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Abstract

We report the rst results of molecular frame photoelectron emission for dissociative
photoionization (DPI) of Hand D, molecules induced by a spectrally Itered single high
harmonic of a few femtosecond duration, using coincident electron—ion velocity vector
correlation techniques. For the studied photon energies around 32 eV, where the resonant
excitation of theQ; andQ, doubly excited states occurs, autoionization and nuclear dynamics
are coupled on a few femtosecond timescale, giving rise to quantum interferences. Molecular
frame photoelectron angular distributions (MFPADS), traced as a function of the kinetic energy
release of the atomic fragments, provide the most sensitive observables for such complex
dynamics. These results compare well with recent spectrally resolved experiments using
synchrotron radiation which are also reported. As a novel XUV light source running at
multi-kHz repetition rate and synchronized with laser pulses, high-order harmonic generation
(HHG) opens new possibilities for extending these investigations to time-resolved studies at
the femtosecond scale.

(Some gures may appear in colour only in the online journal)

1. Introduction density or wavefunctiomat the molecular scalaith femto to
attosecond temporal resolution.

Probing ultrafast electronic and nuclear dynamics in excited Alternative experimental approaches, taking advantage of

neutral or ionic molecules in the gas phase is at the core ofeanarkable advances in ultrashort light sources and imaging

vast eld which now extends from femto- to atto-science. Thtechniques, have been explored in the last few years. In the

ultimate goal is to combine understanding and control of sudist approach, the probe is provided by the interaction of

dynamics to produce a snapshot mapping of the electroie molecule with a strong laser eld at the optical cycle
timescale. It includes tunnel ionization which reveals the
molecular orbital ‘shape’ and symmetry (Jaron-Beckeal

4 Authors to whom any correspondence should be addressed. 2003 Alnaseret al 2005 Pavicicet al 2007, and electronic
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wavepacket recollision in a ‘self-probing’ scheme, leadingpeans of electron—ion coincidence momentum spectroscopy,
to either high-energy electrons in above-threshold ionizatiam the axial recoil approximation, primarily for high (MHz)
and electron diffraction (Meckedt al 2008 Cornaggia201Q repetition rate light sources such as synchrotron radiation
Boguslavskiyet al 2012, or attosecond emission and highSR) (e.g., Landerst al 2001, Lafosseet al 2002 Yagishita
harmonic generation (HHG) in the extreme-UV range (XUV@t al 2005 Liu et al 2008 Reid 2012 and references
(Itataniet al 2004 Li et al 2008 Worneret al 201Q Haessler therein). Although the typical rate for femtosecond lasers
et al 2010 Mairesseet al 201Q Torreset al 2010. In the (of mJ energy) and HHG XUV sources in the kHz range is
HHG process, spectral amplitude and phase of the emittg@re challenging for coincident experiments, time-resolved
light gives access to the molecular dipole which coupleégFPADs have been obtained using electron—ion vector
the bound valence wavefunction to a large set of continuugrrelations for DPI of small polyatomic molecules such
states, providing a basis for the time-resolved tomographig NG induced by the rst harmonics of femtosecond
reconstruction of molecular orbitals (Itatsetial 2004 Torres |R |asers (Davieset al 200Q Vredenborget al 2008.
and Marango2007, Haessleret al 201Q Vozzi et al 2011,  Moreover, in experiments coupling a kHz HHG light source
Le et al2009. The self-probing scheme is especially adapteshd a COLTRIMS spectrometer, time-resolved electron—ion
for studying electronitnuclear dynamics which is triggeredyinetic energy correlations characterizing, e.g., autoionization
by the strong eld itself, therefore, acting simultaneouslys o, (Sandhuet al 2008 Cao et al 2011, and angular

as pump an_d prob_e, e.g., .in multi-orbital coherent evo'““%pendence of single-photon ionization of ahd CQ into
after tunnel ionization (Mairesset al 2010 McFarlandet al - e5olved jonic states (Thomaetial 2008 have been reported.
2008 Smirnovaet al 2009 Diveki et al 2019). Accordingly, In this paper, we demonstrate the measurement of
it intrinsical!y puts limit to the possibility of gxploring eld- MFPADs in the dissociative ionization of +and Dy, after
free dynamics. In the second ‘external probing’ approach, thes,nant excitation of doubly excited states (DES) belonging
excitation and probe of a target molecule are provided byté‘thteansz series, by femtosecond XUV pulses at 31.9 eV
combination of ultrashort XUV-laser pulses with a controlle roduced from HHG, using the electron—ion coincidence

delay at the as timescale. Several studies have investiga\}ggtor correlation (VC) method (Lafosset al 2000 and
electroni¢ nuclear dynamics after photoionization (Pl)byhig'faking advantage of a complete analytical description of

harmonic pulses using laser pulses as a coherent probe *E MFPADS (Luccheset al 2002 Dowek and Lucchese

Z?g}rzool 18'?{:"'(96}'1;23 atn:II %égggq%neézagﬁoe? j;gslcj)ne 2012. We validate the MFPADs measured using the HHG
¢ ' ' _pulses, by comparing them with those measured at the

or Brp (Li et_al 2010. At even higher intensity anq Sh.orterSOLElL synchrotron, in the same spectral region. This work
wavelength in the XUV range, coherent dynamics is also

investigated in the same type of puhppobe studies using was rst motivated by a recent theoretical description of

free electron lasers (FELsS) (Johnsseinal 2009 Rudenko smgle-photqn DPI in Hand D, as a function of the XUV.
et al201Q Cryanet al 2012. pulse duration between 1 and 10 fs. These calculations

Ir]edict signi cant effects of the pulse duration on the kinetic

To understand the dynamics at the deepest level R I KER) of the atomic f s (S Vicari
both approaches, it is of particular relevance to follow the€rgy release ( ) of the atomic fragments (Sanz-Vicario

electronic motionin the molecular frameTo that purpose, et al 2906’ as well as an evolution of the MFPADs as
the use of impulsive alignment of the molecular target plays function of the KER at the femtosecond scale &er
a key role in a number of laser-based experiments. Wh frreset al 2009. In a smgle—p_hoton process, the_se effects
photoionization is involved, the molecular frame photoelectrdffiate o the overall spectral width of the electrémioclear
angular distribution (MFPAD) is one of the most ‘completeavepacket which is excited in thQ, and Q. regions
electronic observables which describe photoemission in tRBd volves accordingly in the autoionizatidissociation
presence of nuclear motion (see Rel@12 for a recent channels (Gormez-Cz.:\stnlloe't al 201). In this relatively
review). MFPADs sensitively depend on the detailed symmet®yPle case, it was interesting to parallel the HHG-based
of the initial bound state and the nal ionic state, of thé&xperiment performed with ‘broadband’ XUV pulses at 1 kHz
guantum interferences between ionization channels, as IV repetition rate and limited statistics in VC, with the
the phase and polarization properties of light. It is thereforeR-based study serving as a reference. Second, our study on
highly relevant as a ‘probe’ observable of ultrafast coherefeady-state Fand Dy has clear objective to prepare dynamical
dynamics in molecules, where multiple pulse excitatioptudies using dissociative (or non dissociative) Pl as a probe,
and attosecond phase control allow for extensively varyinghere time-resolved MFPAD could give detailed and reliable
state symmetries and channel interferences. The advantijiermation on the electronic wavepacket evolving in the
of molecular alignment for the determination of MFPAD#&Uclear eld. Photoelectron angular distributions in X4MR
has been demonstrated, e.g., in a strong eld ionization Bfo-colour Pl of atoms, investigated previously using a related
polyatomic molecules such as OCS (Holmegastrdl 2010, experimental setup, have shown to be a sensitive probe of
time-resolved imaging of electron dynamics during the nointerferences between ionization pathways involving different
adiabatic photodissociation of g@isgaardet al 2009, and numbers of photons (Géyandet al 2008aand2008h).
most recently for the photoionization ofND, and CO induced As the simplest molecule, hydrogen is often considered as
by ultrashort XUV-HHG sources (Roéeet al 2012). a prototype system in molecular physics. Despite its structural
On the other hand, it is well established that dissociatigmplicity, the detailed understanding of its dynamics
photoionization (DPI) allows one to determine MFPADs bjaunched by interaction with light is still challenging, both
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40 : states of differentu-g symmetry, taking place at different
35| 1 e — internuclear distances (Mamtet al 2007).
{30 ——— ?U,ufzbﬂy?, | Complete experiments, relying on coincident electron—
3 : : ion momentum spectroscopy, have been performed in order
_ 25 ‘ B e 2: ] to characterize the outcome of such DPI reactions (Lafosse
3 20! A, (._..rlm__“._)__ i et al2003 Mart'n et al 2007). They provide for each (H €)
* 151 L DPI event, the\y+, Ve) velocity VC. Within the axial recoill
approximation, they enable one to record molecular-frame
Wl (MF) photoemission as a function of the KER transferred to the
5t H* + H dissociating pair, or the photoelectron energy which
0 is complementary for a given photon excitation energy and
0 05 1 15 2 25 3 dissociation limit. Using linearly polarized SR, the MFPADs
Ry (A) revealed symmetry breaking in terms of backward—forward
(BW-FW) emission asymmetries, resulting from quantum
Figure 1. Selected potential energy curves of thedrd interferences involving different reactions pathways (Lafosse

H,* systems involved in DPI induced at 31.6 evh  32.7 eV , N N
(see text), with the shaded area representing the ionization et al 2003 Martn et al 2007, Ferrandez and Ma 2009.

continuum above the #1(> ) ground state and the vertical dashed@uUantum interferences also govern the occurrence of strong
lines the Franck—Condon region from the(ki ¥ 4* v = 0) ground oscillations of the ¢ asymmetry parameter characterizing the
stateQ; (* ") (red line) andQ, (* ) (blue line) are the lowest  photoelectron angular distribution relative to the polarization
DES of theQ, andQ, series converging to the rstfi(* ,")and  ayis as a function of the photoelectron energy, predicted
seco_nd I;l*(_2 u) excited states (grey line), respectlvely. Five th tically (Ferand d Maim 200 d |
semi-classical pathways for DPI are featured in dotted line: direct eoretically ( gran €z an an 9. and recently
ionization (DI) into the H* (2 4*) ground state (orange), DI into the demonstrated in the measurements of DPI of &hd
H,* (> ") state (yellow), autoionization (Al) of th@, (* ,*) state D, (Reddishetal2012). Inducing DPI by a circularly polarized
into the H* (> ¢*) ground state (green), Al of tH@,(* ) state SR also revealed remarkable properties of the molecular frame
into the H* (* ") (light-blue) and H"(* %) (turquoise) states,  cjreylar dichroism in photoionization of H(Dowek et al
respectively. 2010, a ngerprint of the invoked quantum interferences.
A detailed comparison of the circular dichroism measured
experimentally and theoretically. This is particularly the casgs a function of the KER with state of the art calculations
after resonant XUV excitation of th@, and Q, series of ysing the time-dependent Sékiinger equation supports the
repulsive DES embedded in the continuum of th& @ ")  existence of two autoionization regimes in the femtosecond
and H*(® ,*) ionic states, respectively. Among differenfange (Dowelet al2010, consistent with previous evaluations
possible reactions in these open channels, DRI+ Hh of the Al lifetimes of theQ; andQ, DES (Sanchez and Martin
H* + H(1s)+ €°, is especially interesting since electronici997h 19991.
autoionization (Al) and nuclear dissociation dynamics are The paper is organized as follows. In sectignwe
coupled, both occurring within a few femtoseconds (Sangescribe the experimental setup which has been used to
Vicario et al 2006 Sansonet al 2010. perform the experiments at the Saclay Laser-Matter Interaction
Following a vertical excitation in the Franck—Condorcenter (SLIC, CEA-Saclay) and at the SOLEIL synchrotron,
region (FC) of the H ground state (X' 4*) induced by including the VC electron—ion momentum spectrometer. In
one photon absorption in the 28-35 eV range, DPI involvélse description of light sources, more emphasis is put
several pathways describing the evolution of the$ystemas on the XUV HHG beam line, which was combined here
a function of the internuclear distanBelt can be representedfor the rst time with the VC spectrometer. In secti@)
semi-classically using potential energy curves, as shownwe report the experimental results characterizing the DPI
gure 1: direct ionization (DI) into the dissociative continuumchannels populated by the interaction of XUV femtosecond
of the molecular ion ground state;HX 2 4*), DI into the pulses with H and D targets in terms of the electron—ion
rst excited molecular ionic state #i(?> "), Al into the kinetic energy correlation diagrams (KECDs). The KECD is
H," (X 2 4") ionic ground state via the rst DE®; ! ", the rst2D observable which demonstrates that the acquisition
which is mostly contributing to Al for th&); series, and Al of (H*, €) coincident events is achieved and that thg(,
via the second DE®), ! |, which is mostly contributing V) correlation is properly determined. In sectidn these
for the Q. series, into both the ¥1(X 2 4") ground state results are compared with reference measurements performed
and the H"(? ") ionic state. All these pathways lead tcat SOLEIL at six photon excitation energies in the 31.6-
the only populated rst dissociation limit H+ H(1s)+ e>, 32.7 eV range: namely we compare the 1D ion yield spectra
(seeL, label in gure 1.) and were recognized in pioneeringdisplaying the ionyield as a function of the ion fragmentkinetic
studies (Itoet al 1996 Latimeret al 1995. When they are energy, as well as the 1Dy /p+ ion asymmetry parameter
kinematically indistinguishable, producing a photoelectroiependence as a function of the ion kinetic energy. Seé&tion
and a photoion fragment of comparable energies, it has bagsnledicated to the discussion of the MFPADSs, relying on the
shown that quantum mechanical interferences occur, whidhtermination of fouF y( ) 1D functions and their expansion
involve both resonant and non-resonant ionization (Sanchaz.egendre polynomials, whergis the polar emission angle
and Martin19973 19993 as well as autoionization into ionic of the photoelectron in the MF frame, according to the general
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analytical expression of the MFPAD developed previously e  TPSD lons
(Luccheseat al2002. This method is shown to be very helpful o ==y

to achieve the feasibility of doubly differential measurements ~ C—1& _
relying on electron—ion coincidence momentum spectroscopy, ¢Ps XY
when using a light source of a few kHz repetition rate. Here 'l
again, comparing the MFPADs induced by the H21 harmonic ==
femtosecond pulse with reference data measured at SOLEIL supersonic (Vi Ve.)
provides a support for the data achieved. ‘ _, jet T

! Xeo Ve Te
2. Experimental setup
In the experiment, an XUV beam of photon energy around TPSD
32 eV is crossed with an 44D, supersonic beam in Electrons
the source volume of an electdrdaan momentum imaging 7

spectrometer, producing dissociative photoionization through A - X
resonant excitation in th®; andQ, DES region. In the rst MCPS Y
part, DPI is produced by femtosecond XUV pulses from laser- ~ F-—— ]

driven high harmonic generation; experiment was 'nSta”‘?ggure 2. Scheme of the electron—ion 3D velocity spectrometer.

by the PLFA laser at CEA-SLIC facility. In the second partgjectrons and ions are extracted from the interaction region, at the
DPI is produced by the SR on the XUV DESIRS beamline atossing of the supersonic beam of randomly oriented molecules

SOLEIL (Nahonet al 2012. We describe the VC setup andand the pulsed XUV light beam, by a dc uniform electric eld and

method common to the two parts, and then focus on the H|_$ided to their respective delay-line anode (DLA) position sensitive
source ' etector (PSD) using electrostatic lensesand ; which focus

electron and ion trajectories outside the extraction region. The
extraction eld (Eqy = 100 or 150 V cm? here) ensures a 4

2 1. Electron—ion vector correlation steradian solid angle collection of the ions and the electrons of
interest. For each particle, the measured time of ightgnd

The electron—ion velocity spectrometer used in this workhpact position¥, y) on the PSD allows us to measure the 3D
described in detail previously (Lafosstal200Q Lebectet al velocity vector, leading to the/y., V) vector correlation for each

. . . . . . (H*, e) coincident event. Within the axial recoil approximation, one
2002, is schematized in gur@. The interaction region, at the accesses to molecular frame photoelectron angular distribution

crossing of the supersonic jet of randomly oriented hydrogen@iFPAD), as sketched here for an example of perpendicular
deuterium molecules and the light beam, is located at the certtemsition.

of the spectrometer. Positive ions and electrons are extracted
in opposite directions from the interaction region by a dsynchronous with the 1 kHz laser pulse as the common start
uniform electric eld of few tens of V cm! and guided to two for the eight channels of the TDC and the TAC. The stop of the
time and position sensitive delay-line anode detectors (PSO%)C consists of the signal detected on the front micro-channel
(RoentDek xxx¥ through an intermediate region where twglate (MCP) of the electron detector. At SOLEIL, it is more
focusing electrostatic lens sets;(and ¢) are applied. The ef cient to use the signal detected on the front MCP of the
extraction eld was chosen such that the spectrometer ensuedsctron detector as a common start for the CTN-TDC and the
a4 steradian collection of ion fragments and electrons for thAC, the logical signal synchronous with the SOLEIL light
Ee-KER region of interest. Here, typically an extraction eldpulse serving as the stop for the TAC.
of Eexr= 100 V cnPlor 150 V cnPlwas used, ensuring both  Performing coincidence measurements requires the
a4 collection of the ions (H or D*) and a 4 collection occurrence of a maximum of one event per pulse, which
of the electronsef®) for Ec < 9 eV andE. < 14 eV kinetic imposes that on average the count rate per pulse must be
energy, respectively. The time signals from the ends of tlh the order of a few per cent (Stegt al 1999 Davies
delay lines are encoded as stop signals in an eight-chaneehl 200Q Vredenborget al 2008. When an SR light source
time-to-digital converter (TDCYJTPI xxxx) withan encoding is used, the few MHz typical repetition rate enables us to
step of 250 ps, where four channels are dedicated to the positdegform coincidence measurements with 40°3 rate of
ion detector delay lines and four to the electron detector delayents per pulse, producing adequate acquisition statistics
lines. The TDC outgoing signals provide the ion position and a limited time. Under the present conditions, of a laser-
time of ight (TOF) for the ion fragment and the electronbased source with a repetition rate of 1 kHz, we determined
position, while the use of a time-to-amplitude converter (TAGhat an acquisition rate of the order of few tens coinfc(er
is preferred to measure the TOF of the electron with an optin@ll eventpulse) ensures a true-coincidence acquisition mode.
resolution. TheVy, VyandV,) velocity components are derivedTherefore the data reported in this paper are of very different
from the position coordinates and TOF for each particle of thgatistical quality: an experiment of DPI oflér D, induced
(H*, e) coincident event leading to th¥/(., V) VC. by H21 femtosecond pulses kept in stable conditions during
Only the timing of the event acquisition differs dependinfew hours corresponds typically to about 200 000 coincident
on whether the 1 kHz XUV light source or the MHz SR isvents recorded, among which less than 10 000 pertain to the
used. In the HHG induced ionization, we use a logical signBlPI channels (H, ) or (D', e).

4



J. Phys. B: At. Mol. Opt. Phy<l5(2012) 194013 P Billaudet al

The VC spectrometer was mounted onto the CIEtogether with low harmonics (order 11), using a 200 nm
ultrahigh-vacuum (UHV) chamber (Gatandet al 20083, thick aluminium (Al) Iter transmittingTrirer  10% of high
working at a standing pressure of SP0mbar for the XUV harmonics. H21 selection was ensured by a set,6f i
experiments using the PLFA HHG source at SLIC, or installgglane and spherical multilayer mirrors working near normal
in the SAPHIRS set-up (Richard-Viaet al 1996 for those incidence at 4, especially designed to achieve high re ectivity
using the SR on the DESIRS beamline at SOLEIL. They,; 30% for H21 and to reject the lower and higher order
continuous molecular supersonic expansion (backing presshggmonics € 2% for two mirrors), as shown in gurg(b);
about 1.5 bars) produced through apvih continuous nozzle the multilayer mirrors have been deposited at the CEMOX
was shaped by two skimmersy(= 200um, »= 300um) platform for x-ray optics CEMOX xxxX).
in CIEL and one skimmer ( = 1 mm) in SAPHIRS, The XUV light pulses from HHG have been characterized
corresponding to a beam diameter at the interaction cengfgectrally, rst in the course of the experiment using the
on the order of 1 mm and 2-3 mm, respectively. The ratiglectron spectrometer, and second after the experiment (HHG
achieved between the supersonic and thermalized componémtie same conditions) using an XUV light spectrometer. Both
of the molecular beam in these measurements was typicallyréasurements are compatible and determine a central photon

2to3forHand 4 for D,. The dimensions of the light energyE;,; = 31.9 + 0.3 eV (note that it is slightly lower
beam at the focus point were typically of the order of RQ@in  than the expected value 32.27 eV for H21, which may be due
the horizontal directiond and 10Qum in the vertical direction to HHG in the ‘red wing’ of slightly chirped IR pulses, Altucci
(2 at SOLEIL,; the focal spot diameter is250pum at SLIC et al 1998 Tcherbakoffet al 2003, and a spectral width of
(see below). The main instrumental widths contributing to th®35 + 0.05 eV FWHM. In the generating conditions, the
resolution in the determination of the velocity componentxuy pulse duration is estimated to be in the 15-25 fs FWHM
and subsequently energies and angles of the emitted charggthe (Mairesset al2005 Solaet al2008); itis larger than the
particles, are they length of the interaction region along therourier limit ( 7 fs) because of the harmonic chirp introduced
||ght beam a.XiS, and thﬁjltter of the electron TOF estimated by the intensity_dependent phase of the harmonic emission
here of the order oft 170 ps, affectingVye, Vyi andVze  (Saliereset al1999. Note that, in order to prepare pufguobe
respectively. studies with XUV pulses of adjustable duration, the XUV pulse

For the measurements discussed in this paper, the SOLEflkration has been tentatively varied using the polarization
SR facility, delivering 40 ps (FWHM) light pulses, wasgating technique (Tcherbakodit al 2003 Solaet al 2006).
operated in the single-bunch mode which corresponds tq-@wever, in this work we only monitored the variation of H21
0.85 MHz repetition rate. In this mode, one estimates t'%%ectral pro le between the withvithout gate con gurations,
number of photons to be in the range of 2610"® photons per j ¢ 4 variation of the spectral width by200 meV: this is not
pulse, giving around 13-10"*? photons per second for thegyt cient to characterize the pulse duration. Actually, under
1000 resolving power used here. With the goal to perforg),; experimental conditions, the intensity temporal gradient
benchmarking reference experimen'ts for the coincidenggs |ower in the gate than without, leading to a reduced
measurements using the H21 harmonic, the DESIRS undulgi@fmonic chirp; temporal con nement and reduced chirp in
based high-resolution beamline was run below the optim@le gate partially compensate and result in the limited variation
resolution: using a 400 grooves migrating and entrance andyf the spectral pro le which is measured. Finally, under our
exit slits of 100um, resulted into a 30 meV spectral resolutioR, serimental conditions of limited statistics, we found that

(FWHM). The light beam was linearly polarizeB)(parallel e pp| measurements did not signi cantly vary between the
to the VC spectrometer axzsas in the experiments performed, it/ without gate con gurations.

with the femtosecond XUV source described in secfidh The number of photons was estimated to a few

10"® photons per pulse, thus giving around*1bphotons
2.2. Femtosecond XUV source per second. The XUV beam was focused in the interaction
The femtosecond XUV source is schematized in gue champer by means of two multilayer mirrors (plane and
S . . shohencal with 50 cm focal length atnormal incidence) for
The PLFA laser chain is based on chirped pulse ampli Catlos ectral selection and focusing of H21. This leads to an XUV
(CPA) of a titanium—sapphire (Ti:Sa) oscillator in a threez" 9 i

stage amplier at 1 kHz repetition rate. It delivers pulsefsocaI spot of diameter 250 um, corresponding to the size

centred at w806 nm with a full width at half-maximum °! € harmonic source after imaging by the XUV optics, and

(FWHM) of 25 nm, i.e., a pulse duration of45 fs, and a beam confocal parameter in the milimetre range.

quality factorM?s ea  1.5. Laser pulses of effective 6-7 mJ

energy were focused with a lens of 3 m focal lengtmUmber 3. Electron—ion kinetic energy correlations in DPI of
100) inb a 4 cm long cellcontaining argon (Ar) gas at 1-4H, and D, induced by H21 femtosecond pulses

mbar pressure. For NIR focal spot of diamete?250 pm,

the intensity driving HHG was close to10'* W cmP?, The measurements of DPI ofbbr D, induced by H21

i.e., the saturation intensity in Ar. The generating NIR beafemtosecond pulses could be performed in stable conditions

was then removed, rst, using a silica plate (not shown ifor few hours: in the rst series reported, they correspond

gure 3for clarity), working at 11 grazing incidence angle typically to an acquisition of about 200000 coincident

and re ectingRpate  50% of XUV harmonics, and secondevents. Examination of the ion TOF spectra, not presented
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Figure 3. (a) Scheme of high-order harmonic generation (HHG) source delivering selected 21st harmonic (H21) femtosecond pulses at
1 kHz repetition rate. The PLFA laser pulses (central wavelen@6 nm, energy per pulse6—7 mJ, pulses duration45 fs) are focused

by a 3 m focal length lens into a HHG 4 cm long cell lled with 1 to 4 mbar of Ar. Infra-Red generation beam and low harmonics (until
11th) are Itered by an aluminium (Al) Iter of 200 nm thickness (see text). H21 is selected from HHG spectrum by a set of two dielectric
mirrors. The duration of the pulses around 32 eV (38 nm) is estimated to ke 2@s. (b) lllustration of the spectral selectivity of the
multilayers mirrors: HHG wavelength spectra measured without mirror (black full line), measured with one mirror (pink full line) and
deduced for two mirrors (violet full line). The three H21 peak signals are equalized to illustrate rejection of other harmonics.

here, shows that the dominant contribution arises from noproperties but dissociate at different nuclei velocity (Elkharrat
dissociative photoionization of Hor D, with typically 20 et al 2009. Other structures contribute to the KECD: on the
coinc s* ( 96%), DPI of the parent molecule amounts t@ne hand, weak peaks are seen alongBhe= 0 eV axis
about 0.6 coinc3 ( 3%) and the residual gas componentvhich correspond to DI of the #AD, molecule induced by
(mainly H,O*, OH* and H') could be kept below 0.2 the lower harmonics signi cantly attenuated by the multilayer
coinc st ( 1%). These numbers re ect the respectivanirrorsinthe incidentlight beam (see gug®, harmonic H13
photoionization cross sections and target densities, takipgpviding the largest contribution fa, 1.5 eV due to its
into account the effective collection ef ciency for eachower attenuation (peak d). On the other hand, the KECD in
molecular target. The coincidence rate of the order of 20 coirgure 4(a) also shows a weak contribution of {He) events
st corresponds typically to a rate of 0.1 event per pulse. produced by DPI of KO absent in the KECD of the (D
The electron—ion kinetic energy correlation diagram) events. In any case, selecting the coincident events along
(KECD) is the rst 2D observable which demonstrates that thidse L; diagonal lters the events coming from DPI of,H
acquisition of (H, €) coincident events is achieved and thaand D.
the V., V¢) correlation is properly determined. The KECDs

derived from the ., Ve) and Vp., V) vector correlations 4 gpectral dependence of ion fragment yields and
are displayed in guresd(a) and (b), respectively. They 5nqiar distributions as a function of the ion
represent 2D histograms of the'(-D*, e) coincident events as fragment kinetic energy

a function of the ion fragment kinetic energy. or Ep. (half

ofthe KER of the (H + H)/ (D" + D) fragments) in abscissa|n order to qualify the DPI measurements performed by
and the electron enerds in ordinate. Their general structurejrradiation with the broadband H21 femtosecond pulses, we
has been observed and discussed earlier for SR excitati@mpare these results with similar data recorded at the SR
energies inducing resonant DPI of @eandQ, DES (Lafosse SOLEIL, mapping the 31.6-32.7 eV photon excitation energy
et al 2003 Martn et al 2007, Elkharratet al 2009 For H21 region at six discrete energies_

incident light, the (H/ D", ) coincident events are distributed
along the only populated dissociation linhit (H(1s)+ H*)

at Epjss 18.076 eV, with a major contribution of direct
ionization into the dissociative component of the'# 4*)
ground state, where most of the excess energy is releafed a quantitative comparison of the electron—ion kinetic
to the photoelectron, and to a lower extent into thé(@ *) energy distributions, it is convenient to plot the 1D ion yield
dissociative rst excited state of the molecular ion, where moss a function of th&../ Ep. ion energy, as shown in gurg.

of the excess energy is released to the atomic fragments. The&eselect the 2-8 e, ion energy range where the most
structures correspond to the (12.8 eME,  13.8 eV, 0eV interesting dynamical features occur, for which aebllection
En+p+  0.5eV,peakD)and (0eV Ee 1.3eV,6.2eV  ofboth (H/D*, e) particles is achieved, and normalize the set
En+p+ 6.9 eV, peak E) range, not including the broadeningf spectra in this energy region. The 1D histogram is obtained
due to the instrumental resolution. The structures identi ed after selection of the (H D*, e) coincident events along the
intermediateEe andEy. energies (band A) are the signaturé.; diagonal and projection onto th;. p+ axis.

of Al processes involving mainly th@;(* ) and Q,(* ) Although the statistical quality of the two sets of
lowest DES in each series. These states contribute differentigasurements is quite different, with about 3000 events in
to the ionization process as a function of the KER for theach set for the H21 data, compared to 150000 events for
H, and D, isotopes, which are identical in terms of electronithe SR data acquired in a comparable time, the comparison

4.1. Spectral dependence of th&/D* ion fragment energy
spectra

6
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Figure 4. Kinetic energy correlation diagram (KECD) of the*(i£) (a) and (D, e) (b) coincident events produced in DPI of &hd D, by

H21 fs pulses. The green dotted line represents the HH(1s)L; dissociation limit. The event dispersion about the dotted line illustrates

the energy resolution resulting from the instrumental widths (see sextiprThe dominant peak D corresponds to Dl into the dissociative
continuum of the K" (> ¢*)/ D" (> 4") ground state, resp., whereas p&aik assigned to DI into the repulsiveH? ")/ D' (? ")

state. The elongated structure A (blue dotted—dashed line) is the signature of the populated autoionization channels: its intensity distributior
along thel; diagonal is signi cantly different for the kito D, isotopes (see the text). Pedkorresponds to DI into the £4(> 4*) /

D," (¢ 4) ground state, induced by harmonic H13, less strongly attenuated than the H19-H15 series. Colour scale in arbitrary units going
from white (zero) to black (maxima) as shown, with 3and 2.5 ampli cation factors of the right part of the KECDs

(1 Ens+/p+ 10 eV)relative to the left part (0 Eqsyp+ 1 €V) delimited by the vertical dashed line in (a) and (b), respectively.

Contour lines feature 10% gaps of the maximum value.
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Figure 5.1y, () andip. (b) ion yield spectra as a function of tBg ion kinetic energy measured for DPI ot Ktesp. B) induced by H21

(purple dots) compared to those induced by SR at 31.98 eV (red-up triangles, also included in (c) apd (@)Bndlp. (d) ion yield

spectra measured for DPI ok ltesp. D) induced by the SR at six photon excitation energies: 31.68 eV (blue dots), 31.98 eV (red
up-triangles), 32.18 eV (green squares), 32.28 eV (black circles), 32.50 eV (pink down-triangles) and 32.68 eV (light-blue diamonds). Here,
each data point corresponds to an integration bandeaf= 1 eV and E, = 0.5 eV for the H21 and the SR experiments, respectively. The
spectra are normalized to the integral cross section in this energy region. Error bars of the SR measurements have a size comparable to the
symbols in the graph.

is very consistent. The two maxima Bfp+ 3.5 eV and well identi ed in the H21 fs experiment. Furthermore, the
Enp+ 6 eV in thel(Ey.) or andI(Ep:) spectra, with clear evolution of the ion yield spectra with photon energy at
a relative importance speci c of the for D, isotope, are SOLEIL, in particular for the Btarget, supports the excitation

7



J. Phys. B: At. Mol. Opt. Phy<l5(2012) 194013 P Billaudet al

@ (b)

© ©)

Figure 6. 4. (a) and p. (b) ion fragment asymmetry parameters as a function oEthi®n kinetic energy measured for DPI ogH

(resp. B) induced by H21 (purple dots) compared to those induced by SR at 31.98 eV (red-up triangles, also included in (c) and (d));
n+ () and p. (d) asymmetry parameters measured for DPI gfridsp. B) induced by the SR at six photon excitation energies: 31.68

(blue dots), 31.98 (red up-triangles), 32.18 (green squares), 32.28 (black circles), 32.50 (pink down-triangles) and 32.68 eV (light-blue

diamonds). Error bars of the SR measurements have a size comparable to the symbols in the graph.

energy assigned to the H21 harmonic as ranging between 31Té@ signi cant spectral dependence of th@.p+ curves,
and 31.98 eV. which decrease with increasing photon energy, illustrates the
increasing contribution of resonant excitation and subsequent

4.2. Spectral dependence of the angular distribution of the Al of the Qo(* ) state when the photon excitation energy gets
H*/D* ion fragments higher.

The second step of comparison between the outcome of o
the H21 induced DPI reactions and the set of referen8e Molecular frame photoemission
measurements performed at SOLEIL is presented in gure . ) o )
displays the Fi/ D* ion fragment angular distribution relative Within the axial recoil approximation (Zar&967 which
to the polarization axis in terms of the 1Dy./p. ion @ppliesforthe studied fastdissociation of the HD, and H*/
asymmetry parameter dependence as a function of the fén repulsive states, the angular analysis of the measured
kinetic energy, wher& 1 2. Here again, the evolution (VH+, Ve) and ¥p., V) vector correlations for a given
of the . and p. asymmetry parameters for DPI inducedelection of coincident events gives access to the MFPADs,
by the H21 fs pulses is quite similar to that measured for 4aF any orientation of the molecular axis with respect to the
SR excitation energhh ~ 31.9 eV. The positive values Polarization axis. The generalized MFPAR, ¢, ¢) is a
characterize the overall dominant role of the parallel transitidinction of the polar angle which refers to the molecular
at this excitation energy in th&y. 3.5 eV range for orientation relative to the polarization axis and the electron
H,and 2 eV Ep. 5.5 eV for D, involving primarily emission direction (, ) characterized by a polar and an
the resonant excitation and subsequent Al of ¢ ,*) azimuthal angles in the MF frame. The polar angleis
state, as discussed in sectibnThe minimum observed for relative to the molecular ax&r and e accounts for the MF

n+ and p. aroundEp.: 6 eV, more pronounced for angular dependence relative to the polarization. The evolution
D,, indicates the contribution of the perpendicular transitiodf these observables as a function of the ion fragment energy, or
assigned to Al of the&),(* ) state. The different evolution KER, provides the most sensitive probe of the photoionization
of nws+ and ps as a function of the KER for the Hand dynamics and its coupling with the nuclear motion. Using
D, isotopes is consistent with the fact that Al of @g* ,*) the formalism developed previously, gathering the dynamical
state dominates at lower KER values fop Bhan for H. information in terms of fouF y( ¢) functions, withL = (0, 2)
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Figure 7. Linear plots of theFoo( «), F2o( ), F21( ¢), @andFy( ¢) functions at the ion kinetic enerds;. = 5.5 eV measured for DPI of

H, induced by H21 (a) and by synchrotron radiation for a photon ertergy 31.98 eV (b). Data are represented by red points with the
corresponding statistical error bars, and red thin lines are Legendre polynomial ts@fihésee equatiorlf). The two sets of functions
are normalized to a common value of the photoionization cross section (here in arbitrary units), i.e., such that the ifg@rg! sin( ¢)
from Oto isidentical.

andN = (0,1, 2) when Plis induced by linearly polarized lightthe Pl transition. Thé - ( ¢, E+) MFPAD has a cylindrical
is an ef cient mean to describe MF photoemission (Lucchesymmetry, and the -g9 ( ¢, e E+) is characterized by
et al2002 Dowek and Lucches2012). TheF n( ¢ functions a cos(2.) azimuthal dependence. Together with the 3D
are partial-wave expanded as follows: MFPADs forthe = 0 and = 90 molecular orientations,
_ CL PN (cos ), 1 it is convenient to display the cuts of the two MFPADs in
Fn( e) } NP (COS ¢) (1) the plane ¢= 0/ = 180 de ned by the molecular and
where theC, Ly coef cients express directly in terms of thepoIanzatlon axes, for a quantitative evaluation of the statistical

photoionization dipole matrix elements (Lucchesal 2002. quality of the data, according to

In this study, theF y quantities are a function of both the | =0 ( esE+) = Foo( & E+) + Foo( e E+), (3)
electron emission polar angle with respect to the molecular axigy
and theey; p+ (E+) ion kinetic energy. The general expression

of the MFPAD writes in the simple form: 200 (e Er)=1 50" (e Er)

1(, e eE+)= Fool e E+)+ Faol o Ei)P(cOS) = Foo( & E+) S 3Fo0( e E+) + 3Fao( e Es ).
+ Faa( o E+)P3(c0s ) cof e) )
+ Fao( e, E+)P5(cos ) cog2 ¢) )

L 5.1. Ry functions and MFPADs for DPI of Jand D, for
where the and . dependence is in terms of the four, 5.5 eV ion kinetic energy

P.N(cos ) associated Legendre polynomials and the simp e
cos( ¢ and cos(2¢) functions, respectively. THe yfunctions  Figure 7 displays linear plots of th€&oo( ¢), Faol &), F21( o)

are derived from a t of the measuret{ , ¢ & E:) andFy( ¢ functions measured for DPI of Hnduced by
angular distribution according to equatidi),(using the whole H21 fs pulses, selecting coincident events corresponding to a
statistics of the measurement in the KER region of interesentral ion kinetic energ¥n. = 5.5eV (5 Eus 6 €V).
Here again we focus on the 2-8 &8,/ p+ energy range We select thisE. ion fragment energy as an example to
where the most interesting dynamical features occur. Once tithestrate the MFPADSs, on the one hand because itis close to a
Fun functions are determined, the MFPALis, .,  E+)are maximum in the ion yield spectra for both targets, and on the
obtained using equatio@)with the same statistical quality for other hand because the,. and p. asymmetry parameters
any given orientation of the molecular axis. This method isdisplay a minimum in this energy range, which corresponds to
therefore particularly appropriate for the present experimentalrather balanced contribution of parallel and perpendicular
conditions, when DPI is induced by the 1 kHz HHG lightransitions. The characteristic oscillatory behaviour of the
source. Fin( o functions displayed in gurer are well identi ed,

For the data reported in this paper, where photoionizatievith ngerprints quite similar, within the statistical error bars,
was induced by linearly polarized light we select MFPADs to those measured for the sarkg. energy selection after
forthe =0 and = 90 molecular orientations relative R)  excitation by a photon di = 31.98 eV at the SR, also shown
which represent the parallel and perpendicular componentdrofgure 7. Foo( ¢) is of positive sign for the studied processes

9



J. Phys. B: At. Mol. Opt. Phy<l5(2012) 194013 P Billaudet al

() (b)

© (d)

Figure 8. 3D emission diagrams and polar plots representing the molecular-frame photoelectron angular distributions (MFPADSs) for DPI of
H, according to equatioriy, (3) and @) for an ion kinetic energ¥. = 5.5 eV. DPI induced by linearly polarized light parallel to the

molecular axis for H21 fs pulses (a) and for SR at a photon ertergy 31.98 eV (b); DPI induced by linearly polarized light perpendicular

to the molecular axis for H21 fs pulses (c) and for SR at a photon eirergy31.98 eV (d). The normalization of the plots is consistent

with that of theF n( ¢) in gure 7. The 3D plots and the blue line in the 2D plots represent a Legendre polynomial t of the MFPADs.

corresponding to a PI transition from a neutral state into as a function of the KER of the atomic fragments and photon
an ionic state of same * symmetry (Luccheset al 2002. energy. For a perpendicular transition€ 90 ) ( gure 8(c)),
We recall that, due to the spectral width of the H21 pulsése MFPAD is characterized by the dominant contribution of a
mentioned earlier, the angular results in gai@) correspond d-partial wave and also displays a strong emission asymmetry
to the integration over a broader excitation energy bandwidals identi ed previously (Mafh et al 2007). In this case, it is
for the H21 fs source (350 meV) than for the SR even whendue to the interference between two channels gf(H 4*)
broadened to a 30 meV bandwidth. and K* (> ) ionic core, respectively, resulting from Al of
The MFPADs derived from thesB,y functions using the Q. (* ) state (Marh et al 2007, Ferrandez and Maf
equations Z)—(4) for DPI of H, induced by H21 and SR 2009. Consistentwith the similarity between thg functions
are plotted in gures8(a), (b) and (c), (d) for a molecule measured for DPI induced by H21 and SR shown in gidre
aligned parallel and perpendicular to the polarization axit)e MFPADs forthe ( = 0 ) and ( = 90 ) at an SR photon
respectively, with the H emission velocity being orientedenergyh = 31.98 eV reported in gure8(b) and (d) display
in the upper direction. The 3D MFPADs are presented ftie similar features as those induced by H21.
the H21 induced DPI in (a) and (c). The minor differences Considering the MFPADSs for DPI of fHor Ep, = 5.5eV
observed in thd=_y functions in gures7(a) and (b) lead to in gure 9, the main difference with the Htarget is observed
some differences in the MFPADs for H21 fs pulses and Siar the parallel transition where the measured distribution
excitation modes as plotted in gui®& however, the general displays an inverse BW—-FW emission asymmetry, favouring
features are quite comparable. The corresponding MFPADew the emission of the photoelectron in the direction opposite
for DPI of D, are displayed in gure§(a), (b) and (c), (d) for to that of the D ion fragment. It is notable that the measured
the saméep,. 5.5 eV kinetic energy. emission anisotropies discussed in gur@sand 9 appear
For H,, the MFPAD induced by H21 for a parallellarger for the reported H21 data than for those obtained
transition ( = 0) (gure 8(a)) displays the typical patternusing SR, although the histogramming integration bands are
illustrating the dominant contribution of a scattering p-partidiroader (1 eV) for H21 than for SR (0.5 eV). These effects
wave, with a notable backward—forward (BW-FW) asymmetipgossibly related to the spectral broadband of harmonic light
favouring electron emission in the direction of the emittedould be explored in further detail, e.g., using a ‘narrow’
H* ionic fragment. Such anisotropies previously observed polarization gate to signi cantly vary the pulse duration and its
neighbour photon excitation energies (Lafossal 2003 are spectral width. As mentioned in secti@®, the operation of
assigned to quantum interferences between undistinguishablgolarization gate to control the H21 spectral pro le has not
reaction pathways, here between direct ionization through theen fully conclusive in our conditions, and will be repeated
H,* (¢ ') ionic state and Al fromth®, (* ,*) state through in a further campaign; we therefore do not discuss extensively
the (> 4") ground state (Feamdez and Maim 2009. the possible effects of the XUV spectral width on MFPAD in
These emission anisotropies are known to vary signi cantte present results.

10



J. Phys. B: At. Mol. Opt. Phy<l5(2012) 194013 P Billaudet al

(@) (b)

© (d)

Figure 9. 3D emission diagrams and polar plots representing the MFPADs for DPJ at&rding to equationd), (3) and @) for an ion

kinetic energyEp. = 5.5 eV. DPI induced by linearly polarized light parallel to the molecular axis for H21 fs pulses (a) and for the SR at a
photon energyn = 31.98 eV (b); DPI induced by linearly polarized light perpendicular to the molecular axis for H21 fs pulses (c) and for
SR at a photon enerdy = 31.98 eV (d). The 3D plots and the blue line in the 2D plots represent a Legendre polynomial t of the MFPADs.

Due to the low statistics for DPI of Hand D, induced D, coef cients, where. is even, characterizes the outcome of
by the 1 kHz H21 light source, we discuss in the followinghe dominant partial waves as a function of the KER, whereas
section an appropriate method to visualize the main featuté®se with odd. values, of smaller amplitude, describe the
of the MFPADSs evolution with the ion fragment kinetic energyBW-FW emission anisotropies. In this paper, we focus on the
as well as their comparison with the results of the spectrallyesentation of th®_ coef cients, for everL values, which
resolved investigation performed at SOLEIL. are the most robust in particular for DPI induced by the H21

fs pulses. BW—FW asymmetries derived for the DPI processes

5.2. Evolution of the MFPADs as a function of the ion kinetiéhduced by the SR will be discussed separately. Fidibe

energy using Legendre polynomial expansion displays the evolution of th®_ o) andDy (g0 coef cients,
withL = 0, 2,4,6, for DPI of H (a), (b) and B (c), (d) recorded

An ef cient way to synthesize the evolution of the MFPADsat SOLEIL at a photon excitation energy = 31.98 eV. As
as a function of th&. ion kinetic energy is to take advantag&jiscussed above, the isotope effect when moving frantoH
of the partial-wave expansion of tHén( ¢) functions as D, is most clearly observed for the parallel transition, where
described in equatiori), and plot the evolution of th€.n  the maximum of th® o ) cross section is reached for a higher
dynamical coef cients. Consistent with the presentation of the, kinetic energy for H (Eq+ 6 eV) than for B (Ep.
MFPADs forthe = 0 and = 90 molecular orientations 3.5 eV), with a dominant contribution of @ partial wave
in section 4.1, we present here the coef cients of the Legendfehoth cases. ThBog0) cross sections are quite similar for
polynomial expansion of thé - (¢ and! =90 (¢ H,and Dy they both display two maxima, the strongest around
MFPADs. For simplicity,l - g0 (  E:) is reduced in this E, 6 eV, with a large contribution of d partial wave
section to its main contribution: re ected here by a negati4go ) parameter.
- & 1 These characteristic features are quite well identi ed at
D=0 (e Be) = Fool e Be) S 3Rl o Ev) ®) the same level of the analysis for the DPI reactions induced
which corresponds to the expression Iofgo (e, e E+) by H21 fs pulses. This is illustrated in gurkl for the major
averaged overe. D (o) andDy (g0 coef cients, where they are compared with
Under such conditions, both - ¢ ( ¢) andl - o0 ( ¢) those measured at the closest photon excitation erfergy
expand in terms ofP° (cos ¢) Legendre polynomials 31.98 eV at SOLEIL.
involving then a set oD, single index dynamical parameters,

according to 6. Conclusion

2lmax
lx=0/x=90 ( & E+) = Di(0o/90)(E+)PL[cos( e)], (6) We have presented a comparative study, in a VC experiment,
L=0 of DPI in Hy, and Dy after single photon excitation in the
where | hax is the maximum angular momentum considere®; andQ, DES region by XUV pulses around 32 eV, provided
in the partial wave expansion. Hekg.x = 3 corresponds to either by a femtosecond HHG source at a 1 kHz repetition
the inclusion of up tof partial waves. The evolution of therate, or by synchrotron radiation at SOLEIL (ps pulses at

11
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(a) (c)

(b) (d)

Figure 10. Evolution of theD, o y andDy (90 y Legendre polynomial expansion coef cients (see equati@ywith even L) for the

parallel and perpendicular transitions, resp., as a functi@ abn kinetic energy, for DPI of kl(a), (b) and B (c), (d) induced by an SR
photon ath = 31.98 eV. The normalization of the data is consistent with that of gurérror bars have a size comparable to the symbols
in the graph.

() (©

(b) (d)

Figure 11. Comparison of the dominaiit_  y andDy (oo ) coef cients identi ed in gure 10 obtained for DPI of H (a), (b) and
(), (d) induced by H21 (dots, purple) and SR photoh at 31.98 eV (triangles)D, ) (&), (), D290y andDygo ) (b), (d). The same
legends are used for tli# ) coef cients in (a), (c) and th®,o ) coef cients in (b), (d).
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