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Predmet: Molba za pokretanja postupka za reizbor u zvanje naucni saradnik

Molim Naucno veée Instituta za Fiziku u Beogradu da u skladu sa Pravilnikom o postupku
i naCinu vrednovanja i kvantitativnom iskazivanju nauéno-istrazivackih rezultata pokrene

postupak za moj reizbor u zvanje nauc¢ni saradnik.
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Misljenje rukovodioca laboratorije sa predlogom ¢lanova komisije za izbor u zvanje,

Struc¢nu biografiju,
Pregled nauc¢ne aktivnosti,

Elemente za kvalitativnu analizu nau¢nog doprinosa,
Elemente za kvantitativnu analizu nau¢nog doprinosa,

Spisak objavljenih radova i njihove kopije,
Potvrdu o citiranosti radova,
Resenje o prethodnom izboru u zvanje.

Beograd 30.07.2024.
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Nauc¢nom vecu Instituta za fiziku

Misljenje rukovodioca laboratorije o reizboru dr Andreja Bunjca u zvanje naucni saradnik

Dr Andrej Bunjac je zaposlen na Institutu za fiziku u Beogradu u Laboratoriji za atomske sudarne
procese. Njegov istraZivacki rad u periodu nakon prethodnog izbora odvijao se u oblasti
interakcije jakog laserskog zracenja sa atomskim sistemima primenom razliitih teorijskih i
numeri¢kih metoda. S obzirom da ispunjava sve predvidene uslove u skladu sa Pravilnikom o
postupku, nacinu vrednovanja i kvantitativnom iskazivanju naucnoistraZivackih rezultata
istraZivata MNPTR, saglasan sam sa pokretanjem postupka reizbora u zvanje nau¢ni saradnik i
molim Naucno vece Instituta za fiziku da pokrene postupak za reizbor dr Andreja Bunjca u
navedeno zvanje.

Predlazem sledece clanove komisije:

1. dr Nenad Simonovi¢, naucni savetnik, Institut za fiziku

2. dr Duska Popovi¢, naucni savetnik, Institut za fiziku

3. prof. dr Goran Popari¢, redovni profesor, Fizicki fakultet.

Beograd, 30. 07. 2024. Rukovodilac laboratorije
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Dr Nenad Simonovic
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Curriculum vitae

Konrtakr:
E-mail: bunjac@ipb.ac.rs

JIMYHU moganu:
Hatym pohema: 03. 12, 1988.
Mecto pohema: beorpam — CaBcku Benai

OobpazoBame:

2011 — [dunnomupao ocHOBHe cTyauje ¢usuke Ha Ousmukom ¢akynrery y beorpany,
crynujcka rpyna: "Teopujcka u excnepumenmanua guszuxa’.

2012 — [Qumiomupao mactep cryadje Ha Pusmukom dakynrery y beorpamxy ca
IUIUIOMCKAM ~ pajioM 1oja  Ha3suBoM: "Moodepna meopuja nonapusayuje
Oouenekmpuxa'.

2012 — VYnucao nokrtopkce crtyauje ¢usuke (rpyna "Keanmua, mamemamuyka u
HaHogusuka'") nog menropctsoM Jlp Tarjane Bykosuh.

2014 — IlpomeHno cmep IOOKTOPCKUX CTyAauja Ha "@usuxa amoma u monexkyra' noo
menmopcmeom J{p Henaoa Cumonosuha.

2018 — On6paHno MTOKTOPCKY TUCEPTAIUjy MO Ha3UBOM ''M3pauynasaree HacemeHoCmu
AMOMCKUX CMarva, y2doHe pacnooene U eHepaujckoe cnekmpa (omoenekmpoHa
KOO amMOMCKUX cucmema y Jjakum J1acepcKum no/bumMda NPUMEHOM BPeMeHCKU
sasucuux memooa' nox mearopctBoM [Ip Henama Cumonosuha.

IIpodecnonasina aHra:KOBaHOCT:

* Hosembap 2012 — Hoembap 2014: 3amocneH Ha mpojekty ‘“Kapbocuke u
HeopeaHcke HAHOCMPYKmype HUcke OUMeH3UOHarHocmu ™ ToJ pykoBoacTBoM Jlp
Mumunana /lammanoBuha.

* V nermem cemectpy 2013/2014 npxao ekcriepuMeHTalHe BexOe M3 mpeaMeTa
®dusnka 1 Ha pakynTeTy 3a QU3HUKY XEMH]Y.

* Hosembap 2014 — caga: 3amocneH Ha NMpojekTy “‘@usuxa cyoapa u hpomonpoyeca
y  amomcKkum, (OUO)MONEKYICKUM U HAHOOUMEH3UOHUM cucmemuma’ TIOf
pykoBozctBoM Jlp bparucnaBa Mapunkosuha.

* Cenrembap 2014 — 2017: u3Boaumo HactaBy MaTematuke y Brook Hill International
School y Beorpany.

+ 2017 — 2021: u3Boam HactaBy maremaruke y International School Savremena y
beorpany.

* Unan opranmzamuonor kommurera koHpepenmuje "COST XLIC WG2 Expert
meeting on biomolecules, 27th — 30th April 2015, Fruska Gora".

« 2018 — 2022: YyectBoBao y COST akumju CA17126 non nasuBoMm ‘“‘Towards
understanding and modelling intense electronic excitation (TUMIEE)”



2019 — 2023: YuectBoBao y COST akmmju CA18222 mon nasusom “Attosecond
Chemistry (4AttoChem)”

2020 — 2023: Capanma ca maboparopujom “JPL” y u3pamu pauyHapCKHX KOJOBa
3a pelnaBame JamnacoBe jelHaYMHE Ha He-yHHU(DOPMHO] MPEXKH Kao U MPoTaraiujy
HaeJIEeKTPUCAHE YECTULIE KPO3 TAKO U3PAYyHATO MOJbE.

2021 — 2024: Yuemhe na npojekty FRAP OPM y capagmu ca HeMaykum
uncrutytoMm “Leibniz Institute for Photonic Technologies ” mox pykoBoacteoMm Jlp.
3opana ['pyjuha.



Hper.ﬂen HAYYHC AKTUBHOCTH KaHAUAAaTa

HcTpaknBauka 00JIacT KOjOM ce KaHAMUIAT 0aBUO MPE M HAKOH IMOCICAmEr U300pa y 3Bame je
MHTEpaKIIMja JaKUX 110Jba Ca aTOMCKHUM CUCTEMHUMA. Y UCTpaXKUBambUMa Cy KOPUILTEHU TEOPU]jCKH
U HYMEpUYKH METOIM KOjU C€ YIJIaBHOM OJHOCE Ha pelIaBamkeé BPEMEHCKU 3aBHCHE
[lIpenunrepoBe jenHauYMHE U aHAIU3Y JTOO0MJEHUX pe3yJiTaTa.

HcTpaxxkuBaHa je mpe cBera MHTEPaKlirdja aTOMCKUX CUCTEMaA Ca JaKHM JIACEPCKUM 3padeheM Koja
JIOBOJIM JI0 TIpoIieca MyJITU(OTOHCKE W TyHEIHE JOHM3AIMje, ITO je OWia U TeMa JOKTOPCKE
aucepTanyje Kanaunata (Mspauynasarbe HacebeHOCMU AMOMCKUX CIMAlbA, Y2aoHe pacnoedeie U
EHepeUjCKO2 CNeKmpa (omoereKmpoHa KOO aAmOMCKUX CUCTeMA ) JaKuM J1acepCcKumM Nomuma
NPUMEHOM 8PEMEHCKU 3a8UCHUX Memooa) Kojy je onOpanuo 2018. ronuHe noJ MEHTOPCTBOM JIp
Henana CumonoBuha. Kanauaar je 1o caga o0jaBuo cemam pajioBa y Meh)yHapogHIM daconucuma,
TpHU Mpe nocieImer u300pa y 3Bame U YeTUpU HakoH Tora. [lopen Tora koayTop je Ha BETUKOM
Opojy myOnukamMja Koje c€ OJHOCE Ha caommrema Ha MehyHapognum u  momahum
KOH(epeHIHjama.

|.  HayyHa akTHBHOCT 10 PETXOAHOT U300pa y 3Bam-¢ HAYYHHU CAPATHUK

VY mepuony 10 MpEeTXOAHOr M300pa y 3Bamkbe HAayyHU CapaJHUK KaHIUIAT je IMpoydaBao
MHTEPAKIM]y aToMa ajJKaJHUX MeTaja, Kao IIPO Cy aTOMU HaTpujyMa U JIUTHUjyMma, ca jJaKUM
JIACEPCKUM I0JbEM KOjH Cy M3abpaHH 300r MOI'yhHOCTH pauyHama y jeAHOENEKTPOHCKO] CIUIU
(300T M3Y3eTHO 3aXTEBHUX HYMEPHUKUX Ipoleaypa). Ha oBUM cucreMuma HCIUTHBAHU CY
eeKTH JoHU3alK]je Y PA3TUUUTUM PEKUMHUMA CIIOJbALIET eIEKTPOMArHEeTHOT 110Jba, a payyHaTe
Cy BepoBaTHOhe joHHM3alMje, YyraOHEe pacIojielie U €HEPTUJCKU CTEeKTap (DOTOENEKTpPOHA, Kao U
HaceJbeHOCTH MoOYheHNX cTama HAaKOH MPUMEHEHOT JTaCEPCKOT MyJIca, a CBE Y [IMJbY UCTIUTUBAA
edekara MomyT pe30HAHTHO TojayaHe MynTudoToHcke jonusamnuje (REMPI), jonusanuje mpeko
npara (ATI), kao u padyHama nuHamudkor LlTapkoBor momaka. Pesynratu cy o0jaBibeHH y 3
pama y wmelyHapoIHUM dYacomucUMa ¥ TIPUKa3aHH Kao 5 caommrema Ha MelyHapoIHUM
KoH(pepeHMjama. Takohe cy Ommu U cajpxaj jeIHOT MpeaaBama Mo Mo3UBY Ha MelyHaponHOj
KOH(EpeHIIH]H.

1. PauyHame cTONE jOHU3aLMje AaTOMa HATPHUjyMa Yy PpeKUMY TYHeJIupama y
KBa3UCTATHYKOj alIlPOKCUMALUjH

Kanaunar je ucnporpamMuo HyMepHUUKy MPOIEAYPY 3a padyHame CTOMA JOHU3AIM]e U eHepruja
BE3aHMX CTama KOJI alIKaTHUX MeTalla y JTJACEPCKOM TOJbY BEIMKE TallacHe TykuHe (0Ko 14 pm)
kopuctehu MonenHu XelIMaHOB MOTEHLHWjal 3a onuc cucrema. [Ipu oBako BEIMKUM TaJlaCHUM
nykuHama Moryhe je KOpUCTUTH KBa3UCTATUYKy anpokcumaiujy. Kanaunar je ucnurao 1oMeH
BAKEHA KBA3MCTATHUKE alpPOKCHUMAIHMje KopucTehu CHUMyJalijy peajaHor myJica 3a mopeheme.

IToka3zaHo je 1a ce oBa alpoKcUMallfje MOXKe KOPUCTUTH Y IOMeHY Y kKoM je Kenauines napamerap

w,/21 . .
Y = = P MambHu 0 0.2. PGSyHTaTI/I cuMylianvja Ccy y ,Z[O6p0M cllaramy ca 06JaBJT>eHI/IM

pe3yaTaTiMa Ha CIMYHUM cuctemMuMa. CBHM JMOOMjeHM pe3yNTaTH TMpHKa3aHH Cy Ha jeIHO]
MehyHapoaHoj KoHGEepeHIIUjU U 00jaBJbEHU Y JETHOM paiay:



A. Bunjac, D. B. Popovi¢, and N. S. Simonovi¢,

“Wave-packet analysis of strong-field ionization of sodium in the quasistatic regime”,
Eur. Phys. J. D: At. Mol. Clusters & Opt. Phys. 70(5), 116 (2016). [6 pp]

Topical Issue: Advances in Positron and Electron Scattering, P. Limao -Vieira, G. Garcia,
E. Krishnakumar, J. Sullivan, H. Tanuma and Z. Petrovic (Guest editors)

DOI: 10.1140/epjd/e2016-60738-0
http://link.springer.com/article/10.1140%2Fepjd%2Fe2016-60738-0

ISSN: 1434-6060

(Kareropuja M23)

2. PauyHame yraoHumx pacmojejia U €HepPrujckor cmekrpa ¢oToesieKTPOHA aToMa
HATPHjyMa U JUTHjyMa Yy JAKUM JIaCePCKUM I0/bUMA.

VY OKBHpY MyJITH(POTOHCKOT PEKUMA HYMEPUYKH j& HCITUTaH aTOM HAaTPUjyMa U3JI0KEH KPaTKUM
JACEPCKUM ITyJICEBUMA Y IIIMPOKOM OTICeTy (PpEeKBEHIIMja U MHTCH3UTETa 10Jba. KaHauaar je onet
UCTIPOTPaMUpPa0 HYMEPUYKY MPOIEAypy 3a €BONYIHjy TajacHe (yHKIHje momMohy peliaBama
BpemeHckH 3aBucHe LlIpenunarepose jennaunne. Kao pe3ynrar oBe cumyaiyje 1ajy BepoBatHohe
HACEJhCHOCTH AaTOMCKHX CTama M II0Ka3zyjy YCJIOBE IpU KOjUMa C€ OJIBHja PE30HAHTHO
nomnymaBame. MHTepronanyujoM A00MjeHHX pe3yliTaTa MPEJIOKEH je METOJA 3a padyHame
muHaMudkor LlltapkoBor momaka oA YCIOBOM PE30HAHTHOCTH, Ka0 M METOJ 3a pavdyHame
EHEePrUjCKOT CreKTpa (poToeNneKTpoHa KOjU perpoayKyje mpoduie nodbujeHe yciea pe3oHaHTHO
nojayane MyaTudoToHCKe joHu3anuje. Jlooujenu pesynraru ynopeheHu cy HeTaBHO 00jaBJbeHUM
eKCIepUMEHTAIHAM ToauuMa U Jajy Jo0po cmarame. llopen Tora, pauyHaTe cy yraosne
pacrioziesnie pOTOENeKTPOHA aTOMa HATPHjyMa U JINTHjyMa TPETUPAHUX WHTCH3UBHUM JIACEPCKUM
MyJICEBUMA Y Tpajamy HEKOIHMKO JeceTuHa (heMTocekyHau. 13 nobujennx npoduina UMITyJICHOM
MPOCTOPY W3payyHATH Cy €HEPrHjCKH CIIEKTPH KOju Cy yrnopeheHu ca HemaBHO 00jaBJbEHHM
EKCIIEPUMEHTATHIM pe3yJiTaTUMa U J1ajy 100po ciarame. OBU pe3yaTaTu 00jaBJbeHH Cy y 2 paja:

A. Bunjac, D. B. Popovi¢ and N. S. Simonovi¢,

“Resonant dynamic Stark shift as a tool in strong-field quantum control: calculation and application for
selective multiphoton ionization of sodium”,

Phys. Chem. Chem. Phys. 19, 19829-19836 (2017). [on-line 07.07.2017]
https://doi.org/10.1039/C7CP02146A

From themed collection XUV/X-ray light and fast ions for ultrafast chemistry

ISSN: 1463-9076

(Kareropuja M21)

A. Bunjac, D. B. Popovi¢ and N. S. Simonovic,

“Calculations of photoelectron momentum distributions and energy spectra at strong-field multiphoton
1onization of sodium”,

Eur. Phys. J D 71(8), 208 (2017). [6pp, online 8 Aug.2017]

doi: 10.1140/epjd/e2017-80276-5

Contribution to the Topical Issue: “Physics of Ionized Gases (SPIG 2016)”, Edited by G. Poparic,

B. Obradovic, D. Maric and A. Milosavljevic.

ISSN: 1434-6060

(Kareropuja M23)



http://dx.doi.org/10.1140/epjd/e2016-60738-0
http://link.springer.com/article/10.1140%2Fepjd%2Fe2016-60738-0
https://doi.org/10.1039/C7CP02146A
https://doi.org/10.1140/epjd/e2017-80276-5

II. HayyHa akTMBHOCT HAKOH MPETXOHOT U300pa

VY mepuoy HaKOH MPETXOJHOT M300pa y 3Bambe KaHAWAAT je HACTaBHO ca 1) mpoyuyaBambem
WHTEpaKIIM]y aToMa HaTpHjyMa ca jaKuM JIacepCcKuM 1moJbeM. [lopen Tora oTBOpeHe Cy JBE HOBE
teme: 2) XunepuHO LEname W BpeMe KMBOTA HAJHMXKET HUBOA IMO3UTPOHHjyMa Y jaKOM
EICKTPUYHOM TI0Jby U 3) ytHiaj PabujeBe nuHamMuKe Ha €HEPTHjCKH CIEKTap (POTOeNIeKTpoHa
HACTAJIUX TIPH PE30HAHTHO] ABO(OTOHCKO] jOHH3AIMjU aTOMa jaKUM JIACEPCKUM HMITYJICUMA.
Pesynratu cy ob6jaBibeHr y 3 paga y mehyHapogHuM Yacomucuma W IpuKa3aHu Behem Opojy
CaoIIITeHha Ha MeljyHapOoHUM KOH(pepeHIIHjama.

1. CeaexTuBHAa BHIIE(OTOHCKA joHH3ALMja HATPHjyMAa (PeMTOCEKYHIHUM JIACEPCKUM
HMITYJICUMA: aHAJN3A NapIUjaJTHUX Tajaca

VY okBHpY OBEe TeMe NpoydaBaHa je BHUIIE(POTOHCKA jOHH3AIMja HATpUjyMa (HEMTOCEKYHTHHM
JIACEPCKUM TyJiceBHMa TanacHe ayxuHe 800 HM y OIcery JacepcKuX MUKOBAa WHTCH3UTETa KOjU
NpUIaAajy JOMEHY joHu3auuje mpexo Oapujepe. Pacnonena wummynca (oToenekTpoHa H
SHEePreTCKU CIEKTpU oapeheHn cy HyMepuuKH perraBameM BpeMeHcku 3aBucHe [lpennnrepose
JeIHaYMHEe 32 TPU BPETHOCTH MHTEH3HUTETA Jlacepa M3 oBOT AoMmeHa. [lomoxaju mukoBa Koju ce
oxHoce Ha DprMaHOBE PE30HAHIIN]E Y H3PAUyHATHM CIIEKTPHMA CIIAXKY Ce ca MO3UIjamMa ITHKOBa
y eKCIIepUMEHTaIIHO ojpel)eHnM criekTpuma. AHanu3upajyhu oBe MMKOBE METOAOM MaPIIHjaTHUX
Tajyaca OTKPHBEHO j€ J1a j& CBaKH MUK CYIEPIIO3UIIHja JONPUHOCA (POTOCIEKTPOHA TPOU3BEICHUX
PE30HAHTHO 10jayaHOM BHIIE(OTOHCKOM JOHM3ALNjOM PEKo pa3nunuutux Mehycrama. [lokazano
je ma je mpu oaroBapajyhmM MHTEH3UTETHMA Jjacepa Moryha celeKkTHBHA joHH3aIlMja, Koja ce
OJIBHja TPETEKHO Kpo3 jenHo mehycrame. JloOujeHu pe3ynTaTH NpUKa3aHU Cy HA BUIIEC
MehyHapoaHHUX U ToMahux HayYHHX CKYHOBa U 00jaBJbEHU y JETHOM paay:

A. Bunjac, D. B. Popovi¢, and N. S. Simonovi¢,

“On the selective multiphoton ionization of sodium by femtosecond laser pulses: A partial-wave
analysis”,

Phys. Lett. A 394, 127197 (2021). [6 pp]

https://doi.org/10.1016/j.physleta.2021.127197

(Kareropuja M22)

2. XuneppuHo Hename W BpeMe KUBOTA HAJHH:KEI HHBOA MO3UTPOHHjyMa y jaKkoM
€JIeKTPUYHOM TOJbY

OBa Tema ce 6aBu T0JaTHOM HecTaOMIIHONIhY MO3UTPOHHjyMa, KOju Beh MMa KOHauaH )KMBOTHH
BEK yclie] aHuXuiamnuje, caga 300r MoryhHOCTH joHU3allMje W3a3BaHE EINEKTPUYHUM IIOJHEM.
[TpopauyHu crore joHH3alMje KOpUIThekheM HYMEPUYKHX METO/a TOoKasyjy na, y nopehemy ca
aHMXHUIIAIMjOM, OHAa II0CTaje JOMHHAHTHA y OICETy jaylMHE MO0Jba KOjH MpPHIAZa PEKUMY
jonmzanuje mpeko Oapujepe (OBIl). C gpyre crpane, xumnepduHo lename HajHIKET HHBOA
MO3UTPOHHUjyMa OTIaJia y IOMEHY TyHelupama, y3uMajyhu Ha mouerky OBI-momena BpegHoCT K0ja
je oko 20% Hrka o BpeaHOCTH 0e3 mosba. Kako ce jaunHa moska najsbe moBehaBa, OBO Ienambe
BapHpa MPUIMYHO CIIOPO, AJTH OBJIE I0JIa3H 110 JI0IaTHOT LieNama HUBOA TPHUILIETA, Yija je Op3uHa
yrHopeauBa ca 0BOM BapujanujoM. KoHauHO, MMOKa3aHo je Jla Cy HajHU)KA HUBOW CHEPTHUje U CTOIE
JOHH3AIH]e 3a aTOM BOJIOHHKA U TIO3UTPOHHjYM, oApeheHn yHyTap Tpyde CTPyKType, MOBE3aH! ca


https://doi.org/10.1016/j.physleta.2021.127197

ckanupajyhum tpancpopmanurjama. J{odujeHn pe3yaTaTu NpuKazaHu Cy Ha BHIIEe Mel)yHapoaHuX
1 fomMahux HayYHHUX CKYIOBa U 00jaBJbEHU y J€THOM Paidy:

M. Z. Milosevi¢, A. Bunjac, D. B. Popovi¢ and N. S. Simonovi¢

"Hyperfine splitting and lifetime of the positronium lowest level in a strong electric field"
J. Phys. B: At. Mol. Opt. Phys. 54, 035001 (2021)
https://doi.org/10.1088/1361-6455/abce96

(Kareropuja M22)

3. ¥YrTunaj PabujeBe 1nHaAaMHUKe HA eHEPTUjCKHU crieKTap (POTOEJTEeKTPOHA HACTAIUX NPH
Pe30HAHTHOj 1BOQOTOHCKOj jOHM3ALMjU ATOMA jAKHM JIACEPCKUM MMITYJICHMA

VY 0Boj Temu nipoy4daBanu cy eextn PabujeBe TuHaAMIKE Ha €HEPTHjCKH CIIEKTap (POTOCIEKTPOHA,
HACTaJuX IMPU PE30HAHTHO] JABO(POTOHCKO] JOHM3AIMjU aToMa BOJOHHMKA jaKHM JIACEPCKHM
MmyJIcCeBUMa, y KoOje craaajy acumerpuja Aytiep-TayHcoBux ayOlieta y CHEKTpHMa M T0jaBa
uHTepdepeHmonnx obpa3ama wu3Mmel)y nmkoBa aybnera. Ilom PabujeBoM auHaMuKOM ce
nojpasymeBajy PabujeBe ocimianuje eIeKTpoHCKe momyhanuje u3mel)y ocHoBHOT U mooyheHor
2p crama aromMa BOJIOHHMKA, HM3a3BaHE WHTCH3MBHUM KpPAaTKAM JIACEPCKUM ITyJICEBUMA KOjH
PE30HAHTHO CHPEXY JIBa CTama. MICTH acepcko 3padyere JOBOAM 10 HaKHaIHE (OTOjOHU3aAIH]je
u3 nmodyheHor crama.

CrniekTpu cy padyHaTH NMPHUMEHOM METOJIeé BPEMEHCKH 3aBHCHUX aMIUIMTYy/a KOpuIThemeM JiBa
MpHUCTyNa pa3IMuUTOr HHUBOA ampokcumanwje. [IpBu TpucTynm moIpa3ymMeBa pellaBame
KOMILIETHOT CKyTIa jeTHAYMHA 33 aMILUIUTY/I, KOjU MOPET aMIUIATY 1A CIperHyTuX (1s, 2p) u ctama
KOHTHHYMA, YKJbydyje W aMIUTUTYJe APYTUX IUCKPETHUX (Mame 3Ha4yajHUX) cTama. [pyru
MIPUCTYII j€ MOJICNT Ha TPH HUBOA KOJH YKJbYUYje CaMO aMIUTATY/IE JIBa CIIPETHYTA CTamba M CTamba
KOHTHHYyMa. YropehuBameM CrieKTpa qo0HjeHuX KopuImhemeM OBa JIBa MPHUCTyTa MOTBphyjeHo
je na ce momepame Aytinep—TayHcoBux aybieTra, Koje MOCTOjH caMo y CHEKTpHUMa J100UjeHUM
pelnraBameM KOMIUIETHOT CKyTia jeTHaYrHA, MOXe npunucaru aguaamudkom [llTapkoBom momaxy,
HITO je TMOCNIenuIia Clpere ca ocraiuMm crambuMma. KoHauHo, yTBpheHO je na je acuMmeTrpuja
WHTEH3UTETa KOMIOHeHaTa Aytiep-TayHcoBux ny0Onera, Koja ce TMOjaBJbyje Yy CHEKTpHMa
nooujeHnM KkopuiihemeM 00a HyMepHuka MpPHCTYINa, TPBEHCTBEHO IIOCIEIUIIA CMambeHha
BepoBaTHOhe mpenasa n3mely 2p u crama KOHTHHYyMA ca nmoBehameM eHepruje (HOToeTeKTPOHA.

YTBpheno je ma, 3a ['aycoBe, monyraycoBe W TIpaBOyraoHE ITyJICEBE, KOje KapaKTEpHIe UCTa
MyJICHAa TOBpILIMHA, KOHaYHE MOMyJaluje UMajy UCTe BPEJHOCTH U Jia Ce CHEKTPU cacToje O
CIIMYHUX oOpa3zala Koju MMajy MCTH Opoj MHKOBAa M NPHUOIIKHO HCTO paslBajame mu3Mmely
Aytnep—TayHcoBux mukoBa. JlogaTHa aHanmm3a TPEKO ,,00yueHWX CTama‘ TMoKaszajia je 1a je
MexaHu3aM (popMHpama CTPYKTYpa ca BULIECTPYKUM ITMKOBHMA TOKOM Iporieca (hOTOjoHU3aIHje
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Abstract

®

CrossMark

When placed in an external electric field, positronium, which already has a finite lifetime due
to annihilation, becomes additionally unstable due to field-induced ionization. Calculations of
the ionization rate using ab initio methods show that, compared to annihilation, it becomes
dominant in the range of field strengths belonging to over-the-barrier ionization (OBI) regime.
On the other hand, the hyperfine splitting of the positronium lowest level decreases in the
tunnelling domain, taking at the beginning of the OBI domain a value that is about 20% lower
than the field-free value. As the field strength increases further, this splitting varies rather
slowly, but here an additional splitting of triplet levels occurs, whose rate is comparable to this

variation. Finally, it is demonstrated that the lowest energy levels and ionization rates for the
hydrogen atom and positronium, determined within the gross structure, are related to scaling

transformations.

Keywords: positronium, hyperfine splitting, electric field, ionization
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1. Introduction

In contrast to ordinary hydrogen-like atoms (H, He™, Li™ ™,
etc), positronium (Ps) is an unstable system due to a non-
negligible probability for annihilation of the electron-positron
(e~e™) pair which constitutes this exotic atom [1]. The life-
times of the singlet (1'Sy) and triplet (13S;) components of the
ground-state of positronium, the so-called para-positronium
(p-Ps) and ortho-positronium (o-Ps), are 125 ps and 142 ns,
respectively [2]. The ground state energy of positronium is
about half of that of hydrogen (E ~ —6.8 V), but its hyper-
fine splitting (HFS), E,_p; — Ep_ps = 0.845 meV [3], when
compared to that for hydrogen, is more than three orders of
magnitude larger. This splitting is a consequence of two spin-
dependent interactions: (i) the spin—spin coupling (the inter-
action of individual magnetic momenta of e~ and e™) and (ii)
‘the annihilation force’ (the possibility of virtual annihilation
and re-creation of the e~e™ pair) [4].

* Author to whom any correspondence should be addressed.

0953-4075/21/035001+8$33.00

When positronium is placed in an electric field another kind
of instability arises—the field induced decay of e"e™ pair,
i.e. the ionization of positronium by the electric, Namely, the
external electric field distorts the Coulomb potential of the pair,
forming a potential (Stark) barrier through which the system
can decay by tunnelling. The limiting case of this process when
the barrier is suppressed below the energy of the atomic state,
which takes place at very strong fields, is usually referred to
as over-the-barrier ionization (OBI). Since the ionization rate
increases with the field strength, at sufficiently strong fields the
related lifetime may be much shorter than the lifetimes of p-Ps
and o-Ps, leading to a reduction of the annihilation events. In
a recent study it has been shown how the annihilation dynam-
ics of the excited positronium can be controlled using parallel
electric and magnetic fields [5, 6].

Tunnel ionization as well as the Stark shift of the energy
levels of hydrogen-like atoms is successfully described ana-
Iytically in the case of weak fields [7]. An improved formula
[8] was recently used to determine the tunnelling rates for the
field ionization of Rydberg positronium [9]. At stronger fields,

© 2021 IOP Publishing Ltd  Printed in the UK
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however, particularly in the OBI domain, accurate values for
energies and ionization rates can be obtained only by applying
ab initio (numerical) methods. In this paper we study the low-
est state energy and the ionization rate of positronium in the
range of field strengths from zero to a value deep in the OBI
domain, using two different numerical methods: the Wave-
Packet Propagation (WPP) method and the complex-rotation
(CR) method. These methods were previously successfully
used in studies of ordinary atoms and ions in strong fields
[10-12].

Research into HFS of energy levels of the field-free positro-
nium and under the influence of magnetic field began imme-
diately after its discovery [13]. This research, as well as the
research of fine and ultrafine structure of the positronium spec-
trum, has continued until today, resulting in a huge number of
publications. One of the goals of studying this purely leptonic
system was to test the precision of quantum electrodynam-
ics. Existing measurements for a number of level transitions,
like 13S;-1'S; (ground-state HFS) [3, 14],23S,-13S, [15, 16]
and 23S, -225t1P; [17-19], were generally in agreement with
theoretical predictions (see [20, 21] and references therein).
However, a recently reported discrepancy in measuring the
fine structure of the n = 2 state with theoretical predictions
[22] opens up new questions that require further research. On
the other hand, research on effects of the electric field on the
hyperfine structure of positronium spectrum is present in the
literature to a much lesser extent (see reference [6] as a recent
example). A reason may be the fact that HFS of energy levels
of positronium is not strongly affected by an external electric
field. A weak dependence of HFS on the electric field occurs
due to the change of form of the positronium lowest state wave
function when the field increases. The results which we present
here are a contribution in this direction.

The paper is organized in the following way. In the next
section we introduce the model and define the ionization
regimes (tunnelling and OBI). Approximate formulae for the
lowest state energy and ionization rate are given in section 3.
Numerical methods are briefly described in the same section.
The results for positronium, obtained using different meth-
ods, are presented and compared in section 4. In section 5 it
is shown how the energies and ionization rates for positron-
ium and hydrogen can be related using scaling properties of
the Coulomb systems. A summary and discussion are given in
section 6.

2. The model

2.1. Interaction with the electric field

The Hamiltonian describing the relative motion of a two-
particle system consisting of one electron (g, = —1, m; = 1)
and another particle of the opposite charge (¢, = +1) and mass
my, placed in the external electric field of strength F, reads (in
atomic units)

1, 1

—V - - —Fz, (1)

Hy = —
0 21 r

where r is the inter-particle distance, z is its component in the
field direction and p = mymy/(my + my) is the reduced mass.
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Figure 1. Potential V = —1/r — Fz, where r = (p* + z2)!/* and

p = (x2 + y)/2 (bottom, light blue), the lowest energy level E
(bottom, dark blue) and the real part of wave function v (top, green)
corresponding to the lowest resonant state at the field strength

F =0.05au. (=2.571 x 10'° V m™") for: (a) hydrogen (. = 1,

E = —0.5061 a.u.) and (b) positronium (1 = 1/2,

E = —0.2846 a.u.). The vertical arrow shows the position of the
saddle point of the potential barrier. Note that at this field strength
the ionization of hydrogen realizes by tunnelling, while in the case
of positronium it is OBI.

For the hydrogen atom this mass is ¢ = 1 (in the approxima-
tion of infinitely heavy nucleus), whereas for positronium it
takes the value u = 1/2. Since the spin—orbit and spin—spin
coupling, as well as other higher order terms, are neglected in
Hamiltonian (1), it describes the so-called gross structure of
the system. At the end of section 4 it will be shown that it is
sufficient to use this method when considering the ionization
rates.

When F # 0, the Coulomb potential —1/r and the exter-
nal field form the potential barrier (see figure 1) with
the saddle point of height V,, = —2+/F located at Iy =
(0,0,1/ \/17). Since the potential energy outside the barrier
asymptotically tends to —oo, the system can decay by tun-
nelling at any energy E. Therefore, all bound states of the
field-free atom become resonant (autoionizing) states when
F #0.

As it was already mentioned in the introduction, two ion-
ization regimes can be distinguished: (i) the tunnel ionization
(tunnelling) regime, when E < V, (see figure 1(a)), and (ii)
the OBl regime, when E > V., (see figure 1(b)). Here we con-
sider the ionization from the lowest state which in the limit
F — 0 approaches the ground state of the field-free atom.
The value of the field strength which separates the ionization
regimes F™ is the root of the equation

E(F*) = Vp(F") = —2VF*. )

Thus, the tunnelling and OBI take place for: (i) F < F* and
(ii) F > F*, respectively.

2.2. The spin-spin coupling and the annihilation interaction

The interactions which lead to the energy splitting between
the o-Ps and p-Ps ground states—the spin—spin coupling and
the annihilation interaction—are described by two additional
terms in the Hamiltonian which take the forms [23]

a® [3(31 1) (G 1) Gi-Fr 87
s Rl L A B G E
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a?
2

Vann (3 + 6:1' 52) (5(1’) (4)

Here r = r; — r, is the relative radius vector of e e ™ pair, &1 »
are the Pauli matrices describing the spin of these two particles
and o = 1/137.036 is the fine-structure constant. In analogy
with ordinary atoms, this energy splitting is called the HFS,
although for positronium it is of the same order of magnitude
as the fine structure corrections.

Assuming that the spin—spin coupling and the annihilation
interaction are not directly affected by the external electric

into account the HFS, reads

H = Hy + Vi + Vann = Ho + Vigs. (5)

Using relations &;- 05 = 28> —3 and (G1-1)(0r- 1) =
2(S-1r)> — 12, where S = (& + &,)/2 is the total spin, and
writing r = re,, the HFS term becomes

(Z S? — 2) 5(r).  (6)

2
@ 2 2 2
Vi = 5 5[3(8 - )" = §°] + ma

The matrix which represents the operator (S - e,)” in the
basis of singlet/triplet spin states {|S,Ms)|S =0, 1;Ms =

field, the Hamiltonian for positronium in this field, which takes  —S, ..., S} has a quasi-diagonal form
0 0 0 0
1 __sin2de’? 1 .2 2ip
(S-e)? = 0 4(C082’l9+‘3) s asin 196‘
r 0 _ sin2de ¥ Sin219 sin2¥e*¥ ’
2v2 4 2v2
1 2.9, —2ip sin2¥e” "% 1
0 | 5sin“de sz 1(Cos20+3) o

while the corresponding matrix of the operator S? is diagonal

(SM)sug.sr, = S + 1) Ossprgy ®)

Thus, the HFS terms do not couple the singlet (S = 0) and
the triplet (S = 1) states, but V couples the triplet states with
different values of M.

Since the first diagonal element (SMs = S'Ms = 00) of
matrices (7) and (8) is zero, in the singlet case the spin-
dependent terms in equation (6) vanish and Vg reduces to

yE=0 _

o —27a*5(r).

€))

For the triplet case the spin-dependent terms in Vg are
different from zero. Assuming, however, that their contribu-
tion is much smaller than the contribution of the term with
delta-function, we neglect the Mg-coupling and characterize
the lowest state by a definite value of quantum number Mj.
In this approximation we only keep the diagonal matrix ele-
ments [(S - e,.)z]lMs,lMs and (Sz)lMs,lMs = 2 in the HFS term
and apply the expression

2
= 8
Vi = 25 [3[(S - ) limg.1ms — 2] + 3 maé(r).  (10)
3. Methods

3.1. Approximate formulae

The lowest energy level E of the system described by
Hamiltonian (1) can be written as the sum of the ground state

energy of the field-free atom (—p/2) and the Stark shift AE
of this level at the field strength F. For weak fields (F < F*)
the later can be approximated by the quadratic term —a, F? /2,
where o, = 9/(24%) is the polarizability of the ground state.
Therefore

(1)

In the same range of field strengths, the ionization (tunnelling)
rate w is given by the Landau formula [7]

12)

Functions E(F) and w(F) are shown in figures 2(a) and (b),
respectively, for ¢ = 1 (H, dashed line) and p = 1/2 (Ps, full
line).

3.2. The wave-packet propagation method

In this method the resonance position and width are deter-
mined from the time-evolution of the system. If (r,0) is
the initial wave function (wave packet), the wave function
(r, ) at an arbitrary time ¢ can be determined by numer-
ically integrating the time dependent Schrodinger equation.
For this purpose here a variant of the second-order-difference
scheme [24] was used. The energy spectrum is obtained from
the autocorrelation function ¢(¢) = (1(0)|¢(¢)) by calculating
its power spectrum (the square of the absolute value of its
Fourier transform). The resonances are related to (approxi-
mate) Lorentzian profiles in the power spectrum containing the
information about their positions (£) and widths (I"). In order
to calculate these parameters for the lowest state, the initial
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Figure 2. (a) The ground state energy E and (b) the ionization rate
w for the hydrogen atom (dashed line, blue circles) and positronium
(full line, orange squares, crosses) as functions of the strength of
external electric field F. The lines, full symbols and crosses
represent the analytical values (formulae), numerical results
obtained by the WPP method and those obtained by the CR method,
respectively. Green circles represent the results for positronium
obtained by scaling the numerical data for hydrogen. Vertical gray
lines mark the field strengths F* dividing the tunnelling and
over-the-barrier domains for each atom. For comparison, the
annihilation rates for para- and ortho-positronium, wﬁ,}lps and w

are shown in the inset (red lines) in plot (b).

0—Ps
ann >

wave function ¥ (r, 0) is set to be the ground state wave func-
tion of the field-free atom. In this case the spectrum reduces
to a single Lorentzian corresponding to the lowest state and
lc(#)|* = e, where w = '/ his the corresponding decay rate
(hereafter we put i = 1). Then, I (or w) can be determined
more precisely by calculating the gradient of In(|c(f)|?). This
method was used here to calculate the lowest state energies and
widths of hydrogen and positronium in electric field described
by Hamiltonian (1).

3.8. The complex-rotation method

A resonant state ¥ (r) can be regarded as an extension of the
concept of bound state in a sense that it is an eigensolution
of the Schrodinger equation which asymptotically behaves
as a purely outgoing wave (¢(r) is not square integrable,
see figure 1) with complex eigenenergy E.. The real and
imaginary parts of Es determine the energy (position) and
the width of the resonance, E = Re(EL), I' = —2Im(E).
The basic idea of the complex rotation method (see e.g.

references [25-27]) is to make the resonance wave function
1(r) square integrable by a complex rotation of the coordinate,
P(r) — Yy(r) = (e’ r), where 6 is a real parameter called the
‘rotation angle’. Such a ‘rotated’ state 1,(r) is an eigenfunc-
tion of the so-called complex rotated Hamiltonian Hy obtained
from the original Hamiltonian H by the transformations
r — e'’r. The spectrum of Hamiltonian (5) (or (1)) can be com-
puted by diagonalizing the corresponding rotated Hamiltonian

o200 —if

e
Hy = — Vi — —
f 2u r

Fz+ e Ve (13)

in a square integrable basis which is complete in a sense that
it covers the continuous part of the spectrum, too. For this
purpose we use the Sturmian basis [28].

4. Results

In the first step of this analysis we neglect higher order
terms in the Hamiltonian and calculate the lowest state ener-
gies and widths (ionization rates) for the hydrogen atom
and positronium using Hamiltonian (1). These quantities
in the range of field strengths from FF =0 to 0.25 a.u.
(~1.286 x 10'", V,m™!), obtained using the formulae and
methods described in the previous section, are shown in
figure 2. It can be seen that the expressions (11) and (12)
approximately reproduce numerical results in the tunnelling
regime (F < F*) but fail in the OBI regime (F > F*). The val-
ues of the field strength which separate the ionization regimes
(F* = 0.065 a.u. for H and F* = 0.016 a.u. for Ps) are deter-
mined from equation (2) using the expression (11) or the corre-
sponding numerical values for the lowest state energy. A grow-
ing difference between the analytical and numerical results for
E and w at F > F* confirms the fact that equations (11) and
(12) are valid only for weak fields, and the values for E and
w at stronger fields (especially in the OBI regime) must be
determined numerically.

Numerical values for positronium (gross structure)
obtained by the WPP method and by the CR method are show
in columns 2-5 of table 1. It can be seen that a difference
between the results obtained by these two numerical methods,
which is small for F ~ F* (|AE/E| < 0.2% for F < 0.1 a.u.,
Aw/w < 0.5% for F € (0.02,0.1) a.u.), becomes significant
when F > F*, especially for energies (|AE/E| = 8.2% and
Aw/w ~ 1.7% for F =0.25 a.u.). The small difference at
lower field strengths can be attributed to a numerical error
(of the WPP method, primarily). However, the significant
discrepancy that occurs at very strong fields should be
attributed to the fact that the quantities £ and I'/2, which
appear in the Breit—Wigner formula (Lorentz parameters), are
not identical to the real and imaginary part of the complex
energy, especially for very broad resonances (large I') [32].
Namely, the correspondence between resonant states and
complex poles of the scattering matrix makes sense only
under the assumption that I' < |E| (see e.g. the introduction
in reference [33]). Therefore, although the CR calculations
introduce a smaller numerical error, the values for £ and T,
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Table 1. The lowest state energies (Eps, Ep_ps, Eo—ps) and widths (I'ps) of positronium at different strengths of external electric
field F' (all in atomic units) obtained by the WPP method and by the CR method. Quantities Ep,, E,_ps and E,_p, are the lowest
state energies for: positronium calculated without a HES contribution, para- and ortho-positronium calculated using only the
term with delta-function in expression (10), respectively. The quantity Epg in the last column is the HFS of the lowest state

energy of positronium, determined as E, ps — Ep_ps.

F Eps (WPP) Ips (WPP) Eps (CR) Ips (CR) E,—ps (CR) Eo_ps (CR) Ens
0 —0.25 0 —0.25 0 —0.2500133 —0.2499823 3.1053 x 107>
0.01 —0.25188 2x 107 —0.2518858 1.94635 x 10°¢ —0.2518988 —0.2518685 3.0220 x 107
0.02 —0.25875 2.121 x 1073 —0.2587803 2.26983 x 1073 —0.2587919 —0.2587649 2.7001 x 1073
0.03 —0.26866 1.484 x 1072 —0.2686678 1.49579 x 1072 —0.2686785 —0.2686535 2.4945 x 107°
0.04 —0.27743 3.560 x 1072 —0.2776272 3.57081 x 1072 —0.2776376 —0.2776133 2.4289 x 107°
0.05 —0.28464 6.033 x 102 —0.2850625 6.06145 x 102 —0.2850728 —0.2850487 2.4140 x 107
0.06 —0.29055 8.757 x 1072 —0.2911676 8.77519 x 1072 —0.2911779 —0.2911538 2.4140 x 107
0.07 —0.29555 0.1157 —0.2961905 0.116 1592 —0.2962008 —0.2961766 2.4199 x 107
0.08 —0.29989 0.1448 —0.3003339 0.1453131 —0.3003444 —0.3003201 2.4319 x 107°
0.09 —0.30374 0.1751 —0.3037541 0.1749071 —0.3037645 —0.3037401 2.4378 x 107°
0.10 —0.30722 0.2034 —0.3065706 0.204 7509 —0.3065811 —0.3065566 2.4468 x 107>
0.11 —0.31035 0.2343 —0.3088764 0.2347219 —0.3088869 —0.3088624 2.4527 x 107°
0.12 —0.31328 0.2646 —0.3107449 0.264 7381 —0.3107555 —0.3107309 2.4527 x 107°
0.13 —0.31599 0.2951 —0.3122348 0.294 7434 —0.3122454 —0.3122208 2.4557 x 107
0.14 —0.31850 0.3257 —0.3133938 0.324 6994 —0.3134043 —0.3133798 2.4527 x 107°
0.15 —0.32087 0.3564 —0.3142612 0.354 5786 —0.3142717 —0.3142472 2.4498 x 107°
0.16 —0.32305 0.3871 —0.3148696 0.384 3615 —0.3148801 —0.3148557 2.4408 x 107>
0.17 —0.32509 0.4180 —0.3152467 0.414 0357 —0.3152571 —0.3152328 2.4348 x 107°
0.18 —0.32701 0.4487 —0.3154157 0.443 5906 —0.3154262 —0.3154019 2.4259 x 107°
0.19 —0.32879 0.4794 —0.3153969 0.473 0203 —0.3154073 —0.3153832 2.4110 x 107
0.20 —0.33047 0.5100 —0.3152075 0.502 3201 —0.3152178 —0.3151938 2.3961 x 107°
0.21 —0.33206 0.5403 —0.3148625 0.5314882 —0.3148727 —0.3148489 2.3842 x 107°
0.22 —0.33355 0.5705 —0.3143751 0.560 5221 —0.3143853 —0.3143616 2.3663 x 107>
0.23 —0.33495 0.6000 —0.3137570 0.5894222 —0.3137670 —0.3137436 2.3454 x 107°
0.24 —0.33627 0.6288 —0.3130183 0.618 1881 —0.3130283 —0.3130050 2.3246 x 107°
0.25 —0.33763 0.6576 —0.3121682 0.646 8209 —0.3121781 —0.3121551 2.3007 x 107>

obtained by the WPP method, are closer in meaning to those L B

in experiments. 10 My=+1

For comparison with the ionization rate, the annihilation --,-1--~r=%::::

rates for p-Ps (wh® = 1.935 x 10~7 a.u.) and 0-Ps (w?-Ps = 1x10°1 o-Ps (riplet)  M=0"1

1.704 x 107'° a.u.) are shown in the inset in figure 2(b). The =

field strengths leading to the same values for the ionization S0 L

rates are F ~ (0.0085 a.u. and 0.0062 a.u., respectively, i.e. %

both of them are in the middle of the tunnelling domain. Since 1x10°A |

the ionization rate increases with the field strength, in the OBI p-Ps (singlet)

regime it becomes much higher than the annihilation rates. .

In the next step we calculate the lowest state energies and '2"100,00 005 010 015 020 025
widths for positronium in the electric field by taking into F(a.u)

account the HFS. For this purpose we use the CR method
and rotated Hamiltonian (13) with terms (9) and (10) for p-Ps
(singlet) and o-Ps (triplet), respectively. The calculations for
0-Ps have shown that the term in Vyg, which is proportional
to 1/ P, gives much smaller contribution to the HFS (for about
two orders of magnitude) than the term with delta-function.
This fact is in agreement with the assumption from the last
paragraph of section 2.2 which validates expression (10) as
a good approximation. Moreover, if we do not require high
accuracy, we can neglect the term ~ 1 /7 and perform the cal-
culations using only the second term (with delta-function) in
equation (6). The values for the lowest state energies of p-Ps
(Ep—ps) and o-Ps (E,_ps) obtained in this way and their dif-
ferences Epng(F) = Eo_ps(F) — Ep_ps(F) are given in the last

Figure 3. HFS of the lowest state energy of positronium in electric
field. The p-Ps and o-Ps lowest state energies relative to the
corresponding gross structure energy (AE,_pso—ps =

Ep_pso—ps — Eps), as functions of the field strength, are represented
by the red and blue curves, respectively. The dashed blue lines
represent the values for o-Ps which are obtained using the full
expression (10) for Mg = 0 and My = +£1 separately, whereas the
full blue line is obtained using only the term with delta-function.

three columns of table 1. These values (relative to the cor-
responding gross structure energy), as well as those for o-Ps
obtained using expression (10) for Mg = 0 and Mg = £1, are
shown in figure 3. It can be seen that the HFS, compared to the
field-free value (Epg(0) ~3.1053 x 107 %a.u. ~0.845 meV),
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decreases significantly in the tunnelling domain and at the
beginning of the OBI domain (F ~ 2F},) takes the value that
is about 20% lower than the initial one. As the field strength
increases further, this splitting varies rather slowly, but there
is an additional splitting of the triplet level that is increasing
(EMs5 ' — EMS5.0) [ Enge ~ 6.3% at F = 0.25 a.u.).

The behaviour of HES in the electric field can be explained
by the change of form of the lowest state wave function of
positronium when it is placed in the field. The HFS in the range
F < 2Fp can be estimated applying the first order perturbation
theory, using Vi (without the term ~ 1/7°) as the perturbation.
This approach gives

4 5

Ens(F) ~ =7 [(0; F)[7, (14)

where 1(0; F) is the value of the lowest state wave function

of positronium in the field of strength F for » = 0. Using

equation (14) one sees that the observed decrease of HFS,

while increasing F, is a direct consequence of the decrease of

electron density at the positron position (|¢(0; F)|?). The lat-

ter can be explained by the fact that the density distribution in

electric field shifts towards the barrier and thereby decreases
atr = 0.

The widths of the lowest states of p-Ps and o-Ps are deter-
mined simultaneously with the corresponding energies. These
values are not shown in table 1, but they can be approx-
imated by linear fits: I'y_ps(F) ~ I'ps(F) — 2.6 - 10~*F and
Ty ps(F) =~ Tps(F) + 3.4 - 10"*F (in a.u.). It should be noted
that, unlike Epg, which can be precisely determined in the
experiment by measuring the frequency of absorbed/emitted
radiation, corrections to the ionization rate are not related
to similar quantities and, therefore, are not as significant as
corrections to the energy.

5. Scaling properties

Approximate expressions (11) and (12) for the ground state
energy E and the ionization rate w can be written in the form

E=—-—-ZF2, 15
2 4 (15)
4 2
I _ ). 16
b=z exp( 3F> (16)
where
E=E/p, — w=w/p,  F=F/? (17

are the mass-scaled values for energy, ionization rate and field
strength. These scaling properties follow from the invariance
of equations of motion for the system described by Hamilto-
nian (1) under simultaneous transformations

= o= p/A,
t—1= M\t
r—ft=Ar (18)

p—p=p/\

E—-E=E/)\
F—F=F/)\

when we take A = p.

The invariance of the equations of motion for Hamiltonian
(1) under transformations (18) extends the validity of scal-
ing properties (17) to their exact solutions (numerical values
for E and w calculated within the gross structure). The con-
firmation of this assumption is the coincidence of numerical
results for positronium and scaled numerical results for hydro-
gen with scaling parameter A = p = 1/2 (see figure 2). Thus,
instead of direct calculation, the gross structure values for
E and w for positronium can be obtained immediately by scal-
ing the corresponding numerical data for hydrogen (see e.g.
references [29-31]). Recent measurements of the ionization
rates for positronium in Rydberg states [9] have shown that
these rates are consistent with the scaled values obtained for
hydrogen, which implies that the reduced mass scaling is valid,
and that for practical purposes the scaled hydrogen rates can
be used to describe positronium experiments. Of course, if
we need the values with the HFS, the calculations must be
performed directly for positronium.

6. Summary and conclusions

In this paper we studied the ionization of positronium in the
external electric field of strengths belonging both to the tun-
nelling and the OBI regimes. The lowest state energy E and its
width I" (ionization rate w) as functions of the field strength
are calculated using two different numerical methods: the
WPP method and the CR method. The results obtained within
the gross structure (i.e. by neglecting the fine and hyperfine
structure and other higher order corrections) are in a good
agreement and confirm the validity of the approximate expres-
sions (11) and (12) for energy and width at weak fields. For
extremely strong fields, however, a difference between the
results obtained by these two numerical methods becomes sig-
nificant. This discrepancy can be attributed to different formu-
lations of quantities £ and I in the theoretical backgrounds of
the two methods.

The ionization rates are compared with the annihilation
rates for p-Ps and o-Ps. These rates were found to be compa-
rable at field strengths belonging to the tunnelling domain, but
in the OBI domain the ionization rate largely prevails over the
annihilation rates. Accordingly, it is expected that at these field
strengths the majority of positronium atoms will be ionized
before e “e™ pair annihilates.

The HFS of the positronium ground state in an electric field
is calculated using the CR method and the Hamiltonian for
relative motion of positronium with the spin—spin coupling
and annihilation interaction terms. It is found that in the tun-
nelling domain and at the beginning of the OBI domain the
HFS decreases, as the field strength increases, but after that
it varies slowly. There is, however, an additional splitting of
triplet levels that increases with the field strength. As the field
strength increases further, this splitting varies rather slowly,
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but here an additional splitting of triplet levels occurs, whose
rate is comparable to this variation.

Since the higher order terms in Hamiltonian are not affected
by the electric field, the variation of HFS is a direct conse-
quence of the wave function dependence on the field strength.
This means that the HFS values for positronium determined
experimentally at different field strengths could be used to esti-
mate how the electron density at the positron position (|1)(0)| 2,
which is the quantity that gives the annihilation rate, depends
on the field strength.

Finally, it is demonstrated that the gross structure values of
E and T for positronium and for the hydrogen atom, obtained
either by approximate expressions or numerically, are related
by scaling transformations and can be used to determine the
corresponding quantities for other hydrogen-like exotic atoms
(muonium, for example).
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possible.

each peak is a superposition of the contributions of photoelectrons produced by the resonantly enhanced
multiphoton ionization via different intermediate states. It is demonstrated that at appropriate laser
intensities the selective ionization, which occurs predominantly through a single intermediate state, is

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Strong-field ionization of the alkali-metal atoms has been stud-
ied intensively over the past decade and earlier, both experimen-
tally and theoretically including ab initio numerical calculations
[1-9]. A specific feature of this group of atoms - a low ioniza-
tion potential, which ranges from I, =~ 3.89eV (for cesium) to
5.39eV (for lithium), causes that a considerably smaller number
of photons of a given energy hw is required for their photoion-
ization than for the ionization of other atoms. For example, with
the laser wavelength of around 800 nm (fiw =~ 1.55eV) it takes
four photons to ionize an alkali-metal atom, unlike the case of fre-
quently used noble gases where this number is of the order of
ten. Since for a dipole transition requiring N photons the low-
est order perturbation theory predicts that the photon absorption
rate is W ~ IN if I « I, where I is the laser intensity and I, =
3.50945 x 10'® W/cm? is the atomic unit value for intensity, mea-
surable effects in experiments with multiphoton ionization (MPI)
of alkali can be observed at relatively low laser intensities, avail-
able in table-top laser systems. The perturbative treatment, how-
ever, is not applicable at higher intensities which can be achieved
today. One indication of the nonperturbative regime is the so-
called above threshold ionization (ATI) [10-12] in which the atom
absorbs more photons than the minimum required. By increasing

* Corresponding author.
E-mail address: simonovic@ipb.ac.rs (N.S. Simonovic).
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0375-9601/© 2021 Elsevier B.V. All rights reserved.

the intensity over a certain value, W does not follow further the
prediction of perturbation theory.

At a sufficiently high intensity the electric component of the
laser field becomes comparable with the Coulomb field of atomic
core, opening up another ionization mechanism - the tunnel ion-
ization. In this case the field distorts the atomic potential form-
ing a potential barrier through which the electron can tunnel.
Multiphoton and tunneling ionization regimes are distinguished
by the value of Keldysh parameter [13] which can be written as
y =/1p/QU,), where U, = e?F2/(4m.w?) is the ponderomotive
potential of ejected electron with mass m, and charge e. The value
of the electric field F in the expression for y corresponds to the
peak value of laser intensity. Multiphoton and tunneling regimes
are characterized by y > 1 (low-intensity, short-wavelength limit)
and y « 1 (high-intensity, long-wavelength limit), respectively.
The transition regime at y ~ 1 for alkali-metal atoms is reached
at considerably lower intensities than for other atoms, again due
to the small ionization potential I,. The experiments accessing
the strong-field regime with alkali [3,6,7,9] have revealed that the
commonly used strong-field ionization models in the form of a
pure MPI or tunnel ionization cannot be strictly applied. The prob-
lem, however, goes beyond by using an ab initio numerical method
for solving the time-dependent Schrédinger equation (TDSE).

At even larger laser intensities the field strength overcomes the
atomic potential. This can be considered as the limiting case of
tunnel ionization when the barrier is suppressed below the en-
ergy of atomic state. This regime is usually referred to as over-
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the-barrier ionization (OBI). Such a barrier suppression takes place
independently of the value of Keldysh parameter. For neutral atoms
the threshold value of field strength for OBI is estimated as Fop ~
112,/4 (in atomic units). Fop; values for alkali, determined more
accurately, are given in Ref. [14]. For example, the laser peak in-
tensity that corresponds to the OBI threshold for sodium is about
3.3TW/cm? (Fop = 0.0097 a.u. [14], I = I;F?), while the value of
Keldish parameter for the sodium atom interacting with the radi-
ation of this intensity and 800 nm wavelength is y = 3.61. Thus,
the OBI threshold in this case belongs to the MPI regime. Previous
experiments and theoretical studies have already mentioned this
peculiar situation for sodium and other alkali [3-7,9]. In addition,
it is demonstrated that at intensities above the OBI threshold most
of atoms will be ionized before the laser peak intensity is reached
[5]. Thus, the ionization occurs at the leading edge of the pulse
only, that is equivalent to the ionization by a shorter pulse.

A remarkable feature of the photoelectron energy spectrum
(PES) obtained using short (sub-picosecond) laser pulses is the
existence of substructures in ATI peaks known as Freeman reso-
nances [15,16]. The mechanism which is responsible for occurrence
of these substructures is the dynamic (or AC) Stark shift [10,11,17]
which brings the atomic energy levels into resonance with an in-
teger multiple of the photon energy. In this case the resonantly
enhanced multiphoton ionization (REMPI) [11,12,18]) takes place,
increasing the photoelectron yield, and one observes peaks at the
corresponding values of photoelectron energy. Thus, the peaks in
the PES can be related to REMPI occurring via different intermedi-
ate states.

The resonant dynamic Stark shift of energy levels correspond-
ing to sodium excited states nl (n < 6), relative to its ground state
(3s) energy, is recently calculated for the laser intensities up to
7.9TW/cm? and wavelengths in the range from 455.6 to 1139 nm
[8]. These data are used to predict the positions of REMPI peaks in
the PES of sodium interacting with an 800 nm laser pulse. Freeman
resonances in the PES of alkali-metal atoms have been studied in
papers [1-9], mentioned at the beginning of this section, where a
number of significant results have been reported.

The dynamic Stark shift is an important mechanism in the
strong-field quantum control of various atomic and molecular pro-
cesses [19-22]. Focusing on the MPI of atoms, a particular chal-
lenge is the selective ionization of an atom through a single inter-
mediate state which could produce a high ion yield. By increasing
simply the laser intensity one increases the yield, but also spreads
the electron population over multiple states [16] and, in turn, re-
duces the selectivity. Krug et al. [2] demonstrated that chirped
pulses can be an efficient tool in strong-field quantum control of
multiple states of sodium at the MPIL Hart et al. [7] have shown
that improved selectivity and yield could be achieved by control-
ling the resonant dynamic Stark shift via intensity of the laser
pulse of an appropriate wavelength (~ 800 nm).

In this paper we study the photoionization of sodium by the
laser pulse of 800nm wavelength and 57fs full width at half
maximum (FWHM) with the peak intensities ranging from 3.5
to 8.8TW/cm?, which belong to OBI domain in the MPI regime.
These values were chosen for comparison with the experiment by
Hart et al. [7]. Using the single-active-electron approximation we
calculate the corresponding photoelectron momentum distribution
(PMD) and the PES by solving numerically the TDSE and perform
a similar analysis as it has been done in Refs. [1-9]. In order to
make a deeper insight into the ionization process, in addition, we
perform a partial-wave analysis of the calculated PMD. In the next
section we describe the model and in Sec. 3 consider the exci-
tation scheme and ionization channels. In Sec. 4 we analyze the
calculated photoelectron momentum distribution and energy spec-
tra. A summary and conclusions are given in Sec. 5.

Physics Letters A 394 (2021) 127197

2. The model

Singly-excited states and the single ionization of the alkali-
metal atoms are, for most purposes, described in a satisfactory
manner using the single-active-electron (SAE) approximation. The
valence electron is here weakly bound and can be considered
as moving in an effective core potential. One of the simplest
models for the effective core potential, applicable for the alkali-
metal atoms, is the Hellmann pseudopotential [23] which reads (in
atomic units)

1 A _
Vcore(r):_?"l‘?e a. (1)

The parameters A =21 and a = 2.54920 [14] provide the cor-
rect value for the ionization potential of sodium I, =5.1391eV =
0.18886 a.u. and reproduce approximately the energies of singly-
excited states [24] (deviations are less than 1%). The associated
eigenfunctions Y, (r) = Ry (r)Yim(2) are one-electron approxi-
mations of these states. Here, the radial functions R (r) are orig-
inally characterized by the quantum number nsag = 1,2, ... and
the orbital quantum number I, but for convenience, instead of the
quantum number nsag, we use the principal quantum number of
the valence electron in the full multielectron model of the sodium
atom n=nspar +2=3,4,....

Assuming that the field effects on the core electrons can be ne-
glected (the so-called frozen-core approximation [14]), the Hamil-
tonian describing the dynamics of valence (active) electron of the
sodium atom in an alternating field, whose electric component is
F(t) coswt, reads (in atomic units)

1
H= _ivz + Veore(r) — F(t)zcos wt. (2)

We consider the linearly polarized laser pulse whose amplitude of
the electric field component (field strength) has the form

F(t) = Fpeak Sin®(rt/Tp), 0 <t <Tp, (3)

otherwise F(t) = 0. Here w, Fpeax and Tp are the frequency
of the laser field, the peak value of F and the pulse duration
(2 x FWHM = 114fs ~ 4713 a.u.), respectively. Since the system is
axially symmetric, the magnetic quantum number m of the ac-
tive electron is a good quantum number for any field strength. In
the sodium ground state (when F = 0) the orbital and magnetic
quantum numbers are equal to zero and in our calculations we set
m=0.

Photoabsorption processes were simulated by solving numeri-
cally the TDSE for the active electron wave function v (r,t), as-
suming that at t =0 the atom is in the ground state represented
by the lowest eigenstate of Hamiltonian (2) with F = 0. Photoex-
citation can be studied by the method of time dependent co-
efficients (TDC), where the wave function ¥ (r,t) expands in a
finite basis consisting of functions vy,o(r). In this approach the
populations of atomic states are the squares of absolute values
of expansion coefficients cy(t), determined by solving the cor-
responding set of equations numerically. This method, however,
cannot be used to calculate photoionization because the basis of
atomic states does not include the continuum states. An ade-
quate alternative for this purpose is the wave-packet propagation
method on a spatial grid. Here we use the second-order-difference
(SOD) scheme [25] adapted to cylindrical coordinates (p, ¢, z), see
Refs. [8,26]. Due to the axial symmetry of the system, Hamilto-
nian (2) and the electron’s wave function do not depend on the
angle ¢ and the dynamics reduces to two degrees of freedom (p
and z). The calculations were performed on a 6144 x 12288 grid in
the wave-packet propagation domain p, |z] < L =3000a.u. and the
propagation time was about 1.3T, with the step At =0.002a.u.
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Fig. 1. (a) The unperturbed energy levels (short black lines) corresponding to singly excited states of sodium [24] relative to its ground state (3s) and possible four-photon
and five-photon absorption pathways (arrows) from the ground state to continuum for the radiation of 800 nm wavelength (fiw &~ 1.55eV). The continuum boundary is drawn
by the dash-dot line and €q is the excess energy of photoelectrons produced in the nonresonant four-photon ionization. (b) Energy levels corresponding to 4s and P states
(black curves) and to F states (gray curves), as functions of the field strength, and 3+1 REMPI pathways via intermediate states 4f, 5p, 5f and 6p (orange arrows). €™ are the
corresponding photoelectron excess energies. (c) Energy levels corresponding to 4s and P states as functions of the field strength (black curves) and 2+1+1 REMPI pathways
via near resonant (at weak fields) 3s — 4s transition and subsequent excitation of P states (blue arrows). The wave lines represent nonresonant transitions related to Rabi
oscillations between the corresponding states. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

The absorbing potential of the form —0.03i(r — rp)? in the area
r>ro=1L—100a.u. was used to suppress the reflection of the
wave packet from the domain boundaries.

3. Energy scheme and photoionization channels

The lowest energy levels corresponding to singly-excited states
of sodium and possible multiphoton absorption pathways during
the interaction of the atom with a laser radiation of 800 nm wave-
length (hw = 0.05695a.u. ~ 1.55eV) are shown in Fig. 1(a). At this
wavelength there exist three dominant REMPI channels: (i) (3+1)-
photon ionization via excitation of 5p, 6p and 7p states, giving
rise to photoelectrons with s and d-symmetry; (ii) (3+1)-photon
ionization via excitation of 4f, 5f and 6f states, producing photo-
electrons with d and g-symmetry; (iii) (2+1+1)-photon ionization
via nearly resonant two-photon transition 3s — 4s and subsequent
excitation of P-states, giving rise again to photoelectrons with s
and d-symmetry [2,7].

3.1. Estimation of the photoelectron excess energy. The nonresonant MPI

Theoretically, if the MPI occurs by absorbing N photons, the
excess energy of ejected electrons in the weak field limit is
€9 = Naw — I,. At stronger fields, however, the dynamic Stark
shift of the ground state (6Eg), as well as that of the continuum
boundary (8E, ), change effectively the ionization potential I, to
I, —8Egr 4 8Eq, and the excess energy becomes dependent on the
field strength (see Fig. 1(b))

€(F) = Nliw — Iy + 8Egr(F) — 8Ecy(F). (4)

This equation, using quadratic approximation §E ~ —a(w)F%/4
e

[11], reads
mea)z) 4’

where the dynamic polarizability «(w) in the ground state and at
the continuum boundary is approximated by its static value for
the sodium ground state 3" = 162.7a.u. [27] and by its asymp-

totic value in the high frequency limit aq, (@) ~ —e?/(me w?) [11],

2 F2

(5)

€(F)~ Naw — I, — (a;t;‘t +

respectively. Thus, 8E¢, ~ Up, where U, is the ponderomotive po-
tential of the active electron, whereas §Eg ~ —0.53 U)p.

When the MPI is induced by a laser pulse, the field strength
varies from 0 to Fpeax and back producing photoelectrons of differ-
ent energies, but with the maximum yield at &(Fpeak) (for a given
N). This peak in the PES corresponds to the nonresonant N-photon
ionization and its position can be estimated by formula (5) width
F= Fpeal(-

3.2. 3+1 REMPI channels

Formula (5) is also useful for estimating the positions of REMPI
peaks in the PES. Replacing the variable F with the value Fy; at
which the atomic state nl shifts in the three-photon resonance
with the laser field, this formula for N =4 estimates the excess
energy €™ of photoelectrons produced in the 3+1 REMPI via this
state (see Fig. 1(b)). The values F,; for states 4p, 4f, 5p, 5f and 6p
in the case of laser field of 800 nm wavelength are determined in
a previous work [8]. These values, together with the corresponding
values for €™ estimated by formula (5) are given in Table 1.

Rewriting the resonance condition Ep(Fy) — Egr(Fy) = 3hw in
the form Ep(Fy) = 3hw—1,+38Eg(Fy) and inserting it into Eq. (4)
(with N =4 and F = Fy;), one has

€™ = Eny(Fu) — 8Ech(Fa) + ho. (6)

Since the dynamic Stark shift for the high lying levels takes ap-
proximately the same value as that for the continuum boundary
(8Eni(F) ~ 8E,(F) = Up(F)), the photoelectron energy at the 3+1
REMPI via considered state will be
€M~ ED +ho, (7)
where E;(l)) is the energy of the state nl for the field-free atom.
The positions of REMPI maxima in the PES are, therefore, almost
independent on the peak intensity of the laser pulse, in contrast to
the position of the nonresonant four-photon ionization maximum
€(Fpeak). The values for €™ obtained by Eq. (7) are shown in the
last column of Table 1. Since usually §Ey + 8Eg > 0 (at least for
P and F states, see Fig. 1(b)), the states which can be shifted into
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Table 1

Energies Eﬁl?) of singly excited P and F-states (nl from 4p to 7p) of the field free
sodium atom [24], field strengths F, at which these states shift into the three-
photon resonance with the laser field of 800 nm wavelength (E(Fy) — E3s(Fp) =
3hw, hw ~ 1.55eV) [8] and the excess energies €™ of photoelectrons produced in
the 3+1 REMPI via these states, obtained by Eq. (5). The values for €™ obtained by
formula (7), which are also related to 2+1+1 REMPI via 4s and subsequent excitation
of P intermediate states, are shown in the fifth column.

state (nl) ED (ev) Fp(a.u.) €M (ev) ED 4+ nw(ev)
4p —1.386 0.0148 0.358 (0.164)

4f —0.851 0.0105 0.707 0.699

5p —0.795 0.0092 0.789 0.755

5f —0.545 0.0043 1.001 1.005

6p —0.515 0.0028 1.035 1.035

6f —0.378 - - 1172

7p —0.361 - - 1.189

three-photon resonance are those with E,(f,)) < 3hw — I, (for the
wavelength of 800 nm these states are 4f, 5p, 5f, 6p, but not 7p
and 6f, which are only near resonant at small values of F). As a
consequence the REMPI maxima are in the spectrum located below
the theoretical value for photoelectron energy in the weak field
limit (€™ < €©®),

3.3. The 2+1+1 REMPI channel

Earlier experimental and theoretical studies [2,7] have indicated
that a particularly important role in the MPI of sodium using the
radiation of around 800 nm wavelength has the 2+1+1 REMPI via
nearly resonant two-photon transition 3s — 4s and subsequent
excitation of P states. Our previous calculations [8] have shown
that this two-photon transition is close to be resonant at the val-
ues of field strength when the dynamic Stark shift is small (see
Fig. 1(c)). The TDC calculations at the field strength F = 0.002 a.u.
confirm that the transfer of population from the ground (3s) to 4s
state, compared to other excited states, is significant (see Fig. 2(a)).
This transfer is also high at stronger fields (see Fig. 2(c) for F =
0.01 a.u.), which can be explained by strong Rabi oscillations be-
tween these two states. The population from 4s state flows further
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to state 5p (as a consequence of Rabi oscillations between these
states) and to states 6p and 7p (by the near resonant one-photon
absorption), see Fig. 1(c). Since §E4s(F) A~ §Epp(F) ~ 8E¢,(F), dif-
ferences Enp — E4s and Eq, — Epp are almost independent of F,
and transitions 4s — np and subsequent ionization occur at all
values of the field strength, producing the photoelectrons with s
and d-symmetry and excess energies given by Eq. (7). Therefore,
the photoelectrons produced in the 2+1+1 REMPI and in the 3+1
REMPI via the same intermediate P state cannot be distinguished
either by angular momentum or by energy.

Relative contributions of these two ionization channels in the
total photoelectron yield can be theoretically estimated from the
populations of sodium P states. Fig. 2 shows the populations of
the 4s, 4f and 5p states over time, excited by the continuous ra-
diation of 800nm wavelength, which were calculated using the
TDC method in the basis of SAE orbitals with n =3,...,7 and
1=0,1,2,3 (17 states, ending with 7p). The plots (a) and (c) are
obtained taking into account all allowed transitions between the
orbitals, while the plots (b) and (d) are determined taking into
account all transitions except those related to 4s state. One can
see that the presence of transition 3s — 4s, which is nearly res-
onant at F =0.002 a.u., significantly increases the population of P
states at this field strength, but does not affect the F states. Con-
trarily, at F = 0.01 a.u. this transition does not affect significantly
the population of higher states. Based on this, we conclude that at
smaller values of the field strength (F < 0.004 a.u.) the 2+1+1 pro-
cess dominates over the 3+1 one, but at stronger fields it is rather
suppressed.

4. Photoionization by femtosecond pulses
4.1. Photoelectron momentum distribution

The photoelectron momentum distribution (PMD) is given by
| (k)|2, where (k) is the momentum representation of the pho-
toelectron wave function v (r,t) at a time t > T, (here we take
t = 6000a.u. &~ 145fs). The function ¥ (k) is obtained by project-
ing the wave function v (r,t) onto the continuum states of the
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(b) 4f
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2
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Fig. 2. Populations of 4s, 4f and 5p states of the sodium atom under the influence of 800 nm wavelength continuous laser of the field strength: (top) F = 0.002 a.u. and
(bottom) F = 0.01 a.u., calculated by the TDC method: (left) using the basis of 17 lowest S, P, D and F sodium states, and (right) using the same basis, but without the 4s

state.
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field-free atom with definite values of k. These continuum states
are solutions of the Schrodinger equation for the active electron in
the spherically symmetric potential (1) which satisfy the incoming
boundary condition and can be written as the partial wave expan-
sion [28]

_ 21 g —in Wik, T) N
oy (1) = \/; P ;:’e A %Y,m(szw,m(ﬂk). (8)

The functions u;(k,r) =rR;(k,r) are numerically determined solu-
tions of the radial equation for given values of the orbital quantum
number | and energy € = h?k?/2m,, while A; is the scattering
phase shift for the Ith partial wave. This shift is the sum of the
Coulomb phase shift o =arg'(l + 1 + in), where n = —1/k (for
k given in atomic units), and the phase shift §; due to the short-
range term in the potential (1). The values of § can be determined
by matching the numerical solution u;(k, r) to its asymptotic form
cos §Fj(n, kr) +sin§;G;(n, kr), where F;(n, kr) and G;(n, kr) are the
regular and irregular Coulomb functions [29]. In the case of poten-
tial (1) we found §; ~ —2, —0.4, —0.05 and O radians for =0, 1, 2
and | > 3, respectively. Thus, the photoelectron wave function in
momentum representation reads

- _ 21 .
V) = (g [y (0) = /; © 2 (DM Y@ h(k), 9)
1
where
I =27 / / ”’(';’ D o) v (p. 2)pdpdz. (10)
0 —o©

assuming that r = \/p2 +2z2 and cos® = z/r. Note that in Eq. (9)
there is no summation over the quantum number m since the
wave function v (r, t) is characterized by the value m = 0. Integral
I1(k) is calculated numerically on the same (p, z)-grid as ¥ (r, t).

Fig. 3 shows the calculated PMD for the photoionization of
sodium by 800nm wavelength laser pulse of the form (3) with
T, = 114fs (~ 4713 a.u, FWHM = 57fs) for three values of the
peak intensity: 3.5, 4.9 and 8.8 TW/cm? (the corresponding field
strengths are: Fpea =0.0100, 0.0118 and 0.0158 a.u.).

The radial (k) dependence of the PMD contains information
about the photoelectron energies € = h2k2/2me. The dashed semi-
circles of radii ko = 0.279 a.u. (¢® = 1.060eV) and kj = 0.438 a.u.
(e©" = 2.610eV), drawn in the PMD plots, mark the asymp-
totic values of momenta (energies) of the photoelectrons gener-
ated in the nonresonant MPI with four and five photons, respec-
tively, in the weak field limit. Compared to these values, the ra-
dial maxima of PMD determined numerically are shifted toward
smaller k-values. The origin of these local maxima is twofold. Some
of them are related to the nonresonant MPI for different num-
bers of absorbed photons, while others can be attributed to the
REMPI (Freeman resonances). The shift of nonresonant maxima
8k = h_l,/ane(Fpeak) — ko, referring to Eq. (5), is determined by
the dynamic Stark shift of the ground state and the continuum
boundary at the given laser peak intensity. The positions of Free-
man resonances are, on the other hand, almost independent on the
field strength, but they are also located below kg due to inequality
€M < €O discussed in Sec. 3.2.

The angular structure of the PMD, the so-called photoelectron
angular distribution (PAD), carries information about the super-
position of accessible emitted partial waves, which, according to
selection rules for the four-photon absorption, can be s, d and g-
waves (see Fig. 1(a)). Indeed, apart from the strong emission along
the laser polarization direction (% = 0° and 180°), which can be
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Fig. 3. Photoelectron momentum distribution |y (k)| (arbitrary units) in the pho-
toionization of sodium by the laser pulse (A =800nm, T, =2 x FWHM = 114fs)
of the form (3) calculated at t = 145 fs for three values of the laser peak intensity:
(a) 3.5TW/cm?, (b) 4.9TW/cm? and (c) 8.8 TW/cm?2. The blue area corresponds
to the value | (K)|> =0, while the white area is the cutoff of the distribution at
12.5% of its maximum value. The dashed semicircles of radii kg = 0.279a.u. and
k() = 0.438a.u. correspond to the asymptotic values of the photoelectron momen-
tum in the weak field limit after absorption of four and five photons (the threshold
and the 1st ATI order), respectively.

attributed to all three partial waves, the PADs also show maxima
at 9 = 90°, which characterize d and g-waves and at ¢ ~ 45° and
135°, which characterize the g-wave. Analogously, accessible emit-
ted partial waves for the five-photon absorption can be p, f and
h-waves (see Fig. 1(a)).

4.2. Partial probability densities and photoelectron energy spectra

In order to determine the partial probability densities and the
PES, we rewrite the expression (9) in the form

Yk =Y O(k)Yio(¥ho), (11)
1

where

21 ;
@ (k) = \/; E(—i)’e‘ﬁf Ii(k) (12)
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Fig. 4. Partial probability densities w; for [ =0, ..., 5 (left column) and the total probability density w (right column, black line), as functions of the photoelectron energy

€ = h%k%/2m., obtained for three values of the laser peak intensity: (a,b) 3.5TW/cm?,

(c,d) 49TW/cm?, (e,f) 8.8 TW/cm?2. Experimental results (electron yield) [7] are

represented by green lines (right column). The total probability densities are rescaled for comparison with the experimental results. Thin vertical lines mark the positions of
the 5p resonance in the threshold and higher order ATI peaks, as well as the positions of the nonresonant peak and the 4f, 5f/6p and 7p resonances in the threshold peak.

are the radial functions in momentum representation. Thus, the
partial radial probability densities of photoelectrons in momentum
space are
2,2_ 2 2

wi(k) = |®y(k)| k™ = ;Ilz(k)l (13)
and the total radial probability density is the sum w(k) = >"; wy(k).
The quantities w; for [ =0,...,5, as functions of the photoelec-
tron excess energy € = h2k2/2m€. are shown in the left column
of Fig. 4 for three values of the laser peak intensity: 3.5, 4.9 and
8.8 TW/cm?. The corresponding total probability densities w rep-
resent the PES for these three values of laser intensity. They are
shown in the right column of Fig. 4 together with the correspond-
ing spectra obtained experimentally [7].

The spectra, both the calculated and experimental, exhibit typ-
ical ATI structure with prominent peaks separated by the photon
energy hw =~ 1.55eV. Fig. 4 (right column) shows the peaks corre-
sponding to the lowest three orders of ATI (MPI by 4 + s photons,
s=0,1,2) which are located approximately at € = 0.76eV + shw.
As expected, the peak intensity decreases with the increase of ATI
order. Compared to the threshold peak (s = 0), the reduction co-
efficient is 0.2-0.3 for s =1 and 0.02-0.03 for s = 2). The partial
wave analysis recovers the character of these peaks. The insets
in Fig. 4 (left column) clearly show that the dominant contribu-
tion in the total probability density around the threshold peak

(s=0, € ~#0.76eV) and around the second-order ATI peak (s = 2,
€ ~ 3.86eV) comes from the partial waves with even I (s, d, g-
waves). Thus, the photoelectrons with these energies are generated
by absorbing an even number of photons (N =4 and 6). Contrar-
ily, in the vicinity of the first-order ATI peak (s =1, € ~ 2.31eV)
the partial waves with even | are suppressed and those with odd
I (p, f, h-waves) dominate. Therefore, in this case odd number of
photons is absorbed (here N =5). Each ATI peak, in addition, has
an internal structure in the form of local (sub)peaks which can be
attributed to the nonresonant MPI and to the REMPI via different
excited states. The positions of these subpeaks in the calculated
spectra, especially those belonging to the threshold peak (s = 0),
agree well with the peak positions in the spectra obtained ex-
perimentally by Hart et al. [7]. A small displacement observed at
higher order ATI peaks is due to the deviation of the experimen-
tal value for the distance between the threshold and the first ATI
peak from the theoretical value hw.

4.3. Nonresonant photoionization

The position of the nonresonant threshold peak (four-photon
ionization maximum) predicted by formula (7) for laser peak in-
tensities 3.5, 4.9 and 8.8 TW/cm? is €(Fpeak) =0.74 eV, 0.61eV and
0.26 eV, respectively. This peak is visible in the numerically deter-
mined spectra shown in Fig. 4. Since the energy of photoelectrons
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produced by the nonresonant MPI does not depend on I, a fea-
ture of the nonresonant peak is that the maxima of contributing
partial densities w; have the same positions on the energy axis.
At the laser peak intensity of 3.5TW/cm?2, however, the nonres-
onant peak overlaps with the most prominent REMPI peak (see
Fig. 4(a,b)) and it is difficult to estimate the position of former
from the numerical data. The position of this peak at intensi-
ties 4.9 TW/cm? and 8.8 TW/cm? is 0.54eV and 0.41 eV (numerical
values), respectively (see Fig. 4(c-f)). A discrepancy between the
values obtained by formula (7) and from numerical calculations
(especially at I = 8.8 TW/cm?) is attributed to the approximative
character of the former. In addition, it should be mentioned that
in experimental spectra the nonresonant peak is less prominent
(almost invisible). This observation is reported also in an earlier
work presenting a comparison between calculated and experimen-
tal data for the photoionization of lithium [5]. Nonresonant peaks
of the first and of the second ATI order can be observed in Fig. 4,
too, at positions which are shifted by one and two-photon energy
relative to the threshold peak at a given laser intensity.

4.4. Resonantly enhanced multiphoton ionization

In contrast to nonresonant peaks the positions of REMPI peaks
(Freeman resonances), as explained in Sec. 3, are almost indepen-
dent of the laser peak intensity. For the most prominent peak at
€ ~ 0.76 eV the intermediate P and F states are the states 5p and
4f, whereas for the subpeaks at € &~ 1eV and at € ~ 1.2eV these
are the states 6p and 5f and the states 7p and 6f, respectively.
Note, however, that for the radiation of 800 nm wavelength the
transfer of population from the ground state to states 7p and 6f is
only near resonant (E7p, Egr > 3w — I, see Fig. 1(b)) and, strictly
speaking, the four-photon ionization via these states is not 3+1
REMPI (see Sec. 3.2). In this case formula (5) is not applicable, but
the photoelectron energy can be estimated using relation (7).

Here we focus on the main subpeak of the threshold peak
(around 0.76 eV). Taking into account all three ionization pathways
(see the first paragraph in Sec. 3) and the fact that photoelec-
trons produced in the 3+1 and 2+1+1 REMPI via P states cannot
be distinguished (Sec. 3.3), the electron outgoing wave in the en-
ergy domain of this peak can be written as the superposition of
two wave-packets

U =90 g0, (14)

which, according to Fig. 1(a), have forms

PO = 0P Yoo + @5 Yoo, (15)
D 4 4

J40 = 0{y,0 + 0Py 4. (16)

Since states 5p and 4f shift into the three-photon resonance at
different field strengths (see Table 1 and Fig. 1(b)), wave packets
(15) and (16) are formed in different phases of the laser pulse and
characterized by different mean energies (~ 0.8eV and 0.7 eV, re-
spectively, referring to Table 1).

Expression (14) with components (15), (16) is compatible with
the partial wave expansion of function . Fig. 4(a,c,e) demon-
strates that the outgoing wave in the domain of threshold peak

decomposes into s, d and g-waves

V= oY + P2 Y20 + PaYao. (17)

Radial functions ®; and the corresponding partial probability den-
sities w; are determined numerically using formulae (12) and (13),
respectively. The positions of maxima of w;(€) (see Table 2) con-
firm the existence of two electron wave-packets with different
mean energies. The photoelectrons with s and d-symmetry have
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Table 2
Photoelectron energies € at which the partial probability densities w; (I =0, 2, 4)
shown in Fig. 4(a,c, e) take maximal values wlm and the ratios w,‘"/wg’ (1=2,4).
partial wave: s(l=0) d(=2) g(l=4)
I (TW/cm?) €(eV) €(eV) wi/w €(eV) wi/wh
35 0.77 0.76 240 0.68 0.79
4.9 0.76 0.76 245 0.68 2.30
8.8 0.78 0.79 3.00 0.69 4.55

a higher mean energy (~ 0.8eV) than those with g-symmetry
(~ 0.7 eV). Referring to Table 1, these two energies characterize the
photoelectrons produced in the REMPI via 5p and 4f states (e®P
and €“D). Since the maxima of w(¢) and wq(€) almost coincide,
we conclude that s-electrons and the majority of d-electrons be-
long to the same channel, i.e. they are generated in the 3+1 (or
2+1+1) REMPI via 5p state. Thus, the contribution of d-electrons
in the wave packet (16) is minor (@é‘m ~ 0). Then, comparing ex-
pansion (17) and expressions (14), (15), (16), we get QBSP) = O,
0P ~ @, and {0 = .

A similar analysis indicates that the subpeak at € ~ 1eV is re-
lated to 3+1 REMPI via states 5f and 6p, while that at € &~ 1.2eV
is related to 3+1 (or 2+2+1) REMPI via 7p state (or sequence
4s — 7p) and much less to 3+1 REMPI via state 6f. Finally, note
that for 8.8 TW/cm? laser intensity an additional peak arises at
€ ~0.35eV (see Fig. 4(e)), which can be related to the 3+1 REMPI
via state 4p [8]. Then, the peak at € ~0.39eV in the PES (Fig. 4(f))
can be attributed to the overlap between this resonant peak and
the nonresonant peak at € ~ 0.41eV.

4.5. Selective enhancement of photoionization channels

Partial-wave analysis of the photoelectron wave function re-
vealed that each subpeak of the threshold peak and succeeding
ATI peaks, shown in Fig. 4(b,d,f), contains contributions of three
REMPI channels, i.e. it is a superposition of three Freeman reso-
nances. Here we examine their relative share in the electron yield
and the possibility for selective ionization of atom through a single
channel.

At the laser peak intensity I =3.5TW/cm? the maximum con-
tribution in the peak around 0.76 eV comes from the electrons of
d-symmetry (see Fig. 4(a)). At | =4.9TW/cm? the electrons of d
and g-symmetry have approximately equal contributions to this
peak (Fig. 4(c)), while at intensity I = 8.8 TW/cm? the maximum
contribution comes from the electrons of g-symmetry (Fig. 4(e),
see also the ratios of w; maxima shown in Table 2). The con-
tribution of s-electrons in this peak is 2.4-3 times smaller than
the contribution of d-electrons. The contributions of s, d and g-
electrons in the peaks at € ~ 1eV and € ~ 1.2eV do not change
significantly with the laser intensity. The peak at € ~ 1eV is built
predominantly by the electrons of g-symmetry, while the max-
imum contribution to the peak at € ~ 1.2eV comes from the
electrons of d-symmetry. These results indicate that for F < Fop
dominant ionization channel in the peak around 0.76 eV is the 3+1
or, more likely, 2+1+1 REMPI via 5p state, while for F > Fop; it is
the 3+1 REMPI via 4f state. For the peaks around 1eV and 1.2eV,
dominant channels are the 3+1 REMPI via 5f state and the 2+1+1
REMPI via 7p state, respectively.

These findings are verified by calculating the populations
of the unperturbed atomic states nl (i.e. transition probabilities
|(nl|yr(£))|?) during the pulse, while solving the TDSE. Fig. 5
shows the populations of relevant S, P and F states during the
pulse of 3.5TW/cm? and 8.8TWjcm? peak intensity. Although
I =3.5TW/cm? corresponds to the OBI threshold, for this peak in-
tensity there is still a significant population of atoms which are not
ionized at all phases of the pulse (see the left side of Fig. 5). The
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Fig. 5. Populations of the unperturbed ground (3s) and excited states 4s, 4f, 5p, 5f, 6p, 6f and 7p of sodium during the 114 fs laser pulse of 800 nm wavelength with
peak intensities 3.5TW/cm? (left column) and 8.8 TW/cm? (right column), calculated by the wave-packet propagation method. The gray line represents normalized envelope

F(t)/Fpeak of the pulse.

population of states 5p and 7p is here higher than that of states 4f
and 6f, respectively, but the population of state 5f is higher than
the population of state 6p. Contrarily, at I = 8.8TW/cm? most
atoms after the first half of the pulse are ionized (see the right
side of Fig. 5). Among the atoms that were not ionized the popu-
lation of states 4f and 5f in this case is higher than that of states
5p and 6p, respectively, while the population of state 7p is again
higher than the population of state 6f. These observations fully
agree with the findings concerning the photoionization channels.
The populations at different phases of the laser pulse can be
well understood from diagrams (b) and (c) in Fig. 1. Diagram
(b) predicts and Fig. 5(a,b) confirms that three-photon transitions
from the ground state to states 4f and 5p are resonant with the
radiation of 800 nm at the field strength F ~ 0.01 a.u. (see also Ta-
ble 1), which takes place in the middle of the laser pulse when
[=3.5TW/cm? and at Tp/3 and 2T,/3 for [ = 8.8 TW/cm?. States
5f and 6p, on the other hand, shift into resonance at smaller val-
ues of the field strength, which are reached at the beginning and
at the end of pulse (see Fig. 5(c,d)). Contrarily, the three-photon
transitions from the ground state to states 6f and 7p are not res-
onant with the radiation of 800nm, but 2+1-photon transition
3s — 4s — 7p is near resonant in the weak field limit. Since the
dynamic Stark shift for P states grows with the field strength ap-
proximately as the shift for 4s state (see Fig. 1(c)), the transition
4s — 7p remains near resonant and occurs during the whole pulse
(see Fig. 5(e,f)). This is supported by the fact that populating the

4s state continues at higher field strengths due to Rabi oscillations
between this and the ground state. In addition, the transitions
4s — 5p and 4s — 6p, which also occur due to Rabi oscillations,
partially contribute to the population of 5p and 6p states.

5. Summary and conclusions

In this paper we studied the photoionization of sodium by
femtosecond laser pulses of 800 nm wavelength in the range of
field strengths belonging to the over-the-barrier ionization do-
main and analyzed possibilities for selective resonantly enhanced
multiphoton ionization through a single channel. Using the single-
active-electron approximation we calculated the photoelectron mo-
mentum distributions by solving numerically the time dependent
Schrodinger equation for these pulse parameters. In order to de-
termine the contribution of different ionization channels to the
total photoelectron yield, a partial wave analysis of the outgoing
wave function in momentum representation was performed from
which the partial probability densities w; as functions of the pho-
toelectron energy € were obtained. The total density ), w;(¢) then
represents the photoelectron energy spectrum. The spectra calcu-
lated for the pulses of 800 nm wavelength, 57 fs duration (FWHM)
and 3.5-8.8 TW/cm? peak intensity agree well with the spectra ob-
tained experimentally by Hart et al. [7]. This holds for the positions
of both REMPI and ATI peaks.
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The partial wave analysis of the spectral peaks related to Free-
man resonances revealed that each peak is a superposition of the
contributions of photoelectrons from different ionization channels.
We found that at the laser peak intensity of 3.5TW/cm? domi-
nant contribution in the main peak (around 0.76eV) comes from
d-electrons, while at the intensity of 8.8TW/cm? the electrons of
g-symmetry dominate. In this way, by changing the laser inten-
sity, one can select the main ionization channel. We have shown
that in the first case it is combined 3+1 and 2+1+1 REMPI via 5p
state, while in the second case it is the 3+1 REMPI via 4f state.
In contrast to the main peak, the structure of local peaks around
1eV and 1.2eV is not sensitive to the laser intensity. The peak at
1eV is related to 3+1 REMPI via the states 5f and 6p, whereas the
dominant ionization channel for the peak around 1.2eV is 2+1+1
REMPI via the near resonant 4s state and subsequently excited 7p
state. These findings were justified by calculating the populations
of excited states during the pulse. The selectivity might be further
improved by choosing more appropriate pulse parameters (that
is feasible with modern TI:sapphire lasers enabling pulse-shaping,
phase-locking, spectral broadening, amplification, etc.) leading to a
better resonance between intermediate states and the laser field.
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Abstract. We analyzed the asymmetry of Autler—Townes doublets in the calculated photoelectron energy
spectra for the two-photon ionization of the hydrogen atom by an intense short laser pulse that resonantly
couples its ground state with the excited 2p state. The spectra are calculated applying the method of time-
dependent amplitudes using two approaches of different level of approximation. The first approach involves
solving a complete set of equations for amplitudes, which, in addition to amplitudes of coupled (1s, 2p) and
continuous states, also includes the amplitudes of other discrete (nonessential) states. The second approach
is the three-level model that includes only the amplitudes of the two coupled states and those of continuum
states. By comparing the spectra obtained using these two approaches it is confirmed that the shift of the
Autler-Townes doublets, which exists only in the spectra obtained by solving the full set of equations,
can be attributed to the AC Stark shift, which is a consequence of the coupling with nonessential states.
Finally, it was found that the asymmetry in the intensity of the Autler—Townes doublet components, which
appears in the spectra obtained using both computational approaches, is primarily due to the decrease in

the transition probability between the 2p and continuum states with increasing photoelectron energy.

1 Introduction

Multiphoton ionization of an atom by a laser field that
resonantly couples its ground state to an excited state
can serve as a probe for the field induced Rabi dynamics
of the coupled states. In the time-dependent picture this
dynamics is manifested as the periodic transfer of pop-
ulation from one state to another—the so-called Rabi
flopping (see e.g. [1]), but in the frequency domain it
leads to a splitting of the resonant peak in the pho-
toabsorption spectrum, known as the Autler—Townes
(AT) doublet. Before the availability of coherent light
sources this splitting was first detected in the absorp-
tion spectrum of a molecule using radiation from the
radio frequency domain [2].

Apart from the photoabsorption spectra, the AT
splitting can also be detected in the energy spectra
of photoelectrons produced at multiphoton ionization
of atoms and molecules. However, despite theoretical
predictions to observe it at short wavelengths [3-8],
its direct observation at XUV wavelengths has been
reported only recently, after the free-electron lasers
with high temporal and spatial coherence became avail-
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able [9]. Applying intense pulses from such a source,
one-photon Rabi oscillations are successfully induced
between the ground state and an excited state of the
atom, particularly if the carrier frequency of the source
is resonant for the transition between these states. A
second photon from the same pulse can further ionize
the atom from the excited state, so finally we have res-
onant two-photon ionization. The emitted photoelec-
trons coherently probe the dynamics of the coupled
states and the photoelectron energy spectrum (PES)
reveals the AT doublet.

A detailed theoretical analysis of the AT splitting,
instead of a simple doublet, predicts a multiple-peak
pattern in the PES [5-8], as well as additional effects
such as energy shift and asymmetry of the pattern
[3,4,7,8]. An explanation for the multiple-peak struc-
ture, which has been proposed in previous studies [6],
is the so-called dynamic interference of photoelectrons
emitted on the rising and falling sides of the pulse with
a time delay. However, subsequent analysis has shown
that this explanation is not adequate in the general case
[10,11], which is also confirmed by our recent calcula-
tions [12].

In this paper, we focus on the analysis of shift and
asymmetry of AT doublets, taking as an example the
resonant two-photon ionization of hydrogen atoms by
short laser pulses. In order to get more pronounced

@ Springer
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effects, we have chosen pulses of higher intensity and
shorter duration than previously used. In the next sec-
tion we present two computational approaches with dif-
ferent degrees of approximation for calculating the pop-
ulations of atomic states and the photoelectron energy
spectra. Both approaches are based on the method of
time-dependent amplitudes, whereby the first solves
the full set of equations for amplitudes, while the sec-
ond takes into account only two resonantly coupled
states and continuum states. In Sect. 3 we present the
results obtained within these approaches and analyze
the above effects in the AT splitting. A summary and
conclusions are given in Sect. 4.

2 Model and computational approaches

The populations of atomic states during the interac-
tion of the atom with the laser pulse, including their
final values when the pulse has expired, and the pho-
toelectron energy spectra, that are the subject of the
analysis carried out in the next section, were obtained
by solving the time-dependent Schrédinger equation (in
atomic units)

d

000 = (Ho + 2E(0) [4(2). 1)

Here |#(t)) is the non-stationary atomic state at time
t, Hy is the Hamiltonian of the field-free (bare) atom,
E(t) is the electric field component of the laser pulse
and z is the projection of the electron-nucleus distance
in the field direction. The term z&(t) describes the
atom-field interaction in the dipole approximation using
the length gauge. We consider a linearly polarized laser
pulse whose electric field component reads

E(t) =Epg(t) coswt, (2)

where & is the peak value of the field strength, w is the
laser carrier frequency and the function g(¢) determines
the shape of the pulse envelope.

Equation (1) is solved numerically assuming that the
atom is initially in its ground state, i.e. |1(to)) = |18),
where tg is a time before the beginning of the interac-
tion. Since the atom interacting with the field (2) has
axial symmetry, the z-projection of the electron angular
momentum [, is a constant of motion and the magnetic
quantum number m is a good quantum number. Thus,
the state |4(t)) is at any time ¢ characterized by the
value m = 0, which characterizes the ground state of
the bare atom. Unless otherwise stated, atomic units
(a.u.) are used throughout the paper.

2.1 The full set of equations for amplitudes
The state of the hydrogen atom at time ¢ interacting

with a laser field can be written as the superposition of
eigenstates of the commuting observables Hy, 12, and [,

@ Springer
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0() = 3 cu®lnl) + [ S catleds,  (3)
n,l l

where ¢, (t) and ¢ (t) are the time-dependent ampli-
tudes for the population of discrete and continuum
eigenstates, [nl) = |nlm) and |el) = |elm) with m = 0,
respectively.

By substituting expansion (3) in Schrodinger equa-
tion (1) and projecting the result onto each eigenstate,
one obtains the following set of equations for the ampli-
tudes

iénl - En Cnl (t) + g(t) Z<7’ll|2|7’l/l,> Cn'l’ (t)

1]
n’,l

+E() / S (nllzfely o () de,
g

it = ecalt) + E) Y _(ellzn'l') cor (t)

nl

+E() / S Gl eon (e, (4)
-

where F,, and ¢ are the values of the discrete and con-
tinuum energy levels of the bare atom, respectively.

By representing the integral over € by the sum over
a set of its discretized values €; and neglecting the
continuum-continuum interaction, the set of integro-
differential equations (4) reduces to the following set
of differential equations

Z'énl - En Cnl (t) + g(t) Z<7’ll|2|7’l/l,> Cp'l/ (t)

nh,l!

+E() Y (nllzleil’) ey (1) A,

il

iteq = ccea(t) + €)Y (ed|zIn'l)cwr (B).  (5)

nh,l

At the laser peak intensities up to few hundred
TW/cm? that we consider here, in the expansion (3)
it is sufficient to use the set of discrete states |nl)
with n < 7and [l = 0,...,n — 1, and s and d dis-
cretized continuum states (see Fig. 1) with energies in
the interval from 5 to 8.6 eV with the step Ae = 0.01eV.
The restriction to s and d continuum state justifies the
neglect of the continuum-continuum interaction since
the matrix elements between states of the same parity
(here s and d) are equal to zero. The expressions for
matrix elements (nl|z|n/l’) and (nl|z|el’) are given in
Appendix A.

The quantities |c,;(¢)]* can be interpreted as the pop-
ulations of atomic states |nl) after the interaction of
the atom with the laser field which has ended at time
t. Thus, the populations of states |nl), after time tex
when we assume that the laser pulse has expired, are
|eni(tex)])?. Analogously, the quantity |ce;(tex)|® Tepre-
sents the probability density of finding the atomic elec-

| 2
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Fig. 1 Energy level scheme of the hydrogen atom and the
two-photon absorption paths for transitions from the ground
(1s) state to the final continuum states (es and d) via one-
photon resonant excitation of 2p state

tron in the continuum state |el) after the pulse has
expired.

Since the photoelectron yield at a given energy € is
proportional to the total probability density of find-
ing the electron in continuum states corresponding to
this energy, the photoelectron energy spectrum (PES)
is adequately represented by the distribution

&)=Y lealted)?, (6)
l

which in the considered case practically reduces to for-
mula w(e) = |ces(tex)|? + |cea(tex)|?-

2.2 The three-level model

In the case of resonant or near resonant excitation of
an intermediate state (here 2p), the other excited states
are nonessential and at weak fields their role in the ion-
ization process may be neglected, i.e. the process may
be adequately described within the three-level model
(Ev, Es, €) [6]. Then, the atomic state at time ¢ reads

Cua(t)]15) + Cap(t)e"]2p)
e 2wt / [Cos(t)]es) + Coa(O)|ed)]de, (7)

() =

where Ci5(t), Cop(t) and Cy(t) are the time-dependent
amplitudes for the population of states |1s) (ground
state), |2p) (intermediate state) and |el), I = 0,2
(continuum states), respectively. In this expansion the
states |2p) and |el) have been multiplied with the
phase factors e~*! and e 2*! in order to simplify
the set of equations for the amplitudes. By compar-
ing Egs. (3) and (7), one sees that Cis(t) = c15(t),
Cop(t) = e™leyp(t) and Cy(t) = e*™icy(t). Since the
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difference between the C' and ¢ sets of amplitudes is only
in the phase factors, both sets adequately determine the
populations of atomic states and photoelectron yield.

If we set the ground state energy to zero (E; = 0, as
shown in Fig. 1), by inserting Eq. (7) in the Schrodinger
equation (1) and applying the rotating wave approxi-
mation [1], we obtain the following system of equations
for the amplitudes

Gy = , D" gl1) Capl0),

iCyp = ;Dsom B)C1a(t) + (Ez — w) Cap(2)
+809(0) [142,Cec(t) + 2 Cua®)d,

G = ) desEog (1) Cap(t) + (I + £ — 20) Cen(t),

i = dea&0g(t)Cap(0) + (I + & — 20) Cua )

(8)

Note that, by taking F71 = 0, the energies of the 2p and
final continuum states are Fy = 0.375a.u. = 10.204¢eV
and I, +¢, respectively, where I,, = 0.5a.u. = 13.606eV
is the ionization potential of the hydrogen atom. Here
D = (2p|z|1s) and dg; = (€l|z|2p) are the dipole transi-
tion matrix elements for the excitation of the 2p state
and for its subsequent ionization, respectively.

Using formal solutions of the third and fourth of

Eq. (8)

t

Ca(t) = —;50 dey | eIt 2 = g4y Co (1)
—0o0
(9)
where [ = 0,2, and the local approximation which

assumes that the main contribution of the integral over
t" stems from the times around t' ~ ¢ [13,14], the last
term in the second of Eq. (8) reduces to

y E09(t) [ [d2,Cuu(t) + g Cua(t)]de

|deo|2E5

= —mi g2 (1) Cap (1), (10)

where |d.,|? = |deys|? + |degal® and g9 = 2w — I,,. Note
also that the third and the forth of Eq. (8) are equiv-
alent. Namely, dividing them by d.s and d.q, respec-
tively, they reduce to the same equation for the scaled
amplitude C(t) = Ces(t)/des = Cea(t)/deqa (which also
follows from Eq. (9)).

Finally, one obtains the set of equations

U
iChs =, 2 g(t)Cap (1)

1 '
iCop = , Qg(t)Cus(t) + | B2 — [ Tg*(t) — | Cap(t),
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Fig. 2 The squares of modula of the dipole matrix ele-
ments for transitions from the 2p state to continuum states
es and ed (dashed and dash-dot lines, respectively), deter-
mined by Eq. (18), and their sum |d-|* (full line) in the
energy interval ¢ € (6.4,7.2) eV. The vertical and horizon-
tal dotted lines mark the resonant energy o = 6.803eV
and the corresponding value of |d:|? (|de,|> = 0.1663 a.u.),
respectively

il = ;50g(t)C2p(t) + (e —20)Cu(t), (11)

where 2y = D&y is the frequency of Rabi flopping
between the populations of states 1s and 2p at the peak
value of laser intensity and

dey&o |

r—2
Tl o

(12)

is the ionization rate of the intermediate resonant state
|2p). The imaginary term — } T'g?(¢) describes the losses
of the population of the intermediate state by the ion-
ization into all final electron continuum states |el).

The PES can be determined applying formula (6),
which here takes the form

w(e) = [de [*|Ce (tex) 2, (13)

where |d:|? = |des|? + |dea|?. The values of the dipole
matrix elements for transitions from the 1s to the 2p
state and from the 2p state to continuum states are
determined using Eqgs. (17)—(21). The matrix element
for the transition 1s — 2p is D = 0.7449 a.u., while the
values of |d.|? for € € (5,8.6)eV are shown in Fig. 2.
The resonant excitation of the 2p state and the sub-
sequent ionization occurs if the laser carrier frequency
is w = 0.375a.u., which coincides with the transition
frequency between the 1s and 2p states (in the weak
field limit). The photon energy corresponding to this
frequency is 10.204eV and the expected kinetic energy
of the ejected electrons is £g = 0.25 a.u. = 6.803eV.
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In the next section it will be shown that the approx-
imate results obtained using the three-level model, in
which the exact values for |d.|? are replaced by the
value of |d.,|?, as it was the case in previous stud-
ies [6], are sufficient for a qualitative analysis of spec-
tra. The values of the matrix elements for transitions
from the 2p state to continuum s and d states at the
energy €g are de,s = (0.1469 — 0.0296 ¢) a.u. and de,q =
(—0.0749—0.371714) a.u., respectively. These values give
|de,|? = 0.1663a.u. and the quotient |dc,s|?/|deoal® =
0.1563 which estimates the relative ratio of s and d-
electrons in the photoelectron yield.

3 Results

Using the methods described in the previous section,
we analyze the populations of atomic states and photo-
electron energy spectra for the two-photon ionization of
the hydrogen atom by the laser pulse (2) of the gaussian
form

gty =e /7 (14)

with 7 = 6fs and the carrier frequency w = 0.375a.u.
which is resonant for the transition 1s — 2p.

Figure 3 shows the evolution of the populations of
atomic states 1s and 2p, calculated for the pulse of peak
intensity Ip = 25TW /cm? (Iy = £3/(8ma), o = 1/137)
for which approximately 1.5 Rabi cycles during the
pulses are completed. The populations shown in panel
(a) were obtained using the method of time-dependent
amplitudes described in Sect. 2.1, i.e. by solving the
system of Eq. (5) for the recommended set of ampli-
tudes, while those in panel (b) were obtained applying
the three-level model described in Sect. 2.2, i.e. by solv-
ing the system of Eq. (11). Beside the populations of
the 1s and 2p states, in the panel (a) the populations of
the states 2s and 3d are shown, too. The populations of
other states are significantly smaller and, for this rea-
son, not shown in the figure. A good agreement between
the results for the populations of the states 1s and 2p in
the panels (a) and (b), as well as relatively small values
for populations of other (non-essential) states, confirm
the validity of the three-level model, particularly for
describing the electron dynamics in the discrete-state
subspace.

Figure 4 shows the final populations of the ground
and intermediate states, using t., = 37 for the gaus-
sian pulse (14), as functions of the peak intensity
Iy in the domain of 0.02-400TW /cm?. The values
obtained using the computational approaches described
in Sects. 2.1 and 2.2 practically coincide and for this
reason they are represented in the figure by the same
lines. The vertical dashed lines indicate the values of
Iy at which the atom manages to complete an integer
number of Rabi cycles during the pulse.

Figure 5 shows the photoelectron energy spectra cal-
culated for the laser peak intensities which are in Fig. 4
indicated by the vertical dashed lines. The spectra
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Fig. 3 a Populations of the ground state (1s) and the
excited states 2s, 2p and 3d of the hydrogen atom during
the action of the gaussian laser pulse of 25 TW/cm? peak
intensity, 7 = 6fs and w = 0.375 a.u., calculated by solving
the set of Eq. (5). b Populations of the ground state (1s)
and the excited state 2p of the hydrogen atom during the
action of the same pulse, calculated by solving the set of
Eq. (11) (the three-level model). The dashed line represents
the envelope of the laser pulse. For the chosen peak inten-
sity the populations perform approximately 1.5 Rabi cycles
during the pulse
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Fig. 4 Populations of the ground (1s) and the excited
2p state of hydrogen, after the laser pulse has expired,
as functions of the laser peak intensity. The results are
obtained using the gaussian pulse of the carrier frequency
w = 0.375a.u. (which corresponds to the photon energy of
10.204eV) and 7 = 6fs. The vertical dashed lines indicate
the peak intensities at which an integer number of Rabi
cycles is completed during the pulse

in panel (a) are determined by solving the system of
Eq. (5) and applying Eq. (6), while those in panel (b)
are obtained by solving the system of Eq. (11) (the
three-level model) and applying Eq. (13) with |d.|? val-
ues shown in Fig. 2 (solid red lines) and, alternatively,
with |dc|? ~ |d,|? (dotted lines). It can be seen that,
regardless of the calculation method, for each value of
Iy the spectrum consists of a pattern exhibiting the AT
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Fig. 5 Calculated photoelectron energy spectra for two-
photon ionization of the hydrogen atom by gaussian laser
pulses of 6 fs duration, 10.203 eV photon energy, and peak
intensities indicated in Fig. 4 by vertical dashed lines. The
spectra in panel (a) are determined by solving the full set of
Eq. (5) with recommended number of states (see the text in
Sect. 2.1), while those in panel (b) are obtained using the
three-level model with exact |d:|* values (solid red lines)
and with |dc|*> =~ |d,|? (dashed lines). The weak field value
of the photoelectron energy €9 = 6.803 eV is marked by
the vertical thin line. The dashed line in panel (a) shows
the shift of the spectral patterns (AT doublets) which is a
slowly increasing function of the laser peak intensity

splitting. An exception is the pattern for the laser peak
intensity corresponding to one Rabi cycle during the
pulse. Namely, the separation between the components
of the AT doublet (the edge peaks) is proportional to
the field strength [2], and in the one-cycle case this sep-
aration is of the same order as the widths of the com-
ponents.
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A notable difference between the spectra shown in
panels (a) and (b) of Fig. 5 is a shift of the AT dou-
blets to higher values of the photoelectron energy that
exists in the former and does not exist in the latter
spectra. The shift increases with the laser peak inten-
sity and can be attributed to the dynamic (AC) Stark
shift that is a consequence of coupling of the ground and
resonant states with nonessential states [7,8]. Since the
last states do not participate in the three-level model,
the AC Stark shift is not included and the AT dou-
blets calculated using such an approximate model are
not shifted.

Another difference between the spectra obtained
using approaches of different degrees of approximation
is in the intensity of the AT doublet components. In
the spectra obtained using the three-level model with
the approximation |d.|?> = |d.,|?, the edge peaks are
of the same intensity, but in the spectra obtained by
the method of time-dependent amplitudes with a larger
number of states (panel (a)) and those obtained using
the three-level model with exact values for |d.|?, the
right peak is lower than the left one. According to Refs.
[7,8] the AC Stark shift could be an explanation for this
kind of asymmetry, too. Namely, the carrier frequency,
which is resonant for the transition 1s — 2p, is due to
the Stark shift slightly different from the field-free res-
onant frequency w = 0.375a.u., and this detuning may
be a reason for the asymmetry [5]. However, our cal-
culations performed within the three-level model with
exact values for |d.|?> reproduce very well the asym-
metry obtained by the full calculations. Therefore, we
conclude that, although the asymmetry in the intensity
of the AT doublet components may be partially caused
by the AC Stark shift, it is primarily due to the change
of the values of matrix elements d.; with the photoelec-
tron energy €.

4 Summary and conclusions

In this paper we analyzed the shift and asymmetry of
Autler-Townes doublets observed in the photoelectron
energy spectra in the case of two-photon ionization of
the hydrogen atom by intense short laser pulses of the
carrier frequency which is resonant with the transition
1s — 2p. These doublets are a manifestation of the
field induced Rabi flopping of population between the
resonantly coupled 1s and 2p (essential) states, but also
they carry information about other atomic (nonessen-
tial) states and transitions to continuum states. The
spectra were calculated applying the method of time-
dependent amplitudes using two approaches of different
level of approximation. The first approach involves solv-
ing a complete set of equations for amplitudes, which,
apart from the amplitudes of essential and contin-
uum states, also include the amplitudes of non-essential
states. The second approach is the three-level model
that includes only the amplitudes of the two essential
states (1s, 2p) and those of continuum states. Thus, the
AC Stark shift which is a consequence of the coupling
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of essential states with non-essential ones, can appear
only in spectra obtained using the first approach, which
was confirmed by the calculations. The asymmetry in
the intensity of the Autler-Townes doublet compo-
nents appears both in the results obtained by the first
approach and in the results obtained using the three-
level model with exact values of the dipole matrix ele-
ments for transitions between the 2p and continuum
states. Thus, we conclude that this asymmetry is pri-
marily a consequence of the decrease in the probability
of transitions between the 2p and continuum states with
increasing photoelectron energy.
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Appendix A: Matrix elements for dipole
transitions

The matrix elements that occur in Egs. (4), (5) and (8)
are conveniently calculated using the coordinate repre-
sentation for the discrete and continuum energy eigen-
states of the bare atom

Inl) = Yni(r) = Rui(r)Yio(£2), (15)
|€l> - wsl(r) = \/71'2]6 Z‘leiim’(k) Fl(i: ]{)7") YlO(Q)a
(16)

where Ry, (r) and Yo (£2) are the radial wave functions
of hydrogen and the spherical harmonics with m = 0,
respectively, whereas o; = arg ({4 1+in) and F;(n, kr)
are the Coulomb phase shift and the regular Coulomb
functions [15], where n = —1/k and k = v/2¢ (in atomic
units). Then

(nl|z|n'l"y = /w;l(r) 7 cos ¥ by (r) dr = Ir(fl{ifl),l,Jll/,
(17)
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(nl|z|el’) = / Whi(e) r cos 9 ey () &3

2 v i,
_ \/ 2 i@, (18)
where
(dis) =
159 = [ Ru) v @)ar. 9)
0
(cont) -
con
Loer’ = / R () Fy (n, kr) r2dr, (20)
0
Juy = / Y10(£2) Yir0(£2) cos 9 df2. (21)
2
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Abstract: We study the Rabi flopping of the population between the ground and excited 2p states of
the hydrogen atom, induced by intense short laser pulses of different shapes and of carrier frequency
w = 0.375a.u. which resonantly couples the two states, and manifestations of this dynamics in
the energy spectra of photoelectrons produced in the subsequent ionization of the atom from the
excited state. It is found that, for Gaussian, half-Gaussian and rectangular pulses, characterized by
the same pulse area, the final populations take the same values and the spectra consist of similar
patterns having the same number of peaks and approximately the same separation between the
prominent edge (Autler-Townes) peaks. The additional analysis in terms of dressed states showed
that the mechanism of formation of multiple-peak structures during the photoionization process
is the same regardless of the pulse shape. These facts disprove the hypothesis proposed in earlier
studies with Gaussian pulse, that the multiple-peak pattern appears due to dynamic interference of
the photoelectrons emitted with a time delay at the rising and falling sides of the pulse, since the
hypothesis is not applicable to either a half-Gaussian pulse that has no rising part or a rectangular
pulse whose intensity is constant.

Keywords: Rabi dynamics; laser pulse; photoionization; photoelectron energy spectrum; Autler—
Townes splitting; multiple-peak pattern; dressed states; dynamic interference

1. Introduction

If an atom, initially being in its ground state, interacts with an alternating field that res-
onantly couples this state to an excited state, the population will be periodically transferred
from one state to another. This effect was first described theoretically by Rabi, who applied
it for fermions in rotating magnetic fields [1]. In general, the flopping of the population can
be explained by the fact that the eigenstates of the Hamiltonian describing the bare atom
are no longer stationary states if the atom interacts with the field. Another consequence
of this fact is the splitting of the coupled atomic states into doublets of “dressed states”,
whose quasi-energies are separated by the value corresponding to the frequency of Rabi
flopping (see, e.g., Ref. [2]). This splitting can be observed in the photoabsorption and
photoionization spectra of atoms and molecules. Before the availability of coherent light
sources, it was first detected using radiation from the radio frequency domain. In the origi-
nal observation by Autler and Townes [3], a radio frequency source tuned to the separation
between two doublet microwave absorption lines of the OCS molecule was used.

Despite theoretical predictions to observe Rabi dynamics at short wavelengths [4,5]
and the availability of intense XUV light sources for more than a decade, direct observation
of Rabi dynamics at such short wavelengths has been reported only recently [6]. In the
actual experiment, applying intense XUV laser pulses from a free-electron laser with high
temporal and spatial coherence, one-photon Rabi oscillations are induced between the
ground state and an excited state in helium atoms (pump). Then, a second (probe) photon
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from the same pulse ionizes the atom from the excited state (resonant two-photon ioniza-
tion) or, at higher intensities, two photons can do it from the ground state (nonresonant
two-photon ionization). In both cases, the emitted photoelectrons coherently probe the
underlying dynamics and the measured signal reveals an Autler—Townes (AT) doublet.

In the above experiment, the AT doublets were built at the resonant two-photon
ionization for 1.5 completed Rabi cycles. However, theoretical analysis of the resonant mul-
tiphoton ionization for more than two completed Rabi cycles during the pulse predicts the
appearance of a multiple-peak pattern in the photoelectron energy spectrum (PES) [7-10].
The number of peaks appearing in the pattern is essentially determined by the pulse area [7].
The area theorem (see Ref. [11] and references therein) actually, relates this quantity to
the number of Rabi cycles during the pulse, but numerical calculations have shown that
this number, the number of peaks in the radial density of photoelectrons and the number
of peaks in the pattern coincide [9]. The coincidence between the first two numbers is
easily explained by the propagation of the emitted bunches of photoelectrons, which are
separated in time and, thus, separated in space, too. On the other hand, the explanation for
the multiple-peak pattern in the spectrum is still under consideration. There is a general
agreement that this pattern is a result of the superposition of the contributions of photoelec-
trons ejected via two dressed states during the pulse action. The situation is simplest in the
case of photoionization by a rectangular pulse, where the two contributions have the forms
of cardinal sine (sinc) functions of energy, shifted by the value of the corresponding Rabi
frequency, and the multiple-peak pattern is a result of their overlap [7] (see also Section 3.3).
Conversely, in the case of smooth pulses such as the Gaussian, it is not clear exactly what is
happening. The analysis performed within the stationary phase approximation suggested
that dynamic interference of the photoelectrons emitted with the same energy, but with a
time delay at the rising and falling sides of the pulse, essentially determines the multiple-
peak structure (modulations) in the PES [8,12,13]. However, this assumption has been
questioned by analyzing the conditions for dynamic interference [14,15], where it was
found that they are not always fulfilled, particularly in the case of photoionization from the
hydrogen ground state.

To shed more light on the above issue, in this paper we investigate manifestations
of Rabi dynamics in the photoelectron energy spectra calculated for resonant two-photon
ionization of the hydrogen atom by intense short laser pulses of three different forms—
Gaussian, half-Gaussian and rectangular ones. By choosing the carrier frequency of
0.375a.u. that resonantly couples the hydrogen ground (1s) and excited 2p states, the pulse
induces one-photon Rabi oscillations between these states, and a second photon from
the same pulse subsequently ionizes the atom from the 2p state. The problem was pre-
viously studied by other authors, who also used different forms of the laser pulse (see
Refs. [4,5,7-9]), but conditions for the dynamic interference were not considered. The paper
is organized in the following way. In the next section, we briefly describe the computational
method for calculating the populations of atomic states and the photoelectron energy spec-
tra, based on the three-level model, and present results for resonant two-photon ionization
of hydrogen by intense short laser pulses. In Section 3 we analyze the Rabi dynamics and
the AT patterns in the spectra in terms of dressed states. A summary and conclusions are
given in Section 4.

2. Calculation of Populations of Atomic States and Photoelectron Energy Spectra

The populations of atomic states during the interaction of the atom with the laser
pulse, including their final values when the pulse has expired, and the photoelectron
energy spectra were obtained by solving the time-dependent Schrodinger equation (in
atomic units)

1) = (Ho+ z£@)lp(e). )

Here |y(t)) is the non-stationary atomic state at time ¢, Hy is the Hamiltonian of the
field-free (bare) atom, £(t) is the electric field component of the laser pulse and z is the
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projection of the electron—nucleus distance in the field direction. The term z&(t) describes
the atom-field interaction in the dipole approximation using the length gauge. We consider
a linearly polarized laser pulse, whose electric field component reads

E(t) = &g(t) coswt, 2)

where & is the peak value of the field strength, w is the laser carrier frequency, and the
function g(t) determines the shape of the pulse envelope.

Below, we solve Equation (1), assuming that the atom is initially in its ground state,
ie., |(tg)) = |1s), where t( is a time before the beginning of the interaction. Since the
atom interacting with the field (2) has axial symmetry, the z-projection of the electron
angular momentum /, is a constant of motion and the magnetic quantum number m is
a good quantum number for any field strength. Thus, the state |{(t)) is at any time ¢
characterized by the value m = 0, which characterizes the ground state of the bare atom.
Unless otherwise stated, atomic units (a.u.) are used throughout the paper.

2.1. The Three-Level Model

In the case of photoionization which goes via resonant or near-resonant excitation
of an intermediate state, which here is 2p, the other excited states are nonessential and at
weak fields the process can be adequately described within the three-level model. A com-
putational method for solving Equation (1) within this model is presented in our recent
paper [16], and in more detail in Ref. [8]. Here, we give only the basic expressions and the
final set of relevant equations.

The atomic state at time f within the three-level model reads

9(£)) = Cra(t)|18) + Cop (£)e " [2p) + e~ 2t / [Ces(B)]es) + Ceg(H)[ed)]de,  (3)

where Ci4(t), Cop(t) and Cg(t) are the time-dependent amplitudes for the population
of the ground state |1s), intermediate state |2p) and continuum states |el) (I = 0,2),
respectively. The variables ¢ and I label the kinetic energy and orbital momentum of
produced photoelectrons. The states |2p) and |e/) have been multiplied with the phase
factors e~ and e~2“! in order to simplify the set of equations for the amplitudes.

If we set the ground state energy E; to zero, by inserting Equation (3) in the Schrodinger
Equation (1) and applying the rotating wave approximation [2] and the local approxima-
tion [8,17], we obtain the set of equations for the amplitudes

iCap = 5 Qg(Cis(t) + | E2 — TE(0) — w| Cople), @

where )y = D& is the frequency of Rabi flopping between the populations of states 1s
and 2p at the peak value of laser intensity, I' = 27|d;,£/2|? is the ionization rate of the
intermediate (near-)resonant state 2p and C¢(t) = Ces(t)/des = Ceq(t)/deq is the scaled
amplitude for the population of continuum states. Here, D = (2p|z|1s) and d.; = (el|z|2p)
are the dipole transition matrix elements for the excitation of the 2p state and for its
subsequent ionization, respectively, and |d¢|> = |des|? + |deq|>. For a given carrier fre-
quency of the laser pulse w, the expected energy of photoelectrons is ¢g = 2w — I,, where
Iy = 0.5a.u. = 13.606 eV is the ionization potential of the hydrogen atom. Note that, by tak-
ing E; = 0, the energies of the 2p and final continuum states are E, = 0.375a.u. =
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10.204 eV and I, + ¢, respectively. Finally, let us state that the formal solution of the third of
Equation (4) is
' t
Clt) = 5 & [ e I g(t)) Cop (') d (5)
The quantities [Cy5(t)[? and |Cop(t)|? can be interpreted, respectively, as the popula-
tions of atomic states |1s) and |2p) after the interaction of the atom with the laser field
until time t. Thus, the populations of these states, after time t.x when we assume that
the laser pulse has expired, are |Cys(tex)|* and |Cop(tex)|?. Analogously, the quantities
|Cei ()] and |Cy (tex)|? represent the probability densities of finding the atomic electron
in the continuum state |el) (here | = 0,2) after the interaction of the atom with the laser
field until time t and after the pulse has expired, respectively. Since the photoelectron yield
at a given energy ¢ is proportional to the total probability density of finding the electron
in continuum states corresponding to this energy, the PES is adequately represented by
the distribution

w(s) = |C55(tex)|2 + |Csd(teX)‘2 = |de|2‘C€(teX)|2' (6)

The values of the dipole matrix elements for transitions from the 1s to the 2p state
and from the 2p state to continuum states are determined applying expressions given in
Appendix A in Ref. [16]. The matrix element for the transition 1s — 2p is D = 0.7449 a.u.,
while the values of |d¢|? are shown in Figure 2 in the same reference. The resonant excita-
tion of the 2p state and the subsequent ionization occurs if the laser carrier frequency is
w = 0.375a.u., which coincides with the transition frequency between the 1s and 2p states
(in the weak field limit). The photon energy corresponding to this frequency is 10.204 eV,
and the expected kinetic energy of the ejected electrons is g = 0.25a.u. = 6.803 eV. In this
case, one has |dg,|? = 0.1663a.u. [16]. We will see later that the approximate results ob-
tained using the three-level model, in which the exact values for |d¢|? are replaced by the
value of |dg,|?, as used in previous studies [8], are sufficient for a qualitative analysis
of spectra.

2.2. Results

The populations of atomic states and the photoelectron energy spectra of the hydrogen
atom exposed to the laser pulse of carrier frequency w = 0.375a.u. have been calculated
using the described method for three pulse shapes: (a) the Gaussian shape

22
gty =e /7 )
with T = 30fs, (b) the half-Gaussian shape
() = 0 fort <0, ®)
SWZe 27 fort > 0,

with 7/ = 27 = 60fs, and (c) the rectangular shape

(1 for|t| <1,
8(t) = {0 for |t| > 1", ©)

with T/ = 11/71/2 = 26.5868 fs. The parameters 7, T’ and 7" are chosen so that for a given
value of & all three pulses have the same value of the pulse area [7]

6= 0 l e dr, (10)

which here is 0 = /7T Qpt = /7T Q7' /2 = 2y1”. For times when the pulses (7)—(9)
expire, we take tex = 37, t;, = 37 and t, = 7", respectively. Let us state at this point that,
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referring to the area theorem [7,11], the number of Rabi cycles completed during the pulse
isN =0/(2m).

Figure 1 shows the evolution of the populations of states 1s and 2p, calculated for
pulses of the above three shapes and peak intensity Iy = 1TW/cm? (I = &3/ (87),
« = 1/137) for which the pulse area is § = 8.741 and N ~ 1.4. One can see that, although
the evolution is different, in accordance with the area theorem [11] the final populations for
all three pulses (after they have expired) take the same values.

1.0

(a)

0.5

Populations

0.0 L e L B E s s e p s
-80 -60 -40 -20 0 20 40 60 80
Time (fs)

1.0
(b)
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0.5 1
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0.0 L I S L | "-I.--'--.I--' T
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0.5+
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0.0 LN s m e B e s B
-80 -60 -40 =20 0 20 40 60 80
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Figure 1. (Color online) The evolution of populations of the ground state (1s) and the excited 2p
state during the process of resonant two-photon ionization of hydrogen by: (a) Gaussian laser
pulse (7) with T = 30fs, (b) half-Gaussian pulse (8) with T’ = 60 fs and (c) rectangular pulse (9) with
7" = 26.5868fs, all of carrier frequency w = 0.375a.u. = 10.203 eV, which is resonant for transition
1s — 2p and peak intensity of 1 TW/cm?. The dashed lines represent the envelopes of the laser pulses.
The parameters 7, T’ and 7" are chosen so that all three pulses have the same value of the pulse area
6 = 8.741, for which the populations perform approximately 1.4 Rabi cycles.

Figure 2 shows the final populations of the states 1s and 2p as functions of I in the
domain of 10°-10' W/cm?. Again, in agreement with the area theorem, for each peak
intensity the final populations of atomic states for the considered three pulses have the same
values. Due to this fact, the blue and red lines in Figure 2 represent the populations of the
ground and excited states, respectively, obtained for all three pulse shapes. The vertical dashed
lines indicate the peak intensities at which an integer number of Rabi cycles during the pulse is

completed: Ip(N) = 0.517,2.067,4.650,8.267,12.917 TW/ cm? for N = 1,2,3,4,5, respectively.
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Populations

0.01

Laser peak intensity (TW/cm®)

Figure 2. (Color online) Final populations of the ground state (1s) and the excited 2p state of hydrogen
at the end of the process of its resonant two-photon ionization, as functions of the laser peak intensity.
The results obtained using the Gaussian, half-Gaussian and rectangular pulses (Equations (7)-(9)) of
carrier frequency w = 0.375a.u. with T = 30fs, T/ = 60fs and 7" = 26.5868 fs practically coincide
and they are represented by common lines. The vertical dashed lines indicate the peak intensities at
which an integer number of Rabi cycles during the pulse is completed.

Figure 3 shows the photoelectron energy spectra determined by solving the set of
values (solid red lines) and with
|d:|> ~ |dg,|* (dashed lines) for: (a) Gaussian pulse (7), (b) half-Gaussian pulse (8) and
(c) rectangular pulse (9), with the peak intensities Ij(N), N = 1,...,5. Note that the spectra
obtained using the approximate value |d,|> are symmetric, but this is not the case when
the exact values for |d;|? are used. The observed asymmetry, which is more pronounced
at higher laser field intensities, has recently been studied in several publications [9,16,18].
For each value of Iy, the PES consist of a pattern exhibiting the AT splitting. The separation
between the most prominent edge peaks (AT doublet) increases with the square root of I,
i.e., linearly with the peak value of electric field strength. In addition, for the laser peak
intensities when more than two Rabi cycles during the pulse are completed, our results
confirm the previously reported appearance of a multiple-peak pattern in the calculated

Equation (4) and applying Equation (6) with exact |d,

Laser peak intensity (TW/cm?)

PES [7-10].
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Figure 3. (Color online) Photoelectron energy spectra calculated using the three-level model

(Equations (4)—(6)) with exact values of |d,

‘ 2

(solid orange lines) and with the approximation

|de|? = |de,|? (dashed lines) for: (a) Gaussian pulse (7), (b) half-Gaussian pulse (8) and (c) rectan-
gular pulse (9), all of carrier frequency w = 0.375a.u. and the peak intensities marked in Figure 2
by vertical dashed lines. Black dots mark the real parts of E+ (0) + €, whose separation (=)
estimates the splitting of the resonant peak.

Demekhin and Cederbaum [8] analyzed the multiple-peak patterns in the PES ob-
tained for the photoionization with the Gaussian pulse. They attributed the appearance
of modulations inside the AT doublets to the dynamic interference of two photoelectron
waves with the same kinetic energy emitted at two different times during the pulse—at
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the time when the pulse is growing and at the time when it decreases. Our calculations,
however, show that similar modulations also exist in the case of photoionization with the
half-Gaussian pulse, that has no growing part, as well as at the photoionization with the
rectangular pulse, whose intensity is constant. Thus, we conclude that the dynamic inter-
ference cannot be the principal reason for the modulations in the calculated spectra. This
conclusion is supported by the analysis of the conditions for dynamic interference [14,15],
where it was found that they are not fulfilled in the case of resonant photoionization via
the 2p state (see Figure 3c in Ref. [14]).

3. Analysis of the AT Patterns in Terms of Dressed States
3.1. Dynamics of the Ground and Intermediate States

As the amplitude C;(t) does not appear in the first two of Equation (4), the dynamics of
the 1s and 2p states within the three-level model is formally decoupled from the dynamics
of continuum states. The equations for these two states can be written in the matrix form

ii ( Cls(t) ) . < 0 %ng(t) ) ( Cls(t) ) (11)
dE\ Cap (1) 500g(t) —3T8%(t) ) \ Cap(t)
This matrix equation represents the time-dependent Schrodinger equation that describes

the resonantly coupled dynamics of the 1s and 2p states in the basis of the same states in
the interaction picture [19]. Using Dirac’s formalism, this equation reads

S10) = Hip (1), 12

where [y (£)) = ¢! [Cy5(t)[15) + Cop (t)e"*|2p)] = Cis(t)[1s) + Cop(1)[2p) is the bound
part of the state (3) in the interaction picture and H is the interaction Hamiltonian, whose
representations in the actual basis are

Cls(t)
[y (t)) — <c2p(t)>’ (13)
. < 0 %Qég(t) ) 19
3Q0g(t)  —5T*(t)

Since the interaction picture hides the time dependence related to the unperturbed
Hamiltonian Hy, the amplitudes Cy4(t), Cop(t) and the Hamiltonian H are slowly varying
quantities. By diagonalizing this Hamiltonian, one obtains two slowly varying complex
eigenenergies (quasi-energies)

Ea(t) = 45 /03g2(1) ~ T2g4(1)/4 — {TGA(1) ~ +5 Qogt) — (T, (19)

which correspond to dressed states

[+) ~ —=([1s) £ [2p)). (16)

1
V2
The approximate expressions are applicable if Qg > I'q(t), which is fulfilled if the pulses
are not of excessive intensity. Using inverse relations |1s) = (|+) + |—=))/V2, |2p) =
(|+) — |=))/V/2, the state |, (t)) can be written in the form

¥ (8)) = C1(H)|+) + C-(t)|-), (17)

where 1
Cy(t) = 72 [Cls(t) + CZp(t>]' (18)
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Note that, due to the presence of an imaginary part in E+, the dressed states |£) are
decaying, i.e., they are two decoupled resonances. The real parts of the quasi-energies move
adiabatically apart as the pulse arrives, and towards each other as the pulse expires. More
precisely, according to Equation (15), their distance evolves as E (t) — E_(t) ~ Qpg(t).

3.2. Dynamics of Continuum States

By inserting Equation (17) into Equation (12) and applying the eigenvalue problem
H|+) = E4|+), one obtains equation iCy = E4 (t)Cy (t), which can be solved analytically.
Employing the initial conditions C4 (—o0) = 1/+/2, we find

Co(t) = L e il Ex)ar _ 1 5i00di(0/2,-Tn(t)/4, 19)

V2 V2

where J,(t) = [*_ g"(¥)dt.
From Equation (18), it follows that Cy,(t) = [C(t) — C_(t)]/ /2, which by substitu-
tion in Equation (5) gives

Ce(t) = —Z\iﬁgo [ e ile—e0)(t=t) oty [C, (#) — C_ ()] dt. (20)

Finally, using Equation (6), we obtain
2

4 2€3

w(e) = L5 | [Tty e () - ¢ (n]ar

—00

) (21)

dsfo /+00g(t)efrjz(t)/4 [ei¢+(t) _ eiq),(t)}dt

7

where ¢+ (t) = (e —gg)t F O J1(t)/2 are the phases of two oscillatory functions in the
integrand. This formula gives exactly the same results as Equations (4)—(6), some of them
shown in Figure 3, but it provides a deeper insight into the multiple peak structure of
the PES.

The AT splitting of the resonant peak in the PES can be roughly estimated from the
maximum distance between quasi-energies (15)

Anr = &4 —e— ~ E4(0) — E-(0) = Qogo, (22)

where ¢4 are the positions of the AT doublet peaks in the PES and gy = g(0) is the
maximum value of the envelope g(t) (usually go = 1).

Figure 4 shows the time evolution of the photoelectron energy distribution, represented
by |Ce(t)|? using Equation (20), during the photoionization process of the hydrogen atom
by: (a) Gaussian pulse (7), (b) half-Gaussian pulse (8) and (c) rectangular pulse (9), all of
them having the carrier frequency of 0.375a.u. and the peak intensity of 12.917 TW /cm?,
which leads to five Rabi cycles completed at the end of the pulse (N = 5). In all three
cases, the number of Rabi cycles performed up to a given instant of time coincides with
the number of peaks in the energy distribution at that instant. Thus, the mechanism of
formation of a structure with multiple peaks is the same regardless of the shape of the
pulse and, therefore, it cannot be dynamic interference of two photoelectron waves emitted
during the rising and falling part of the pulse. The appearance of a multiple-peak pattern
in the case of rectangular pulse, where an analytical solution is possible, is analyzed in the
next subsection.
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Figure 4. (Color online) Time evolution of the photoelectron energy distribution (in arbitrary units)
during the photoionization process of the hydrogen atom by: (a) Gaussian pulse (7), (b) half-Gaussian
pulse (8) and (c) rectangular pulse (9) of carrier frequency w = 0.375a.u. and peak intensity of
12.917 TW/cm? at which the atom completes five Rabi cycles during the pulse.

3.3. Analytical Solution for Rectangular Pulse

The limits of the integral in Equation (21) for the rectangular pulse (9) are reduced
to interval [—7”,4+1"], in which 7,,(t) = " + tand ¢+ (t) = (e —eo F Qo /2) t F Qp7"/2,
so that this integral can be solved analytically. Furthermore, since the ionization rate for
the laser peak intensities considered here (up to 13 TW/cm?) is small (T < 10~*a.u.), it
can be neglected and the expression for energy distribution of photoelectrons to a good
approximation becomes

2

w(e) = , (23)

: /! 3 1!
dgog(] e_iQOT///z sSin §+T _ eiQOT///2 Sin 571—
2 5, 5

where 6+ =e—¢gg F ()g/2. The positions of the two main peaks of this distribution are very
close to the positions of the main peaks of partial distributions

2 . 7N 2
Sind4T
24
< 5y ) (24)

dS[)gO
2

wi(e) =

whose values are e+ = ¢y & () /2. Since the zeros of functions sin(d+t") /61 are 6+ = krt/T”,
where k are integers, and in agreement with the area theorem " = Nm/Qgy, where N
is the number of Rabi cycles during the pulse, the separation of two adjacent zeros is
Ae = 11/7" = Q/N. Thus, in the interval (e_, e ), whose length here is Ay = Q,
there are exactly N — 1 zeros and N peaks (see Figure 5 for N = 5). The latter explains
the coincidence between the number of Rabi cycles during the pulse and the number of
peaks in the AT pattern in PES. Obviously, local peaks in distribution (23) also exist in partial
distributions (24), i.e., they are not a product of dynamic interference.

2 @ = £,
g .
=
\% w- Ag W
g T "" T T

6.4 6.6 6.8 7.0 7.2
z |
‘g
=}
¥
g
=

T T T T T T T
6.4 6.6 6.8 7.0 72

Photoelectron energy (eV)

Figure 5. (Color online) (a) Partial distributions w+ (¢) and (b) total distribution w(e) given by
Equations (23) and (24), respectively, for the rectangular laser pulse with N = 0/(27) = 5.



Atoms 2023, 11, 20

10 of 11

4. Summary and Conclusions

In this paper, we studied the Rabi flopping of the population between the ground (1s)
and excited 2p states of the hydrogen atom, induced by intense short laser pulses of different
shapes and of carrier frequency w = 0.375a.u., which resonantly couples these states,
and manifestations of these dynamics in the energy spectra of photoelectrons produced
in the subsequent ionization of the atom from its periodically populated/depopulated
2p state. Manifestations of the Rabi dynamics in the spectra are the AT splitting and
multiple-peak structure of the AT pattern. The populations of states and spectra were
calculated for three different pulse shapes—Gaussian, half-Gaussian and rectangular ones,
whose pulse durations were tuned so that, for a given laser peak intensity, their pulse
areas have the same value. It was found that, for these pulses, in accordance with the
area theorem, the final populations (once the pulses have expired) are the same, and the
spectra have similar forms in that they consist of AT patterns with the same number of
peaks and with approximately the same separation between the prominent edge (AT) peaks.
These facts essentially disprove the assumption that the multiple-peak pattern appears
due to dynamic interference of the photoelectrons emitted with the same energy, but with
a time delay at the rising and falling sides of the pulse [8,12,13], for the simple reason
that a half-Gaussian pulse has no rising part, while the intensity of a rectangular pulse is
constant. This conclusion is in agreement with the analysis of the conditions for dynamic
interference [14,15], where it was found that they are not fulfilled in the case of resonant
photoionization via the 2p state.

The additional analysis in terms of dressed states provided deeper insight into the
structure of obtained spectra. This approach implies that the ionization occurs via dressed
states, which directly explains the appearance of AT doublets in the PES. Here, the formula
for the energy distribution of photoelectrons has the form of the time integral of the sum of
two terms with different phase factors corresponding to two dressed states. In the case of
rectangular pulse, this integral is analytically solvable and is reduced to the sum of two
contributions that have the forms of sinc functions of energy, shifted by the value of the
corresponding Rabi frequency. Then, the multiple-peak pattern is simply the result of their
overlapping, which explains the matching of the number of completed Rabi oscillations
with the number of peaks in the AT pattern. Analysis of the time evolution of the photoelec-
tron energy distribution during the photoionization process showed that the mechanism
of formation of multiple-peak structures is the same regardless of the pulse shape and is,
therefore, not related to dynamic interference.
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STRONG FIELD MULTIPHOTON
IONIZATION OF LITHIUM

A. Bunjac, D. B. Popovié¢ and N. S. Simonovié

Institute of Physics, University of Belgrade, P.O. Box 57, 11001 Belgrade,
Serbia

Abstract. Multiphoton ionization of lithium by 30 fs laser pulses of 785 nm
wavelength is studied using a single-electron model where the valence elec-
tron moves in an effective core potential and in the external electromag-
netic field. The photoelectron momentum distributions and energy spectra
are calculated for several field strengths by numerically solving the time-
dependent Schrodinger equation. Besides the nonresonant multiphoton ion-
ization, which is the dominating process, structures related to the above
threshold ionization are observed in the spectra. The present results are in
good agreement with recent experimental and theoretical results.

1. THEORETICAL MODEL

The study of multiphoton ionization (MPI) of atoms, which has a
much lower probability than the corresponding single-photon process, be-
came experimentally accessible in last decades after appearance of a new
generation of high intensity lasers. The MPI manifests itself as nonresonant
multiphoton ionization (NRMPT), above threshold ionization (ATT) and res-
onantly enhanced multiphoton ionization (REMPI). The theoretical study
of such strong field processes exclude any perturbative treatment, that is a
valid approach in describing the single-photon ionization. Here we study the
MPI of the lithium atom in strong laser fields using a single-electron approx-
imation and solving numerically the time-dependent Schrédinger equation.
The calculated photoelectron momentum distributions and energy spectra
are compared with recently published experimental and theoretical results

[1].

Within the single-electron model and the frozen core approxima-
tion the dynamics of the valence (active) electron of lithium atom in an
alternating electric field F'(t) is described by Hamiltonian (in atomic units)

H= %2 + Veore(r) — F(¥) 2. (1)
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Figure 1. Energy scheme of lithium showing the lowest excited states (black
lines - experimental values, gray lines - eigenenergies of pseudopotential (2))
and possible four-photon absorption pathways from the ground state to con-
tinuum in the case of laser of 785 nm wavelength (w = 0.05804 a.u.).

The effective core potential Vo.(r) describes the interaction of the
valence electron with the atomic core (inner electrons + atomic nucleus).
For this purpose we use the Hellmann’s pseudopotential [2]

1 A _,.

Veore(r) = . + e (2)
The parameters A = 34 and a = 3.14331 [3] provide the correct value
for the ionization potential of lithium I, = 5.3917eV = 0.19814a.u. and
reproduce approximately the energies of singly-excited states (see Fig. 1).
Unfortunately, for lithium it is not possible to find a set of parameters
providing sufficiently good agreement with experimental values for s and p
states simultaneously. In this case the parameters are chosen to get the best
agreement for s states.

We consider a linearly polarized laser pulse of the form

F(t) = Fyeax sin®(nt/T},) cos(wt), 0<t<T, (3)

(otherwise F'(t) = 0). Here w, Fpeax and T}, are the frequency of laser field,
the peak value of its electric component and the pulse duration, respectively.
Due to the axial symmetry of the system, the magnetic quantum number
m of the valence electron is a good quantum number for all values of F' (in
contrast to the orbital quantum number 7). Since the ground state of the
field-free lithium atom is characterized by [ = m = 0, we set m = 0 also for
F#0.

The photoionization process is simulated by calculating the evolu-
tion of the wave function of valence electron ¢ (r, t), which is initially (¢ = 0)
chosen to be the lowest eigenstate of Hamiltonian (1) (then F' = 0) that de-
scribes the lithium ground state. The evolution is calculated by numerically
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Figure 2. Photoelectron momentum distribution parallel (longitudinal)
and transversal (perpendicular) to the polarization direction of 785 nm wave-
length laser with 30 fs pulse duration and three different intensities (left: I =
8 x 10" W/cm?, middle: T = 2 x 10'2 W/cm?, right: I =4 x 10" W/cm?).
Top: experimental data obtained by recoil-ion momentum detection [1]. Bot-
tom: calculated distribution |¢(k,t)|* at ¢ = 1500 a.u. Dashed semicircle
denotes the nominal position of the four-photon line.

integrating the time-dependent Schrédinger equation [4]. The photoelectron
momentum distribution (PMD) is obtained from the Fourier transform of
the wave function at ¢ > T, (PMD ~ |4 (k,t)|?).

2. RESULTS

Using the described model we study the photoionization of the
lithium atom by a 785nm (w = 0.05804 a.u., fiw = 1.5794eV) laser pulse
of the form (3) with three values of the peak intensities and 30 fs duration
(T, = 1240 a.u.) and compare our numerical results with recent experimen-
tal and numerical results obtained by Schuricke at al [1]. The energy level
diagram (Fig. 1) illustrates that from the ground state (2s) at least four
photons of energy 1.5794eV are required to reach the continuum. In the
low-intensity regime the NRMPI is the dominating process and the expected
excess energy of the photoelectrons is EL = 0.03403 a.u. (0.926 V).

Fig. 2 shows the experimental (top) and calculated (bottom) mo-
mentum distributions for three values of the laser field strength. The nodal
structure of the observed distributions can be related to superpositions of
the accessible emitted partial waves. In the case of four-photon absorption s,
d and g partial waves can be emitted (see Fig. 1). Both the experimental and
calculated distribution indicate that the d partial wave (two nodes) is dom-
inant at lower laser intensities, whereas the g partial wave is dominant (four
nodes) at higher intensities. As expected, the distribution maxima are ap-

proximately located at semicircles of radius kéo) = (2E£0))1/ 2 =0.2609 a.u.
Besides NRMPI, already for the lowest intensity considered here,

the ATI, i.e. five-photon absorption, can be identified at the radius k£0>’ =
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Figure 3. Photoelectron energy spectra extracted from the experimental
and theoretical momentum data shown in Fig. 2 (left: T = 8 x 10** W/cm?,
middle: T = 2 x 10> W/cm?, right: I = 4 x 10> W/cm?). Top: Results
by Schuricke et al [1]. Bottom: Present calculations. The count rates and
probabilities for energies £ > 0.18 eV are multiplied by 15.

B2 = 0.4291 a0 (B = E” + hw = 2.5054¢V). In this case p,
f and h partial waves can be emitted. The corresponding ATI semicircle
contains five nodes which is a feature of h waves.

The photoelectron energy spectrum is obtained by averaging the
probability distribution [ (k,t)|* at a time ¢ > T, along semicircles k2 +
k? = 2E, corresponding to different photoelectron excess energies E.. The
spectra at three values of the field strength, with clearly visible NRMPI
and the first ATI peaks, are shown in Fig. 3. The difference between the
NRMPI and ATT peak positions and Eéo) and Eéo)/ values, respectively, can
be attributed to the dynamic Stark shift.
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We study the excitation and multiphoton ionization of sodium induced by strong femtosecond
laser pulses [1,2]. The resonant dynamic Stark shift (RDSS) of energy levels and momentum
distributions of photoelectrons are determined, both using a wave-packet propagation method.
This method is used to determine an RDSS data set for transitions 3s — nl (n < 6) in sodium
induced by the laser pulse with the peak intensities up to 7.9 X 1012 W/cm? and wavelengths in
the range from 455.6 to 1139 nm. The data is applied to analyze the photoelectron spectra
(electron yield versus excess energy) of the sodium atom interacting with an 800 nm laser
radiation. The momentum distributions of photoelectrons are determined from the calculated
electrons’ outgoing wave by applying a Fourier transform, and energy spectra are extracted from
them. Substructures observed in the recent experimentally measured spectra [3] are successfully
reproduced and related to the resonantly enhanced multiphoton ionization (REMPI) via specific
(P and F) intermediate states.
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Multiphoton ionization of sodium by intense femtosecond laser pulses in the
near IR domain
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Abstract. The multiphoton ionization of sodium by the laser pulses of 800 nm
wavelength and 57 fs FWHM is studied for laser peak intensities in the range of a few
TWi/cm?. Photoelectron momentum distributions and the energy spectra are determined
numerically by solving the time dependent Schrédinger equation. The calculated spectra
agree well with the spectra obtained experimentally by Hart et al. [1]. It is shown that the
spectral peaks related to the Freeman resonances have contributions from different ionization
channels which are characterized by different photoelectron energies and different
symmetries of released photoelectron wave-packets.
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OF SODIUM BY FEMTOSECOND LASER PULSES
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Abstract. Multiphoton ionization of sodium by femtosecond laser pulses of 800 nm wave-
length is studied in the range of laser peak intensities from 3.5 to 8.8 TW/ cm?. Photoelectron
probability distributions and the energy spectra are determined numerically by solving the
time dependent Schrodinger equation. The calculated spectra agree well with recent experi-
mental results. A partial wave analysis of the spectral peaks related to Freeman resonances
has shown that under specific conditions the resonantly enhanced multiphoton ionization
may be realized through a single energy level.

1. INTRODUCTION

A remarkable feature of the photoelectron energy spectra (PES) obtained at the
multiphoton ionization (MPI) of atoms using short (sub-picosecond) laser pulses is the
existence of the so-called Freeman resonances. The mechanism which is responsible
for occurrence of these spectral structures is the dynamic (or AC) Stark shift which
brings the atomic energy levels into resonance with an integer multiple of the photon
energy. Freeman et al. (1987) have shown that when atomic states during the laser
pulse transiently shift into resonance, the resonantly enhanced multiphoton ionization
(REMPI) takes place, increasing the photoelectron yield, and one observes peaks
at the corresponding values of photoelectron energy. Thus, the peaks in the PES
are related to the REMPI occurring via different intermediate states. A particular
challenge would be the selective ionization of the atom through a single energy level
which could produce a high ion yield. By increasing the laser intensity one increases
the yield, but also spreads the electron population over multiple energy levels and, in
turn, reduces the selectivity. Hart et al (2016) have shown that improved selectivity
and yield could be achieved by controlling the resonant dynamic Stark shift of sodium
states via intensity of the laser pulse of an appropriate wavelength.

Here we study the MPI of the sodium atom by the laser pulse of 800 nm wavelength
and 57 fs full width at half maximum (FWHM) with the peak intensities ranging from
3.5 to 8.8 TW /cm?, which are the same values as used in the experiment by Hart et al.
Using the single-active-electron approximation we calculate the photoelectron proba-
bility distribution and the PES by solving numerically the time dependent Schrodinger
equation (TDSE). In order to make a deeper insight into the ionization process, we
perform, in addition, a partial-wave analysis of the photoelectron outgoing wave.
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2. THE MODEL, ENERGY SCHEME
AND PHOTOIONIZATION CHANNELS

Within the single-electron model the dynamics of the valence (active) electron of
sodium atom in an alternating electric field F'(¢) is described by Hamiltonian (in
atomic units) 2

H = % ¥ Viore(r) — F(1)z. (1)

The effective core potential Voo () describes the interaction of the valence electron
with the atomic core (inner electrons + atomic nucleus). For this purpose we use
the Hellmann’s pseudopotential Veore(r) = —1/r + Ae™ %" /r. The parameters A = 21
and a = 2.54920 provide the correct value for the ionization potential of lithium
I, = 5.1391eV = 0.18886 a.u. and reproduce approximately the energies of singly-
excited states (see Fig. 1).

Energy (eV)
+
/%n
&

i
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o 1 2 3 4 5

Angular momentum
Figure 1: The unperturbed energy levels (short black lines) corresponding to singly
excited states of sodium (Sansonetti, 2008) relative to its ground state (3s) and possi-
ble four-photon and five-photon absorption pathways (arrows) from the ground state
to continuum for the radiation of 800 nm wavelength (fiw ~ 1.55eV). The continuum
boundary is drown by the dash-dot line and ¢j is the excess energy of photoelectrons
produced in the nonresonat four-photon ionization.

We consider a linearly polarized laser pulse of the form
F(t) = Fpeax sin®(nt/T},) cos(wt), 0<t<T, (2)

(otherwise F'(t) = 0). Here w, Fpeak and T}, are the frequency of laser field, the peak
value of its electric component and the pulse duration (2x FWHM), respectively. Due
to the axial symmetry of the system, the magnetic quantum number m of the valence
electron is a good quantum number and we set m = 0 (the ground state value).

The photoionization process is simulated by calculating the evolution of the wave
function of valence electron ) (r,t), which is initially (¢ = 0) chosen to be the lowest
eigenstate of Hamiltonian (1) (then F' = 0) that describes the sodium ground state.
The evolution is calculated by integrating the TDSE (see Bunjac et al., 2017).
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Fig. 1(a) shows the lowest energy levels corresponding to singly-excited states of
sodium and possible multiphoton absorption pathways during the interaction of the
atom with a laser radiation of 800nm wavelength (fiw = 0.05695a.u. ~ 1.55eV).
At this wavelenghth there are three dominant REMPI channels: (i) (341)-photon
ionization via excitation of 5p, 6p and 7p states, giving rise to photoelectrons with
s and d-symmetry; (i) (3+1)-photon ionization via excitation of 4f, 5f and 6f states,
producing photoelectrons with d and g-symmetry; (iii) (3+141)-photon ionization via
nearly resonant two-photon transition 3s — 4s and subsequent excitation of P-states,
giving rise to photoelectrons with s and d-symmetry.

3. PARTIAL WAVE ANALYSIS

In order to determine the PES, the outgoing part of the active electron wave function
Y(r,t) at a time ¢ > T}, is transformed from the coordinate to momentum represen-
tation ¥ (k, t) by the Fourier transform and expanded in terms of partial waves

D(k) = ®y(k)Yio(D), (3)
!
where Yjo(¥)) are the spherical harmonics with m = 0 and ®;(k) = [ Yj5(9) ¢ (k) dQ
are the corresponding radial functions. Using the representation of ¢ in cylindrical
coordinates, the radial functions can be calculated as

O,(k) = 27T/W1/;(k sin®, k cos ) Yjo(¢¥) sind dd. (4)
0

According to partial wave expansion (3), the radial probability density of photoelec-
trons in momentum space is the sum w(k) = )", w;(k), where

wi(k) = |@o(k) | k? ()

are the partial probability densities. These quantities for [ = 0,...,5, as functions
of the photoelectron excess energy € = h2k? /2m, are shown in the left column of
Fig. 2 for three values of the laser peak intensity: 3.5, 4.9 and 8.8 TW/cm?. The
corresponding total probability densities w represent the PES for these three values
of laser intensity. They are shown in the right column of Fig. 2 together with the
corresponding spectra obtained experimentally (Hart et al., 2016).

The spectra, both the calculated and experimental, exhibit a typical above thresh-
old ionization (ATT) structure with prominent peaks separated by the photon en-
ergy hw =~ 1.55eV. Fig. 2 shows the peaks corresponding to lowest three orders
of ATT (MPI by 4 + s photons, s = 0,1,2) which are located approximately at
€ = 0.8eV + shw. The partial wave analysis recovers the character of these peaks. We
see in Fig. 2 (left) that for the photoelectron energies around the main peak (s =0,
€ ~ 0.8eV) and around the second-order ATI peak (s = 2, € =~ 3.9¢V) dominant
contributions in the total probability density come from the partial waves with even
I (s, d, g-waves). Thus, the photoelectrons with these energies are generated by ab-
sorbing an even number of photons (N = 4 and 6). Contrarily, in the vicinity of the
first-order ATI peak (s = 1, € & 2.35eV) the partial waves with even [ are suppressed
and those with odd [ (p, f, h-waves) dominate. Therefore, in this case odd number of
photons is absorbed (here N = 5).
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Fig. 2 (left column) shows that at the laser peak intensity of 3.5 TW /cm? dominant
contribution in the main peak (around 0.8eV) comes from d-electrons, while at the
intensity of 8.8TW/cm? the electrons of g-symmetry dominate. In conclusion, by
changing the laser intensity, one selects the main ionization channel — in the first case
this is the 3+1 (or 24+1+1) REMPI via 5p state, while in the second case it is the

3+1 REMPI via 4f state.
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Figure 2: Partial probability densities w; for I = 0,...,5 (left column) and the total
probability density w (right column, green line) as functions of the photoelectron
energy € = h’k%/(2m,.) obtained at three values of the laser peak intensity: (a,b)
3.5TW/cm?, (c,d) 4.9TW/cm?, (ef) 8.8 TW/cm?. Experimental results (Hart et
al., 2016) are represented by full black lines (right column). The full vertical lines
mark the energies of two REMPI channels (via f and p states) of the threshold peak
as well as the position of 5p subpeak in the higher order ATT peaks.
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Abstract. The lowest state energy of positronium in an external electric field is calculated
in the range of field strengths belonging to the tunnelling and over-the-barrier ionization
regimes, using the wave-packet propagation method and the complex-rotation method. It
is found that the hyperfine splitting of this level in the tunnelling domain decreases by
increasing the field strength, but in the over-the-barrier domain the additional splitting
occurs for triplet states.

1. INTRODUCTION

The electron-positron (e~e™) bound system, known as positronium (Ps), is an unsta-
ble exotic atom due to a non-negligible probability for annihilation of its constituents
(see e.g. Rich et al. 1981). The lifetimes of the singlet (1'Sy) and triplet (13S;)
components of the ground-state of Ps, the so-called para-positronium (p-Ps) and orto-
positronium (o-Ps), are 125 ps and 142 ns, respectively. The ground state energy of
Ps is about half of that of hydrogen (E ~ —6.8eV), but its hyperfine splitting (HFS)
Eo-ps — Ep-ps = 0.845meV, when compared to that for hydrogen, is more than three
orders of magnitude larger. This splitting is a consequence of two spin-dependent in-
teractions: (i) the spin-spin coupling (the interaction of individual magnetic momenta
of e~ and e*) and (ii) "the annihilation force” (the possibility of virtual annihilation
and re-creation of the e~e™ pair, see Deutsch, 1952).

However, when positronium is placed in an electric field, another kind of instability
arises — the ionization of Ps by the field. In this case the Coulomb potential of e~e™
pair and the external electric field form a potential (Stark) barrier through which the
system can decay by tunnelling. The limiting case of this process when the barrier
is suppressed below the energy of the atomic state, which takes place at very strong
fields, is usually referred to as over-the-barrier ionization (OBI). The HFS of energy
levels of Ps, on the other hand, is not directly affected by the external electric field.
A weak dependence of HFS on electric field, however, occurs due to the change of
form of the lowest state wave function of positronium when the field increases. In
order to calculate this effect and the influence of electric filed generally, we apply
two different numerical methods: the wave-packet propagation (WP) method and the
complex-rotation (CR) method, used previously in the studies of ordinary atoms in
strong fields (see Bunjac et al., 2017; MiloSevié¢ and Simonovié, 2015).
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2. THE MODEL

2. 1. INTERACTION WITH ELECTRIC FIELD

The first step in the analysis of electric field effects on the positronium lowest levels
will be the calculation of energies and ionization rates without the HFS terms. The
corresponding unperturbed Hamiltonian describing the relative motion of the e~e™
pair, placed in the external electric field of strength F', reads (in atomic units)

1 1
Hy=—-—V?———F 1
0 2/1:v r Z, ()

where r is the inter-particle distance, z is its component in the field direction and
u is the reduced mass which for positronium takes the value 1/2. When F # 0 the
Coulomb potential —1/r and the external field form the potential barrier with the
saddle point of hight Vi, = —2v/F located at rs, = (0,0,1/v/F). Since the potential
energy outside the barrier asymptotically tends to —oo, the system can decay by
tunnelling at any energy E. Therefore, all bound states of the field-free atom become
resonant (autoionizing) states when F' 2 0.

As it was already mentioned in Introduction, two ionization regimes can be dis-
tinguished: (i) the tunnel ionization (tunnelling) regime, when E < Vj,, and (ii)
over-the-barrier ionization (OBI) regime, when E > V;,. Here we consider the lowest
resonant state which in the limit F' — 0 approaches the ground state of the field-free
atom. The value of the field strength which separates the ionization regimes F™* is the
root of equation E(F*) = Vi, (F*) = —2V/F*. Using numerically determined values
for the lowest state energy, this equation gives F* = 0.016a.u. for Ps. Thus, the
tunnelling and OBI take place for: (i) F' < F* and (ii) F' > F™*, respectively.

2. 2. THE SPIN-SPIN COUPLING AND ANNIHILATION INTERACTION

The interactions which lead to the energy splitting between the o-Ps and p-Ps ground
states, the spin-spin coupling and the annihilation interaction, are described by two
additional terms in the Hamiltonian for relative motion (Berestetskii et al., 1982)

oz2 3(51'1‘)(&2'1‘) 51'52 871'_, o
VSS:Z 5 T3 +?O'1'0'2(5(I‘), (2)

7ra2

Vann = T(3+51&2)(5(I‘) (3)
Here r = ry—ry is the relative radius vector of e"e™ pair, 7} 5 are the Pauli matrices
describing the spin of these two particles and o« = 1/137.036 is the fine-structure
constant. In analogy with ordinary atoms, this energy splitting is called the hyperfine
splitting (HF'S), although for Ps it is of the same order as the fine structure corrections.
Assuming that the interaction with electric field is fully described by the dipole
term — F'z, the Hamiltonian for positronium in electric field, which takes into account
the HF'S, reads

H:HO+‘/;5+Vann:HO+Vhfs~ (4)
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Using relations &1+ = 252 -3 and (&1-1)(G2r) = 2(S-r)?2—r?, where S = (&1 +72)/2
is the total spin, and writing r = re,, the HF'S term becomes

2

Vats = % [3(S-e,)? — 8% +ma? (; S? — 2)5@). (5)

The matrix which represents operator (S - e,)? in the basis of singlet/triplet spin
states {|S, Mg)|S =0,1; Mg = —S,...,S} has quasi-diagonal form

0 | 0 0 0
S 02— 0 %(COS219—E3) —51“22\%”7 %sin219¢2i89 ;
( er) - 0 __sin2d9e”'¥ sin219 sin2de"? ’ ( )
22 22
0 1 g 219 —2ip sin29e ¥ 1 20943
5 sin“de o 7 (cos29+3)

while the corresponding matrix of operator S? is diagonal
(Sz)SMs,S’M(g = S(S + 1) 6SS’5MSJVI’5~ (7)

Thus, the HFS terms do not couple singlet (S = 0) and triplet (S = 1) states, but
Vs couples the triplet states with different values of Mg.

Since the first diagonal element (SMg = S’Mg = 00) of matrices (6) and (7) is
zero, in the singlet case the spin-dependent terms in Eq. (5) vanish and Vj¢ reduces
to

Vh(fi:o) = —27ma?§(r). (8)

For the triplet case the spin-dependent terms in Vi are different from zero. As-
suming, however, that their contribution is much smaller than the contribution of
the term with delta-function, we neglect the Mg-coupling and characterize the lowest
state by a definite value of quantum number Mg. In this approximation we keep in
the HFS term only diagonal matrix elements [(S - €,)%]1img,17¢ and (S?) g 15 = 2
and apply the expression

o2

= 8
Vh(ff V= 9,3 [3[(5 : er)2]1Ms,1MS — 2] + 3 7ra2(5(r). (9)

3. RESULTS

The lowest state energy of positronium, calculated using the model without the HFS
terms by the WP and CR methods, is shown in Fig. 1(a) in the range of the field
strengths from F = 0 to 0.25a.u. (&~ 1.286 x 10" V/m). A difference between
results obtained by these two methods, which becomes significant at very strong
fields (F' > F*), indicates that the resonance mean energy F obtained by the WP
method and the real part of complex energy obtained by the CR method do not have
the same meaning, particularly for very broad resonances (see Klaiman, 2010).

The lowest state Ps energy with the HFS, i.e. the p-Ps and o-Ps energies as
functions of the field strength, are calculated using the CR method. The calculations
show that the term in Eq. (9) which is proportional to 1/r® gives much smaller
contribution to the HFS (for about two orders of magnitude) than the term with delta-
function. This fact is in agreement with the assumption from the previous section
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Figure 1: (a) Dependence of the lowest state energy F of positronium on the strength
of external electric field F' obtained numerically using the wave-packet method (WP)
and the complex-rotation method (CR), respectively. For comparison the Stark shift
expansion up to the quadratic term is shown (dashed line). The vertical dotted line
marks the field strength F'* dividing the tunnelling and OBI domains. (b) Hyperfine
splitting of the lowest state energy of Ps in electric field. The p-Ps and o-Ps lowest
state energies relative to the unperturbed energy (AE,-pso-ps = Ep-pso-ps — E), as
functions of the field strength. The dashed lines represent the values for o-Ps which
are obtained using the complete expression (9) for Mg = 0 and Mg = +1 separately,
whereas the full line is obtained using only the term with delta-function.

which validates Eq. (9) as a good approximation. The p-Ps and o-Ps energies (the
later with and without the term ~ 1/73), relative to the unperturbed energy shown
in Fig. 1(a), are presented in Fig. 1(b). It can be seen that in the tunnelling domain
and at the beginning of OBI domain the HFS decreases significantly by increasing
the field strength, but for F' > 2 F* it changes slowly taking the values which are
20-25% smaller than the field-free value. This behaviour can be explained by the
change of form of the lowest state wave function of positronium when it is placed
in the field. The HFS in the range F' < 2F™ can be estimated by applying the first
order perturbation theory, using Vg (without term ~ 1/73) as the perturbation. This
approach gives Eng(F) ~ Yma?(y(0; F)|?, where ¢(0; F) is the value of the lowest
state wave function of Ps in the field of strength F' for » = 0. This relation indicates
that the observed decrease of HFS when F' increases is a consequence of the decrease
of electron density at the positron position (|1(0; F')|?), which can be explained by
the shift of the density distribution in electric field towards the barrier.
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Partial-wave analysis of multiphoton ionization of sodium
by short laser pulses in over-the-barrier regime

A. Bunjac, D. B. Popovi¢, N. S. Simonovié
Institute of Physics, University of Belgrade, Belgrade, Serbia
simonovic@ipb.ac.rs

Multiphoton ionization of sodium by laser pulses of 800 nm wavelength and 57 fs duration is
studied in the range of laser peak intensities belonging to over-the-barrier ionization regime.
Photoelectron momentum distributions (PMD, see Figure 1) and energy spectra are determined
numerically by solving the time dependent Schrodinger equation [1]. The calculated spectra
agree well with the spectra obtained experimentally by Hart et al. [2]. The contributions of
photoelectrons with different values of the orbital quantum number in the PMD are determined
by expanding the photoelectron wave function in terms of partial waves. Partial wave analysis
of the spectral peaks related to Freeman resonances has shown that each peak has photoelectron
contributions from different ionization channels which are characterized by different
photoelectron energies and different symmetries of released electron wave-packets.

k- (au.)

Figure 1: Calculated momentum distribution of photoelectrons produced in the ionization of
sodium by the laser pulse of 800 nm wavelength, 57 fs FWHM and 4.9 TW/cm? peak intensity .
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Partial-wave analysis of the resonantly enhanced multiphoton ionization of
sodium by femtosecond laser pulses

Andrej Bunjac, Duska B. Popovié¢ , Nenad S. Simonovi¢

Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia
Contact: D.B.Popovi¢ (duska@ipb.ac.rs)

Abstract. We studied resonantly enhanced multiphoton ionization (REMPI) of sodium induced
by femtosecond laser pulses of 800 nm wavelength in the range of laser peak intensities belonging
to the over-the-barrier ionization domain. The positions of REMPI peaks in the calculated
photoelectron energy spectra agree with the peak positions in the spectra obtained experimentally
by Hart et al [1]. A partial wave analysis of these peaks revealed that each peak is a superposition of
the contributions of photoelectrons produced by REMPI via different intermediate states. We
investigated the possibility for selective resonantly enhanced multi photon ionization through a
single channel and showed that it is possible to choose the main ionization channel by changing the
laser intensity.
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Dynamic interference of photoelectrons at multiphoton ionization of atoms
by short laser pulses

A. Bunjac, D. B. Popovi¢ and N. S. Simonovié¢
Institute of Physics, Belgrade, Serbia
e-mail:simonovic@ipb.ac.rs

The dynamics of atomic levels resonantly coupled by an intense short laser pulse is studied by
calculating numerically the time-dependent amplitudes for the populations of atomic states (both
discrete and continuum) [1, 2]. Here we consider the resonant multiphoton ionization of atoms which
can be described within the single active electron approximation (hydrogen, alkali), studied earlier using
other methods [3, 4]. It is demonstrated that the laser pulse gives rise to two wave packets emitted with
a time delay with respect to each other (at the rising and falling sides of the pulse) which interfere in
the time domain (see Fig. 1). The interference effects are observed in the energy spectrum and
momentum distribution of photoelectrons.

hes N

laser pulse

wp2 wpl (at t>t,)

Figure 1. (a) If the intensity | of applied laser field varies, an atomic state can (due to the dynamic Stark shift)
transiently shift into resonance, that ocurrs two times during the pulse (at t; and t, when | = lxs). (b) Then the
photoelectrons emitted at the rising and falling sides of the pulse (electron wave packets wpl and wp2,
respectively) interfere due to a time delay At =t —t.
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PHOTOELECTRON ENERGY SPECTRA IN SEQUENTIAL
TWO-PHOTON IONIZATION OF HYDROGEN BY
GAUSSIAN AND HALF-GAUSSIAN LASER PULSES

N. S. SIMONOVIC, D. B. POPOVIC and A. BUNJAC

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
E-mail simonovic@ipb.ac.rs

Abstract. Energy spectra of photoelectrons produced in sequential two-photon ionization
of hydrogen by gaussian and half-gaussian laser pulses are studied using a three-level model
(1s, 2p, continuum). The spectra show an intensity dependent splitting of the resonant peak
and associated modulations. The splitting can be attributed to the existence of two dressed
states whose quasi-energies repel each other by the field-induced coupling. The modulations
can be explained by the interference of electron waves emitted at different times during the
pulse duration.

1. INTRODUCTION

We study the sequential two-photon ionization of the hydrogen atom by an intense
short laser pulse and analyze interference effects in the photoelectron energy spectrum
(PES). The atom, which was initially in its ground state (1s), is resonantly excited
into the intermediate 2p state by the absorption of a single photon of energy w =
E; — F; = 3/8a.u. and subsequently ionized by a second photon (see Fig. 1).

In order to determine the populations of atomic states during the action of the
laser pulse and after, and to obtain the PES, we calculate the evolution of atomic
state |¢(t)) by solving the time-dependent Schrédinger equation (in atomic units)

d
i 1v@) = H|$(1)) (1)

with the initial condition [¢(¢9)) = |1s). The total Hamiltonian has the form H =
Hy + W, where Hy is the Hamiltonian of the field-free (bare) atom, while the term
W (t) describes the atom-field interaction. We consider a linearly polarized laser pulse
whose electric component, directed along the z-axis, reads

E(t) = Eyg(t) coswt. (2)

Eog(t) is the time-dependent amplitude of the electric field strength, where g(¢) is the
pulse envelope and w is the carrier frequency of the pulse. Then the interaction term
in the dipole approximation has the form W (t) = z£(t), where z is the projection of
the electron-nucleus distance in the field direction.

2. THE THREE-LEVEL MODEL

2. 1. EQUATIONS FOR THE AMPLITUDES FOR POPULATION OF STATES

In the case of resonant excitation of an intermediate state (here 2p), the other excited
states are nonessential and at weak fields their role in the ionization process may
be neglected, i.e. the process may be adequately described within the three-level
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Figure 1: Energy level scheme of the hydrogen atom and the two-photon absorption
paths for transitions from the ground (1s) state to the final continuum states (es and
ed) via one-photon resonant excitation of 2p state.

model (1s, 2p, continuum). Then, the atomic state at time ¢ reads (Demekhin and
Cederbaum 2012)

[¥(t)) = ar(t)|1) + ar(t)e™™'|R) +/ae(t)€_2i“tIF€>d€7 (3)

where ay(t), ar(t) and a.(t) are the time-dependent amplitudes for the population
of states |I) = |1s) (initial), |R) = |2p) (resonant) and |Fe) (final), respectively. The
states |R) and |Fe) have been multiplied with the phase factors e ! and e~2! in
order to simplify the set of equations for the amplitudes.

By inserting Eq. (3) in the Schrodinger equation (1) and applying the rotating wave
approximation (Steck 2020) and the local approximation (Demekhin and Cederbaum

2011), one obtains the following set of equations for the amplitudes (Demekhin and
Cederbaum 2012)

. 1.
iar = 5 D*Eg(t)ar(t),

2
iin = 5 DEog(t)ar(t) + (Br — LT¢(1) — w)an(t) (4)

1
ids = §d5 (‘:Og(t> aR(t) + (IP +e— 2w)a€(t),

where D = (R|z|I) and d. = (Fe|z|R) are the dipole transition matrix elements for
the excitation of the intermediate state and for its subsequent ionization, respectively.
Here we set the ground state energy to zero (E;r = 0, as in Fig. 1). Then the energies
of the resonant and final (continuum) states are Er = I, + E; = 3/8a.u. and
Er = I, +¢, where I, = 1/2 a.u. is the ionization potential of the hydrogen atom and
¢ is the kinetic energy of photoelectrons. The resonant value of € is g = 2w — I, (see
Fig. 1). Finally, T' = 27 |d., /6’02|2 is the ionization rate of the intermediate resonant
state |R). The imaginary term —%I'g?(t) describes the losses of the population of the
intermediate state by the ionization into all final electron continuum states |Fe).
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2. 2. DRESSED STATES AND THE ENERGY SPLITTING

The resonantly coupled dynamics of states |I) and |R) in the first two of Eqs. (4) is
governed by the 2 x 2 Hamiltonian

B 0 3959(t)
"= (;Qogu) —;‘rg%)) | )

where Qg = D& is the frequency of Rabi flopping between populations of the coupled
states at the peak value of laser intensity. By solving the eigenvalue problem of
Hamiltonian (5) we obtain two dressed states as superpositions |+) ~ (|I) £|R))/v/2
and the corresponding complex eigenenergies E4 (t) ~ 1€ g(t) — 2I'g*(t). Due to the
imaginary parts of E, dressed states |t) are decaying, i.e. they are two decoupled
resonances. The real parts of E_ and F; move apart as the pulse arrives, and towards
each other as the pulse expires, estimating the splitting of the resonant peak in the
PES Ae ~ Qqgo, where gg is the maximum value of envelope g(t) (usually go = 1).

3. RESULTS

The evolution of the ground state of the hydrogen atom exposed to the laser pulse
of carrier frequency w = Er = 3/8a.u. = 10.2eV has been calculated for two pulse
shapes: (a) the gaussian shape g(t) = e~/ with 7 = 30 fs and (b) the half-gaussian
shape g(t) = e_tz/TzH(t) with 7 = 60fs (H(¢) is the Heaviside step function). The
computed dipole transition matrix elements for the excitation and ionization, used in
Egs. (4), are D = 0.744936 a.u. and d., = 0.407759 a.u. Figure 2 shows the evolution
of populations of the ground (1s) and excited 2p state for the pulses of these two
shapes and peak intensity Ip = 1 TW/cm? (Iy = £2/(87a), a = 1/137), while figure
3 shows the populations of these states as functions of Iy in the domain of 10°-10'3
W /cm? after the pulses have expired. One can see that the latest populations for the
two pulses practically coincide.
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Figure 2: (a) Populations of the ground (1s) and the excited 2p state, calculated as
lar(t)|? and |agr(t)|?, respectively, at the sequential two-photon ionization of hydro-
gen by a gaussian laser pulse of 1 TW/cm? peak intensity, 7 = 30fs and the carrier
frequency w = 10.2eV which fits to the energy of 1s — 2p transition. (b) The popu-
lations obtained using the half-gaussian pulse with 7 = 60 fs and the same frequency
and intensity. The dashed lines represent the envelopes of the laser pulses.

Figure 4 shows the photoelectron energy spectra calculated for the two shapes of
the laser pulse and the peak intensities Iy marked in figure 3 by vertical lines. For
each value of I the spectra consist of the resonant peak whose splitting, according
to relation Ae ~ Qqgo, increases with the peak value of field strength & (~ /Ip).
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Figure 3: Populations of the ground (1s) and excited 2p state of hydrogen as functions
of the laser peak intensity after the laser pulse has expired. The results obtained for
the gaussian and half-gaussian pulses of the same carrier frequency w = 10.2eV with
7 = 30fs and 7 = 60fs, respectively, which practically coincide, are presented. The
vertical dashed lines indicate the peak intensities at which the atom manages to
complete an integer number of Rabi cycles during the pulse.
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Figure 4: Photoelectron energy spectra represented by distributions w(e) = |a.(37)|?
calculated for the gaussian and half-gaussian laser pulses (orange/black lines) with
the peak intensities marked in Fig. 3 by vertical lines. Black dots mark the real parts

of F1(0), whose separation (= () estimates the splitting of the resonant peak.

Demekhin and Cederbaum (2012) analyzed the modulations in the PES obtained
for the photoionization with the gaussian pulse. They explained the occurrence of
modulations between the positions of Fy resonances by the interference of two pho-
toelectron waves emitted with the same kinetic energy at two different times — at
time when the pulse is growing and at time when it decreases. Our calculations, how-
ever, show that similar modulations exist also in the case of photoionization with the
half-gaussian pulse, that has no growing part. Based on this, we conclude that the
modulations are due to the interference of electron waves emitted all the time during
the pulse duration, rather than at two specific times.
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Interference effects in the sequential two-photon ionization
of hydrogen by short laser pulses

N. S. Simonovié, D. B. Popovi¢ and A. Bunjac
Institute of Physics, University of Belgrade, Serbia
simonovic@ipb.ac.rs

We analyze the splitting of the resonant peak and associated modulations in the photoelectron energy
spectrum which occur at sequential two-photon ionization of hydrogen atom whose ground (1s) and excited
2p states are coupled resonantly by a short laser pulse. The spectra as well as the populations of atomic
states for different laser peak intensities are determined by solving numerically the time-dependent Schro-
dinger equation for the atom in the laser field. The results are further analyzed theoretically within the
three-level model (1s, 2p, continuum) [1]. It is shown that the splitting can be attributed to the existence of
two dressed states whose quasi-energies repel each other by the field-induced coupling [2], while the mod-
ulations occur due to the interference of electron waves emitted at different times during the pulse. It is
explained why the number of peaks in the interference patterns coincides with the number of Rabi oscilla-
tions between the populations of 1s and 2p levels during the pulse.
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Analysis of the photoelectron energy spectra at resonant two-photon
ionization of hydrogen atom by intense short laser pulses

Nenad S. Simonovi¢, Duska B. Popovié, Andrej Bunjac
Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia

Contact: D. B. Popovi¢ ( duska@ipb.ac.rs )
Abstract. We study theoretically the Rabi flopping of the population between the

ground and excited 2p states of the hydrogen atom, induced by intense short laser pulses
of different shapes and of carrier frequency ® = 0.375 a.u. which resonantly couples the
two states, and effects of this dynamics in the energy spectra of photoelectrons produced
in the subsequent ionization of the atom from the excited state. It is found that, for
Gaussian, half-Gaussian and rectangular pulses, characterized by the same pulse area,
the final populations take the same values and the spectra consist of similar patterns (see
Fig. 1) having the same number of peaks and approximately the same separation
between the prominent edge (Autler—Townes) peaks [1]. These facts disprove the
hypothesis proposed in earlier studies with Gaussian pulse [2], that the multiple-peak
pattern appears due to dynamic interference of the photoelectrons emitted with a time
delay at the rising and falling sides of the pulse, since the hypothesis is not applicable
to either a half-Gaussian pulse that has no rising part or a rectangular pulse whose
intensity is constant.

Figure 1. Time evolution of the photoelectron energy distribution (in arbitrary units) during the photoionization
process of the hydrogen atom by: (a) Gaussian pulse, (b) half-Gaussian pulse and (c) rectangular pulse of carrier
frequency o = 0.375 a.u. and peak intensity of 12.917 TW/cm? at which the atom completes five Rabi cycles during
the pulse.

REFERENCES

[1] N. S. Simonovi¢, D. B. Popovi¢ and A. Bunjac, Atoms 11 (2023), 20.
[2] P.V.Domekhinand P. V. Cederbaum, Phys. Rev. A 86 (2012), 063412.

33



16 Photonics Workshop Kopaonik, March 12 — 15, 2023.

Analysis of the dynamic RF projection phase in True Scalar Cs
Magnetometers

Andrej B. Bunjac?, Zoran D. Gruji¢!, M. M. Curéi¢!, Theo Scholtes?, Jonas Hinkel?

(1) Institute of Physics Belgrade, Pregrevica 118a, 11000 Belgrade, Serbia
(2) Leibniz Institute of Photonic Technology, Albert-Einstein-Stralie 9, 07745 Jena, Germany

Contact: Andrej B. Bunjac (bunjac@ipb.ac.srs )

Abstract. A true scalar magnetometer (TSM) is one where the phase is independent of the
magnetic field orientation and instead depends on the modulus only. We analyzed a
magnetometer consisting of a paraffin-coated glass cell filled with CS vapor where the RF field
is parallel to the light propagation direction while oscillating at Larmor frequency [1]

The magnetometer was applied in the measurement of small magnetic field components
orthogonal to the main field direction. Experimental measurements of the RF projection phase
show significantly different behavior in cases where the transversal field component is
perpendicular to the RF field and when it is in the plane formed by the main magnetic and the
RF fields. For the “in-plane” case the RF projection phase doesn’t show any perturbation on
changing the intensity or field direction, while the “perpendicular” case shows significant peaks
and slow relaxations under the same circumstances.

This phenomenon was initially explored through numerical simulations with a model that
shows good agreement with experimental results and later backed with analytical calculations
of the Bloch equation for this case in Cartesian spin components. The equations were solved
analytically by moving into a rotating frame of reference and applying the Rotating Wave
Approximation (RWA) and the disambiguation of the remaining solution terms by the
significance of their contribution. The results show a simplified picture of the described
problem but capture the qualitative behavior well. The measurements, numerical solution and
the analytical approach will all be presented in a wholesome description and analysis of the
described phenomenon.
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Figure 1. Two different field geometries considered for the DC transverse magnetic field scans. Left: The
“in-plane” case with constant phase error, Right: The “perpendicular” case with phase error perturbations.
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Analysis of Autler-Townes patterns in photoelectron energy spectra at resonant two-
photon ionization of atom by laser pulses of different shapes

SIMONOVIC, Nenad (Institute of Physics Belgrade); POPOVIC, Duska; BUNJAC, Andrej

Using the method of time-dependent amplitudes we analyze the fingerprints of the Rabi
dynamics between the ground and excited 2p states of the hydrogen atom, induced by an intense
short laser pulse which resonantly couples the two states, in the energy spectra of photoelectrons
produced in the subsequent ionization of the atom from the excited state. It is found that for
Gaussian, half-Gaussian and rectangular pulses, characterized by the same pulse area, the
spectra consist of similar patterns having the same number of peaks between the prominent
edge (Autler-Townes) peaks [1]. The analysis in terms of dressed states performed within the
minimal three-level model showed that the mechanism of formation of multiple-peak structures
during the photoionization process is the same regardless of the pulse shape. This fact disproves
the hypothesis proposed in earlier studies [2] that the multiple-peak pattern appears due to
dynamic interference of the photoelectrons emitted with a time delay at the rising and falling
sides of the pulse, because, in contrast to the Gaussian pulse, the pulses of other two shapes do
not have one or both sides. This conclusion is in agreement with the analysis of the conditions
for dynamic interference [3], where it was found that they are not always fulfilled.
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A dressed states analysis of Autler-Townes patterns in the PES at resonant
two-photon ionization of hydrogen by short laser pulses

Duska B. Popovi¢!, Andrej Bunjac?, Nenad S. Simonovi¢

(1) Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
Contact: D. Popovi¢ ( duska@ipb.ac.rs)

Abstract. Interaction of atoms with a strong laser field leads to transitions between the atomic
states as well as to modification (shifting and splitting) of the atomic energy levels. We
examined the Autler-Townes (AT) splitting and additional modulations (multiple-peak
structure) of the resonant peak in the photoelectron energy spectra (PES) at two-photon
ionization of hydrogen by intense short laser pulses, which occur via one-photon resonant 1s -
> 2p transitions [1]. The number of peaks appearing in the pattern was found to match the
number of Rabi flopping of the population between the 1s and 2p states during the pulse [2].
Analysis in terms of dressed states, which are eigenstates of the atomic Hamiltonian including
the coupling with the laser field (the so-called dressed Hamiltonian), directly explains the
appearance of the AT splitting of the resonant peak in the PES. Using this approach, it is shown
that the mechanism of formation of multiple-peak structures during the photoionization process
is the same regardless of the pulse [3].

REFERENCES
[1] Bunjac, D.B.Popovi¢ and N.S.Simonovi¢, Eur.Phys.J D 76 (2022), 249
[2] V.Demekhin, L.S.Cederbaum, Phys.Rev.A, 86 (2012), 063412

[3] N.S.Simonovi¢, D.B.Popovi¢ and A. Bunjac, Atoms 11 (2023), 20
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DC Transverse Magnetic Field Scan in True Scalar Cs Magnetometers

Andrej B. Bunjac', Zoran D. Gruji¢', M. M. Cur&i¢', S. Topié', Theo Scholtes?, Jonas
Hinkel?

(1) Institute of Physics Belgrade, Pregrevica 118a, 11000 Belgrade, Serbia
(2) Leibniz Institute of Photonic Technology, Albert-Einstein-Strafle 9, 07745 Jena, Germany

Contact: Andrej B. Bunjac ( bunjac@ipb.ac.srs )

Abstract. We present a true scalar magnetometer (TSM) consisting of a paraffin-coated
glass cell filled with Cs vapor with the B—r; I kK geometry where k is the light propagation
direction for the optical pumping and B_rf' is a magnetic field oscillating at Larmor frequency
[1]. Spin dynamics of this system are described by the Bloch equations in Cartesian spin
components:

S .

d—t =SXw
The measurement of a DC magnetic field transverse to the main magnetic field in the system
produced unexpected signal shapes in different transverse directions. Specifically, with the RF
field in the YZ plane, the DC field in the x-direction produces unfavorable signal when
modulated at sufficiently high frequencies. This difference in the dynamic RF projection phase
is investigated by solving the above equation both analytically and numerically with different
transverse field geometries. The theoretical calculations produce results that are in good
agreement with the observed systematic effects during measurement.

—¥S + k.

We will present the measurements in both described geometries and discuss the differences
between the obtained signals. We will also present the details of both calculation processes and
discuss how the results compare to the measurements.

5/3&‘

\!

Figure 1. Two different field geometries considered for the DC transverse magnetic field scans. The
additional magnetic DC field manifests as a small “rotation” of the main field in the appropriate direction.

REFERENCES
[1] Weis A., Bison G., Gruji¢ Z.D. (2017) Magnetic Resonance Based Atomic Magnetometers. In: Grosz A.,

Haji-Sheikh M., Mukhopadhyay S. (eds) High Sensitivity Magnetometers. Smart Sensors, Measurement
and Instrumentation, vol 19, Springer, Cham.
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All-optical Cs magnetometer based on free alignment precession

Marija M, Curdi¢', Andrej Bunjac', Sada Topi¢', Jonas Hinkel’, Theo Scholtes?,
Zoran. D. Gruji¢!

(1) Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbla
(2) Leibniz Institute of Photonic Technology, Albert-Einstein-Strasse 9, 07745 Jena, Germany

Contact: M. M. Curti¢ ( marijac@ipb.ac.rs )

Abstract. Since their first demonstration, in 1960s [1], optically pumped atomic-based
magnetometers (OPM) [2] have been in the focus of many scientific studies. Recently, they
have been of special interest due to their wide range of application, including measurements of
magnetic fields in bio-medical science, environmental and geo-science.

Our focus is on the development of a compact, portable magnetometer for geophysical field
measurements. We present the design and operating principle of a novel kind of OPMs,
optically-pumped Cs magnetometer based on a free alignment precession (FAP). This type of
magnetometer is free of some limitations of conventional OPMs, such as frequency shifts and
systematic displacements. We use a paraffin-coated Cs vapor cell. Magnetometer operates at
room temperature. The atomic medium is pumped with linearly polarized amplitude-modulated
light at a double Larmor frequency, 2@.. This process generates spin alignment. After the
optical pumping, the decay of the spin polarization can be detected in the weaker probe beam
passing through the cell. The information on the magnetic field and Larmor frequency can be
gathered via further signal processing.

We will discuss the influence of various parameters on the performance of our
magnetometer — state of polarization of the probe and pump beam, angle between the probe
and the external magnetic field, probe and pump powers and lengths. We will present our set-
up and first test measurements. Finally, we will give an outlook for the further work.

REFERENCES

(1] A.L.Bloom, Principles of operation of the rubidium vapor magnetometer, Appl. Opt. 1, 61 (1962).
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Why do we need accurate magnetometers and
how to realize them

Zoran D. Gruji¢', Andrej Bunjac', Sa%a Topié', Marija M. Cur&ié',
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Contact: Z. Grujié (zoran.grujic@ipb.ac.rs)

Abstract. In most cases magnetometers have been developed with accent on sensitivity in
order to detect very small changes of magnetic fields like brain waves, magnetic field of beating
hart or variations of geomagnetic field. For such applications exist wide range of devices like
fluxgates, GMR, SQUID, OPM (Optically Pumped Magnetometer), etc. [1]. Our goal is to
improve accuracy or precision of OPMs based on vapors of alkali metals while retaining most
of their sensitivity. Alkali metals are very well studied, their properties are measured and
theoretically calculated to high precision. It is to expect that a sensor, based on, for example
cesium, should be easy to deploy and understand in various schemes. It turned out this is not
the case and future research is required in order to overcome heading errors of cesium based

OPMs.

Accurate OPMs would have broad range of applications like precision experiments in
fundamental research (like measurement of nEDM — neutron Electrical Dipole Moment),
metrology, space explorations and for mapping of geomagnetic fields. The latter would benefit
in archaeology, mining operations and from improved quality in tracking changes in global
distribution and intensity of the Earth’s magnetic field.

In my talk I will present the old nEDM experiment at PSI [2] and its improvements towards
its next generation — n2EDM [3]. The last part of the talk will be dedicated to accurate
magnetometry with Free Spin Precession (FSP) [4] and Free Alignment Precession (FAP)
magnetometers. If time permits, prospects of a ‘He magnetometer will be discussed.
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Dynamic interference of photoclectrons in two-photon ionization of
hydrogen by intense short laser pulses

Andrej Bunjac, Duska B. Popovi¢ and Nenad S.Simonovié

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
Contact: Duika Popovi¢ (duska@ipb.ac.rs)

Abstract. We studied sequential two-photon ionization of hydrogen atom whose ground (1s)
and excited 2p states are coupled resonantly by an intense short laser pulse. The populations
of states, as well as the photoelectron energy spectrum (PES), are calculated numerically
using the wave-packet propagation method. The obtained PES shows an intensity dependent
splitting of the resonant peak and associated modulations. The numerical results are analyzed
using a three-level model (1s, 2p, continuum) [1]. It is shown that the splitting can be
attributed to the existence of two dressed states whose quasi-energies repel each other by the
field-induced coupling. On the other hand the modulations can be explained by the dynamic
interference of the electron wave packets emitted with the same energy, but with a time delay
at the nising and falling sides of the pulse.

REFERENCES:
[1] P.V. Demekhin and L.S.Cederbaum, Phys. Rev. A 86 (2012) 063412
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