pulse is first. At negative times the  The experiment, however, shows a pronounced oscilla-
ion signal is essentially time independent and zero. This extion pattern for whatever probe wavelendtfig. 4). Again
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there is no ion signal at negative delays. At positive times in
all transients the long living constant background is seen. r\
Oscillations with a periodicity of 480 fs are found in all cases I A
even if the total energy is more than 3000 cnhigher than

the ionization potential. Not only is the periodicity preserved
but also its contrast does not change significantly for all
probe pulse wavelengths between 620 and 499 nm. It is ob-
vious that there exists a strong discrepancy between the ex-
periment and the nee theory of three states|X),|B),
|X+)) and two photongpump, probg taking part in the
ionization process. This question will be discussed with the
help of time-dependent quantum calculations in the follow-
ing section.

=525 nm

probe

A probe = 556 nm

VVVVVVVVY

480 fs by

o

Ton signal

=585 nm

‘probe

IV. DISCUSSIONS

To simulate the transient ion spectra obtained in the ex- I
periment we performed time-dependent quantum calcula- A . :
tions using three electronic states, i.e., the ground $¥te 0 1 2 3 4 5
the excited statfB), which is accessed by the pump pulse of Time delay / ps
635 nm, and the ionic ground stdté+). Pump/probe ion-

ization signals are calculated under the following assumpE!G: 5. Calculated transient ion signdisg. (2)] for a pump wavelength of
tions: 635 nm and probe wavelengths as indicated. Constant transition dipole mo-

ments were assumed in the calculation.

(i) the initial state before the interaction with the laser
pulses is the vibrational ground stagg of the mol-

ecule in statdX). The total ion signal is calculated as
(i)  The rotational motion is negligible, i.e., all signals are
calculated for a rotational quantum numberJef 0. P(T)=Iimef dE(ge(t, 7)| ge(t, 7)), (2

(i)  The electric dipole approximation is assumed and the
dipole moments for the|B)«—|X) and the |[X  where the brackets denote integration over the bond distance.
+)«|B) transitions are set to a constasee, how- In practice the limit in the above equation is reached after the

ever, the discussion belgw second pulse decayed to zero since afterwards the norm of
(iv) Second order perturbation theory is used, i.e., we asthe wave functionsfg(t,7) remains constant. We use the

sume weak electric fields. split-operator methot for the propagation of the wave
(v)  The laser pulse envelopes are taken as Gaussians wiffackets and the second order integral in @84.is evaluated

a width (full width at half maximum of 100 fs. as described in Ref. 32. The energy integral is evaluated by

(vi)  No coupling between the nuclear and electronic dediscretization of the continuum.
grees of freedom and between the core electrons and We use the potentials displayed in Fig. 1 in our calcula-

the emitted photoelectron is included. tion. Figure 5 shows the transient ion signals, calculated for
(vii) The ion signal is proportional to the ionization prob- different probe wavelengths, as indicated. We used an energy
ability. grid with a step size oAE=0.02 eV. The shown results are

converged with respect to this step size. The energy interval
18 which the ionic wave functions have to be calculated
ranges from w,—E=2.06eV to w,—E=2.30eV. For
&maller or larger values, the norm of the wave functignis
negligible. For a probe wavelength of 585 nm the signal
shows oscillations which correspond to the vibrational period

Under these assumptions which have been used before
simulate pump/probe ionization spect?£’?%*%the nuclear
ionic wave function which corresponds to the emission of
photoelectron with kinetic energl is obtained agatomic
units are used

t t2 of the B state of K. These oscillations are still apparent if
‘ﬂE(t'T)”fﬁmdtZJ’%dtluﬁt_tZ) the wavelength is decreased to 559 nm. However, a back-
ground arises which is due to the summation over the elec-
X f(t,—Ty)e @By (t,—t,) tron energies which are energetically allowed. In the case of

O Norobe= 525 nm the oscillatory behavior of the ion signal is
_ fwqt probe

Xty =Ty)e ™ 1Ux(ty) do. @ completely missing. The only temporal change is obtained
Heref(t;—T,) are the Gaussian envelope functions of pumpduring the time when pump and probe pulse overlap. This
(i=1) and probe i(=2) pulse which are centered at times behavior has been analyzed beftté°

T;. Thus the delay time between the pulsegisT,—T;. If we compare the ion signals to those obtained in the
The frequencies of the pulses aig and U,, and are the experiment we find two discrepancie§) the background
propagators in the different electronic states. which is found experimentally already at longer probe wave-
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FIG. 6. Same as Fig. 5 but a coordinate dependent transition dipole momeG. 7. Calculated total ion signfEq. (4)] including a coordinate depen-
(Eq. 3 for the|X+)«|B) was included in the calculation. dent transition dipole moment and contributions from molecular Rydberg
states which converge to the ionic ground state.

lengths is missing in the theory ariil) the oscillations ap-

parent in the measured signal remain at shorter wavelengthsulation it is obvious that the direct ionization process cannot
whereas they vanish in the calculated signals. be the only one to be discussed since, for a wavelength of

Let us first discuss the latter point. In the calculation it585 nm, which is close to the ionization threshold, no con-
was assumed that the transition dipole moment.. g for  stant background arises in our calculated signal. There exists,
the|X+)«—|B) neither depends on the bond lengtmor on  however, the possibility that singly excited Rydberg states of
the photoelectron enerdy. To our knowledge these depen- the molecul@® are excited, which decay via autoionization.
dencies are not well known for diatomic molecules. The reaThis, indeed is one of the basic processes which allow for
son for this is quite simple: a quantum chemical calculatiorhighly resolved zero kinetic energy spectZEKE).3* The
of these moments would involve the full scattering calcula-Rydberg states of Kwere analyzed by Broyest al. in two-
tion for the ionic state which cannot be performed with stan-and three-photon resonantly enhanced multiphoton ioniza-
dard quantum chemical computer codes. Let us, for simpliction REMPI experiments and their decay by auto or field
ity, assume a transition dipole moment function which is ajonization was discussed.Independent of the lifetimes of
linear function of the bond length these states which range over a very large time scale, the

_,,0 +aR &) ionization process will occur with a certain efficiency. We

Mx+ B~ Mx+ B may simulate the contribution to the ion signal via the indi-
with « being a positive number. Then the wave packet atect ionization process by calculating the population in vari-
different locations is weighted differently. In other words, ous Rydberg states which have potential energy curves equal
the transition probability to the final state is larger if the to the ionic one but are shifted towards lower energies.
packet is located at the outer turning point of its vibrationalwithin our perturbative approadsee Eq(1)] this is equiva-
motion as it is when the inner turning point is reached. Thudent to an increase of the probe laser frequengy This in
we expect that even for shorter wavelengths a time deperfact yields the same constant background as in the case of the
dence of the signal can be obtained. The derivative of thghort wavelength excitatiotsee Fig. 5, upper panelOf
dipole moment with respect tB then determines to which course here we have neglected possible interference effects
extent a deviation from the constant ion signal is obtainedbetween the different ionization pathways. The relative in-
Figure 6 shows the signal for the same wavelengths regardeadnsity of the background signal depends on the dipole cou-
before(see Fig. $. The results were obtained with a dipole pling elements between tH8) state and the electronic Ry-
moment as given in Eq3) using a value oix=1a.u.(cor-  dberg states. If we assume them to be equal to the one of the
responding to~2.5 Debye atR=1 a.u). Indeed now an neutral-to-ion transition we may now calculate the signal as
explicit time dependence can be found in the ionic popula- _
tion for a wavelength oh ;o= 585 nm which reflects the Piol( ) =P(7) +Pryd 7). @
vibrational dynamics in the electronjB) state. where Pgy(7) is the signal obtained fok ,ope=525 nm.

Let us now turn to the second discrepancy between th&his is justified since contributions for shorter wavelengths
calculated and measured transient ion spectra. From the cdlave negligible intensities. The results are displayed in Fig.
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Abstract

Vibrational wavepacket propagation in the electronic ground state [X) of supersonic jet cooled potassium dimers was
investigated with a femtosecond pump—probe experiment. The wavepackets were generated by resonance enhanced
stimulated Raman scattering into E'>'< =5 and interrogated by a time delayed three photon ionization process. The choice of
the wavelength of the probe photons enabled a pure detection of ground state wavepacket dynamics. Fourier analysis of the

wavepacket oscillation with a period of 375 fs reveals a one color stimulated emission pumped component around 92 cm

-1

and a stimulated Raman pumped component around 88 cm 1. © 1998 Elsevier Science B.V.

1. Introduction

The concept of the preparation of a vibronic
wavepacket with a femtosecond laser pulse and a
subsequent probing step with a laser pulse on the
same timescale to monitor the evolution of the vi-
bronic wavepacket, pioneered by Ahmed Zewail in
the late eighties, is a powerful experimental tech-
nique. It allows to study in rea time phenomena like
propagation of the wavepacket within a potential
energy surface or in atransition state, photodissocia-
tion, intramolecular energy redistribution or even
controlling of reaction pathways [1-3]. The method
has been applied with great success to a large variety
of molecular systems from diatomics and small clus-
ters through small molecules undergoing € ementary
reactions to biologically relevant systems [4,5]. Sev-
eral probing and detection schemes such as fluores-

* Corresponding author.

cence [6], multiphoton ionization [7,8] and coherent
anti-Stokes Raman scattering (CARS) [9] have been
adapted to the technique.

Diatomic systems and in particular alkali metal
dimers, which can be produced purely in their vi-
bronic ground state by a supersonic jet expansion,
remained of interest since the first days of femtosec-
ond wavepacket spectroscopy, because some funda-
mental aspects of the method could be demonstrated
and highlighted with exceptional clarity: Nal for
example serves as a mode system for the behavior
of a wavepacket at crossing potential energy surfaces
[10,11]. Wavepacket dynamics in different, and also
in coupled electronically excited states of Na, were
extensively studied including detailed investigations
of the multiphoton ionization pathways in the probe
step [7,12]. Spin orbit coupled electronic states of K,
were investigated by their influence on the
wavepacket's propagation with isotopomer resolu-
tion [13]. Interferences of wavepackets in Cs, could

0009-2614 /98 /$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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be generated and detected [14]. Fractiona revivals of
wavepackets due to the beating of portions of the
wavepacket with different periodicities were aso
reported in Br, and NaK and nicely illustrated with
the help of spectrograms [15,16]. In a preceding
pump—probe experiment on potassum dimers we
could show that the electronic transition dipole mo-
ment which is responsible for the ionization probe
step varies with the position of the wavepacket on its
potential surface [17].

However, the method so far has been mainly
applied to investigate the vibrational motion of neu-
tral molecules in one of their electronically excited
states, because the excited states are accessible with
one photon from a femtosecond laser pulse in the
visible wavelength regime. To our knowledge only a
few exceptions have been reported: In an ordinary
pump probe experiment in the case of very high
pump intensity a small contribution of a ground state
wavepacket can be generated by stimulated emission
pumping within a single pump pulse in addition to
the dominating generation of a wavepacket in an
electronically excited state by one photon excitation
[18]. A second approach is the socalled NENEPO
(NEgative-NEutral-POsitive) technique: By detach-
ing the extra electron of a singly charged anion with
an fs pump pulse a ground state wavepacket of the
neutral species can be generated and subsequently
interrogated by ionizing to the cation. With the
NENEPO method the nuclear motion of silver trimers
after neutralization has been monitored [19]. And
finally a coherent anti-Stokes Raman scattering ex-
periment, where the second pump pulse was delayed
with respect to the first pump and the Stokes pulse,
was applied to benzene [9] and iodine [20] in the
vapour phase. The coherent optical signa at the
anti-Stokes wavelength as a function of the time
delay displayed ground state wavepacket oscillations.

In this paper, we introduce an experimental con-
cept which enables us to study selectively the vibra-
tional wavepacket motion in the electronic ground
state of a species produced in a supersonic jet expan-
sion and show first results for an application to the
potassium dimer. The method essentially consists of
two major spectroscopic steps and a mass selective
detection scheme (Fig. 1). First the preparation of a
vibrational wavepacket in the electronic ground state
via resonant two color stimulated Raman scattering:
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Fig. 1. Potential energy surfaces of the potassium dimer. The
X)'S; state wavepacket is generated by a stimulated Raman
process with the pump pulse at 643 nm and the dump pulse at 661
nm. The |B>1Hu state is used as an intermediate resonance. The
time delayed three photon ionization at A= 796 nm selectively
probes the ground state wavepacket by using the (5) 'Sy state as
an energy and a wavepacket position filter. In contrary to that, the
probe process of a wavepacket in |B) (dashed arrows) does not
exhibit a position selectivity.

The wavelength of an ultrashort laser pulse (pump)
is tuned to the resonance of a transition from the
ground state [X) to an electronicaly excited state. A
second, simultaneous ultrashort laser pulse (dump)
with a dightly longer wavelength transfers a part of
the excited state population back to the ground state.
Due to the bandwidth of the laser pulses of some
hundreds of wavenumbers a wavepacket consisting
of several coherently excited vibrational states of
[X) is generated. Its mean vibrational level can be
chosen by the energy difference of the two involved
photons within the limits of the Franck—Condon
rule.

This wavepacket starts evolving in time until it is
probed by a time delayed multiphoton ionization
process, which preferentially ionizes the ground state
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population of the molecule by appropriate resonance
enhancement. The ionization path from the ground
state must be favoured from the path from the ex-
cited state by two aspects: The probability should be
higher even though at least one more photon is
needed, which requires one or more intermediate
resonant states. The second even more important
aspect is the selectivity of the path with respect to
the vibrational coordinate. Only if the ionization
depends on the position of the wavepacket on the
potential energy surface its time evolution can be
followed by counting the total number of ions at
different delays of the probe pulse. This selectivity
can be achieved either by pure energy conditions,
e.g. if the first photon can only be absorbed at one of
the turning points of the wavepacket on its way on
the potentia energy surface, or by a coordinate
dependent transition dipole moment or of course a
combination of both [17]. On the other hand the
ionization from the intermediate state in the stimu-
lated Raman process should neither be resonance
enhanced nor coordinate selective, for example end-
ing very high in the ion potential or even dissociat-
ing the ion. The mass selective detection to restrict
the experiment to the desired species of the super-
sonic jet, in our case the potassium dimers, is accom-
plished by means of a time-of-flight mass spectrome-
ter.

2. Experimental

The experimental setup consists of a molecular
beam apparatus, a three color femtosecond laser
system, a pump—probe setup and a mass selective
detection scheme (Fig. 2).

The potassium dimers are generated in a super-
sonic jet expansion from a cartridge heated to 450°C
through a nozzle of 100 wm diameter into a vacuum
chamber. The expansion is backpressured with 1-3
atm of argon gas. The jet passes a skimmer before
entering the interaction spot with the laser beams.
More details of the molecular beam apparatus are
described in Ref. [17].

The head of the femtosecond laser system is a
Kerr lens modelocked Ti:sapphire laser (MIRA, Co-
herent). It is followed by a regenerative Ti:sapphire
amplifier with a repetition rate of 1 kHz (CPA-1000,
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Fig. 2. Schematic view of the experimental setup. The skimmed
molecular beam, cooled in a supersonic jet expansion, enters the
interaction region from the left. The pump, dump and probe pulses
are produced by splitting the output of a Ti:Sapphire based
regenerative amplifier system into three equal parts (BS1 and
BS2). The wavelengths of pump and dump pulses are indepen-
dently tunable between 500 and 750 nm by two optical parametric
amplifiers OPA 1 and OPA 2. Delay line 1 synchronizes pump
and dump pulses at the crossing point with the molecular beam.
The delay of the probe pulse (Aype = 796 NM) with respect to
pump and dump pulse is varied during the experiment by delay
line 2. All three pulses cross the molecular beam collinearly which
is not shown for clearness of the drawing. The ions are detected
by a 250 mm linear time-of-flight mass spectrometer (TOF)
oriented vertically in this figure.

Clark MXR), which delivers pulses with a wave-
length of 796 nm, an energy of 1.1 mJ and a duration
of about 90 fs. The beam is divided into three equal
parts by beamsplitters BS1 and BS2, two of which
are pumping the optica parametric amplifiers
(TOPAS, Light Conversion, Ltd.). The frequency
doubled OPA outputs serve as pump and dump
pulses with wavelengths of 643 nm and 661 nm,
respectively. Both pulses are recompressed by two
prism compressors (not shown in Fig. 2) to about 70
fs and are made synchronous with delay line 1. Just
before entering the vacuum chamber they carry an
energy of up to 100 nJ. The third portion of the
amplifier output is used as the probe pulse. To
achieve a variable time delay to the pump and dump
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pulses it is passed through a second motorized delay
line, its energy before entering the chamber is up to
several tensof wJ. All three beams are made collinear
by two additional beamsplitters and are focused onto
the molecular beam by a spherical lens with a focal
length of 200 mm (not shown in Fig. 2).

To detect the ions, the interaction spot of the
molecular beam and the laser pulsesis located in the
first acceleration stage of a 250 mm long linear
time-of-flight mass spectrometer. By means of a
BOXCAR integrator, the signals from the K, ions
are selected and recorded as a function of the delay
time between the pump /dump process and the probe
process.

3. Results and discussion

The potassium dimers in the supersonic jet are
assumed to be in their electronic and vibrational
ground state before entering the interaction regime.
The ground state vibrational wavepackets of K, are
created by a resonance enhanced stimulated Raman
process from the [X)'S; state via the [B)1, state
back to [X) (Fig. 1). From previous fs pump—probe
experiments it is known that wavepackets with mean
vibrational quantum numbers up to 10 can be pro-
duced in |B) by asimilar fs laser pulse for the pump
process as is used here [17]. For higher quantum
numbers the Frank Condon factors become very
small [21]. The mean wavelength of the pump pulse
was set to 643 nm corresponding to the v = 3 « v
= 0 transition. Corresponding to the spectral width
of the pulses of about 200 cm™* and the vibrational
constant of w(B) =75 cm~! the |B) sate
wavepacket consists of around 3-5 coherently ex-
cited states. The wavelength of the synchronous
dump pulse which stimulates instantaneous repopul a
tion of the electronic ground state is chosen to be
661 nm. With the vibrational constant of the ground
state w(X) =92 cm™* and the spectral width of
about 300 cm™! as the convolution of the band-
widths of pump and dump laser pulse the ground
state wavepacket should consist again of about 3-5
vibrational states with a mean quantum number
around 4-5. Both, the wavepacket in |[B) and [X)
now start oscillating in their potential, but due to the
different energy spacings between the vibrational
levels with different periodicities.

In order to monitor selectively the dynamics in
the ground state [X) the wavelength of the probe
laser pulse has to be selected carefully. One possibil-
ity in the given configuration is a probe wavelength
of around 800 nm (Fig. 1) which just happens to be
the fundamental wavelength of our amplifier: The
ground state wavepacket can be ionized by a three
photon process, exactly reaching the (5) 129‘* state
after absorption of two photons. This resonance in-
creases the efficiency of the path and introduces a
coordinate selectivity, since for energetic reasons the
excitation of the (5) state is only possible at the outer
turning point of the wavepacket’s motion in [X). On
the other hand the ionization from the |B) state needs
two photons, surpasses the (5) and (6) states and
ends up very high in theion potential [X + ) (~ 8000
cm™ ).

Fig. 3 shows the ion signal as a function of the
time delay between pump/dump process and the
probe pulse (delay line 2 in Fig. 2). At negative
times the probe pulse (A, =796 NM) interacts
earlier with the molecules as the stimulated Raman
process by the synchronous pump and dump pulse
(Apump = 643 nm and Ay, = 661 nm). Time zero
corresponds to the synchronous arrival of all three
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Fig. 3. Transient ion signal as a function of the time delay of the
probe pulse with respect to pump and dump pulses. For positive
delay times, when the pump,/dump process precedes the probe
process, the ion signal images the wavepacket oscillation in the
electronic ground state [X). This wavepacket with a periodicity of
365 fs is generated by a two photon process from the pump and
the dump pulse and interrogated by the probe pulse. At negative
delay times a wavepacket in the excited |A) state with a period of
480 fs is observed. In this case the preceding probe pulse gener-
ates the wavepacket and pump or dump pulses act as the probe.
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pulses. At positive times the probe is delayed with
respect to pump and dump. The pulse energies of
pump, dump and probe pulses were set to 20 nJ, 30
nJ and 100 nJ, respectively. Each data point is
accumulated over 2000 events which takes 2 sec-
onds.

At t <0 a small oscillation pattern with a period-
icity of 480 fs is detected on top of a constant
background. At negative times the probe pulse can
excite awavepacket in the |A)'S;" state with U, = 21
which will be probed by either the pump or the
dump pulse. Due to the larger equilibrium internu-
clear distance in the |A) state compared to the one in
IX) these high lying vibrational states can be popu-
lated [13]. The periodicity of the ion signal matches
the vibrational spacing of 65 cm™* around v) = 21.

At t = 0theion signal raises and starts oscillating
for several ps with a period of 365 fs. This is the
period of the internuclear vibration in the electronic
ground state [X). The ion signa is a pure image of
the ground state vibrational motion. A dight beating
can be seen in the signal at the third, seventh and
eleventh minimum. After about 9 ps the oscillation
vanishes in the noise.

A spectral analysis (Fig. 4) enlightens the origins
of the different contributions to the transient signal
after t= 0. All data points between t=0and t=9
ps were subjected to a Fourier transformation with-
out further manipulation except for a subtraction of
the slowly decreasing background. The main features
of the Fourier spectrum are the two peaks at 92
cm~! and 88 cm™ .

Even though these peaks contain only a few
points, there are two good reasons to believe that this
feature, which was reproducible, is not an artifact:
The spectral resolution of the Fourier transform of
about 3—4 cm™ !, determined by the time interval of
9 ps, is good enough to resolve this splitting of the
peak. Furthermore the splitting into two contribu-
tions and the asymmetry are robust against a change
of the Fourier transform limit between 8 ps and 13.5
ps.

In addition to these experimental tests the physi-
ca interpretation makes the data reasonable: The
component with its maximum at 92 cm™! expresses
the dynamics of a wavepacket generated by stimu-
lated emission pumping within the pump pulse itself.
This should consist of the vibronic levels 0, 1 and 2,
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Fig. 4. Spectral anaysis of the transient ion signal of Fig. 3 for
positive delay times. The vibrational wavepacket in the electronic
ground state [X) consists of a contribution around 88 cm™?! due to
a stimulated Raman process with a pump pulse photon and a
dump pulse photon (Ay,m,, =643 nm and Ay, = 661 nm, re-
spectively). The mean vibrational quantum number of this part is
7'=6. The second contribution around 92 cm~?, corresponding
to v'=1, is generated by stimulated emission pumping by the

pump pulse or the dump pulse itself. A small residual signal from

the |B) state wavepacket can be recognized around 67 cm™1,

whose wavenumber differences are Aw,1 = 92 cm™*

and Api2 =912 cm™! [22], which match very well
with the position of the line. The component at lower
wavenumbers, around 88 cm ™!, shows the motion of
a wavepacket generated by a stimulated Raman pro-
cess by the pump and the dump pulse from [X)(v" =
0) into [X)(W" = 6). According to the anharmonicity
of the potential the corresponding wavenumber split-
tings are Ars6 =884 cm™ ! and Ave7=87.7 cm™?!
[22]. The linewidth of the stimulated Raman
wavepacket should be larger since the convoluted
spectral shape of the two photon process covers
vibrational levels higher and lower than the center,
contrary to the stimulated emission pumped
wavepacket which cannot be extended below v” = 0.
The quality of the data does not allow for a positive
verification of the different linewidths, but at least
the result tends into the right direction. However, the
mean vibrational level of J' =6 is dightly larger
than expected. In fact the displayed measurement
was optimized by a delay of the dump pulse with
respect of the pump pulse of 100 fs. This gives the
wavepacket in the |B) state the time to move out-
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wards which should increase or open the Franck—
Condon windows to higher vibrational levels in the
ground state |X).

The small signal around 67 cm™" is a contribu-
tion from the |B) state wavepacket created by a one
photon absorption from the pump pulse. Its existence
can aready be seen in the time domain signa as the
weakly pronounced beating with a periodicity of 3—4
oscillation periods. The dump pulse aso contributes
to the stimulated emission pumping but less efficient
since its maximum does not reach the |B) potential
and therefore the two photon process is less reso-
nance enhanced. This was verified by repeating the
experiment blocking either dump or pump pulse and
keeping the intensities unchanged. The small appear-
ance of the |B) wavepacket again shows the strong
selection of the ground state dynamics through the
specia choice of the ionization path.

1

4, Conclusions

We introduced a method to investigate vibrational
wavepacket dynamics in the electronic ground state
where the ground state wavepacket was generated by
a stimulated Raman process and probed by time
delayed resonance enhanced three photon ionization
and applied it to the potassum dimer K,. Two
contributions are clearly separated in the spectra
analysis of the transient signal: Both, the pump and
the dump pulse alone generate a wavepacket in the
lowest vibrational states by stimulated emission
pumping with two photons from either the pump or
the dump pulse. The more interesting contribution to
the wavepacket is due to a true stimulated Raman
process by one photon from the pump pulse and one
photon from the dump pulse. Its oscillation period is
longer due to the anharmonicity of the ground state
potential and its mean vibrational level can be shifted
by changing the wavelength difference between pump
and dump pulse. The intermediate resonance condi-
tions of the probe step must be chosen carefully to
suppress the detection of excited state wavepackets,
namely the wavepacket in the intermediate state in
the stimulated Raman process.

The vibrational wavepacket induced by stimulated
Raman scattering is the promising outcome of the
experiment. Its application to more complex

molecules might open ways to the real time investi-
gation of ground state intramolecular dynamics of
and also between different modes of freedom.
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Selective generation and control of excited vibrational wave packets
in the electronic ground state of K
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We investigate the generation and real-time monitoring of coherent vibrational wave packets in the
electronic ground state of supersonic jet-cooled potassium dimers. Vibrationally excited wave
packets with mean quantum numbers 6 andv =11 are generated by a stimulated Raman process
which is enhanced by an electronic resonance. Two ultrashort laser pulses of different wavelengths
induce the pump and the dump process. The population of the final hot ground-state wave packets
is successfully controlled by a variable time delay between the pump and the dump process, which
enables us to wait with the dumping for the optimal Franck—Condon overlap between the
intermediate and the predicted final vibrational wave packet in the electronic ground stat®99©
American Institute of Physic§S0021-960629)00219-4

I. INTRODUCTION their relative timing, and in some cases even their relative
phases, almost complete selective population transfer into
vibrational states as high as=20 in OH has been achieved

the pgthway and_ yield of many chemical TeaCF'O”S Is th heoretically. The spectral bandwidth of the IR pulses is nar-
selective population of excited molecular vibrations of the . . .
row enough to select single vibrational levels, but broad

reactant. Excited vibrational levels can act as intermediate or ht lete th itation bef tina int
transition states to the desired product state if Franck—;anc’llJg 'cl)Jcotrnpele leet>§0|a|on eoret<:c|)<mp<a| ‘N9 ”: ra;an-
Condon windows or electronic transition probabilities to the ecular vibratlonal refaxation processes take place. in their

5 : )
product emerge in the excited vibrational state. Bound vibra/¢€MNt work;® Manz and Paramonov extended their steady

tional states above the barrier of a double-well potential oft&t€ method and have prepared quasicoherent molecular vi-
two isomers, for example, can allow the transition from onePrations in the dissociative continuum of the electronic
isomer to the other. Unimolecular reactions with differentdround state in the HONOmolecule.

possible products might be conducted into a preselected re- 1he second theoretical approach, first invented by Tan-
action path by exciting a vibrational wave packet with thenor and Ric€, uses a femtosecond pump—dump scheme. A

appropriate energy and shape. And finally, intramoleculatocalized vibrational wave packet is created by a vertical
vibrational relaxation processes can be studied in detail efransition to an intermediate excited electronic state with a

ther state Selective'y or even time resolved. first ultrashort laser pulse. The wave paCket starts mOVing
Two approaches to the preparation of the desired vibraalong the excited potential energy surface until it passes
tional excitation are conceivable. First, a single moleculathrough a Franck—Condon window with respect to the pre-
eigenstate is populated with high energy resolution. Thescribed target state and is dumped there vertically by a sec-
eigenstate has no observable time dependence and is spreaifl ultrashort laser pulse. In their first proposal of this
over the whole coordinate space according to the wave fungnethod, the evolution time of the wave packet on the inter-
tion. Second, a coherent superposition of vibrational states tmediate potential surface determined the choice between two
a vibrational wave packet is excited. The wave packet can bdissociation exit channels in the electronic ground state of
well localized at certain positions on the potential energythe molecule. An important requirement for the success of
surface and can move and vary its shape in time. Both aphis method is a difference in position or orientation of the
proaches, the energy selective and the time selective, haw@o involved potential energy surfaces with respect to the
been treated theoretically in great detail for diatomic mol-molecular coordinates. The efficiency of the pump—dump
ecules as well as for more complex systémiReviews and  scheme, and in particular the localization of the wave packet
comprehensive presentations of recent developments in ren certain points on the potential surface, can be improved if
lated theory and experiments are collected in Refs. 4-11. 4 frequency chirp is employed to the ultrashort laser pd%es_
The state selective method of Manz and Parambfov aAnother very efficient way to excite a ground-state vibra-
describes a stepwise population transfer from the reactaffonal motion is the technique of impulsive stimulated Ra-
ground state to the target state by a series of picosecond @fan scattering>*where a ground-state wave packet is gen-
subpicosecond infraredR) pulses of simple shape. Depend- grated while population transfer to the electronic excited
ing on the electric field strength of the individual IR pulses, g ;iface is blocked. With short intense laser pulses, a new
type of ground-state wave packet can be generated by impul-
3Electronic mail: wolfgang.kiefer@mail.uni-wuerzburg.de sive excitation:>® which carves a coherent dynamical

The first and important step of optimal laser control of

0021-9606/99/110(19)/9560/8/$15.00 9560 © 1999 American Institute of Physics
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“hole” out of the ground-state surface density. Whereasthe transition-state region of N&i.A first pump laser pulse
these methods involve two electronic states, the above déaduces a transition from the electronic ground state to a
scribed steady-state approach of Manz and Paramonov caeactive surface in the Nal molecule. A second laser pulse
take place within a single electronic state, typically thecould take some fraction of the dissociative system via
ground state. stimulated absorption to another potential energy surface or
Even though calculated optimal light fields turn out to by stimulated emission back to the ground state. A third laser
have sophisticated envelopes and unconventional carrier frgpulse is used to probe the population on the reactive surface
guencies, they are usually said to be theoretically robustith or without perturbation of a second laser pulse.
against rough changes, and some experimental techniques Selective population of rovibronic states of the elec-
have been successfully applied to the selective excitation dfonic ground state of alkali dimers was succeeded more than
molecular vibrations in the electronic ground state in thea decade ago by a two-color pump—dump proéé&3A first
frequency domain as well as in the time domain. The targehs laser pulse couples an intermediate and the final state. A
in our experiment will be the generation of vibrational wave slightly time-delayed ns laser pulse subsequently excites the
packets of prechosen mean vibrational energy in the eledimer from the initial to the intermediate state. This stimu-
tronic ground state of a potassium dimer and to monitor itdated Raman process by adiabatic passage, STIRAP, allows
evolution in real time. We use a stimulated Raman processomplete population transfer from an initial rovibronic into a
with two ultrashort laser pulses of different wavelengths andinal rovibronic state. The nonintuitive sequence of the laser
control the efficiency of the dump process by introducing afields in case of STIRAP can be explained by the idea of
time delay between the pump and the dump laser pulses. Thilressing the intermediate and final states by the applied
detailed procedure will be described after mentioning soma&ump field. This description holds if the interaction time of
of the former experimental efforts to investigate vibrationallythe light field with the molecule is much longer than its
excited molecules in their electronic ground state. vibrational and rotational periods. If, however, the presence
Femtosecond time-resolved coherent anti-Stokes Ramauf the light field is shorter than the intramolecular oscillation
scattering (CARS was successfully applied to liquid periods, the concept of wave packets as coherent superposi-
samples more than a decade 4§6° THz beatings between tions of several eigenstates is an appropriate description.
different vibrational modes of one or two species in a mix-  We have chosen the potassium dimer as a model system
ture have been detected and the fast dephasing times hafgg an fs pump—dump probe experiment because its elec-
been measured:'8 Different contributions to vibrational re- tronic and vibrational energies allow the preparation of well-
laxation in condensed phase, resonant-isotropic, resonarlbcalized vibrational wave packets with reasonable femtosec-
anisotropic, and nonresonant, have been seperately deterad laser pulses in the visible wavelength regime.
mined by proper alignment of the relative polarizations ofHomonuclear and heteronuclear alkali dimers and trimers
the three laser pulses and the sighi& Recently, fs CARS have benefited from the development of fs spectroscopic
experiments have been demonstrated on gas-phaseethods’®~3 For a comprehensive review on femtosecond
system&1??The influence of vibrational—rotational coupling real-time spectroscopy of small molecules and clusters, see
on the coherence decay in benzene and hexatriene has bele book recently published by E. SchreiBekvave packet
demonstrated* dynamics in different electronically excited states of,Na
A very elegant way to prepare a coherent superpositionvere extensively studied including detailed investigations of
of vibrational states in the electronic ground state of a neutrathe multiphoton ionization pathways in the probe st&ff.
molecule is to start with the corresponding anion and to reSpin-orbit coupled electronic states o} Kvere investigated
move the extra electron with an fs laser puid@he excess by their influence on the wave packet's propagation with
energy of this process excites a vibrational wave packet iisotopomer resolutioft: Interferences of wave packets in,Cs
the electronic ground state of the neutral molecule which cahave been generated and detecfeBiractional revivals of
be interrogated by time-delayed ionization to the cation. Thevave packets due to the beating of portions of the wave
equilibrium geometry of silver trimers varies with its charge packet with different periodicities were also reported in Br
from linear through obtuse isosceles to equilateral in the anand NaK and nicely illustrated with the help of
ionic, the neutral, and the cationic state, respectively. Thispectrogram&>34In a previous pump-probe experiment on
geometric change, induced by the two fs laser pulses, couldotassium dimers, we have shown that the electronic transi-
be nicely monitored in real tim&. tion dipole moment which is responsible for the ionization
Traces of electronic ground-state wave packets have algarobe step varies with the position of the wave packet on its
been identified in fs pump probe experiments on alkalipotential surfacé®
dimers when high laser intensities were appfi&tP Two In the present contribution, we extend our approach to a
photons of the pump pulse induce an absorption and simukontrolled excitation and interrogation of hot vibrational
taneous stimulated emission and in this way couple vibrawave packets in the electronic ground stb(’&aE+ of potas-
tional states to a coherent superposition. However, due to th@um dimers®® We use a pump—dump scheme with two ul-
identical wavelength of the involved photons, the mean vi-trashort laser pulses of different central wavelengEig. 1).
brational level of this ground-state wave packet cannot b&he first laser pulse, the pump pulse, induces a vertical tran-
controlled. sition of the molecules and creates a vibrational wave packet
Ground-state wave packets were produced by a femtan the electronicB 11, state. Its mean vibrational quantum
second control experiment of a unimolecular reaction fromnumber is given by the excess energy of the photon with
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FIG. 1. Generation of the ground-state wave packets. The potassium dimers
are believed to be in their electronic and vibrational ground 9@@; ,

vx=0 before the laser pulses interact with them. The pump pulse generates
a wave packet in th® 11, state around)g=6. The time-delayed dump
pulse stimulates emission back to testate and generates the hot ground-
state wave packet around,=7. The efficiency of this two-color pump—
dump process depends on the timebetween the two laser pulses. Absorp-
tion and stimulated emission within the pump pulse itself creates an
additional coldX-state wave packet.

delay line 2

. ", . . Ti:sapphire fs-laser +
respect to the electronic transition. Due to the relative posi- Ti:sapphire amplifier
tion of the equilibrium nuclear distance in tieand B po-
tentials, the_WaVe packet is generated at th? inner branch @fg. 2. Experimental setup. The potassium dimers are produced in a super-
the B potential. The wave packet starts moving outward andsonic jet expansion through a 1@0n nozzle and a 1-mm skimmer. Pump,
oscillates in theB potential with a periodicity of about 480 dump, and probe laser pulses of sub 100 fs duration and wavelengths

; ; P Naump: @Nd N pope, TESPECtively, are generated with a regeneratively ampli-
fs, which is significantly longer than the laser pulse. Theﬁed Ti:sapphire laser and two optical parametric amplifiers, OPA 1 and

Seconq laser pulse, th? dump PUlsey is in resonance With th§bA 2. Two optical delay lines control the relative timing of the pulses. The
transition between the intermediate state and the target vibraump beam can be modulated with help of a chopper wheel. The laser
tional states inX. The efficiency of the stimulated emission pulses cross the moleculgr beam in the center of the accgleration state of a
process depends on the overlap of the intermediate and finis ™ reflectron time-of-flight mass spectrometer. The microchannel plate
. . . . . . ion detector is read out by a boxcar amplifier. The selettét, signal is
vibrational wave functions which differs along the internu- yecorded as a function of the position of delay line 2.
clear distance coordinate. By waiting with the dump pulse
for the optimal Franck—Condon window between Bistate
wave packet and the targKtstate, we can control the popu-
lation of the final quantum state. The evolution of state :
. . : The heart of the molecular beam enters the experimental
wave packet is monitored by a time-delayed three-photon .
ot S . chamber, which is pumped by a 550 I/s turbo molecular
ionization process which is state-selectively enhanced by an 6 .
. . : pump down to 10° mbar. At a distance of about 150 mm
intermediate resonant electronic state.
from the nozzle, the laser beams cross the molecular beam.
The laser system is headed by a Ti:sapphire femtosecond
laser(MIRA Coherent, Inc. which produces pulses of a du-
Our experimental setup consists of three parts, a molecuation of 80 fs with a repetition rate of 76 MHz. Every ms,
lar beam apparatus, a three-color femtosecond laser systeone of these pulses is coupled into an Nd:YAG-laser pumped
and a mass selective ion detectbig. 2). Ti:sapphire resonator and is amplified to 1.1 mJ within 90 fs
The molecular beam apparatus is a two-chamber vacuumfter compressiofCPA-1000, Clark-MXR, Ing. The am-
system. In the oven chamber, a cartridge is filled with potasplified beam is split into three parts with pulse energies of
sium and heated to 420 °C. The temperature of the stainlesX)0, 450, and 45@J by means of two beam splitters, BS 1
steel, conical nozzle is set to 500 °C to reduce the probabilitand BS 2. The two more intense beams are each pumping a
of clogging with potassium. The diameter of the nozzle isfour-pass optical parametric amplifier, OPA 1 and OPA 2
100 um. 25 mm downstream of the nozzle, a skimmer with(TOPAS, Light Conversion, Ing. Their signal outputs are
a 1-mm opening is placed. A backing pressure of 1-5 atm ofrequency doubled into the visible wavelength regime and
argon is applied to the cartridge to support the cooling of theagain compressed in two prism compressors which are not
beam and the cluster formation. The oven chamber is evacshown in Fig. 2. The pulse duration was measured to be
ated by a 5300 I/s oil diffusion pump to about Tdmbar.  about 70 fs at the interaction point with the molecular beam

II. EXPERIMENT



7.1. Molekildynamik und koharente Kontrolle 41

J. Chem. Phys., Vol. 110, No. 19, 15 May 1999 Pausch et al. 9563

by setting up an identical optical path outside the vacuunmean vibrational spacing aroung=7 is 87 cm . There-
system. The central wavelengths can be varied independentfgre, this so-called hot ground-state wave packet oscillates
between 500 and 730 nm. In the experiment these pulses willith a periodicity of 385 fs. Since the bandwidth of the two-
serve as the pump and the dump pulse. The third, slightlphoton transition is the convolution of the bandwidths of the
weaker part of the amplifier output is used as the probewo laser pulses, the hot wave packet consists of about 4
pulse. Its central wavelength has been varied between 7%lates.
and 825 nm by tuning the whole Ti:sapphire laser system. Due to the different shapes of the two involved potential
All three pulses are synchronized by two optical delay linesenergy curves, the potential difference varies with the
They are made collinear and focused onto the moleculanuclear separation. Therefore, the momentum of the wave
beam by means of afi=200mm lens. The energies of packet is conserved during the vertical transition between
pump, dump, and probe pulses at the experiment were set ig,=6 and the targebx=7 only at certain nuclear separa-
100, 200, and 300 nJ, respectively, corresponding to powetons. For the applied pump and dump wavelengths, the point
densities of 1-10 GW/cfn of equal kinetic energies is located around 4.3 A, which is
The interaction spot of the laser pulses and the moleculasetween the starting point and the outer turning point of the
beam is located in the acceleration stage of a home-built 1.8 state wave packet. Consequently, the probability of a
m reflectron time-of-flight mass spectrometer with a resolustimulated emission process should vary with the time delay
tion of m/Am~ 1600 at the mass of K(see Fig. 2 The ions 7, between the generation of tiestate wave packet by the
are detected by a microchannel plate. By means of a boxcgfump pulse and the interaction with the dump pulse, and in

amplifier, the®**K ion signal is selected. After averaging particular should be large when the wave packet passes the
typically over 500—-2000 events, tf&3K, ion signal is re-  point of equal kinetic energy.

corded as a function of the delay time between the pump and  After the interaction with the two laser pulses, the re-
the probe process. In some of the experiments, a lock-igjdual wave packet in thB state and the hot and cold com-

detection scheme is applied. For reasons explained in detgionents of the ground-state wave packet develop in time. Al
in Sec. Ill, the dump beam was then modulated with a chopyiffer in their total energy and oscillation periods. As we are

per wheel. mainly interested in the hot wave packet of the electronic
ground state, the interrogation procedure must select its time
IIl. RESULTS AND DISCUSSION evolution and suppress contributions of the others. This can

The idea of the generation of ground-state wave packet@€ achieved to some extent by a selective resonance en-
by a Franck—Condon optimized two-photon process is dishancement of the ionization process, which serves as the
played in Fig. 1. The potassium dimers are created in a syProbe at a variable time,, see Fig. 3. The ionization out of
personic jet expansion and are believed to be in their vibrathe X state is accomplished by a three-photon process; for the
tional ground state of the electronic ground stitat the  ionization out ofB, two photons are needed. By carefully
start of the experiment. The rotational temperature is on th€hoosing the wavelength of the probe laser pulse, one can
order of some tens of Kelvin. The pump laser pulse, actingghhance the ionization probability of the hétwave packet
first on the dimers, is in resonance with tBép=6)—X(v I its ionization path is in resonance with the (8, state at
=0) transition, X p,m,=631nm. Due to its bandwidth of 25882 cm ! after absorption of two photons at 800 Aftin
Av~200cm 1, it creates a coherent vibrational wave packetparticular, this resonant electronic state provides a selectivity
consisting of 3-5 states. The Franck—Condon factors fopf the ionization probability with respect to the nuclear dis-
these transitions are in the order of 5%The vibrational tance which is needed to follow the wave packet's motion.
wave number difference betweep=>5 andvg=6 isAvss  The ionization of the col&X wave packet is also enhanced
=70.3cm ! and A7¢;=69.9cm ! betweenvg=6 andvg  because of several allowed states in the vicinity of](XSJ ,
=7 (Refs. 38,38 The dynamics of thiB-state wave packet but weaker, since the potential difference does not exactly
and details of its detection by a one-photon ionization promatch the probe wavelength. However, the two-photon ion-
cess are described in a former paper byt8ince the inten- ization path from theB-state wave packet does not reach an
sity of the pump pulse is high enough to induce two-photorintermediate state and ends far in the ionization continuum.
processes, a coherent superposition of vibrational states iFherefore, this interrogation lacks the coordinate selectivity.
the electronic ground staté can be created by absorption In order to further promote the detection of the hot
and stimulated emission within the pump pulse itself. Thiswave packet, in some experiments the dump pulse has been
ground-state wave packet populates the lowest vibrationahodulated. The readout of the boxcar amplifier was then
statesv=0,1,2 and we therefore designate it as the coldocked to the modulation frequency. With this detection tech-
ground-state wave packet. The vibrational spacing betweenique, only processes with participation of the dump laser
(vx=0) and px=1) is ATy, =92 cm %, resulting in an os- should contribute to the signal. In particular, this is the case
cillation period of 360 fs. for the two-color pump—dump step generating the Kot

The B-state wave packet is generated at the inner branctvave packet and not for the one-color pump—dump process,
of the potential curve. It starts evolving in time, moving which creates the colX wave packet.
outward on the potential surface. The second laser pulse, the Figure 4 shows an example of the ion signal as a func-
dump pulse, induces a transition back to the electronidion of the time delayr, between the generation of the wave
ground state. Its wavelength is setNg,,;,=661 nm, which  packets and the probe pulse. In this case, the delayf the
is in resonance with th&(v=7)«B(v=6) transition. The dump pulse with respect to the pump pulse was set to 230 fs.
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g F 8 ! spectral component at 87.5 ¢his the signature of the hot ground-state
S 15 i ) wave packet, generated by absorption of one pump laser photon and stimu-
;—-? r \ A - lated emission induced by the dump laser pulse 230 fs later. The 9.5 cm
F N lA> Z, peak reflects the cold-state wave packet created by absorption and stimu-
10 [ lated emission within the pump pulse itself. The two peaks at 68.6 and 72.7
F 2l & cm™* are the residual signals Bfstate wave packets generated by the pump
r 3 gl pulse and the high energy wing of the dump pulse, respectively.
r It
5 g |X> Z,
r T
- \\vxﬂ v tigate this effect in detail but rather focus on tiestate
0 C 1 1 1 1 1 1 1 1 1 1 1 1L 1 1 1 1 1 1 L 1 1 1 1 1 dynamlcs appearlng afte.rzzo.
3 4 5 6 7 At 7,=0, the ion signal raises. The exact interpretation

of the first two maxima is questionable, since more than one
pulse at a time interacts with the molecules during these
FIG. 3. Detection scheme. The hot ground-state wave pa¢kets; , vy coherence peaks. After that time, the signal oscillates with a
=7) are interrogated by a three-photon ionization process which is resoperiod of about 375 fs. This ion signal oscillation is a true

4 o
nance enhanced by the (&}, state. lonization of the coldl wave packet 346 of the two potassium nuclei vibrating in the electronic
(vx=1) is less efficient due to the not exactly fulfilled resonance condition.

Detection of theB 1, state wave packet dynamics is strongly suppressedground S.tate Pf thg dlme'r. .
by the lack of a coordinate selective intermediate state in the ionization path. ~ The ion signal is subjected to a fast Fourier transforma-

tion. The power density spectrum is shown in Fig. 5. Two

main contributions can be identified: a ground-state wave
The signal displayed in the figure is an average over 150@acket appearing as a double peak around 90'cand a
events at each time delay; the step size is 20 fs. At negativéiuch weaker structure around 70 Chthe latter being a
times, when the 800 nm probe pulse plays the role of th&ontribution of a wave packet in tigstate. 91.5 cm' is the
pump, two oscillations of a highly excited wave packet in thewave number difference between the vibrational states

A3 ! state can be seen. In the following, we will not inves- =1 andvx= 2. Therefore, the largest peak is the signature of
the wave packet created by excitation and stimulated emis-
sion within the pump pulse itself, the cold state wave
packet. Its oscillation period is 360 fs. The wave number of
the second ground-state contribution of 87.5 ¢matches
the wave number difference betweep=6 andvy=7, the
final level of the two-color, two-photon process with pump
and dump pulses. This is the image of the Kattate wave
packet, the one upon which we want to focus.
The weak beating structure in the transient ion signal
‘ (Fig. 4) with minima and maxima every four to five periods
"| 375t originates from a residual contribution of tiestate wave
packet. The Fourier component at 68.6 ¢nin Fig. 5 re-
flects the wave packet aroung=6. The wave packet com-
PR LA I (NN Y TN TR [N TN SO TR T ST ST SN N TN T S NN TN SO SO [ SO S 1 . . .
2 0 2 4 6 8 10 12 ponent at 72.7 cit is created by the high energy wing of
Pump probe delay t, / ps the dump pulse. Although most of the coherent population is
concentrated in this state, its signature in the spectrum is
FIG. 4. 33K, ion signal as a function of pump probe delay. The signal highly suppressed by the detection scheme.
after 7,=0 reflects the dimer oscillation in its electronlc_ground state. The The idea and goal of the experiment is to test whether
ground-state wave packet was generated wWNp,,=631nm and .
Maump=661 nm and probed With =800 nm. Delay timer; between the coherent pOpu|§tI0n of the hmf wave packet can be
pump and dump process is 230 fs. controlled by changing the delay timg of the dump pro-

. o]
Internuclear separation / A

lon signal
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FIG. 6. Ratio of the area under the hétwave packet signal to the area FIG. 7. Ratio of the area under the hétwave packet signal to the area
under the coldX wave packet in the power density spectra as a function ofunder theB-state wave packet in the power density spectra as a function of
the pump—dump delay time;. This ratio is used as a measure of the the pump-dump delay timer, for a different set of wavelengths:
relative population of the hot-to-cold wave packétsavelengths as in Fig. N pump=638 nm, vg=4—vy=0; N qump=685 nm, vx=1l—vg=4;

3t Mpump=631 M, N gymp=661 NM, and ;,55¢=800 M. The pronounced  \,,,=805 nm. In this seriesy; was varied from 0 to 700 fs. A first maxi-
maximum around 200 fs shows that the Franck—Condon factor between theum of the hot wave packet population appears at 220 fs, after half an
B-state wave packet and the héistate wave packet is peaked at the outer oscillation of theB-state wave packet; a second maximum appears around
turning point of theB wave packet. This result confirms the possibility to 650 fs, after one and a half round tripsBn The solid line, added to guide
control the population of vibrationally excited wave packets in the electronicthe eye, is a Gaussian fit to the data with two maxima.

ground state by variation of the pump—dump delay time during the stimu-

lated Raman process.

important role for the two-color process which generates the

cess with respect to the pump process. In other worddjot wave packet, but does not influence the one-color pro-
whether one can find the best local Franck—Condon windoweess responsible for the creation of the cold wave packet.
between theB-state wave packet and the héistate wave Great effort was made to minimize changes in the overlap as
packet by adjusting; . To answer this question, we repeatedwell as in the mode structure of the laser beams and the pulse
the experiment for different; and calculated the power den- durations. From different measurements at constardénd
sity spectrum of each of the transients. As a measure of tom the sensitivity of the Fourier transform signal to the
relative population in the hoX-state wave packet, we de- choice of the first data point, which was always set to lie in
fined the ratio of the areas under the hot and the cold peak ithe raising edge of the transient signal, we estimate the error
the power density spectrum for every time delgy Due to  to be £20%.
the unknown absolute ionization probabilities of the hot and  The intuitive explanation of the influence ef on the
the cold wave packet for the applied probe laser pulse, thipopulation of the hoiX-state wave packet is based on the
number does not give the actual population ratio, but is onlymotion of theB-state wave packet created by the pump pulse
true within a constant factor. However, fag>0, the one- at time zero in the mean vibrational leug}= 6 (see Fig. L
color pump—dump process into the cold wave packet is comi starts at the inner branch of thi& potential and oscillates
pleted before the two-color process takes place. As we keepith a period of 485 fs. On its way out, the wave packet
the intensities of the light fields constant for all measurejpasses the point where the difference potential matches the
ments, we can use the hot-to-cold ratio as a reference valuenergy of the dump pulse photons, or in other words, the

Figure 6 shows the ratio of the area under the hot peaknomentum of the wave packet is conserved during a vertical
and the area under the cold peak in the power density spedump process. If the dump laser pulse is fired at the corre-
trum as a function of 7, for A,m=631nm and sponding delay time, the resulting population of the hot wave
Naumg=661nm. At7,=0fs, the two pathways into the hot packet is high. The data in Fig. 6 show this time to e
wave packet with a pump and a dump photon and into the=200fs. Atr;~240fs, when thé wave packet reaches its
cold wave packet with two pump photons are open at theuter turning point, the stimulated emission process into the
same time. Therefore, the efficiencies of both processesot wave packet aiy= 7 is small but rises again on the way
might influence each other, and this value is not directlyback to the inner potential branch.
comparable to the following ones. The population in the hot  In Fig. 7, the result of a similar measurement with a
wave packet is small at;=140fs, rises to a maximum of different set of wavelengths is shown. With a pump wave-
about 50 fs width around 200 fs, passes through a minimurfength centered at 636 nm, creatingBsstate wave packet
after 250 fs, and rises again at 320 fs. aroundvg=4 and a dump wavelength centered around 681

The uncertainty ofr; is =25 fs. This was measured by nm, the mean vibrational level of the hot ground-state wave
an optical cross correlation of the pump pulse with the dumppacket isvx=11. In this case, the optimal Franck—Condon
pulse just in front of the vacuum chamber, and subsequentlwindow should be at the outer turning point of tBestate
setting delay line 1 to the desired value. The error of thewave packet.r; was varied in a longer range so that the
hot-to-cold population ratio is more difficult to determine, outer turning point was surpassed twice, for the first time
mainly because the spatial overlap of the beams plays aafter about half a round trip in thB state at 200 fs, for the
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second time after one additional oscillation period of 450 fsouter turning point. This leads to a range of possible mean
at about 650 fs. The solid line represents a Gaussian fit witkibrational target quantum numberswf=4 to vy=18.

two maxima to summarize the information. The vertical error ~ Our experiment can, in principle, be extended to larger
bars are larger for this measurement, because for this set ofolecules; the only restriction is that it affords relatively
wavelengths th@-state wave packet was not suppressed byspecific information of the intermediate state surface.

the detection scheme as well as in the former case, which
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ABSTRACT We optimize the conversion of laser energy into
extreme ultraviolet (EUV) radiation by tailoring the laser pa-
rameters for a laser-produced plasma generated from 20 pm
diameter water droplets. It is shown that mass-limited targets
require careful adaption of laser-pulse energy and laser-pulse
duration separately, rather than laser intensity, which seems to
be adequate for bulk targets. The optimal pulse duration scales
with the droplet radius, and the optimal pulse energy with the
droplet volume. With optimized parameters, we obtain a conver-
sion efficiency of 0.23% in 41 and 2.5% bandwidth for 13 nm
radiation, the future EUV lithography light.

PACS 52.38.-1; 52.50.Jm; 85.40.Hp

1 Introduction

Computer chips will become faster and faster every
year. In fact, a long-term exponential increase in operations
per second has been observed since the 1970s. The underlying
technological and scientific improvements cover progress in
many fields, from solid-state physics and material science, im-
proving semiconductors and photoresist, through electronics,
optimizing chip design, to optics and light sources for litho-
graphic mass production. Due to the finite velocity of signals,
the final limitation of computational speed is the size of struc-
tures on the chip. Therefore the common question was, is and
will be how to get the structures smaller, until they will be so
small that quantum effects will limit the current concept of
transistors.

One of the obvious parameters that determines the struc-
ture size is the wavelength of the light used in the lithographic
process of imaging a mask onto a semiconductor wafer. The
lateral and vertical resolution of structures on the wafer is
governed by diffraction. Large numerical apertures of up to
0.7, sophisticated amplitude and phase masks combined with
partially coherent illumination sources allow minimal lateral
structure dimensions of about half of the illuminating wave-
length, but not much smaller. Nowadays, excimer lasers with

B« Fax: +49-3641/947-202, E-mail: duesterer @ioq.uni-jena.de

Lasers and Optics

Optimization of EUYV radiation yield from
laser-produced plasma

Institut fiir Optik und Quantenelektronik, Friedrich-Schiller-Universitiat, Max-Wien-Platz 1, 07743 Jena,

wavelengths of 248 and 193 nm (KrF and ArF, respectively)
are used, and optimized transmissive (lens) optics are avail-
able which allow for a minimal feature size of about 100 nm.

The step to structures well below 100 nm requires the
application of light of significantly shorter wavelength: The
depth of focus of the image on the wafer has to be at least
500 nm [1] in order to guarantee enough contrast of the fi-
nal pattern on the wafer which is processed by etching after
illumination. To overcome the contrast between a lateral reso-
Jution of 50 nm and a vertical resolution of 500 nm, one has
to move to very short wavelengths and reduce the numerical
aperture to a low value of about 0.1 [2].

Furthermore, the application of extreme ultraviolet (EUV)
light demands the use of reflective imaging optics. It turns
out that for technological reasons the wavelength is deter-
mined by the reflective optics. Multilayer mirror technology

allows the production of highly reflective EUV optics (R [_1

70%) only in the range of 13 nm within a spectral window of

[3A [3]. Finally, these circumstances generate the need for
a bright, powerful and efficient EUV light source at 13 nm.
Beyond the strict condition of debris-free operation of such
a source, the decisive parameter is the conversion efficiency.

Besides synchrotron radiation only hot plasmas from ap-
propriate elements can act as EUV light sources. Lithium,
xenon and oxygen plasmas, for example, show strong emis-
sion in the required wavelength regime. The plasma can be
generated by the interaction with intense laser fields or by
electrical discharges in a gaseous environment. However, nei-
ther technique has yet shown the scalability to an average
output power of more than 100 W necessary for the desired
throughput of a future wafer production line [ 1], mainly due to
a relatively low efficiency for the conversion of driver energy
(discharge, laser) into EUV light.

The conversion efficiency of laser light into 13 nm ra-
diation of extended solid targets as glass or metal [4,5] is
known to be on the order of several percent. However, the un-
avoidable debris cannot be tolerated for an EUV lithography
source, because a fair amount of the laser energy is transferred
to the solid target and accelerates macroscopic particles from
the surface, which quickly cover and destroy nearby optical
surfaces. Still, oxidation of the mirror surface might decrease
the reflectivity. The oxidation can be either due to oxygen ions
expelled from the plasma or due to oxygen atoms (e.g. water
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molecules in the ambient gas) adsorbed on the mirror surface
which are photo-ionized by the EUV radiation and react with
the surface. These are puzzling problems to be solved.
Moreover, laser plasma sources open the possibility of
debris-free and long-term operation if mass-limited targets
such as liquid droplets or clusters are used [6]. Several recent
experiments with mass-limited water droplets have shown
conversion efficiencies of only a fraction of a percent. In the
experiments by the group around Hertz [7], droplet sources

have been developed. Water droplets with a diameter of [

10 pm were illuminated with laser pulses from a Q-switched
Nd:YAG laser (700 mJ, 8 ns) [8], resulting in a conversion
efficiency of only 0.01% in 41. However, the conversion ef-
ficiency obtained by Constantinescu et al. [9] with a simi-
lar laser (frequency-doubled Nd:YAG, 400 mJ, 10 ns) but
pm droplets reached 0.1% in 411. Recently, Richardson
et al. reported conversion efficiencies of up to 0.6% in 41
from larger water droplets (60 pm), again using Q-switched
Nd:YAG laser [10]. According to the following discussion the
different droplet sizes can account for the varying results.

We show that in the case of mass-limited targets the energy
of the illuminating laser pulse and its duration are two parame-
ters which have to be optimized independently, rather than the
intensity as the quotient of energy and duration, which seems
to be the appropriate parameter if extended solid targets are
illuminated. Fundamental plasma-dynamics arguments sup-
port this concept:

Optimum 13 nm emission from oxygen requires ioniza-
tion of all oxygen atoms in the droplet to the fifth ionization
state (O°*, 4d — 2p transition) and a plasma temperature of
30eV. Due to the finite number of atoms in the target the en-
ergy needed can be easily calculated. Less energy would not
excite all the atoms of the droplet to the required ionic state,
and excess energy would be wasted in unwanted kinetic or
ionic excitation.

Second, maximum absorption of laser light by the plasma
requires plasma densities close to the critical density for the
laser wavelength. Since the plasma expands very quickly,
laser pulses that are both too short and too long play against
optimum energy transfer from the laser pulse into the plasma.

Starting from this hypothesis, we report on a series of
experiments measuring the conversion efficiency from laser
light into 13 nm radiation with 20 pm water droplets and
a solid glass target, also containing oxygen (SiO,). We vary
laser-pulse duration and laser-pulse energies, while keeping
all other parameters constant. It will be shown that the dis-
covered results may be explained quantitatively with plasma-
dynamics models.

2 Experiment

In the experiments reported here the EUV radiation
is emitted by a plasma, generated by an intense laser pulse
(Fig. 1). 13nm (hw = 95 eV) radiation results from the 4d
— 2p transition of lithium-like oxygen (O°"). Two different
targets, each containing oxygen, are used: 2-mm-thick glass
(Si0,) and 20-pm-diameter liquid droplets. The droplets are
produced by a 10 pm glass capillary nozzle, working with
a backing pressure of 45 atm. The capillary is modulated with
a repetition rate of 1 MHz by a piezo crystal to ensure a re-

ene calibrated CCD
n \'
water droplets:
focussed
laser beat grating
2000 lines / mm

EUV imaging mirror

differential
pumping

FIGURE 1
and the transmission of the laser were measured for each shot. The laser-pulse
energy was varied from 20 to 200 mJ and the pulse duration from 200 fs to
6ns

Experimental setup for 13 nm production. The EUV spectrum

producible formation of a chain of 20 pm droplets [7]. The
droplets are synchronized with the laser pulse. The stabil-
ity and size of the droplets is measured by illuminating the
droplets with a stroboscope synchronized with the laser pulses
and observing them with a microscope. They do not signifi-
cantly change their position in the stroboscopic image during
ameasurement cycle.

Since EUV radiation is strongly absorbed in air, the pres-
sure in the interaction chamber has to be below 1073 mbar
to ensure less than 1% absorption of the radiation on the
way to the detector. The water droplets that are not hit by
the laser have to be removed from the interaction chamber
by a differential pumping system. 10 mm below the nozzle
the droplets enter a 200-pm-diameter capillary which is con-
nected to an additional vacuum system that extracts the water
droplets from the main chamber. To avoid that water acciden-
tally hitting the differential pumping capillary, thus freezing
and blocking the differential pumping, the capillary is heated
to about 100°C.

Despite this differential pumping scheme, some water
molecules evaporate into the vacuum. The chamber pressure
rises from < 107 to 5> 10™* mbar when the water sup-
ply is turned on. Therefore 1.5 < 10'* water molecules cm™>
are present in the vacuum chamber. The number of water
molecules in the ambient gas might be strongly reduced by
using bigger pumps.

The EUV radiation is detected by a transmission-grating
spectrometer equipped with a backside-illuminated CCD
(Andor, 16-bit resolution) and a 2000 lines mm™"' grating.
The target is imaged 1:1 onto the CCD by use of a toroidal
Nickel mirror, collecting 5.9 107 sr of the EUV light.
The grating is mounted between the mirror and the CCD
and allows single-shot spectra to be taken in the 6 to 20 nm
spectral range. The visible laser light is blocked by a free-
standing, 200-nm-thick Zr foil positioned in front of the
imaging mirror. It was experimentally verified that the Zr
foil blocks the entire visible radiation but transmits 52% at
I13nm. A detailed description of the spectrometer can be
foundin [11].
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combination was absolutely calibrated for 10 to 15 nm radia- E o ™
tion by the Physikalisch-Technische Bundesanstalt at BESSY o 2,0x1071 L 1
II in Berlin. Therefore we report absolute EUV photon num- 1 L
bers and conversion efficiencies. The calculation of photon ¢ 1,5x10%1 1
numbers assumes isotropic EUV emission. The validity of Z L]
this assumption was experimentally verified. For that purpose  Z 1,0x1071 1
we built a small spectrometer consisting of a 800 nm Zr foil .g =
to block the visible light and a Mo—Si multilayer mirror tuned % 5,0x107 . 6 ns
for 13.0nm. The 13 nm photons reflecting from the multi- 2 120 ps

1 1 1 o 0,0 T T T T
layer mirror are detected by a photodiode. This setup can be o 0 50 100 150 200 280

turned around the plasma in 5° steps in an angular region
of 50° around our imaging spectrometer. The EUV emission
was found to be isotropic in the measured region. In add-
ition, measurements by Constantinescu et al. [9] support the
assumption of isotropic EUV emission from droplet targets.

All measurements are performed with the Jena Multi-
TeraWatt chirped pulse amplification Ti:sapphire laser. This
laser provides a variable pulse duration from 6 ns down to
60 fs with up to 300 mJ per pulse at a repetition rate of 10 Hz
at a center wavelength of 795 nm. The shortest laser pulses
applied to the targets are about 200 fs in duration. This is
due to nonlinear interactions in two glass windows which
separate the EUV vacuum chamber from the laser vacuum
system to prevent possible contamination of the laser sys-
tem by water vapor. Pulse durations from 200fs to 10 ps
are achieved by changing the grating separation in the pulse
compressor unit. The detuning of the compressor introduces
a chirp to the pulse. However, the spectral width of only 17 nm
( bandwidth at 795 nm) is not big enough to introduce
any wavelength-dependent effects in the generation of a hot
plasma. A pulse duration of 120 ps is achieved by bypass-
ing the compressor unit and using the uncompressed laser
pulse. The 6 ns pulse duration is generated by removing the
fs oscillator from the amplifier system and running the regen-
erative amplifier in Q-switched mode. These modifications
allowed us to measure the EUV yield dependence over almost
five orders of magnitude in pulse duration with a single laser
system leaving all other parameters such as focussing, laser
wavelength and detection constant.

The laser is focused by a f/2 parabolic mirror to a 20 pum
spot, the same size as the droplets, to heat the entire droplet
as homogeneously as possible. The incident angle on solid
and liquid targets is 0°, resulting in s-polarized laser light. The
solid targets are moved after each shot to provide the same
conditions for each laser pulse.

3 Results and discussion

First we report the laser—EUV conversion effi-
ciency in absolute units from a SiO, bulk target with variation
of either laser-pulse energy or laser-pulse duration. Figure 2
shows the conversion efficiency as a function of laser-pulse
energy for two different pulse durations, namely 6 ns and
120 ps. For long laser pulses we observe a maximum in the
conversion efficiency by varying the energy of the laser pulse
(squares in Fig. 2), similar to results reported by Schriever
et al. [12]. A maximum can be explained [13] by assum-
ing Planckian emission for the plasma, resulting in a con-
version efficiency [CTT%*[exp(hw/kgT)— 117" and a tem-

energy in mJ

FIGURE 2 13 nm conversion efficiency for different laser energies meas-
ured for two different pulse durations. The target is a bulk glass slice

perature scaling of kgT Hﬁ(ir, which has been experimen-

tally verified for ns pulses [14]. Using these two equations,
a maximum in the conversion efficiency is predicted. Unfor-
tunately there are too many unknown parameters involved to
calculate absolute numbers. As shown in Fig. 2, we find the
maximum of 2.3% into 41 per 2.5% bandwidth at an en-
ergy of 150 mJ, corresponding to an intensity of ljyger = 8 %
10'> Wem™2. However, this simple model seems to be valid
only for long laser pulses in the ns regime. It predicts a de-
crease in conversion efficiency for higher laser intensities.
However, the measurement for a pulse duration of 120 ps
shows a rising conversion efficiency in an intensity inter-
val from Lueer = 7 % 10" Wem™2 (E =20 mJ) to fgeer = 7 %
10" Wem™2 (E = 200 mJ) (see Fig. 2).

Figure 3 shows the conversion efficiency in absolute units
as a function of laser-pulse duration from 200fs to 6ns.
The conversion efficiency increases logarithmically over al-
most five orders of magnitude. Similar measurements, over
a smaller pulse duration range, detecting keV radiation from
laser generated plasmas also show a rise of efficiency with
increasing pulse duration [15—17].

The situation changes fundamentally when targets of
limited mass and volume are excited. We detect the EUV con-
version efficiency from 20-pm-diameter water droplets again
as a function of laser-pulse energy and laser-pulse duration.
The EUV radiation again results from the same line in O>*. In

2,5x107 - - - -
2,0x102} o
1,5x107°| ® 1

1,0x1072f .

@
5,0x10'3-§# 1

0,0 -
10°

conversion in 412.5 % BW

10° 10" 10° 10° 10
laser pulse duration in ps

FIGURE 3 Dependence of 13 nm conversion efficiency for different laser-
pulse durations but constant laser energy (250 mJ). The target is a bulk glass
slice
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FIGURE 4 13 nm conversion efficiency for 20 pm water droplets (mass-

limited target) measured for different laser energies at a pulse duration of
120 ps

Fig. 4 the conversion efficiency as a function of the laser-pulse
energy is plotted for a pulse duration of 120 ps. The maximum
is found at 50 mJ. For all measured pulse durations we find
a similar behavior, even though the pulse duration differs by
almost five orders of magnitude.

The energy responsible for optimal EUV output from a fi-
nite water droplet is essentially independent of the pulse du-
ration. The reason is simple: for droplets the number of atoms
in the interaction region of the laser is fixed in contrast to the
bulk target. By assuming an equilibrium situation, we can cal-
culate the laser energy necessary for a given droplet size to
provide optimum conditions for each atom to efficiently emit
13 nm radiation: for a given water droplet diameter of 20 pm,
the number of molecules is [T} > 10'*. To ionize and ex-
cite each of the oxygen atoms in the desired ionic state 0.4 keV
are needed for one atom. Furthermore, the created plasma has
to be heated. Simulations, using a collisional radiative steady-
state model, tell us that the optimum temperature to achieve
the highest population density of the O°* (4d) level is around
30eV. This is in good agreement with the simple assumption
of a blackbody emitter, which predicts an optimum tempera-
ture of kT = AWy /2.8 = 34 €V for an emission maximum
at 13nm (AWmax = 95€V). Analysis of the line intensities
within the detected spectral range reveals a plasma tempera-
ture between 26 and 32 eV for the optimum laser parameters
of 120 ps and 50 mJ, which agrees well with the theoretical
prediction. Multiplication of the temperature with the number
of degrees of freedom results in 0.5 keV per molecule for the
plasma heating. Therefore ionization and heating of the whole
droplet to the optimum situation for 13 nm emission require
about 20 mJ.

Since the absorption is always less than 100%, 20 mJ leads
to a lower limit. The absorption varies between 70 and 30%
for 100 ps pulses, depending on the intensity [17], and is even
less for shorter pulses for the same energy [18]. Therefore,
a laser-pulse energy of 30—70 mJ is needed to achieve an ab-
sorption of 20 mJ. Less energy than 30—70 mJ does not heat
the plasma enough and the fraction of O°* and O°*, needed
for 13 nm is reduced. Energy is consumed to generate O**
but the ion will not contribute to the 13 nm radiation and the
conversion efficiency decreases. On the other hand, for more
energy per pulse the plasma is heated to higher temperatures,

giving rise to helium- and hydrogen-like oxygen, radiating
soft X-rays. The conversion efficiency decreases again since
energy is spent in heating that does not contribute to the 13 nm
radiation.

In the region of interest, absorption of laser light by the
plasma is mainly due to collisions. However, collisional ab-
sorption decreases with decreasing pulse duration (for con-
stant energy). From this result it becomes obvious that the
pulse duration is an important parameter to investigate be-
cause of its influence on the conversion efficiency (see Fig. 5).
Our measurements of the conversion efficiency as function
of the laser-pulse duration indicate a distinct maximum at
120 ps. The maximum of the conversion efficiency at 120 ps
can be seen for each measured energy. For pulse energies not
leading to optimum plasma conditions, the peak is not as dis-
tinct as for the optimum energy of 50 mJ. For short pulses
up to 10 ps the conversion is a factor of three lower than for
120 ps. For longer pulses up to 6 ns again the EUV yield de-
creases by a factor of two. With optimized pulse duration
and energy per pulse, we measure a conversion efficiency of
0.23% in 41 and 2.5% bandwidth.

The main concern with regard to long (ns) pulse dura-
tions is the expansion of the water droplet plasma during
the pulse. The first part of the pulse creates and heats the
plasma in the droplet. As the hot plasma starts to expand,
its density decreases. The expansion velocity of the droplet
may be approximated by the thermal expansion velocity, Vexp.
For a plasma of temperature 7 = 30 eV, we find Veyp, = 0.4 %
107 cms™! [19]. The model does not include instabilities and
shock fronts; therefore the velocity can be taken as a lower
limit. Experiments with intensities around 10'* Wem™ show
expansion velocities up to 2> 10" cms™! [20]. Assuming
a homogeneous expansion after an expansion time, Tcy, of
0.2 to 2 ns, the electron density falls below the critical dens-
ity of n¢4(800nm) = 1.7 < 10>! cm™ for the wavelength of
the Ti:sapphire. Below n the absorption decreases rapidly.
When the expansion time T is shorter than the laser-pulse
duration itself, the trailing part of the pulse cannot be absorbed
efficiently. Therefore, T, gives the longest pulse duration that
can heat the plasma efficiently.
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FIGURE 5 13 nm conversion efficiency for varying laser-pulse durations

for the water droplet target. The conversion efficiency is plotted for different
laser-pulse energies
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By measuring the transmission of the laser pulse through 0,25 —

. . * 6 ns laser pulses

the droplet (see below) we could experimentally verify the > r < 120 ps laser pulses
expansion. In addition, absorption of the EUV radiation by § 0,20 - :
the expanded plasma takes place and decreases the efficiency o
even further. Following a similar approach Parra et al. [21] "'g 0,15 | -
found a good agreement between the calculation and theirex- ¢ L .
periment using smaller droplets (4 to 10 pum). -g 0,10 | * -

On the other hand, if the pulse duration becomes shorter, o L L 2
absorption by collisional heating becomes less and less effi- z 0.05 - * o 4
cient. Again the EUV conversion efficiency decreases with e | * V'S |
respect to the optimum plasma conditions. Following these 0,00 A R S T mn
considerations the best conversion efficiency is expected to be 0,0 0,2 0,4 0,6 0,8 1,0
in the 0.2 to 2 ns range, in agreement with our experiments. laser transmission

Summarizing the results from Fig. 4 and 5, it turns out that  FIGURE 6 13 nm conversion efficiency as a function of the transmission of

for mass-limited targets the optimum conversion efficiency
into EUV radiation is attained if the laser-pulse energy and
laser-pulse duration are separately adapted to the target. This
behaviour is in contrast to that for bulk targets, where the in-
tensity is the crucial parameter.

The best conversion efficiency for water droplets is about
one order of magnitude less than the best value measured
for the glass target, whereas there is only a factor 3.5 dif-
ference when we look at the conversion efficiency for glass
at 120ps and 50 mJ — the best parameters for water. The
difference between mass-limited and bulk targets may be
attributed to the much faster expansion of the droplet: the
droplet plasma expands isotropically in three dimensions.
Since the laser focus is adapted to the size of the liquid wa-
ter droplets of 20 um, matter disappears quickly from the
interaction zone with the laser light, which is less import-
ant for a extended planar target, where the expansion is es-
sentially one-dimensional. To support this picture, simula-
tions with the MEDUSA code [22] have been performed.
They show significant differences for planar-extended and
spherical targets. Starting with the same plasma temperature
for both targets, the spherical plasma cools faster. In add-
ition, the position of the critical density moves slower in
the spherical case. This results in a steeper plasma gradi-
ent with less particles in the region of highest absorption.
For planar bulk targets more particles stay on the laser axis
(weaker gradient) and can be heated more efficiently, with-
out cooling as fast as the spherical plasma. In addition, the
bulk target can always deliver fresh matter, which can be
heated by the trailing edge of even a laser pulse that is sev-
eral nanoseconds long. The simulation results can account
for the difference of a factor of 3.5 between the two target
types.

When the droplet chain was not synchronized to the laser,
some of the laser pulses hit a droplet completely and others
only partially or not at all. We monitored the transmission of
the laser beam and simultaneously detected the EUV conver-
sion efficiency (see Fig. 1). In Fig. 6 the EUV signal is plot-
ted versus the transmission for two different pulse durations,
6 ns (diamonds) and 120 ps (triangles). All other transmission
measurements for shorter pulse durations lay on the 120 ps
curve. In the case of short pulses a high conversion efficiency
can only be achieved for transmissions below 20%. The EUV
signal for a 6 ns pulse duration has a significantly different be-
haviour: the transmission does not show small values (< 30%)
at all; most of the measurements lie above 50% transmission,

the laser energy through the droplet for two different laser-pulse durations
(=< 120 ps: triangles; 6 ns: diamonds) is shown

and the maximum conversion efficiency is about a factor of
two smaller than that in the short-pulse situation. This is again
an indication that the droplet expands during the long laser
pulse so far that the trailing part of the pulse cannot be ab-
sorbed. However, with the short pulse we obtain high EUV
output if and only if we hit the droplet completely. For ns
pulses the EUV yield falls linearly with the transmission. Ob-
viously an only partially hit droplet can expand during the
long laser pulse into the laser focus, where it can absorb some
more energy. In consequence, the conversion efficiency for
long pulses stays far below the value for short, well-adapted
pulses.

4 Conclusion

We have shown that there are significant dif-
ferences between extended solid targets and mass-limited
droplets in the conversion efficiency dependence on the laser
energy and the laser-pulse duration. For the glass target the
conversion efficiency increases continuously with the laser-
pulse duration, whereas a maximum was found for droplets
around 100 ps, which can be explained by plasma-expansion
dynamics. We also found a maximum conversion efficiency
for a certain laser-pulse energy for the droplet target because
of the limited number of atoms in the interaction region.
With optimized pulse duration and energy per pulse we ob-
tained a conversion efficiency of 0.23% in 41 and 2.5%
bandwidth. For the glass target a maximum in the conver-
sion efficiency was only found for the ns pulse, not for shorter
ones.

It was shown that for mass-limited targets such as wa-
ter droplets it is important to carefully adapt the laser energy
and the laser-pulse duration separately, rather than the laser
intensity, which seems to be adequate for bulk targets. In gen-
eral, the pulse duration scales with the droplet radius, and the
pulse energy with the droplet volume. In agreement with all
the other published results, the EUV conversion efficiency of
droplets is significantly lower than for extended solid targets,
which seems to be the price paid for debris-free operation
of the EUV source. The described phenomena are based on
plasma physics and not on atomic physics. Therefore, they are
expected to be valid for other mass-limited target materials as
well.
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Optimization of Kea bursts for photon energies between 1.7 and 7 keV produced
by femtosecond-laser-produced plasmas of different scale length

Ch. Ziener* I. Uschmann, G. Stobrawa, Ch. Reich, P. Gibban,Feurert A. Morak, S. Disterer, H. Schwoerer,
E. Faster, and R. Sauerbrey
Institut fir Optik und Quantenelektronik, Friedrich-Schiller-Universitiena, Max-Wien-Platz 1, 07743 Jena, Germany
(Received 12 January 2001; revised manuscript received 20 March 2001; published 26 Jyne 2002

The conversion efficiency of a 90 fs high-power laser pulse focused onto a solid target intdKxeriérye
emission was measured. By using three different elements as target méderidl, and Co9, interesting
candidates for fast x-ray diffraction applications were selected.Kidaeoutput was measured with toroidally
bent crystal monochromators combined with a GaAsP Schottky diode. Optimization was performed for differ-
ent laser intensities as well as for different density scale lengths of a preformed plasma. These different scale
lengths were realized by prepulses of different intensities and delay times with respect to the main pulse.
Whereas th& « yield varied by a factor of 1.8 for different laser intensities, the variation of the density scale
length could provide a gain factor up to 4.6 for tkex output.

DOI: 10.1103/PhysRevE.65.066411 PACS nunider52.38-r, 52.25.0s, 52.70.La, 41.50h

I. INTRODUCTION into the plasma mainly by collisional absorptigmverse
bremsstrahlung for the short-pulse laser interaction at
X-ray bursts from subpicosecond-laser plasmas were diddigher intensities ¥ 10'® W/cn¥) collective processes like
cussed many years ago as a probe source to study fast pf@sonance absorption or vacuum heating become more im-
cesses in mattdtl,2]. It has been successfully demonstratedportant[8—10. A detailed theoretical analysis of the differ-
thatK « bursts of femtosecond-laser plasmas can be used i@t absorption mechanism is given by Gibbon andstés
fast x-ray diffraction experiments to study the temporal re-/11]- The kind of mechanism that dominates and how effi-
sponse of x-ray diffraction from crystal8—6]. For investi- ~ ciently the laser pulse is coupled into the plasma depend
gations of fast temporal processes like chemical reactions, [finly on the electron density gradient in front of the solid
is essential to develop an efficient, bright x-ray source in thdarget, the so-called density scale length:
usual photon energy region used for structural analysis be-
tween 4 and 20 keV. This is particularly important for ex- L=
tending this method to a higher sensitivity and to other
sgmples like mplecules and clusters. In contrast to laser§iore generally used is the reduced scale lergth L/X
with pulse durations of several hundred picoseconds or evefjith \, being the laser wavelength.
nanoseconds, the focused laser intensities of current short- A significant amount of the absorbed laser energy can be
pulse lasers can easily reach values aboveca®’ W/cn?  converted to accelerated electrons with energies of up to
[7]. Such intensities are many orders of magnitude above the MeV [12]. These electrons lose their energy in the solid
plasma formation threshold of a solid, and thus a plasma isarget, producing bremsstrahlung and characteristic line ra-
created in front of the solid target. The thickness of the crediation. The conversion of laser light into x-ray line radiation
ated plasma layer is of the order of the penetration depth ofKa) produced by hot electrons depends on the interaction
the laser radiation in the target material, which ranges from af the subpicosecond laser pulse with the solid target. Such
few tens up to a few hundreds of nanometers. Since a typicdiehavior has been studied experimentally for medium inten-
plasma expansion velocity is 0.1 nm/fs, no significant hydrosities of 4.0< 10*® W/cnm?, showing that the absorption of
dynamic motion occurs during the laser pulse for pulse duthe laser pulse, the production of the hot electrons as well as
rations shorter than 100 fs. This means that the laser interactiBe production of the silicol « line depend on the plasma
with a plasma of almost solid density and the plasma densitgcale length created by a prepuld48]. Other influences for
gradient is much smaller than the laser wavelength. There athe conversion of a 100 fs laser pulse ifax radiation
different absorption mechanisms for these very high intensibetween 4 and 50 keV have been studied via detailed theo-
ties. While for lower intensities the laser pulse is coupledretical analysis by Reickt al. [14]. They conclude that the
conversion efficiency depends on the laser intensity, i.e.,
there is an optimal hot electron temperature for creating ef-
*Present address: Central Laser Facility, Rutherford Appletorficient K radiation and at the same time avoiding strong
Laboratory, Chilton Didcot, OX11 0QX, United Kingdom. Email reabsorption of the radiation in the target. This analysis was
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TPresent address: ForschungszentrificduGmbH, Zentralinsti- =800 nm.

tut fir Angewandte MathematikZAM), D-52425 Jiich, Germany. The x-ray lines investigated in the present work were se-
*Present address: Department of Chemistry, The Massachusetected under the following considerations as candidates for

Institute of Technology, Cambridge, MA 02139-4208. time-resolved x-ray diffraction or other applications. The Si
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Kea line which has the longest wavelength undergoes high
absorption and therefore has a small penetration depth o
about 1um compared t&K « lines with shorter wavelengths. S
This property is essential to match the small interaction Ti:sapphire SM3
depth(skin or absorption depjhof the pumping laser with  laser

the x-ray penetration depth, when, for instance, a crystalline ™
sample is heated by a laser. Furthermore, such soft x-ra)
lines are standard sources for x-ray-induced photoelectror
spectroscopy of surfaces. On the other hand, thi€ &iine

can only be used for a few selected crystalline materials,
because the double lattice plane distance has to be great
than the wavelength in order to fulfill the Bragg condition.
Therefore x-ray lines at shorter wavelengths are essential fo
time-resolved diffraction. To work with almost all crystalline
samples &K a line from heavier elements like titanium or vacuum chamber
cobalt has to be used.

For the optimization of the electron energy it is important g“m“gilﬁ,lsri
to consider that theK-shell cross section of electrons is off-axis e
maximal if the electron energy is about three times the bind- ol vacuum
ing energy of theK-shell electron. These binding energies compressor
are 1.74, 4.51, and 6.93 keV for the case of Si, Ti, and Co,
respectively. This means that most of the hot electrons pro-
duced by the laser should have their energy in the range
6—28 keV. The fluorescence yield, which gives the ratio be-
tween fluorescence radiation and Auger decay processe: il
strongly increases with atomic numberZ =14, 0.0504;Z bent crystal GaAsP-
=21, 0.225;Z=27, 0.388 and should yield a similaK « photodiode
conversion, despite the fact that a much higher energy is
needed foiK-shell excitation of highZ elements. FIG. 1. Experimental setup for the measurement ofKhera-

In this paper we have measured the emitted photon nunfliation, showing the unit for the generation of a defined prepulse
bers of the threeKa lines mentioned above. The plasma and the focusing arrangement in the target chamber with the x-ray
scale length was modified by a laser prepulse at various déptics and the detector.
lay times relative to the laser main pulse. For th&&i line
the conversion was measured for different main pulse inten-
sities as well as different prepulse intensities as a function o§ dynamic range of four orders of magnitude. There are two
the delay between prepulse and main pulse. For th€di  prepulses at 4 ps and 600 fs before the main pulse, having an
and the CoKe lines the intensity of the main pulse was intensity contrast ratio of 104 and 5<10 3, respec-
varied, keeping the prepulse intensity fixed at its highestively. No other prepulses with a contrast ratio bigger than
value. 10~ * were detected within 200 ps before the main pulse. The
contrast ratio in the time domain 2 ns and more before the
main pulse was measured using a fast photodiode with fil-
ters. Parasitic prepulses were measured to be less than 5

A schematic drawing of the main parts of the experimen-x 10 ° times the energy of the main pulse. The energy
tal setup(the prepulse unit together with the focusing and thewithin the focal spot was measured in two steps. First the
x-ray opticg is shown in Fig. 1. focused beam was sent through a pinhole with a diameter of

The experiment was performed with the Jena multitera50 um and the transmitted energy was measured. Following
watt Ti:sapphire laser. This chirped-pulse-amplification lasethat a region of size 100100um? around the focus was
system consists of an oscillator, a stretcher, a regeneratiienaged onto a 16-bit charge-coupled device camera. 35% of
amplifier, two additional multipass amplifiers, and a vacuumthe energy incident on the parabolic mirror was within a spot
compressor. The maximum energy is 1.3 J before the conmef 10X 12 um?, giving an intensity of 5.8 10" W/cn? for
pressor. This leads to abol J after the compressor with a a laser energy of 240 mJ.
pulse duration of 80 fs at a repetition rate of 10 Hz. After the In order to investigate the interaction of the high-intensity
vacuum compressor the laser beam is guided to the targ&dser pulses with a plasma of a certain scale length, one
chamber inside a vacuum beamline. In the vacuum chambereeds an additional laser pulse to create the preplasma. For
the beam is focused by an off-axis parabolic mirror ontothis purpose we implemented a prepulse device in our laser
various solid targets. In our experiment we used a maximunamplifier chain. Details of the setup are described elsewhere
energy of 240 mJ with a pulse durati¢full width at half ~ [15]. The prepulse device is located between the regenerative
maximun) of 90 fs. The temporal structure of the laser pulseand the first multipass amplifier. The beam leaving the regen-
was measured by a third-order multishot autocorrelator witrerative amplifier is split into two beams at the beam splitter

II. EXPERIMENTAL SETUP

066411-2
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TABLE |. Important parameters of th€ « measurement for target materials with different atomic num-
bersZ: crystal reflection of the toroidally bent crystals, the Bragg angle, and the integrated reflectivity.

Photon energy Integrated reflectivity
Z (keV) Crystal reflection Bragg angle (urad)
14 1.740 Quartz (10D) 56.9° 55.0
22 4.505 Silicon(311) 57.0° 28.9
27 6.930 Quartz (400) 57.2° 11.2

(BS1 so that 90% of the energy is reflected as the mairthe source from the number of photons detected one can use
beam. Both beams are then sent through rotatable half-wawbe following equatiorf16]:

plates(WP1 and WP2and superimposed on a second beam

splitter (BS2), which is identical to the first one. The maxi- Noe N AN @

mum energy of the prepulse is about 2% of the maximum STt Ricot@p’

energy of the main pulse. The plane of polarization of both

beams after the first beam splitter can be adjusted by turninghe solid angle covered by the bent crystaflind AMN is

the respective half-wave plate by means of stepping motor§'e relativeKa linewidth. The integrated reflectiviti; of
(SM1 and SM2. A polarizer after the prepulse unit transmits the various bent crystals was measured with synchrotron ra-

only the part of the beam with horizontal polarization. In this diation and with an x-ray tube. Table | shows the data for the
way the main pulse as well as the prepulse can be attenuat@ﬁys'[als. used in our experiment. The responsiveness of the
otodiode was compared with the known quantum effi-

by more than one order of magnitude. The energies of bOIE{ency of a N&TI) J Scintillator
I ied i ly. Th Ise i '
pulses can be varied independently © Prepuise 1s se Polished massive targets were used which could be

through an optical delay line giving a temporal distance .
between prepulse and main pulse in the range-860 to moved from shot to shot to use fresh material for each shot.
he incident angle of the-polarized laser pulse was 45°.

100 ps with an accuracy of 6 fs. This accuracy is determine he ob : le of th | bout 40°
by the step size of stepping motor SM5 which drives the e observation angle of the crystals was about '

translation stage. A negative delay means that the prepulse
arrives on target before the main pulse. To get a good spatial ll. RESULTS
overlap of both focused laser beams one mirror in the optical

delay line can be turned around the horizontal and verticaAII measured results present they signal per laser shot as
axes by means of two stepping mot¢E3 and SMA. The a function of the delay time between the pre- and the main

spatial overlap is a}utomaticall_y corrected over the wholq ser pulse. For better statistics all measurements were re-
range of the translation stage with an accuracy better than 1, ated five. times. The minimum and the maximum were
pum if the laser beam is focused by an off-axis parabOI'Cremoved from the analysis and the remaining three values

er?rlerzr?:z)x\t"rtohllg df%caglggr%thu?érlt()) 2 rrr?en;lh?l:)fs fg?éng irrlnoxgstowere used to determine the mean value. The error bars in the
y P y pping ﬁgures are the mean error.

control unit(SM-CU). The programs are written imaviEw It is possible to determine the absolute photon number or

(National Instrumenis . . . )
The Ka radiation was selected and refocused by theconversion efficiency with the help of E(R). The error in

Bragg reflection off toroidally bent crystdl$6]. The crystals determining the absolut photon number is rather ldegeut

have a horizontal bending radius of 150 mm and a verticaIZO%)' and thus we did not do it for each experiment. Since
bending radius of 106.4 mm. For silicdla radiation a we wanted to show the dependence of khe signal on the

} — i X main pulse delay, we preferred to show the diode signal with
quartz crystal with (10@) orientation was used. The same the errors explained above. In the discussion we calculated

crystal but in a fourth-order reflection was used to measurgne apsolute photon numbers in the case of the best conver-
cobaltK a radiation. For the titaniurK « radiation a Si crys-  sjon efficiency.

tal with (311) orientation was used. For all cases the Bragg
angle was between 56.8° and 57.4°. Considering the focal
length in the horizontal and vertical directions and the Bragg
angle, almost no astigmatism occurs for the Bragg angles For the highest achievable main laser intensity of 5.0
used[17]. The focus size of th&« source produced by the X 10 W/cn? the SiKea line radiation was measured for
bent crystals is therefore about 1@@n. The x-ray detector four different prepulse intensities between 2B and
consisted of a GaAsP Schottky photodiode protected with 4.0 10'® W/cn? (Fig. 2). At the lowest prepulse intensity of
7 um Be window[18]. The x-ray source and the photodiode 2.5x 10** W/cn? a small maximal gain of 1.16 was mea-
were placed on the Rowland circle of the crystals. The specsured at a time delay of 70 ps as well as at 175 ps. We
tral range covered by the crystal is then of the order of thelefine gain as the efficiency dKa production with a
K« linewidth. To calculate the number of photons emitted byprepulse divided by the efficiency without a prepulse. Al-

The experimental data are presented in the following way.

A. Prepulse intensity for the SiKea line

066411-3
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FIG. 2. Ka signal as a function of the prepulse delay for va;ious FIG. 3. Ke signal as a function of the prepulse delay for various
prepulse intensities and a main pulse intensity of x50t main pulse intensities and a prepulse intensity of X110
Wi/en? for silicon as target material. W/cn? for silicon as target material.

. to see the two clear maxima at a main pulse intensity of
though the reproducibility of the measurement was VerYs 55 10t W/er. There is also a clear minimum of thew
good (the error bars are smaller than the data points in th%i.gnal for delayé around 50 ps

figure) this gain might not be significant. However, for
higher prepulse intensities the two significant maxima are
considerably enhanced. The enhancement is greater for the
maximum at—175 ps than for the maximum at70 ps. A The main intensity was varied in the same way as for the
maximum gain of 2 was measured for prepulse intensities 0Bi Ka measurement. Comparing tKer photon number ob-
5.0 10" and 1.0< 10' W/cnm?. Given the fact that for a served without prepulse for laser intensities increasing by a
decreasing prepulse intensity the output of th&KGiradia-  factor of 3.3, one can see that the x-ray line output increases
tion could not be enhanced, the measurements for the oth&y a factor of 6(see Fig. 4 Notably, for the two highest
Kea lines at higher photon energies were performed only fointensities the conversion efficiency of laser energy kito

2. Titanium Ke (4.505 keV)

the highest prepulse intensity of XQ.0'® W/cn?. energy increases from 5210 ° to 8.2<10°°. Again, the
influence of the prepulse with an intensity of 1.0
B. Main pulse intensity X 10*® W/cn? is much more significant for higher main
pulse intensities. While no positive gain can be seen for the
1. Silicon Ker (1.740 keV) lowest main pulse intensity of 1:510'7 W/cn?, a signifi-

The intensity of the main pulse was varied between 1.3ant enhancement up to 1.9 is visible for the higher intensi-
% 1017 and 5.0< 107 W/cn? by changing the laser energy. ties. Depending on the delay between the prepulse and the
The Ka photon numbers observed without prepulse at these

different laser intensities increase by a factor of &ig. 3). — 14 rin pulse intensity 14 main pulse intensity
This means that the conversion efficiency of laser energy>, '2 1.5x10" Wierm? 12 3x10" Wren?
into Ka energy does not vary significantly. Varying the '@ ;g :,2 witout
prepulse results in different changes of e line outputat .2 46 e | 08 . prepuise
different main pulse intensities. For the lowest intensity of @ o4 | 04 rf\\_/'"\\!
1.5x 10" W/cn?? a slight enhancement of the Ria radia- g 02 ——— 02

0.

tion was observed if the prepulse arrives at the same time a 406250 206 150100 50 050 100 U300 250200150100 60 0 50 100

the main pulse. This can be explained by a significarK &i

]

- — 14 -
14 main pulse intensity without

production of the prepulse. For a prepulse intensity of 1.02. 12 4x107 Wierm? 12 /"\ prefuise
X 10'® W/cn? the fraction of laser energy of the prepulse is 8 ' witout | ! N
7%. Increasing the delay at the lowest main pulse intensity-2 0‘: f\ /--\p'e"’“'se gz

results in a reduction of thK « line output down to 25% of 04 'e 04l  main pulse intensity

diode

the output without prepulse at220 ps delay time. By con- 02 02 5x10” W om’®
trast, a clear enhancement of tke: line emission was mea- O 0 250 200 150100 B0 0 B0 100 360250 20 150 100 %0 0 50 00
sured for larger main pulse intensities. The highest gain of delay[ps] delay[ps]

about 2 was determined for the main intensity of 5.0

X 10*" Wicn? at —150 ps delay time. For these parameters a FIG. 4. K« signal as a function of the prepulse delay for various
maximum absolute conversion of laser energy iKi@ line  main pulse intensities and a prepulse intensity of X110
radiation energy of 1.8 10 ° was measured. It is interesting W/cn? for titanium as target material.
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s prepuise s ' and a prepulse intensity of QL0 W/cn? for
B o }\ B oo - . cobalt as target material.
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main pulse, th& a signal shows two maxima at arourtBO  proximated with an exponential decay or was calculated di-
and —120 ps and a minimum at aroune75 ps. Comparing rectly with the hydrodynamic codeepusa [19]. By means

the conversion of laser energy inkox energy, a maximum of a Monte Carlo transport cod@0] the electron trajectories
absolute conversion of 110" ° was measured for the inside the target were calculated. These simulations were
highest main pulse intensity of 5010 W/cn? and a made by taking into consideration tfa ionization cross

prepulse delay of-100 ps. sections[21] as well as fluorescence yield, relative line in-
tensities, and self-absorption lengths Fo& radiation[22].
3. Cobalt Ke (6.930 keV) The results of the simulations are shown in Fig. 6. Param-

eters used were a laser energy of 240 mJ, an intensity of
5.0x 10" W/cn?, pulse length of 60 fs, and polarization.
he angle of incidence was 45°. The program package al-
ows for the calculation of absolute photon numbers; there-
re the calculated efficiency plotted in Fig. 6 is shown as

For the CoK« line measurement two main pulse intensi-
ties were used with 3010'" and 5.0< 10'” W/cn?. TheK a
photon number increases by a factor of 2.9 while the lase
intensity was increased only by a factor of 1.7, if no prepuls
was used. Because the bremsstrahlung yield increases wi )
Z? (Z being the atomic number of the elemgnthe Ka a photons per steradian. . .
signal of the diode was superimposed on a continuum of x. One can clearly see that f_or all target materials the effi-
rays. To remove the influence of the bremsstrahlung backE'€Ncy of theKa production is a maximum f(_)r a reduced
ground the signal was measured twice, first at the Brag cale length of about 0.2. A remarkable fact is that khe

position of theK a line and second nearby the peak when® IGiENCY is highest for cobalt, although the number of elec-
only bremsstrahlung was reflected onto the diode. Thdrons with sufficient energy to creakeshell holes decreases

bremsstrahlung signal comprised up to 50% of the total sig‘-""th increasingK a energy. The increase in efficiency is due

nal. The difference of the two signals, which is tKe: sig- to the higher reabsorption c_)f thfa ragli;':ltio/n nf1c2>r smaller
nal, is presented in Fig. 5. A significant gain of 3.44 wasK® E€nergies. For an intensity of 50" W/cm the Ka

measured for the higher intensity of %0 W/cn? at a production is therefore least efficient for titanium and not for
delay time of—50 ps. Furthermore, a gain of 4.64 was de-cObalt as expected from the pukex generation. The dis-

termined for the intensity of 30107 W/cm? at —25 ps crepancy with our measurements will be explained in the

delay. The maximum absolute conversion is then o.741ext section. . .
X105 at 5.0< 107 W/cr? and a delay of-50 ps For an estimation of the scale lengths during our experi-
' ' ments the inherent prepulses of our laser system are impor-

tant. By means of the hydrodynamic cosleDusA, the re-

C. Discussion duced electron density scale length was calculated after the

It was shown in Ref[13] that it is possible to increase the
efficiency of theKa production of a silicon target by using 8x10° —
an artificial prepulse some picoseconds before the main laser 5 IOt .,'\ —=a— silicon
pulse. For longer prepulse delays the efficiency drops ~ exio®h / . 1%’;};’“
steadily. This behavior was explained by the dependence of D@ sactl b
resonance absorption on the electron density scale length. 8 el \

. . x10

Our experiments, however, show a completely different B . .
dependence of th&« yield on the prepulse delay. For the 5 0t At A\
smallest main pulse intensity of x8.0'" W/cn? there is no g 10 YR, “o.g0— d
enhancement with an additional prepulse. For an explanation 5, 1x10°F v‘:¢=
we need to know the exact temporal structure of our laser 5 05 0 15 =5
pulse and the resulting plasma scale lengths to undertake ’ N

simulations of the plasma expansion and subsedienpro-
duction. FIG. 6. Calculated absolute photon numbers as a function of the

We did such simulations in several steps. First, a onereduced electron density scale length for the three investigated tar-
dimensional particle-in-cellPIC) code was used to deter- get materials. Parameters are a laser energy of 240 mJ, an intensity
mine the electron energy spectrum. As input for the PICof 5.0x 10'” W/cn?, a pulse length of 60 fs, an angle of incidence
calculations the scale length of the electron density was apsf 45°, andp polarization.
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interaction of two prepulses with QL% and 2.5 decreases with increasing electron density. In our experi-
% 10" W/en? and delavs of-4.1 and—0.6 bs. respectivel ments the extension of the preplasma should be large enough
with a solid target Thye scalé Iengths.ar% O 15pf0r silit):/’onto enable relativistic self-focusing as demonstrated previ-

0.11 for titanium, and 0.1 for cobalt. Compared with Fig. 6 |tOUS|y.by Borghese; aI._[27]. In this paper it was ShOWF‘
. . . .experimentally and in simulations that, for plasma densities,
is evident that the prepulse structure of our laser pulse is in L .

. " . ; scale lengths, and laser power very similar to those used in
fact already optimal for efficienKa production. This one-

dimensional hydrodynamic code can be used despite freur experiment, relativistic self-focusing takes place over

relatively small focal spot diametdl0 xm), because the §istances of several tens of wavelengths. There are a number
expansi)(;n of the plasrrJna is for thesl: s’hort times mucr?f experiments in which the electron density of an expanding
smaller than the lateral plasma diameter. plasma was measured some hundreds of picose¢@8¢&9

However, the increase i a yield for prepulse delays of or several nanosecond80] after the heating prepulse. In

several tens of picoseconds cannot be explained by the cr 29] Fuchset al. measured that for a prepulse intensity of
P P y X 102 W/cn? the preplasma with a density above

ation of an optimal scale length for resonance absorption aJs_Ozo cm~2 was extended over more than 3pfn after 500

shown in Fig. 7. For prepulse delays of several tens of pico: .
. s. These measurements show that in our case the preplasma
seconds the scale length is more than a factor of 10 Iargé)r

than the optimum predicted in Fig. 6. Due to the three-Should be.extended o.vgr.at least some tens of micrometers,
. : ) us allowing for relativistic self-focusing.

dimensional expansion of the plasma, the actual scale Iengm In the case of relativistic self-focusing the laser intensit

might be smaller by a factor of 3, but even then the scale 9 y

length would be much too large for prepulse delays in exce tan be amplified by at least an order of magnityga).
of 100 ps STherefore the resulting ponderomotive steepening of the

electron density profil§32] would be much higher than in
the “normal” case and the coupling of the laser light into the
plasma is enhanced at the critical density. Also possible is

One possible explanation for the increase&ia yield for
large prepulse delays is relativistic self-focusif®], for
which there is a well-known critical powelP.,, given by

[24] acceleration of additional electrons within the relativistic
10 5x10°
Po17(w, [wp)? GW, 3 of 20007 o
L 8 12.0x10° |_|_|Si
with o, the laser and, the plasma frequency. That is, for a o 7t ~
laser power of about 2.5 TW, relativistic self-focusing should g 6F A 11.5x10° ujg
be possible for electron densities 100 times smaller than the “E 5F \ c
critical density, which for Ti:sapphire lasers is about 2 ‘@ 4t . {1.0x10° .©
X107t ecm 3. O 3t / A g
The “self-focusing length”z. is the distance over which 2 m = gain 150x10° 2
the laser beam will reduce its diameter to about the laser 1 —a— efficiency 8
wavelength 25,26 04 > % R % 00
2 photon energy [ keV ]

=55 12 4)
¢ (PL/Pg—1)" FIG. 9. Potential increase of théa yield due to an artificial

) . ) prepulse and optimized laser intensity and the maximum absolute
with zg being the Rayleigh length of the focused laser beamconversion efficiency from laser-intéa energy for differentk a
Obviously,z, depends on the electron density throu. It lines (target materials
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channel in the underdense plasfB8&], which would also be for silicon and not for cobalt as predicted by the simulations

capable of producingl« radiation. in the previous section.
Comparing the gain curves and the conversion efficien-
IV. CONCLUSION cies produced with a prepulse for the three differ&nt

lines, a clear enhancement is visible for all elements investi-

We investigated the efficiency of the production Kok gated. The maximum gain was determined for Co with 4.6
radiation as a function of prepulse delay and main pulse in: ' o

. ) . . for Ti with 1.9, and for Si with 1.8. At the laser intensities
tensity for three different target materials Wex energies. . . o
used the maximum gain seems to be more significant for

If the main pulse laser intensity was increased WlthOthhigher photon energies. Considering both effects, the higher

using a prepulse the conversi@y, /E s did increase for . . ; L .
titanium and cobalt but not for siIico(”la:Sig. 8. This agrees conversion efficiency induced by the optimized main pulse

qualitatively with the results of Edest al. [34] and with the laser iptensity gnd the gain due to the scale length variation,
model proposed by Reickt al. [14], who both found an @ maximum gain of 7.8 was measured for Ka. Compar-
optimal intensity forkK « production. In our experiment the iNg the maximal conversioBy,,/Ejaser for the differentk
optimal intensity is probably reached for silicon, not for ti- energies, its value decreases for higheslements by a fac-
tanium and cobalt. The reason that the intensity proposed itr of 2 (Fig. 9. Comparing the gain curves of the different
[14] is smaller than the one measured by us can be explaingfla energies, the time delay for the maximum gain is shifted
by the intensity distribution in the present experiment. Onlytoward shorter delays between prepulse and main pulse for
50% of the laser energy is focused within the focal spot, theelements with a largez. In summary, for highe? elements
remaining part is focused to a lower intensity but over athe conversion decreases but the optimization by main pulse
larger area, producing lower-energy electrons. This mighintensity and scale length variation becomes much more im-
also explain the fact that the conversion efficiency is highesportant(Fig. 9).
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K,-radiation from relativistic laser-produced plasmas
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PACS. 52.38.Ph — X-ray, «y-ray and particle generation.
PACS. 52.27 .Ny — Relativistic plasmas.

Abstract. — We present systematic investigations on the generation of titanium K,-radiation
(E = 4.5keV) from plasmas produced with ultrashort, high-intensity laser pulses. A maximum
K,-yield appears at a laser intensity of about 3 - 10'7 W/sz, corresponding to a plasma
electron temperature of a few times the K, photon energy. We observe a second increase in
the K,-emission yield at intensities higher than a few times 10'® W/ cm?, due to the increase
in the K-shell ionization cross-section for relativistic electrons. The intensity dependence of
the K,-yield is modeled by an analytical expression, only including cross-section, pathlength
and electron energy distribution.

Introduction. — Plasmas which are generated by the interaction of ultrashort and ultrain-
tense laser pulses with solid matter are efficient sources of relativistic electrons and of X-ray
radiation with exceptional brightness. The primary process which leads to X-ray generation is
the acceleration of plasma electrons in the ponderomotive potential of the intense light field.
At intensities of > 10! W/cm? which are now accessible by state-of-the-art tabletop laser
systems, the characteristic temperature of the electron distribution is in the order of several
MeV [1,2]. The duration of this electron pulse is in the order of the laser pulse duration, i.e.
typically less than 100 fs. These laser-accelerated electrons penetrate the solid target material
where they generate bremsstrahlung with photon energies up to many MeV as well as line
radiation from atoms. Inner shell recombination takes place on a time scale of femtoseconds or
even attoseconds. Consequently, the duration of inner shell radiation, namely K,-radiation,
is limited by the laser pulse duration and propagation effects [3]. Due to the small source
size of about 50 ym in diameter [4] these laser-produced K,-sources can be as bright as the
largest undulators at photon energies of several keV despite the isotropic emission. This qual-
ifies them as light sources for femtosecond time-resolved X-ray diffraction experiments and for
first experiments towards nonlinear X-ray optics.

Measurements of K-radiation from ps-laser—produced plasmas were presented as early as
1979 by Hares et al. [5], and an efficient K, X-ray source from fs-laser—produced plasmas is de-
scribed by Rousse et al. [6]. A systematic investigation of the intensity dependence of the K-
yield has recently been performed by Eder et al. [4]. It turned out that the yield peaks at a cer-

(*) E-mail: ewald@ioq.uni-jena.de

© EDP Sciences
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Fig. 1 — Experimental setup: A 12 pym thick titanium foil is irradiated by the intense laser pulse under
an angle of incidence of 45°. The intensity is determined by measuring the beam size on the target by
means of a microscope. The K,-yield is measured with a CCD camera in the single-photon counting
mode, located 270 cm apart from the target. The camera is protected from charged particles by a
magnet and from visible light by a thin metal filter.

Fig. 2 — Spectrum of the laser-produced K-shell emission of titanium. The background signal on the
low-energy side of the K,-line originates from multipixel events on the CCD camera and is taken into
account in the analysis.

tain laser intensity, corresponding to an optimum electron temperature. From classical cross-
section arguments it follows that this optimum electron temperature should be a few times
the K, absorption edge. Even though no absolute laser intensities are given in ref. [4], the
experimental data support this simple model. Reich et al. [7] calculate the yield of short-pulse
laser-generated K,-pulses by means of Monte Carlo and particle-in-cell simulations. They
explain the existence of an optimum laser intensity for the K,-yield as equilibrium between
K ,-production and reabsorption in bulk targets. This approach does not include electron ener-
gies above Uy = Fy/Ek ~ 20 in the calculation of the K,-yield (with Ej the incident electron
energy, Fx the ionization energy of the K-shell, Ex = 4.96keV for titanium), since faster
electrons deposit their energy deeper in the target than the absorption length of K, -radiation.

However, it is known since the early seventies that the cross-section for K-shell ionization
by electrons increases at relativistic electron energies [8,9]. Since cross-section data for many
medium-Z elements are well known between ionization energy and hundreds of MeV [10], the
dependence of the laser-produced K,-yield on the laser intensity may be a test of the electron
energy distribution in the relativistic laser-produced plasma.

In this work we investigate the generation of titanium K,-radiation from a relativistic
laser-produced plasma. The radiation yield is measured as it depends on the laser intensity.
An analytical expression is presented, which models the experimental results with regard to
the interaction of relativistic electrons with the solid target.

Experiment. — For these measurements the 10 Hz Ti:sapphire laser system in Jena was
operated with 300 mJ pulses of 80 fs duration at a center wavelength of 800 nm. The laser beam
was focused with a f/2 parabola onto a 12 ym thick titanium foil with an angle of incidence of
45° and parallel polarization (fig. 1). One prepulse at 600 fs with a contrast ratio of 5-10~% with
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Fig. 3 — Experimental Ti K,-yield from a laser-generated plasma as it depends on the laser intensity.

Fig. 4 — Cross-section ok for the K-shell ionization of titanium by electron impact. The data points are
experimental values from different sources, collected in [10]. The solid line represents the theoretical
cross-section given by eq. (3).

respect to the main laser pulse is known. No further prepulses at other times are measurable
within a relative intensity of 107°. The laser intensity on the target was changed by moving
the foil along the beam direction, while the beam size on the target could be controlled by
means of a microscope combined with a CCD camera. Thus the intensity could be varied
between 2 - 1016 W /ecm? and 2 - 101 W/cm? by adjusting the focal beam size and keeping the
total amount of energy constant. The highest intensity reached was 2 - 10! W/cm?, within
the 1/e-area (7 um?) of the best focus. The error of the measured laser intensity was within
15% for the best focus, i.e. the highest intensity; for lower intensities the error increased up to
50% because the beam profile becomes slightly worse at far distances from the focus position.

The X-ray radiation was detected with appropriate energy resolution using a CCD camera
in the single photon counting mode. The CCD array consists of 256 x 1024 pixels. Each of
these pixels represents a small Si-detector with its signal being proportional to the deposited
photon energy. If at maximum one photon per pixel is detected, a histogram of the energy
deposited in all pixels represents the incident spectrum. To avoid any pile-up problems due
to summation of the energy of more than one photon within one pixel, we reduced the flux
to less than about one photon per 10 pixels. Therefore the camera was located 270 cm apart
from the X-ray source and aluminium filters were used to protect the CCD from low-energy
bremsstrahlung and from visible light. Strong magnets prevented charged particles from
hitting the detector (fig. 1). After subtraction of a bremsstrahlung background, one obtains
single-shot spectra as shown in fig. 2 with the well-resolved K,- and Kg-lines at 4510eV and
4930 eV, respectively. The line at 1487eV is due to aluminium K,-radiation, generated in
the Al-filter by bremsstrahlung photons. The absolute Ti K,-emission yield was derived by
integrating the number of K,-photons registered by the CCD and calculating the total yield
per laser shot in 4w, considering filter transmission and quantum efficiency of the CCD. The
quantum yield of the CCD was measured seperately with titanium K,-fluorescence excited
by a conventional tungsten X-ray tube.

Results. — Figure 3 shows the K,-emission from a laser-produced titanium plasma as it
depends on the laser intensity. The K-yield is plotted in number of photons per laser shot into
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full solid angle. Beginning with low intensities, the K,-emission increases steadily with laser
intensity and shows a maximum at 3-101" W/cm?. The maximum K,-yield is 1012 photons per
shot. With still rising laser intensity the K,-signal decreases again and reaches a minimum
at about 10'® W/cm?. This behaviour is already known and has been presented for laser-
produced Cu-K,-radiation, but without an absolute intensity scaling [4]. At intensities above
10*® W /cm? however, a second increase up to the maximum yield of K,-photons of, again,
1012 photons per laser shot at 2 - 10 W /cm? is found, which has not been observed earlier.

The experimental accuracy is mainly determined by the error of the CCD sensitivity and
the shot-to-shot variations in laser intensity. The statistical and absolute errors in the K-
yield are determined to be < 10% and 50%, respectively.

For different emission angles, the intensity dependence has been measured and no an-
isotropy in the K,-signal was observed. Between all four directions examined, target normal
(0°), specular (—45° with respect to target normal), in laser direction (225°) and 135°, no
significant deviations either in the qualitative behaviour of the characteristic intensity depen-
dence, or in the absolute K,-yield was found.

Interpretation and modeling of K,-production. — We calculate the K,-yield involving
a relativistic energy distribution f(Uy,T) of the electrons and the relativistically correct K-
ionization cross-section ok for electron impact. Additionally, we take into account the energy-
dependent path length of the electrons in a target of finite thickness. The number of K-
photons produced in a titanium foil with a density of atoms nr; and the fluorescence quantum
yield n of the K-transition is given by

d’No = nnri Ne f(Uo, T)ok (Up) dz dUs. (1)

N, is the number of laser-accelerated electrons incident on the target. Their energy distribu-
tion f(Up,T') is assumed to be a 3-dimensional relativistically correct normalized distribution
function. With the relativistic energy (p) and a normalization factor N, it follows from

f(p) = N -exp[—¢(p)/T):

—1/aT

(&

f(U()?T) dUD = W

e~ U/T(1 4 aly)y/(1 + aly)? — 1dUy, (2)
wherein K3(1/aT') is the modified Bessel function of second order, T' = kpT./Ex (T the
electron temperature) and o = Ef /moc?. In the low-temperature limit, for T < mgc? this
distribution becomes the classically correct Maxwellian velocity distribution. f(Uy,T)dUy
may also be derived in the general framework of relativistic thermodynamics [11]. This dis-
tribution function assumes that electrons enter the target isotropically, which is an adequate
assumption for weakly relativistic electrons up to a few MeV as has been verified by ex-
periments [2]. As K-ionization cross-section oy we use a semiempirical expression derived
by Quarles et al. [12], based on the Bethe theory of ionization [13] corrected for relativistic
electron energies:

15 Bt Uy

=828-10"
O'K(Uo) 828 0 E%{ UO

cm?eV2. (3)
Figure 4 shows a collection of measured K-ionization cross-section data compared to eq. (3).
The cross-section yields its maximum at about four times the ionization edge (Up ~ 4). In a
nonrelastivistic treatment the cross-section would decrease for higher electron energies. The
relativistic correction factor R in eq. (3) behaves as R &~ 1 for small Uy and @ < 1 and as
R ~ Uy for Uy > 1. Tt therefore reproduces the logarithmic increase of the cross-section for
relativistic electrons.
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Fig. 5 — Calculated Ti K,-yield from the laser-irradiated titanium foil as a function of electron
temperature 7', determined for the relativistic electron energy distribution function f(Uy,T) in eq. (2).

Fig. 6 — Comparison of f(Up) (dotted line), I(Up) (dash-dotted line), and f(Uy) - I(Uy) (solid line) as
defined in egs. (5) and (2) for a relativistic electron temperature 7' =1 MeV.

The path length dx in eq. (1) which the hot electrons with energy Uy may cover inside the
target depends on their incident energy and on the target thickness d. For low-energy electrons
which are completely stopped inside the 12 um target dx represents the Bethe range rg. This
length is defined by the stopping power S of the continuous slowing-down approximation [13]:

0 EK EK dU
= —dU with =———. 4
B /1 -Sd 1t S - ( )

As their energy increases, the electrons may escape from the target with a rest energy Ug,
which increases with the incident energy Uy. The travelled path length of the electrons and
the rest energy U were determined by Monte Carlo simulation. As the electrons loose energy
while scattered in the target, the ionization cross-section o (Up) changes during the stopping
process (see fig. 4) and has therefore to be integrated over the energy loss dU. For high-energy
electrons with Ey > 700keV, i.e. Uy > 140, the energy loss inside the target material is so
small that the cross-section ok (Up) can be considered to be constant between Uy and Ug,
and the path length dx reduces to the target thickness d = 12 ym. In principle, the space
charge built up in the foil due to the escaping electrons could lead to an oscillating motion
of some electrons and thus to an increased K,-yield due to returning electrons. This effect
is, however, estimated to be small since the return time of the electrons is considerably larger
than the laser pulse duration. These considerations lead to the following equation for the
K -production in the titanium foil:

No(T) = nrin Ne /100 f(Uo, T)I(Up) dUo, (5)

with

U,
0 O'K(U)
—2 ) ErdU, U, < 140
/UB p-SU) F 0

d'O’K(Uo), Uy > 140

I(Up) = (6)

Solving this integral leads to the number of K,-photons as a function of the electron tem-
perature as plotted in fig. 5. The qualitative behaviour of the calculated K-yield obviously
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shows the same characteristics as the experimental results in fig. 3: after reaching a maximum
at an electron temperature of 60keV the K,-yield drops at higher temperatures before it
rises again above T' = 900keV. Figure 6 shows the cross-section weighted by the path length
I(Uy), the energy distribution f(Uy,T') for the relativistic temperature 7' = 1 MeV and the
product f(Uy, T)I(Uy), which is the argument in the yield integral equation (5). Notice the
logarithmic energy scale. From f - [ it is obvious that mainly electrons with energies Ey in
the range of 500keV to 5 MeV contribute to the K-yield at relativistic temperatures. With
increasing temperature the share of relativistic electrons in the K,-production grows further.
The increasing yield which has been measured for intensities above 10'® W /cm? is therefore
due to the growing ionization cross-section at relativistic electron energies. This result is in
good agreement with the fact that at laser intensities above 10'® W /cm? plasma electrons are
accelerated to relativistic energies by the ponderomotive potential of the intense laser field [14].

Nevertheless, comparing quantitatively the intensity scale of the experimental data at
the maximum and minimum (fig. 3) and the electron temperatures of the model (fig. 5) a
discrepancy with previous experimental data is conspicuous [15]. Following the ponderomotive
scaling T~ (I\?)'/2 [14], intensities of 3-10'7 W /cm? (corresponding to the maximum of the
K,-yield presented here) and 2 - 10 W/cm? (at the minimum) should cause hot electron
temperatures of about 35keV and 200keV, respectively. The calculated K,-yield, however,
reaches its maximum at an electron temperature T' = 60keV and the minimum at T =
900keV. In the same way vacuum heating (T ~ (IA\?)) [16] and resonance absorption scalings
(T ~ (IX?)'/3) [17,18] do not correspond satisfactorily to our experimental data.

Since there is no doubt in the correctness of the K-ionization cross-section ox and the
interaction length dz between electrons and target, the only free parameter in the integral
eq. (5) is the energy distribution f(Up,T') and its normalization. In the model we assume a
relativistic energy distribution, which requires a thermal equilibrium and a constant number of
accelerated electrons over the whole intensity regime. However, to date no detailed knowledge
about the actual shape of the hot electron distribution in laser-produced plasmas exists. For
example, the number of accelerated electrons may well depend on the laser intensity, as the
small 600 fs prepulse generates a preplasma whose scale length increases with intensity. To
describe phenomenologically electron spectra from laser-produced plasmas a biexponential
distribution function f'(Up, T1,Ts) = Ae~Uo/Tt 1 Be=Uo/T2 is frequently assumed [19]. We
solved the yield integral eq. (5) for a biexponential distribution taking the ratios A/B and
T1/T from experimental data at a laser intensity of 5-10® W/cm? on a 12 ym tantalum
target. These values and the total absorbed energy were assumed to be constant over the
entire intensity range from 10 W/cm? to 10! W/em?. The calculated K,-yield exhibits a
maximum at about 200keV and does not rise at relativistic temperatures. In contrast with
this result different 1-dimensional, single-exponential distribution functions were tested, and
all of them produced the same qualitative behaviour as shown in fig. 5 with the K,-yield
increasing at relativistic temperatures.

These results support the choice of the relativistic energy distribution (eq. (2)), which
does not overestimate the contribution of low-energy electrons at high temperatures, as the
biexponential distribution does. On the other hand, the discrepancy between the experimental
data and the model, even with the relativistic distribution function, points to the fact that
the shape and the nature of the electron distribution function of plasmas produced by high-
intensity lasers is still unknown.

Conclusions. — We have experimentally determined the yield of Ti K,-radiation from a
relativistic laser-produced titanium plasma. The yield exhibits a pronounced maximum at a
laser intensity of 3 - 1017 W /cm?, corresponding to a plasma electron temperature of about
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five times the titanium K-shell ionization energy. Above laser intensities of 10'® W/cm?
the K,-yield increases due to the influence of the logarithmically increasing cross-section at
relativistic electron energies. This can be deduced from our analytical model including a
relativistic electron energy distribution and the cross-section for K-shell ionization.

Since the number of fast electrons still increases with laser intensity, a further increase
of the K,-yield above the reached maximum of 10'2 photons/shot /47 appears to be possible
at higher laser intensities. Furthermore, at high intensities mostly the high-energy electrons
contribute to the K,-radiation as we have shown before. These electrons are not significantly
deflected inside the titanium foil, from which it follows that the emission volume of K-
radiation due to relativistic electrons should be in the order of the focus size.

* % %

The authors gratefully acknowledge informative discussions with I. USCHMANN,
P. GiBBON, and C. REICH who also performed the Monte Carlo calculation of Ug.
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MeV X Rays and Photoneutrons from Femtosecond Laser-Produced Plasmas
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We demonstrate a novel method to monitor the total angular distribution of the spectrum of hard x-ray
emission from a plasma generated with femtosecond laser pulses with an intensity of 5 X 10'® W/cm?
on a solid target. Measured and calculated angular distributions of x rays show a pronounced anisotropy
for MeV photon energies. We complemented the spectral information by demonstrating a (v, n) nuclear

reaction with a tabletop laser system.

DOI: 10.1103/PhysRevLett.86.2317

The interaction of an ultraintense femtosecond laser
pulse with matter acts as a source of hot electrons, ions,
and neutrons, as well as x rays of unique properties [1-5]:
The duration of emission of both fast particles and short
wavelength radiation is expected to be ultrashort, the area
of the source is in the range of the laser focal spot size, and
the emission becomes nonisotropic once the laser intensity
exceeds 10'® W/cm?, the intensity at which the generated
hot electrons become relativistic [6,7]. These properties
describe a source of excellent brightness, which may be
used in subpicosecond time resolved diffraction experi-
ments, imaging in ultrashort wavelength lithography, or
to deliver ultrahigh radiation intensities for linear or even
nonlinear x-ray-atom and x-ray-nuclei interactions.

One future application of ultrashort bunches of hot par-
ticles is the ignition of fusion in a precompressed pellet
target [8]. This explains the tremendous theoretical and
experimental efforts toward the generation of collimated
particle beams with a well-known spectral shape. An even
more visionary application of the emissions from fem-
tosecond laser-produced plasmas is the transmutation of
elements by proton interaction or neutron capture, such as
deactivation of long-lived fission fragments or activation
of short-lived isotopes used in radiological diagnostics and
radiotherapy [9].

Beside these applications in spectroscopy and technol-
ogy there is particular interest in analyzing the fundamen-
tal mechanisms responsible for the irreversible acceleration
of electrons in fs laser-produced plasmas up to energies of
many MeV and the subsequent photon generation [10,11].
Collective absorption processes, such as Brunel absorption
and resonance absorption, become dominant for intensi-
ties above I = 10'® W/cm?. In a long scale preplasma,
Raman instabilities, plasma wake-field acceleration, and
relativistic self-focusing of the laser pulse also lead to
suprathermal electron velocities [12].

Previous measurements of the hot electron temperature
T, in short pulse interactions indicate that one of several
scaling laws may apply depending on the incidence angle
and the density scale length [7]. For normally incident
light, the “ponderomotive” scaling [13]
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kgT, = 0.511 MeV[(1 + IA%/1.37
X 10" Wem™2 um?)/? — 1]
(1

has been verified for electrons directed along the target nor-
mal, exiting the rear side [1]. Obliquely incident light gives
rise to a scaling kgT, % (IA%)!/3 associated with reso-
nance absorption [14]. Shorter pulses and/or steeper gra-
dients result in a similar scaling, but numerically lower
values for 7, [10]. However, the total yield of electrons,
photons, or secondary created particles depends on vari-
ous experimental parameters such as target element, target
surface properties, density scale length of plasma genera-
ted by laser prepulses, and, finally, laser polarization and
direction of emission.

We demonstrate a novel method to simultaneously moni-
tor spectrum and angular distribution over 27r of hard x-ray
emission in absolute photon numbers from a femtosecond
laser-produced plasma, generated with a laser intensity of
5 X 10'® W/cm? on the solid target. As a first applica-
tion of these laser-produced MeV x rays, we released neu-
trons via a “Be (y,n)2a reaction, demonstrating for the
first time laser fission with a tabletop laser system.

The experiments described here were performed with
the multi-TW Ti:sapphire laser system in Jena. The laser
generates pulses of 60 fs duration, center wavelength of
800 nm, an energy of 250 mJ, and a repetition rate of
10 Hz. Two prepulses at 600 fs and 4 ps before the main
laser pulse are known with relative intensities of 5 X 10™*
and 10~* with respect to the main pulse. The range from 4
to 300 ps and from 2 ns on are prepulse free to a contrast
ratio better than 10°. The pulses are focused with a f/2
parabola to (4 X 7) uwm?, containing 50% of the energy.
Incident angle on target is 45°, polarization parallel. The
peak intensity on target is 5 X 10'® W/cm?. The target is
a 1.0 mm thick smoothed tantalum sheet (Z = 73). The
target was moved between laser shots. For each run the
radiation is accumulated over 20000 shots.

The hard x-ray spectrum is measured with 12 spectrome-
ters based on thermoluminescence detectors (TLD) [15,16]
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(Fig. 1). Our spectrometers allow the absolute measure-
ment of the photon fluence for photon energies between
10 keV and 2 MeV with a relative resolution of 20%. It
was carefully verified that no scattered x rays excite the
TLDs. No evidence of electrons penetrating through a
2 cm thick polymethylmethacrylate (PMMA) cover into
the TLD stacks was found [17]. Contributions to the x-ray
spectrum by bremsstrahlung generated in the PMMA were
determined to be less than 15% by comparing the results
from several TLDs equipped with front filters with either
low or high Z materials, giving different radiation conver-
sion coefficients.

Figure 2 displays two x-ray spectra detected by TLD
spectrometers in the direction of specular reflection (solid
circles) and in the forward direction with respect to the
incident laser pulse (open squares). The absolute pho-
ton yield is given in number of photons per laser shot,
keV, and sr. From the exponential decrease of the x-ray
spectrum at high energies (solid line), we calculate a hot
electron temperature 7, supposing bremsstrahlung from
electrons with a Maxwellian energy distribution. Decon-
volution of the TLD readings using a SAND II algorithm
[15] yields T, = 700 keV in the specular direction and
T, = 300 keV for the forward laser direction on the back
side of the tantalum. The electron temperature is consis-
tent with the ponderomotive scaling (see above), which
predicts an electron temperature of 420 keV for a laser in-
tensity of 5 X 10'® W/cm?.

The photon flux scales nearly quadratically with
the laser pulse energy: a 250J shot in Livermore
generated about 2 X 10% photons/(keV sr) at photon
energy of 2 MeV which is 10° times times more than
200 photons/(keV sr) with our 250 mJ pulse [18]. And

@ § puﬂuﬂvu\;m

FIG. 1. Experimental setup for x-ray and photoneutron mea-
surements. The inset shows the alternating arrangement of filters
and TLDs in the x-ray spectrometers.
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with a 2517 laser pulse 5 X 10° photons/(keV sr) at
2 MeV were counted in an experiment at the Rutherford
Appleton Laboratory, which is again almost quadratic in
energy [6].

Spectra similar to Fig. 2 were recorded in twelve direc-
tions within the plane of incident laser and target normal.
Figure 3 shows the angular distribution of the x-ray tem-
peratures retrieved from the high energy slope of the TLD
spectrometer data (solid circles). The laser pulse impinges
p polarized under 45° with respect to target normal. The
maximum of about 500 keV is seen between the specular
reflection and target front normal (330°), whereas in for-
ward direction (215°) the temperature is only 200 keV.

Figure 4 displays the number of photons per keV, sr, and
shot on a logarithmic scale as a function of the angle for
three different photon energies: 488, 1160, and 1950 keV.
Again, for energies above 500 keV the angular distribution
is peaked on the front side of the target close to the specular
direction.

The angle 6, with which electrons are ejected from the
target surface while the laser is incident can be found by
momentum and energy conservation —analogously to free
electrons ejected by a lateral ponderomotive force in an
underdense plasma [19]. For the target geometry of Fig. 3,
this is given by

U sinf }
V2U + U2cos?6)’

where U = y — 1 = E/mc? is the normalized final ki-
netic energy of the electron and # the incident angle. In
the absence of scattering and self-induced fields, this re-
sult is independent of the acceleration mechanism. Simi-
lar expressions for oblique-incidence laser-solid geometry
have been quoted by others [20]. The expression in Eq. (2)
essentially says that the emission angle of electrons in-
creases with kinetic energy, from 6, = 0 for E — 0 up to
0. = 27 — 0, the specular direction for £ > mc2.

0, =2m — arctan{ 2)

9
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FIG. 2. Two characteristic x-ray spectra for different directions
of emission, showing the deviation in hot electron temperatures.
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FIG. 3. Angular dependence of the hot x-ray temperature. The

circles are derived from the measured x-ray spectra. The dashed
line shows the photon temperature due to a Maxwellian electron
distribution of electrons ejected from the target surface (see text).

The angular distribution of the x rays points to some
interesting features. Bremsstrahlung from weakly rela-
tivistic electrons (£, < 0.5 MeV) shows no significant
deviation from isotropic emission. This may be attributed
to multiple scattering of fast electrons in the target and the
dipolar emission character of the bremsstrahlung. There-
fore no direction is favored. This behavior changes dis-
tinctly for x-ray energies greater than the electron rest mass
(E, > 0.5 MeV). Bremsstrahlung emission of electrons
in this energy range is strongly peaked in the propagation
direction of the electrons. This suggests that the detected
angular distribution of MeV radiation resembles the dis-
tribution of the highly relativistic electrons. For the three
energies in Fig. 4, Eq. (2) predicts emission angles of 325°
(1950 keV), 329° (1160 keV), and 336° (488 keV), respec-
tively, consistent with the observed x-ray emission peak of

%10000 |
= 1000 |
100 | 300
10F

.k

100 [ 240 \) i 120

1000 1 —=— 488 keV
180 | —— 1950 keV

d>N(E)/(dEAQ) / 1/(k
W
L

FIG. 4. Angular distribution of the photon flux for three dif-
ferent photon energies. The logarithmic scaled plot shows a
significant asymmetry for £, > 500 keV.

(330 £ 10)° for energies beyond 1 MeV. Our data there-
fore imply a jet of highly energetic electrons close to, but
not exactly in, the specular reflection direction of the laser.

To analyze the data in Fig. 3 more fully, we suppose
that a number of electrons are ejected from the target
surface with a Maxwellian energy distribution f(U) =
T, 'exp—U/T,. Combined with Eq. (2), this leads to
an angular distribution f(6,) of emitted electrons, peaked
near 0,(T,). To get the observed x-ray emission at a given
detection angle, we sum the bremsstrahlung emission in
the preplasma due to all electrons, weighted by f(6.) and
taking into account the relativistic photon emission dis-
tribution [21]. The result is shown as the dashed line in
Fig. 3 for an initial electron temperature of 300 keV. The
broadening around the peak temperature exhibited by the
experimental curve may be due either to an isotropic con-
tribution from electrons in the target bulk, or to elastic
scattering of electrons in the preplasma.

Assuming a 10% energy transfer from the laser pulse to
suprathermal electrons, one finds that the plasma density
in front of the target required to generate the measured
x-ray yield in the specular direction is a few 10%° cm™3,
for a plasma volume of (10 wm)? given by the laser focus
X the preplasma expansion within 100 ps. 10%° cm™3 is a
realistic preplasma density generated with the unavoidable
prepulse of multi-TW Ti:sapphire laser systems.

Electrons which are not reflected penetrate into the Ta
bulk and generate bremsstrahlung. Some of these may also
be scattered back out again (Moliere scattering), particu-
larly if they enter at the bulk with a finite angle [22]. The
angular distribution of the bulk bremsstrahlung was calcu-
lated using a Monte Carlo model [23]. It contributes to the
measured signal as an almost isotropic part.

In an experiment at the Rutherford Appleton Labora-
tory, Santala et al. observed anisotropic x-ray emission on
the rear side of a thick tantalum target for photon ener-
gies above 10 MeV. The emission angle shifts from target
normal (180° in the geometry of Fig. 3) to laser direction
(225°) with increasing plasma scale length [7].

Kodama et al. [24] reported jets that give rise to x-ray
emission in a substantial preformed plasma. They interpret
their results using numerical simulations such that strong
magnetic fields in connection with the specularly reflected
laser light produce the electron jets. In our present experi-
ments and complementary particle-in-cell simulations, a
magnetic field is not required for directed electron emis-
sion and the direction of the electron emission is different
from the specular direction.

Photonuclear reactions are widely used to characterize
multi-MeV bremsstrahlung from conventional electron
accelerators [25]. Very recently, (v, n) reactions of several
elements were successfully applied by both the Livermore
and Rutherford Appleton Laboratories to characterize
the bremsstrahlung spectrum of 1 PW and 100 TW
laser-produced plasmas [16,18,26]. The applied intensi-
ties exceeded our values by factors of 100 and 10, the
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deposited energies and the size of the laser system by
1000 and 100, respectively. However, the repetition rate
is lower by a factor of 10000 compared to our tabletop
laser system.

Photons with energy above 1.67 MeV can disintegrate
beryllium via a °Be (y, n) 2a reaction. We placed a beryl-
lium disk (12 mm thick, 70 mm diam) 4.5 cm away from
the laser plasma in the specular direction of the incident
laser, covering a solid angle of 1.3 sr (Fig. 1). The Be disk
was wrapped in 60 um thick aluminum foil and mounted
on the surface of a polyethylene sphere (Bonner sphere)
of 12.5 cm diameter [27]. About 40% of the neutrons
generated in the Be disk enter the Bonner sphere and are
thermalized by inelastic scattering with hydrogen and car-
bon. The neutron thermalization efficiency of the Bonner
sphere was absolutely calibrated for the relevant neutron
energies. A gold disk ('7Au, 16 g) was placed in the
center of the Bonner sphere, capturing thermal neutrons
97Au + n — %8 Au with a cross section of 99 b. *®Au
undergoes a beta decay with a lifetime of 2.7 d into '**Hg
promptly followed by emission of a 411.8 keV y. The
v spectrum was collected by a Ge detector located 1 km
below Earth for reduction of Au excitation by cosmic neu-
trons and low vy background [28].

In addition we placed several CR39 plastic nuclear track
detectors around the tantalum target to monitor ions with
energies £ > 100 keV. None of the detectors showed
protons with energies high enough to penetrate 60 um of
aluminum foil, which, in particular, excludes contribution
from the °Be (p, n)’B reaction to the neutron generation.

After 20000 laser shots the activity of the '*Au due
to thermalized photoneutrons exceeded the natural back-
ground activation of gold by a factor of 2.5. This corre-
sponds to about 100 photoneutrons per shot from the (y, n)
disintegration. Fusion neutrons were recently generated in
two experiments elsewhere. Pretzler et al. generated 140
fusion neutrons per shot irradiating deuterated polyethyl-
ene target by a 2 TW laser [4]. Ditmire et al. counted 10*
neutrons from deuterium fusion with a 100 mJ laser pulse
into large D clusters [29].

From the number of neutrons generated in the beryllium
disk one can infer the total number N, of photons with
energies larger than 1.67 MeV emitted from the relativistic
plasma: Using an averaged photoneutron cross section
of 0.5 mb above 1.67 MeV, we calculate N, = 3 X 104
(st 1), which corresponds well to the integrated photon
yield of Nt.p = 10° (st~ 1) in the hot electron wing above
1.67 MeV which was achieved in the TLD measurement
in the specular direction.

In conclusion, we measured for the first time the com-
plete angular distribution of the hard x-ray spectrum of a
relativistic, laser-produced plasma, generated on a tanta-
lum surface with a light intensity of 5 X 10'® W/cm?. We
explained the strongly anisotropic x-ray emission charac-
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teristics at relativistic photon energies by the brem-
strahlung generation of hot electrons ejected from the
target surface and electrons penetrating into the bulk.
Utilizing the detailed knowledge of the x-ray spectra we
induced the photonuclear reaction °Be + y — 2a + n
by MeV photons from the laser-produced Ta plasma
and demonstrated the neutron capture reaction '*’Au +
n — "8 Au* with our compact laser neutron source.

The authors thank H. Langhoff and R. Nolte for stimu-
lating discussions and gratefully acknowledge technical
assistance by F. Ronneberger. The work was funded by
the Deutsche Forschungsgemeinschaft (Schw 766/2-2 and
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Abstract

We report on a fully angular resolved spectrum of hard x-rays emitted from a laser produced
plasma, which is generated by a laser intensity of 5 x 10!® W/cm? on a tantalum surface.
MeV x-rays were utilized to generate photoneutrons via photofission of beryllium.

1 Introduction

In the last decade it has become possible to generate focused laser light intensities
exceeding 10" W/cm? within a few tens of femtoseconds. This enormous peak in-
tensity focussed onto a solid target creates relativistically moving electrons in a hot
and dense plasma spot which radiates in the entire spectral range up to several MeV.
Electrons and ions are emitted with rather high energies and even nuclear reactions
(e.g. fusion, photofission) can take place [1, 2, 3, 4, 5, 6, 7]. We show measurements
of the spectral composition and the angular distribution of the emitted hard x-rays
(10 keV to 2 MeV). The absolutely calibrated x-ray spectrometers used allow us to
measure absolute photon numbers in 16 channels. We report for the first time about
laser nuclear fission with a table top laser system.

2 Experimental setup and x-ray measurements

The experiments described here were performed with the multi Terawatt Ti:Sapphire
laser system in Jena. The laser generated pulses of 60 fs duration, center wavelength of
800 nm, an energy of 250 mJ and a repetition rate of 10 Hz. The pulses were focused
with a f/2 parabolic mirror to 4 x 7 um?, containing 50% of the energy. The laser
impinged under 45° onto the 1.0 mm thick smoothed tantalum (Z=73) target. A peak
intensity of 5 x 10'® W/cm? was reached. The hard x-ray spectrum was measured
using 12 spectrometers based on thermoluminescence detector (TLD) stacks[8] (see
Fig.1). These spectrometers allowed the absolute measurement of the photon fluence
for photon energies between 10 keV and 2 MeV with a spectral resolution of 20%.
It was carefully verified that no scattered x-rays and no electrons excite the TLDs.
Fig. 2 displays two x-ray spectra, detected by TLD spectrometers in the direction of
specular reflection (solid circles) and in forward direction (open squares) with respect
to the incident laser pulse. The absolute photon yield is given in number of photons
per laser shot, keV and sr. From the exponential decrease of the x-ray spectrum at
high photon energies (solid line), we calculated a hot electron temperature T, suppos-
ing Bremsstrahlung is generated by electrons with a Maxwellian energy distribution.
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Deconvolution of the TLD readings using a SAND II algorithm|8] yields T, = 700 keV
in specular direction and T, = 300 keV for the forward laser direction on the back side
of the tantalum. Spectra similar to Fig. 2 were recorded in twelve directions within
the plane of incident laser and target normal. Fig. 3 shows the angular distribution
of the electron temperatures.

3 Discussion of the results and theoretical considerations

The transverse electric field of the laser pulse forces the electrons to a wiggling mo-
tion. Therefore the electrons gain the so called quiver energy. PIC simulations show
that this quiver energy equals - derived for perpendicular incidence - the hot electron
temperature kg7,

kp T ~ mec2<\/1 1 7.28 x 1019(1\2) — 1) (1)

For 45° angle of incidence and p-polarized light a similar scaling law (kgT, o< (IA?)Y/?)
is in good agreement with several experiments[9]. Equation (1) predicts an electron
temperature of 420 keV for a laser intensity of 5 x 10'® W/cm? which is consistent
with our measurement, where the hot electron temperature varies between 200 keV
and 700 keV (see Fig. 3).

However, the total yield of elec-
trons, photons or secondary particles
created depends on various experi-
mental parameters such as target el-
ement, target surface properties, den-
sity scale-length of plasma generated
by laser prepulses and finally laser po-
larization and direction of emission.
The angular distribution of the x-rays
points to some interesting features.
Bremsstrahlung from weakly relativis-

tic electrons (E, < 0.5 MeV) shows

@ — @ mies,, no significant deviation from isotropic
L emission. This behavior changes dis-

B tinctly for x-ray energies greater than

S ﬂuﬂu ,U m the electron rest mass (E, > 0.5 MeV).
PMMA / Bremsstrahlung emission of electrons
TLD in this energy range is peaked in the
propagation direction of the electrons.
This suggests that the detected angular
distribution of MeV radiation resem-
bles the distribution of the highly rel-
ativistic electrons. Our data therefore
imply the existence a jet of highly energetic electrons close to the specular reflection
direction of the laser. Similar effects - but for other conditions and due to different
mechanisms - were seen by other groups using laser powers as low as 0.5 TW (50mJ,
120fs) [10] and as powerful as 100TW (50J, 500fs)[11]. As experimentally verified by
ref.[1] and [10] we assume 0.5-1% energy transfer from the laser pulse to suprather-
mal electrons. Yu et al.[12] performed PIC simulations with parameters similar to

Fig. 1. Experimental setup for x-ray and pho-
toneutron detection. The inset shows the alter-
nating arrangement of filters and TLDs in the
X-ray spectrometers.
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Fig. 2: Spectrum of hard x-rays; specular direc-
tion (circles) and behind the target (squares)

our experiment, but with perpendicular incidence. They found more than half
of the suprathermal electrons that are created in the interaction were accelerated in
back direction by the reflected laser light. Assuming a similar fraction of electrons
was accelerated in the specular direction for our geometry and taking into account
the measured T, one finds that the plasma density in front of the target, required to
generate the measured x-ray yield in the specular direction is n; ~ (10%° —10?!) cm =3,
for a plasma volume of (10 um? (laser focus x the preplasma expansion within a few
ps). This is a realistic preplasma density generated by the unavoidable prepulse of
TW Ti:sapphire laser systems.

4 Application of the MeV x-rays: photoneutrons

We used the MeV x-rays to initiate
photonuclear reactions. Neutrons were
produced by a (y,n)-reaction in Beryl-
lium via °Be + v — a + a +n. The
Beryllium was split by ~ (i.e. hard x-
rays from the laser produced plasma)
exceeding the threshold energy of 1.67
MeV. We placed a Beryllium disk (12 S Ttarget \.\
mm thick, 70 mm diameter) 4.5 cm o [ specularT normal e
away from the laser plasma in specular L
direction of the incident laser (Fig. 1). 80 %0 0 %0 180
The Be disk was mounted on the sur- angle with respect fo target normal
face of a polyethylene sphere of 12.5 cm

diameter. About 40% of the neutrons Fig. 3: The angular distribution of hot electron

generated in the Be disk enter.ed the temperature is distinctly peaked between spec-
Bonner sphere and were thermalized by  ylar direction and target normal

inelastic scattering with hydrogen and
carbon nuclei. The neutron thermalization efficiency of the Bonner sphere was abso-
lutely calibrated for the relevant neutron energies. A gold disk (1%7Au, 16 g) was placed

800 T T T T T T T T T
700 [~ n

F / Laser
600 [~ "
500 [~
400 [~ '\
300 - =

hot electron temperature / keV
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in the center of the Bonner sphere, capturing thermal neutrons *"Au +n — %Ay
with a cross-section of 99 barn. "*Au decays by emission of a 411.8 keV v with a
half-live of 2.7 d. The y-spectrum was collected by a Ge-detector. After 20,000 laser
shots the activity of the ®Au due to thermalized photoneutrons exceeded the natu-
ral background activation of gold by a factor of 2.5. This corresponds to about 100
photoneutrons per shot after correction for solid angles, thermalization probability in
the Bonner sphere, capturing cross-section of Au and Ge-detector response. To our
knowledge this was the first observation of a (7y,n)-disintegration with a laboratory
size laser system. From the number of neutrons generated in the Beryllium disk, one
can infer the total number Np of photons with energies larger than 1.67 MeV emit-
ted from the relativistic plasma: Using an averaged photoneutron cross-section of 0.5
mbarn above 1.67 MeV, we calculated Np = 2.5 x 10 (sr™!), which corresponds well
to the integrated photon yield of Nrrp = 1 x 10° in the hot electron wing above 1.67
MeV achieved in the TLD measurement in specular direction. In our measurement the
neutron yield was used to cross-check the TLD readings, whereas in interactions with
more energetic laser pulses (resulting in a higher photon flux) and higher intensities
(increased hot electron temperature) the photon fluxes above 2 MeV will dramatically
increase. Since the detection range of the TLDs ends at about 2 MeV one has to
think of a different method. Photonuclear reactions with well-defined thresholds and
well-known reaction cross-sections are an interesting substitute.
5 Conclusion

In conclusion we have performed the first measurement of the angular distribution
in the plane of incidence of the hard x-ray spectrum. The x-rays were emitted by a
relativistic, laser produced plasma, generated with a laser intensity of 5x 10*® W /cm?.
We showed the strongly anisotropic x-ray emission characteristics at relativistic photon
energies by Bremsstrahlung generation of hot electrons reflected on the target surface.
Utilizing the detailed knowledge of the x-ray spectra we induced the photonuclear
reaction 9%¢ +~v — a 4+ a + n by MeV photons from the laser produced tantalum
plasma and demonstrated the neutron capture reaction '"Au +n — '9¥Au with our
compact laser neutron source.
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For the generation of a well defined prepulse in high intensity laser plasma interactions, we
implemented a newly developed prepulse device into a multiterawatt titanium:sapphire amplifier
system. The temporal delay between the prepulse and main pulse is variable bet3&fkps and

+ 100 ps. If the laser pulse is focused on a target, the spatial overlap of the two pulses in the focal
point is corrected automatically over the entire range. It is possible to attenuate the main pulse as
well as the prepulse independently of each other by more than one order of magnitude. We
investigated the dependence of the emission of the laser produced plasma of a silicon target on
the delay between the prepulse and main pulse. An increase of the yield iixtleeission by a

factor of 2 for a temporal delay of several tens of picoseconds between the prepulse and main pulse
was measured. @000 American Institute of Physids$S0034-674810)01009-]

I. INTRODUCTION control. Consequently, neither energy nor time dependencies
can be investigated in a useful manner.
With the evolution of chirped pulse amplification If parts of the laser beam are coupled into a delay unit

(CPA? and its application to Ti:sapphire laséfstabletop through a hole in one mirror or by obscuring a part of the
laser systems are now able to achieve intensities of morbeam, diffraction patterns on subsequent optics are produced.
than 13°W cm2 on target* So it becomes possible in many At intensities of more than 100 GW crf even in the non-
laboratories to investigate the interaction between such infocused beam the intensity enhancement caused by the dif-
tense laser pulses with matter. These laser produced plasni#gction patterns is often sufficient to destroy optical ele-
are of increasing interest as sources of x rays, ments. To get the desired very high intensities on target one
electrons ! and neutron$?*3 needs to focus the laser beam to a very narrow spot of only a

In most cases, the interaction of the laser pulse with théew microns in diameter. Sufficient spatial overlap of the
plasma depends very strongly on a number of parameteréci of the prepulse and main pulse over the entire range of
the most important ones are electron and ion density, théhe delay between both pulses is essential for successful ex-
corresponding density gradients, the temperature, and the deeriments. A possibility discussed in Ref. 20 is the enlarge-
grees of ionization in addition to the target material. ment of the focal point of the prepulse. However, that results

In the case of a temporally very clean pulse, i.e., a pulséh @ decrease in the maximal possible prepulse intensity. Our
with a very good contrast ratiGratio between the peak in- fully automated device for the generation of a prepulse in a
tensity and the intensity at a certain time before the maifnulti-TW Ti:sapphire amplifier chain presented here allows
laser pulse, typically some psJnshe laser pulse interacts the generation of tight foci for pre- and main pulses with
with a plasma of high densityabout solid density'4-6 excelle.nt spatial overlap even on a sgb;ﬂm sc_ale, a_lgrge
However, for many experiments the interaction of the laseflynamical range for both pre- and main pulse intensities, and
pulse with a plasma which shows a specific gradient of th&loes not generate undesired intensity peaks in the laser sys-
electron density is desirable. tem.

The prepulses necessary for the generation of such a
preplasma were generated in the past in different ways. The
amplified spontaneous emissiéASE) of the amplifier sys- |l DESIGN OF THE PREPULSE UNIT
tem was used as a prepul§e® as well as prepulses with a
duration ranging from nanoseconds to subpicoseconds. Tiﬁanir

latter were achieved by inserting a drilled miffbor guiding generative amplifier, two additional multipass amplifiers, and

segments of the .beam through an optical delayfﬁr?@_. a vacuum compressor and is capable of delivering about 1 J
Those techniques suffer from several basic dlsadvanl-n 80 fs with a repetition rate of 10 Hz

tages. The energy qf the ASE.wi'thin a laser amplifier ch'ain Figure 1 shows the design of the prepulse device which
may be varied only in narrow limits. Also, the temporal dis- s ocated between the regenerative and the first multipass
tance between the ASE and the main pulse is difficult to,jifier. The main advantage in this case is the relatively
low intensity of the laser beam at this position in the ampli-
@Electronic mail: ziener@qe.physik.uni-jena.de fier chain.

The prepulse device is implemented in a CPA Ti:sap-
e system which consists of an oscillator, stretcher, a re-

0034-6748/2000/71(9)/3313/4/$17.00 3313 © 2000 American Institute of Physics
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The beam coming from the regenerative amplifier WhiChFIG' 2. Spectrum of the fr_ont-end oscillator aft_er trans_mlsspn through a
. half wave plate and a polarizer. The parameter is the orientation of the half
has an energy of about 2 mJ, a pU|Se duration of 150 ps, ar‘éve plate. Background is not subtracted. The spectrum of the laser remains

horizontal polarization is split into two beams with an inten- unchanged for an attenuation of 3 orders of magnitude.

sity ratio of 9:1 at beam splitter BS1 so that 90% of the

energy is reflected as the main beam. This beam is then sefie spectrum. That was also verified by pulse duration mea-
through the rotating half wave plat®/P2), passes the mir- syrements of the amplified and recompressed pulse with a
rors (M5 and M6, beamsplitter BS2, which is identical to third order autocorrelator, and they show no increase in the
BS1, and the polarize(P). pulse length or change in temporal pulse shape.

The plane of polarization of the main beam when it hits  Figure 3 shows the energy of the amplified pulses. It can
the polarizer can be adjusted by turning WP2 by means ofe seen that the main pulse, which has an energy of more
the stepping motofSM2). The polarizer transmits only the than 300 mJ, may be attenuated by 1 order of magnitude and
part of the beam with horizontal polarization, which is thenthe prepulse by 1.5 orders of magnitude by rotating half
amplified in the two succeeding multipass amplifiers to ayave plates WP2 and WP1, respectively. The change in the
energy of up to 1.3 J. maximum attenuation factors for both pulses is due to the not

The polarization of the prepulse, transmitted by BS1, cartompletely saturated amplification in the multipass amplifi-
also be turned with the help of half wave plate Wlep-  ers which follow the prepulse device. Good spatial overlap
ping motor SM). of the foci of prepulse and main pulse is very important for

Mirrors M2 and M3 are on a translation stage driven bya|l experiments especially for tight focusing. It has to be
stepping motor SM5. Mirror M3 itself can be turned around constant over the entire possible range of the prepulse delay
the horizontal and vertical axes by means of stepping motorga more than 5 cm travel of the translation stage
SM3 and SM4. The temporal distance between the prepulse |n order to check the spatial overlap the following ex-
and main pulse can be adjusted in the range-860 ps to  perimental setup was usédee Fig. 1 A HeNe laser was
+100 ps with an accuracy of 6 fs given by the step size okoupled into the delay line through the first beamsplitter
the translation stage stepping motor. Negative delay meangsi). After the second beamsplittéBS2) the laser was
that the prepulse hits the target before the main pulse.  focused by a lenéfocal length 220 mmonto a screen. The

The direction of both pulses can be routinely checked byyosition of the focus on the screen only depends on the di-
the far field monitor(FFM). Polarizer P is also used for

cleaning the prepulse in terms of polarization.

All stepping motors are controlled by a computer. The 10° ' T T T T

programs are written inABVIEW . A A A 4 a4, , .
— 10° - A

Ill. CHARACTERISTICS OF THE PREPULSE UNIT g 4

In order to characterize the prepulse unit the stability and ., 10’ - -
pulse duration after transmission through the device, the dy- % " RTEERaa,, .,
namic attenuation range, and the stability of the spatial over- S .o "a
lap between pre- and main pulses were investigated. Figure 2 10 N — "
shows the spectrum of the front-end oscillator of our Ti:sap- . gzg‘ufss
phire laser after transmission through a true-zero-order half 10" . . \ . L
wave plate and the polarizer. The parameter is the orientation 0 10 20 30 40 50

of the half wave plate. Obviously the spectrum does not position of the respective wave plate [degree]
change over three orders of magnitude of attenuation. The 3 _ _
bandwidth of the system Consisting of the half wave plateFlG' 3. Energy of the amplified prepulse and main pulse depending on the
. . position of the respective half wave plate. Prepulse energies were measured
and polarizer is therefore large enough to attenuate the 1asgfi a third order autocorrelator and main pulse energies with an energy

pulse by three orders of magnitude without modification ofmeter.
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5 i smoothed parabolic mirror with a focal length of 102 mm. The focal

90 200 4.0410° 6.0K0° 80x10" point had a full width at half maximurtFWHM) of 7 um.
motorposition [ um] The position of the foci of the prepulse and main pulse dif-
b) fered less than 1.mm over the entire range of the translation

stage. That means the two beams are parallel to each other in

FIG. 4. Measured beamwalk of the HeNe laser béanin the x direction ~ POth thex as well as they direction with an accuracy of
and (b) in they direction if the translation stage has been moved over thebetter than 15urad.
entire range. Measured data are an average over two measurements. The The following example may serve as an illustration of
smoothed data are the resulting correction file for the automatic correctionthe accuracy of the beam alignhment. During our measure-

] ] ments with the parabolic mirror we used a small piece of
rection of the laser beam and does not change with a parallgl,minum as a beam stop. The weight of the block was suf-
shift of the beam. The focal point was captured with a charggicient to bend the whole prepulse unit and change the posi-
coupled devicd CCD) camera, and the picture was grabbedijon of the focus by more than &m, which means a mis-
and analyzed with image processing software which was alsalignment of about 5Qurad. We now use only a piece of

written in LABVIEW. o ~_black paper to block the beam.
The position of the focal point in the case of position 0

of SM5 was the reference. At every position of the transla-
tion stage, the focus was adjusted to the reference by mea
of stepping motors SM3 and SM4. The position of each mo-
tor (SM3, SM4, and SMbwas written into a file. As the first application of the described prepulse unit we

Figure 4 shows the measured deviationsuiad. Note  investigated the dependence of tke emission of a laser
the different scales of the two axes. The large deviation improduced plasma of a silicon target on the temporal distance
the vertical direction is mostly due to elastic deformation ofbetween the prepulse and main pulse. The experimental
the whole prepulse unit as discussed below. The measursetup used was the following: The laser beam was focused
ment was repeated several times and the results were avemto the polished silicon target by an off-axis paraboloid
aged. Since the high-frequency parts of the measured flu¢f =163 mm, 30°). The focal point was AmX55um in
tuations[see Fig. 4b)] are mainly due to noise of the HeNe size. The intensity of the main pulse on the target was
laser and the image processing, the correction file was mad@=2)x 10'*W cm 2. Electrons in the plasma, accelerated
by smoothing the raw data. by the laser field, generat€a radiation in the cold silicon

The beam direction is now corrected as follows: Thebulk. TheK « radiation is monochromatically focused onto a
software automatically extracts the positions of SM3 andx-ray sensitive photodiode by a toroidal bent crystalartz
SM4 belonging to the respective position of stepping motor100).2® The diode is protected against low energy radiation
SM5 from the correction file and adjusts mirrors M3 and M4.by a 7 um thick beryllium window. The background was

Figure 5 shows a test of the correction file. In this casemeasured when the bent crystal was turned out of the Bragg
the translation stage was moved over 60 mm in incrementangle by several degrees. The radiation measured under these
of 0.3 mm and the respective position of the HeNe focus wasonditions originates from hard x rays or fast electrons and
measured. The variation of the beam orientation is aboudid not exceed 25% of the diode signal in the Bragg peak.
20 urad in thex direction and about 3@rad in they direc- Figure 6 shows the measuredksie emission depending
tion. The correction of the beam position is actually evenon the prepulse delay. The background was measured in each
more precise than shown in Fig. 5. The amplified Ti:sapphireease and subtracted. Every single point represents an average
laser was focused into the target chamber by an off-axi®ver four laser shots, error bars are the mean error.

. PREPULSE DEPENDENCE OF THE Ka EMISSION
SILICON TARGETS
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A new method was applied to simultaneously measure the absolute energy- and angle-dependent
emission of electrong500 keV to 20 MeV and photons(50 keV to 2 Me\j emitted by
laser-produced plasmas. For this purpose, a newly developed few-channel spectrometer based on
thermoluminescence detectors was used. The device measures the curve of depth dose values in a
stack of different materials. The deconvolution of electron and photon spectra from the depth dose
curve was performed using a computing algorithm based on a Bayesian inference using Gibbs
sampling. Several characteristics of the measured particle spectra were investigated: The electron
distribution function of the electrons was found to be describable by Maxwellian distributions in
energy. The hot electron temperatures obtaifteetween 1.1 and 1.7 MeV depending on target
material and thicknegsare in accordance with well-known scaling laws. The angular emission of

the electrons was found to be highly anisotropic with a maximum in the direction of the laser
reflection(region of the target normal and parallel to the target sujfémea thick target and an
additional maximum in the forward direction of the laser for a thin target. Conversion efficiencies
depending on the material and thickness of the target for the conversion of laser light energy to
relativistic electrons and of electrons to photons were determined to be up to 10% and 1%,
respectively. ©2003 American Institute of PhysicgDOI: 10.1063/1.1532831

I. INTRODUCTION eration mechanisms within the plasma, a detailed measure-
ment of all components emitted has to be performed. Due to

. . he shor ration and small size of th lerating fiel
of ultrashort(100 f9 and ultraintense laser pulses with mat-q €s O.t duratio a d pas .S. eoft e. acceg ating fields,
the particle source is very brilliant both in spatial and tem-

ter has obtained a new quality since laser intensities in excess | This f h ith th ber of |
of 10 W/cn are accessible. The alternating electrical fieldPOr! terms. This fact, together with the number of acceler-

of the laser light is as high as ¥Ov/cm. This is high ated electrons on the order of 1.’291014Z leads to serious
enough to rapidly field ionize atoms by barrier suppressiorProblems for conventional spectroscopic methods.
ionizatiort so that the main pulse of the laser interacts witha  In these radiation fields, spectrometry using the pulse-
plasma. Electrons in the plasma are accelerated to relativistféeight analysis technique is seriously impaired by dead-time
energies and collide with the rest of the plasma and with th@nd pile-up effects, as the typical detector dead time of an
solid target producing Bremsstrahlufigi.In addition, ions  active counting detectofe.g., a high-purity-germanium de-
are accelerated by electric space-charge fields due to thectop is about 1us. Since the energy of each individual
separation of nuclei and electrons induced by the pondergarticle has to be determined, the number of particles de-
motive force. The duration of emission of energetic particlesected per laser pulse must be reduced to a maximum of one
is about 1 ps. In order to compare existing theories of accelparticle. This can be achieved by keeping a large distance
and/or by providing a shielding between the laser plasma and
¥Electronic mail: rolf.behrens@ptb.de detector. However, spectral information in the low-energy

0034-6748/2003/74(2)/1/8/$20.00 1 © 2003 American Institute of Physics
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30 detector layers of TLDs at different depths:
10 layers in
the PMMA:

nuclear track detector are placed, followed by a region con-
sisting of 4 cm of polymethylmethacrylate(PMMA). In the
TLD’s within the PMMA, most of the electrons are detected.
Behind this layer, a region made up of 20 different metal
filters is mounted where high-energy photons in particular
are detected. This region is shielded with 5 mm of copper
and 17 mm of lead to prevent radiation from penetrating
through the side wall of the spectrometer into the TLD’s.
Further design and calibration details are given in Ref. 4. The
interaction mechanisms for the different types of radiation
are as follows:

20 layers between
the metal filters:
11..30

\\'/ Shielding

PMMA Metal fi

Iters

FIG. 1. Schematic assembly of the few-channel spectrometer. At the erll) To protect the TLD’s from visible and ultraviolet light,

trance of the spectrometéeft-hand sidg a layer of CR-39nuclear track
detector for detecting protons and i¢ris mounted followed by a bulk of
PMMA with TLD’s embedded at different depths. Behind this, a stack of
filters of different materials and thickness and TLD's is placed. Dimensionsz(z)
About 21 cm in length and 7 cm in diameter; weight: About 7 kg.

region is lost by shielding. Furthermore, events induced by
particles scattered in large shielding setups may complicate
the analysis of the data obtained. In addition, the counting
electronics are strongly disturbed by the great electromag-
netic pulse caused by strong electrical currents in the plasma.
In conclusion, a nonsaturable, parallel detection technique is
required for characterizing relativistic laser plasmas. (3

The limitations just described can be overcome by mea-
suring the total energy deposited by all incident electrons and
photons(absorbed dogeln this case, spectral resolution is (4)
achieved by use of a set of differently filtered detectors and
application of deconvolution techniques. The detectors are
placed in a stack with filters of different thicknesses in be-
tween, leading to an increasing low-energy cutoff for each
subsequent detector. This few-channel spectrometer allows
the spectral fluences of pulsed electron and photon radiatiof)
to be simultaneously determined with moderate resolution,
although the spectral resolution cannot compete with that 0(6)
spectrometers employing pulse-height analysis.

To measure the absorbed dose in the different layers of
the stack, thermoluminescence detectdilsD’s) were used.
They consist of pieces of doped lithium fluoridstandard

they are shielded with an aluminum foil, 28n in thick-
ness.

lons and protons are detected by the nuclear track detec-
tor (CR-39, 750um in thickness. If these charged par-
ticles (in addition to electronsget into the TLD’s, they
produce significant dose readings due to their large en-
ergy loss. In order to obtain dose values that are only due
to electrons and photons, this effect must be taken into
account: The amount of dose caused by ions has to be
estimated from the readings of the CR-39 detectors and
then subtracted from the dose measured in the TLD’s.
Electrons with energies up to 300 keV are stopped in the
aluminum and CR-39 where they produce a small
amount of Bremsstrahlung that is detected by the TLD’s.
Electrons with energies above 300 keV penetrate into the
bulk of PMMA and produce the dose directly in the
TLD’s. In addition, they produce Bremsstrahlung that
can penetrate into the region of the metal filters. Only
electrons with energies higher than 9 MeV penetrate into
the region of the metal filters.

Photons with energies above 3 keV penetrate into the
bulk of PMMA and are detected by the TLD’s.

Photons with energies above 20 keV produce significant
doses in the TLD’s placed between the different metal
filters.

Consequently, the dose readings measured in the differ-

material TLD-700 which are about 4.5 mm in diameter and ent detector layers result from a mixture of several dose con-
0.6 mm in thickness. They are suitable for detecting fastriputions from different particles with different energies.
pulsed radiation, since there is no evidence that their reTherefore, the deconvolution of the spectral fluence of elec-

sponse depends on the dose rate to 13° Gy/s). This is

trons and photons requires knowledge of the dose response

explained by the fact that the response of these detectors jgose reading per incident fluenaef all the detector layers
based on the excitation of individual decoupled atoms. Thgy monoenergetic particlesesponse matrix This response
angular dependence of the emitted radiation can be measurgehtrix was calculated using the Monte Carlo electron photon
simultaneously using several few-channel spectrometers 3fransport code EGS(Ref. 5 in the energy region between
ranged around the focus of the laser. Due to the compagiy kev and 100 Me\(for electron$ and between 3 keV and
setup of the stack, the whole spectrometer is small enough tpng \ev (for photons. Figure 2 shows the response matrix

place up to 12 items around the laser focus within the,,

electrons. The dose reading per incident fluefme a

vacuum target chamber.

II. CHARACTERISTICS OF THE FEW-CHANNEL
SPECTROMETER

logarithmic scalgdepending on the electron energy is given.
The different curves represent the responses for the different
TLD layers starting with number 1 at the front of the spec-
trometer(see Fig. 1. The responses of the first 25 detector

A schematic drawing of the few-channel spectrometer idayers(that were used to evaluate the dadae shown. The
shown in Fig. 1. The device consists of layers of differentfluctuations at low values of the response are due to a lack of
materials and thicknesses which are interspersed with TLD’scomputing time and, therefore, of a statistical nature. As can
At its front (left-hand side in Fig. 11 a light shield and a be seen, the low-energy electroti®low 0.3 MeV particle
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10° T of the calculation of the response matrices was performed by
10° detectorlayer |/ T T T AT irradiating the spectrometer in several well defined radiation
E 0 H- '3 5?L‘ g/ I fields of electrons and photons with different mean particle
§ 10 8 holll)). energies. The results were compared to corresponding calcu-
e 1" lations and agree withir: 20%. Further details are given in
= Ref. 4. To achieve good energy discrimination, the response
% 10° curves for different detector layers must not be parallel. The
a 10° reason is, that by this, the ratios of the dose readings in the
10*4- different detector layers depend on particle energy. So, the
10;_01 set of ratios is characteristic of a certain particle energy. As

100 can be seen in Figs. 2 and 3, this requirement is fulfilled for
electrons with energies between 500 keV and 20 MeV and

FIG. 2. Response matrix calculated for electrons with enerdi&$, be- for photons with energies below 2 MeV. The curves of the

tween 10 keV and 100 MeV for the first 25 detector layers. Responseresponse due to photons are not parallel for photon energies

D, /®®: doseD;, in detector layei per incident fluencep®, on the front . o . .
of the few-channel spectrometer. The fluctuations at low values; & above 2 MeV. Nevertheless, in radiation fields with a large

are due to a lack of computing time and, therefore, of a statistical nature. amount of low-energy particlgas from laser-produced plas-
mag, this fact cannot be used for energy discrimination be-
. cause the dose values in the TLD layers in the front of the
energy produce only small dose valuésquivalent to small . .
response valugss just stated in point 3. According to point spectrometers are dominated by low-energy particles. It shall

y be emphasized that the responses were calculated for a broad

4, electrons with energies above 0.3 MeV reach the TLDSfange of values, namely from about FopGy cni? to about

and produce high response values in the TLD layers in th ) . A
front of the spectrometer. Their penetration depth is deep%a}o2 pGycnt, i.e., seven orders of magnitude, resulting in a

the higher their particle energy. An additional small amount "9 computing time(about five years of central processing

of Bremsstrahlung is produced in the rear TLD layns to unit t|m§ on a Pentium Il 800 MHzto minimize statistical
fluctuations at low response values.

layer 25. Figure 3 shows the response matrix for photons. In As the laser focus and thus the electron and photon

this graph, no sharp bends as in Fig. 2 are seen. The 13598 irce are approximately a point source, the response matri-
for this is that photons do not have a finite penetration depth PP yap y P

. o . ._ces were calculated for a divergent radiation beam for the
but a certain probability of penetration through a material . . . !
) ) . R . approximate distance during the experimei® cm. If the
layer without any interaction. As a result, with increasing

. distance between the front end of the spectrometer and the
photon energy, the response values increase up to 5 p&y ¢

at about 0.01 MeV photon energy. The decrease at energire[]%Ser focus differs from 18 cm, the response matrix is cor-

of about 0.1 MeV and the increase at higher energies are d rected according to the quadratic decrease of dose with dis-

€
to the conversion factor from photon fluence to dose. Thiéance.

factor behaves accordingly. At photon energies above 2 MeV,

the curves of the first detector layers do not increase any|. MEASUREMENTS

more. This is due to the fact that in the layer in front of the

corresponding TLD, not enough secondary partidelec- The laser plasma measurements were performed at two
trons are produced by the incident photons to build up sig-different multi-TW Ti:Sapphire laser systems in Garching
nificant dose values. In other words: Due to their high parand Jena. Both laser systems have a center wavelength of
ticle energy, most of the photons penetrate through the fror§00 Nm and a repetition rate of 10 Hz. The pulse duration is
material of the spectrometer without any interaction and20 fs(in Jena/ 140 fs(in Garching and the pulse energy 0.3

thus, without producing dose values. An experimental chec (in Jena/ 0.6 J(in Garching. The pulses are focused with
an f/2 parabola to a focal spot aboutn to 4 um [full

width at half maximum{(FWHM)] in diameter. These param-

1 10
in MeV

il eters lead to a peak intensity that is averaged over the
. FWHM area of about (% 0.5)-10'° W/cn?. The incident
10 §-detector layer . . . .
T oINeL angle with the target is 45°, and the polarization of the laser
g"r light was parallel to the plane of target normal and the laser
* 10" direction.
= o2l The emission from targets with a different atomic num-
% 100} ber Z and different thicknesses of the same material was
o il / measured. In addition, several spectrometers were located
105 /H around the target and the angular dependence of the particle
106‘.005'6;111 A : - . emission was investigated. Detailed information about the

E,wn in MeV targets is given in Table | of Sec. V.

fG 3 R rix caleulated for phot h energiE bet During the experiment, the target was moved so that
. 5. Response maltrix calculated Tor pnotons with ener ,Joetween f

3 keV and 100 MeV for the first 25 detector layers. Respdngab ™™ dose, every Ia_lser,Sh,o_t hits a new part. of the target surface. In order
D, , in detector layei per incident fluencep™ on the front of the few- O Obtain significant dose readings also in the rear detector
channel spectrometer. layers of the few-channel spectrometers, the radiation from a
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few thousand laser shots was accumulated for each run. The> ;;o 2000
dose readings to be measured cover a huge range: From2 zso-mji., 1500
about 10° Gy (10 uGy) in the rear layers to about 1@y £ fg:m 1 £ 1000
in the front layers, i.e., seven orders of magnitude. 3 _ 100{] ) —1 . 50

In Jena, the few-channel spectrometers were placed in * %0 e £ \
the plane defined by the incident laser beam and the target ; x10° 0 _&xto’ 10’

R . . a_ in keVcm a® in keVcm®
normal. As too little space was available for the experiment " e
in Garching, they were here located at about 20° to 25° 5. = 3z
below this plane. x 1200
-] 800@

IV. EVALUATION OF THE DATA f.;; 400

It is the objective of the measurement to obtain only the axto®  sx10* o 20 4xi0® exto®

a In cm a, in em

dose readings that are due to electrons and photons. Then, !
the mathematical relationship between the dose reddljng i, 4. Correlation between different parameters for 4500 iteration steps:
the detector layer and the fluence of the electrons and pho-Amplitude vs the corresponding temperature. The single dots represent the

tons in the energy group, (I)]-E' and q)}’h’ respectively, is parameters chosen to determine the spectra.

given by
53 60 for j=1 to 53, and WitrEjEI as the mean electron energy of
_ El g El Ph_g,Ph ; :
Di—z R @; +2 Rij-®;" fori the energy group and
=1 =1
Ph_ ,Ph _ ePhy TP Ph. _ ePhy TP
— 130 (detector layeis n ®P"=af™ exp( —E]Tk- TE" +a5" exp(— E] k- T5),

©)

whereRE! andRP! denote the respongeingle values of the _ .
= L ponssing for j=1 to 60 and WltI"EjPh as the mean photon energy of the

response matrices described in Sertdlelectrons and pho- .
energy groug. k denotes the Boltzmann constant.

tons, respectivelyR; ;=D;/®; represents the dos&;, in " ;
: S : These eight free parameteffour amplitudes and four
detector layer per incident fluencep ., in the ener rou . .
yerp &P, g9y group temperaturgshave to be determined by deconvolution. The

j on the front of the few-channel spectrometer. The 60 en-

ergy groups are equidistant on a logarithmic energy scale//INBUGS computer code needs regions in which the param-

For electrons, the first seven energy grouskeV to 10 eters may be varied and a starting value for each parameter.

keV) are omitted, as in this energy region the response iXVhen the regions of the pgrameters were set, a side c_ond|-
Zero. tion was taken into account: The total energy of the emitted

To obtain good estimates of the fluencbg' and ®™" radiation must not exceed the energy of the incoming laser
; . ! ' light. For the spectrometers placed behind the thick targets,
Eq. (1) must simultaneously be fulfilled for all 30 detector tr?e values for kQI'E' (high tem peratuﬁeandaE' (corres ond?
layers. This is the classical problem of few-channel decon: . 2 (g P 2 P
volution. As usual, this problem is mathematically underde-"9 anplitudg\gre set to zero, as only very few electrons can

termined: More than one combination of fluencég' and pentletrz:lrt]e through the talrget. ‘ din thi K the d
cp]Ph fulfils Eq. (2). It is, therefore, helpful to have prior in- n the measurements periormed In this work, the dose

formation about the fluences. The spectral distribution Oireadlngs in the'saretector lay¢e6-39 were very small,

electrons produced in a laser plasma is often assumed to bﬁFgr th;deconvz:uno:, onlylzhe glcise reacé;;?s up t(.) detsctor
classical Maxwellian distribution(as will be discussed ayer were, therelore, taken Into acco experimen

next,®’ usually with two parts of different Maxwellian ‘Jl'T_ﬁ’] only up tto dettlecto.rtr:aygr ).2,[2 tive. Aft few h
temperature§. The Bremsstrahlung spectra arising from € computing agorithm IS 1terative. Alter a few hun-

these electron distributions can be calculated and are ob?—red iterationgabout 500, most of the parameters are stable.

tained as an exponential decayhis prior information al- 0 make sure that convergence is achieved, 5000 iteratiop
lows deconvolution of Eq(1) using a computer code for steps were performed. The iterated parameters for the ampli-

parameter estimation. The code chosen performs a Bayesi r?.e .ano: the'blcortr)espondmgh.tequn E)eraturet correl?jte Ttrongly.
inference using Gibbs samplif§This is performed by ap- IS IS plausible because a high temperature and a fow am-

plying Markov chain Monte Carlo methotds(within the {)htude reslult '? almosttthe sacrjne ﬁpsholute ;‘.I:J%nceirlr? a spec_—
computer progranwiNBuGs).}? The ansatz for the fluences rum as a fow temperature and a nigh ampirude. This corre

of the electrons and photons is given by E(®. and (3), lation is shown in Fig. 4. As the best estimate for the eight

respectively, for three degrees of freedéetectrons in the parameters, the median value of the iterated valafsr the

plasma can be considered to be free particles, with the freét-er"’.lt.Ion ha}d become stableias chosgr(dots in Fig. 4. In .
dom to move in any direction T, is considered the low- addition, Fig. 4 shows one of the major advantages of using

temperature value ant, is the high-temperature of a two- the_ ct(_)mpuftetL COdWNBLtJGS ftor ;he d?ta_ (éal\lljaluattrl‘on:t The
temperature distribution variation of the parameters to be optimizéslg., the tem-

perature of the Maxwellian distributipruring the iteration
dF=af (k- TT) %2 \/E_JE' exp( —Ef/k-TT) steps directly shows how “strong” the measured data are to
. e - . fix the parameter. The standard uncertainty of the optimized

+az - (k-T3) '\/E"GXP(_EJ' Ik-T3), (2 parameter(median valug is given by the interval within
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FIG. 5. Example of the spectral fluencesoper laser shot obtained from de-|. 7. second example of the spectral fluences per laser shot obtained
convolution. Target: 1.0 mm tantalum, 335° angle of emission. For very lowgom geconvolution. Target: 1.0 mm tantalum, 75° angle of emission. For
particle energies the uncertainties become very lasgdagtor of ten. better comparison, the scales of Figs. 5 and 7 and of Figs. 6 and 8 are the
Therefore, no data points are shown but only the spgatreording to Egs.  ggme.

(2) and(3)]. In the inset, the energy region up to 2 MeV is shown in detail.

(2) and(3) are indicated by the solid line. Figure 6 shows the

1 0 I I in-
which 63% of all the iterated values. The resulting uncertamcomparison of the measured dose readings and the dose read-

ties for the parameters are in line with the uncertainties of the g
i . ings calculated from the spectra shown in Fig. 5 that were
fluence spectra determined independently of the data evalu-

. . . obtained by the deconvolution. In the inset, the locations of

ation, see next. The spectral fluenc¢esrresponding to Fig. .

. . - the detector layers are shown. It can be easily seen that the
4) for electrons and photons with their uncertainties depend- . . .
. ! . A . "~ _result of the deconvolution fulfils Eq1). This clearly shows
ing on the particle energy are given in Fig. 5. The direction . . : .
. . . LY . hat the choice for the model functions is appropriate and,
in which the radiation was measured is given in the smal

inset. In the boxes of Fig. 5, the evaluated temperatures adherefore, the simultaneous measurement of electrons and

: . . .~ photons is indeed possible with the method presented.

h is indeed ible with th hod d
cordmg_ to Eqs(2) and(3) are given. The given unciRtisq In Fig. 6, it can also be seen that the iterated dose con-
are malnlz/ d_ue o the uncertainty of the dose measuremeni}slbution' due to electrons, dominates. In contrast to this ex-
i(r?kt)r?gtrggg/; IQ;FV(; e((jacr)lsg ;a‘:r?g g e(:}t\}/:/e;nn dodgltc?g(?‘a?c.tlo ;n;?é fi) {aomple, Fig. 7 shows the spectra from a measurement where
doses above 3 GyThe standard uncertainty of the spectra he dose contribution due to photons is larger. As indicated in

were determined so that the following applies: If approxi-F'g' 7, the spectra were measured at a different angle of

mate five coherent energy bins of the spectra were equa"emlssmn. The corresponding dose readings are shown in Fig.

g, It can clearly be seen that the contribution from electrons

modified within the ranges given by the indicated uncertam-is dominant only in the first five detector layers. The uncer-

ties, this would result in a variation of the dose readings

L . . tainty of the electron spectrum shown in Fig. 7 is, therefore,
within the aforementioned uncertainty of the dose measure- .
. . arger than the uncertainty for the electron spectrum shown
ment. For very low particle energigglectrons below 0.5

MeV and photons below 0.1 Meyno data points are given, in Fig. 5, and V|ce.versa for the uncertamty for thg photon
Lo spectra. In general: The most dominant type of radiation has
as the uncertainty is larger than a factor of 100. Therefore . S
. . . the smallest uncertainty. Nevertheless, the uncertainties ob-
for these particle energies, only the values according to Eq

%ained are small compared to the broad range of fluence val-
ues(eight orders of magnitude

4 —O— measured
10 T
33 Detector layer
. 101 from deconvo- 4 110 11 30 —O— measured
2 10°4 lution (iterated): 10 5 -
3 10'4 —E—sum 10 S from deconvo-
£ 1005 _ —%—electrons %, 1021 ----- (> =Y | lution (iterated):
L B e _ |—v—photons G 10'{-— - —8—sum
23| Detector layer : 10°4- i H —%— electrons
S 1009 10 11 30 c —v— photons
3 || -1 T T
5\10 p . : ;
3 10* | \ i Q 103 >
5 R}
10 Q 4
10° : . ; S 10 E i
0 5 10 15 20 25 30 10° ; ;\
Detector layer i 10° d
0 5 10 15 20 25 30
FIG. 6. Comparison of the measured dose values per solid arigjédQ, Detector layer i

per laser shot and the result of the deconvolutidepending on detector

layeri) for the example given in Fig. 5. The iterated values are calculatedIG. 8. Comparison of the measured dose values per solid arigjédQ,
from the fluence spectrgaccording to Eq(1) with Egs. (2) and (3)] for per laser shot and the result of the deconvolutidepending on detector
electrons and photons, respectively. layeri) for the example given in Fig. 7.
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The figures given for the temperature valysse boxes °
in Figs. 5 and Y are directly taken from the output of the
WINBUGS computer code: For electrons, the temperature of 15007
the classical Maxwellian distribution, see E@) and for | 300

"/ Laser (45°)

1000

photons, the temperaturslope of the exponential decay, S 1

see Eq.(3). As just shown, the values for temperature and £ 5%
amplitude are correlated. This leads to an uncertainty for the £ ¢ i 190
/110" Wicm®:

presented temperatures of up to 50%. The high uncertainties i 500 \
apply especially to the temperatures of those photon spectra, »
for which the dose readings are dominated by dose readings 10| 2o

% 0.012 mm (electrons)

¢ 1 mm (electrons)

| < 1 mm (photons)
510" Wicm®:

due to electrons, as just mentioned. 15007 N o 1 mm (photons)
For other applicationge.g., measurement of photon 2000 2
Bremsstrahlung spectra from pulsed particle accelerators or 180

pulsed x-ray tubes different models can be applied in the FiG. 9. Angular dependence of the hot electron temperature for tantalum
place of Eqs(2) and(3), depending on the specifa priori targets of different thickness derived from the measured electron and photon

information. If noa priori information is available, a math- SPectra as indicated.

ematical basis, e.g., a set of Gaussian curves, may be used to

represent the particle spectra. evaluate the data. This leads to electron temperatures about
20% below the temperature that would be obtained by an
exponential fit to the spectra.

V. RESULTS

A. Charged particles C. Electron and photon spectra

~ Ascanbe seenin Fig. 1, a layer of CR-39 track detector  rigyres 5 and 7 show typical results for the absolute
is placed in the front of the spectrometer to detect protongpecira| fluences of electrons and photons per laser(aliot

and ions. Such detectors were used during experiments 46 of several thousand laser shatstwo directions of
Jena. In no direction of emission was a significant number ofyission. The evaluated electron temperatures are in accor-
particle tracks observed. As a result, no correction for thgygnce with the well-known ponderomotive scaling fdi
@nfluence of the heavy charged particles on the dose_ readinggat predicts about 1 MeV at ¥DWi/cr?. In addition, the

in the TLD's had to be performed. All the dose readings aré,a|yated photon temperatures are always significantly lower
due to electrons and photons. In the Garching experimentgnan the electron temperatures. This is plausible, as every
no CR-39 foils were used. It is assumed that no ions andjeciron produces a photon energy distribution that decreases

protons with energies high enough to penetrate through thg;ih increasing photon energy and contains only very few
25 pm of aluminum(e.g., above 1 MeV for protopsvere  photons at the initial energy of the electron.
present as in Jena.

D. Angular distribution of hot electron temperatures

B. Electron distribution functions To study the accelerating mechanisms in an fs laser-

In literature, electron distribution functionéEDF’s), produced plasma, the angular distribution of the emitted ra-
other than the classical Maxwellian one given by B, are  diation was determined via the measurement of the particle
proposed: They are of the form expEF/k- T ) with spectra(see Sec. VL In Fig. 9, the obtained hot electron
we (1-2.5)1 Also, the fully relativistic Maxwellian distri- temperaturegevaluated according to the second last para-
bution of the form EF)2.exp(—EF/k-TH) is proposed in  graph of Sec. IYaround solid tantalum targets are shown. At
Ref. 14. These two options were included in the model functhe rear side of the thick target, the dose readings due to
tion of Eq.(2), and the deconvolution was performed again.electrons were too small to evaluate reasonable spectra,
The results are as follows: Model functions with>1 are therefore, the photon spectra were used to determine a hot
not capable of exactly fulfilling Eq1), i.e., the experimental electron temperatur@pen symbols in Fig.)9 The values for
data cannot be described by such a model. Model functionthe thick target1.0 mm) at a laser intensity of 8 W/cn?
with the fully relativistic Maxwellian distribution are capable roughly reproduce the results of former measurements where
of fulfilling Eqg. (1). In this case, the temperature is signifi- the laser intensity was lower by about a factor of 2, namely
cantly lower(e.g., about 1 MeV instead of 1.5 Méthan in  5x 10 W/cn?.® These former measurements were per-
the classical Maxwellian EDF as stated in Ref. 14. Nevertheformed with a predecessor version of the spectrometer that
less, in the energy region between 1 and 10 MeV, the resultwas only able to measure photon spectra. Accordingly, these
ing electron spectra are almost the same. This shows that tlata were evaluated via the measurement of photon emission
results of the deconvolution are almost independent of thalso in front of the target. In both cases, a peak of the hot
choice of the model functions. This is another strong indica-electron temperature occurs at an angle of 330°, between the
tion for the usefulness of the method employed for dataarget normal and the direction of the specularly reflected
evaluation. For the aforementioned reasons, in this articldaser light. This behavior is explained by relativistic kinemat-
the classical Maxwellian EDF as given in E@) is used to ics and described in detail in Ref. 3.
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TABLE I. Physical parameter@ines 2 to 3, conversion efficienciedlines 8 and 9, and hot electron tempera-
ture (line 10 for the experiments performed.

Designation and target material M1-PE2 M2-Cu M3-Ta Ji1-Ta J2-Ta
Pulse energy in J
Line Quantity 0.6 03
2 Atomic number of targetZ 4.7 29 74 74 74
3 Thickness of target in mm 10 10 10 0.012 1
4 Macroscopic density of target in g/cm3 1.06 8.9 16.7 16.7 16.7
5  Electron density of target in #ficm3 0.32 2.4 4.1 41 41
6  Continuous-slowing-down approximaticitSDA) rang@ 10 1.6 096 096 0.96
of
electrons with 2 MeV in mm
7  Radiation yiel for electrons with 1 MeV 0.0026  0.02 0.06 0.06 0.06
8 Measured efficiency of conversion from 0.04 0.04 0.1 0.02 0.05
laser light energy to electron energy:
4 > (O EPV/E eer Lign for E=0.5 MeV
i
9 Measured efficiency of conversion from 0.001 0.004 0.007 0.06010.003
electron energy to photon energy:
> (@™ EJP“)/ > (®F-EF) for E=05 MeV
i J
10 Measured hot electron temperature in MeV 1.2 15 1.7 1.1 1.7

#Polyethylene made of carbon and deuterium,gn.

PData taken from the ESTAR database of the National Institute of Standards and Tech@dlsgy: http://
www.physics.nist.gov/PhysRefData/Star/TextESTAR.html

“This value was not taken from the range of angle of emission between 305° and 335° as no values with
sufficiently small uncertainties were available here but from 360°.

In addition, the values for the thin tantalum targ@2 In line 9, the measured conversion efficiencies from electron
um) are shown. Beside the maximum at about 3fifilar  energy to photon energy are given. In line 10, the measured
to the thick target a clear maximum arises in the forward hot electron temperatures are stated. For all three values, the
direction of the incident laser. Such a maximum in the for-following trend is apparent: The conversion efficiencies and
ward direction of the laser was observed in formerthe electron temperature increase with increasing atomic
experiment® and can be attributed to forward acceleratednumber,Z, and with increasing target thickness. With respect
electrons by Wake-Field or direct laser acceleratihpro-  to the atomic number, this trend is the same for the theoret-
cesses in the preplasma in front of the target. In addition, incal radiation yield given in line 7. As the target in experi-
this work, a direct comparison with the amount of radiationment J1-Ta is a thin target, not enough material is present to
simultaneously emitted at the front side of the target is availproduce as many high-energy particles as in the other experi-
able for the first time. As the emerging radiation is not influ-ments. For this reason, the conversion efficiencies and the
enced by a thick target, this experiment is a direct measurdemperature are lower than those obtained with the thick tar-
ment of the initial radiation emitted from the plasma. get. The values for the conversion efficiendilises 8 and 9

in experiments M3-Ta and J2-T@oth thick tantalum tar-
E. Conversion efficiencies and hot electron ggts) are different by a factor _of 2. This correlates with the
temperatures differences in the pulse energiésee top of Table)l

The measured fluence spectra were used to evaluate fur-
ther characteristics of the emitted radiation. In the upper paff“CKNOWLEDGMENTS
of Table I, physical parameters for the different target mate-  The authors thank R. Nolte for the idea of using the
rials used in the experiments are given. In the lower part ofvinsucs codée”® for data evaluation, M. Reginatto for the
Table |, conversion efficiencies and hot electron temperaturegtroduction to the use of th&INBUGS code, M. Ahlborn for
are given. The values are taken as mean values of the spate readout of thousands of TLDs, as well as F. Ewald and F.
trometer positiongmostly two item$ in the range of the Ronneberger for their support in running the laser system in
angle of emission between 305° and 335&e Fig. 9 for the Jena.
definition of the direction

Comparlng the thickness of the target V\.”th the CSDA 'S. Augst, D. D. Meyerhofer, D. Strickland, and S. L. Chin, J. Opt. Soc.
range(line 3 and line §, the targets of all experiments except am g's 858(1991.
for experiment J1-Ta can be considered to be thick targets?’G. Malka and J. L. Miquel, Phys. Rev. Let7, 75 (1996.
Electrons with energies up to 2 MeV particle energy are >H. Schwoerer, P. Gibbon, S. Bigrer, R. Behrens, C. Ziener, C. Reich,

. I nd R. Sauerbrey, Phys. Rev. L&86, 2317(2002).
stopped in the targets. As can be seen in line 8, the measur . Behrens and P. Ambrosi, Radiat. Prot. DosliiL, 73 (2002.

conversion efficiency from laser light energy to electron en-sy, R Nelson, H. Hirayama, and D. W. O. Rogers, Report SLAC-265,
ergy lies between 2% and 10% for the different experiments. Stanford Linear Accelerator Center, 1985.
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