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Photoionization and photodissociation dynamics of H o after (3+1)
resonance-enhanced multiphoton ionization via the B '3} state
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1018 WS Amsterdam, The Netherlands

W. J. van der Zande
FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

(Received 3 August 1998; accepted 11 August 1998

We present a study of the molecular photoionization and photodissociation processes in molecular
hydrogen occurring after one-photon absorption from various rovibrational levéts3—22,J’

=0-3) of the B 12:(1509)(2pau) state using resonance-enhanced multiphoton ionization in
combination with high-resolution photoelectron spectroscdREMPI-PES. For one-photon
absorption from the’'=3-8 levels, molecular photoionization competes with photodissociation
into a ground-state atom and an atom in @2 excited state. A detailed comparison of the
photoelectron spectra obtained via different rotational branches and vibrational levels strongly
indicates that singly excited bour’rdlg and 1l'Ig Rydberg states at the four-photon level exert a
significant influence on the final state distributions gf.Hn contrast, one-photon absorption from
thev’=9 and higher levels leads almost exclusively to dissociation into a ground-state atom and an
excited-state atom with>2. Excited atomic fragments are ionized in a one-photon absorption step,
and excited-atom distributions over the energetically allowed values of the principal quantum
numbern are obtained. Simulations of these distributions suggest that excitation of dissociative
continua of bound'X j(1sag)(nsog), 'S4 (1sog)(ndog), and 'Iy(1sog)(ndmy) Rydberg

states may dominate over excitation of dissociative doubly exc’@g(Zpau)(npau) and
1Hg(2pa'u)(np77u) states when considering the dissociation dynamics after one-photon
absorption from the'=9 levels of theB-state. © 1998 American Institute of Physics.
[S0021-960698)00243-9

I. INTRODUCTION formed in ion storage ring devicés® Although these experi-

i 36
In the last 5 years, dissociative recombination has been Qents have enabled botlabsolut¢ cross sectioris® and

subject of extensive and detailed studies. In this process, fre%Od(;J,Ct sta_lte_ informaticrf .todk_)f? obltatl)ned, a deSfCI’I!]ptI(I).n Pf q
electrons recombine with molecular ions resulting in theln€ dissociation process is difficult because of the limite

breakup of the molecule into fragments. For molecular hyProduct state resolution of the imaging techniques employed
drogen, dissociative recombination at low electron collision™ Storage ring experiments. _

energies(<3 eV) can be pictured as proceeding in three The dissociation process is formally independent .from
stages:(i) electron capture into a doubly excited repulsive 1€ way the doubly excited state is formed. The dynamics of
curve of the neutral moleculéi) competition between auto- the dissociation process might .therefore also be investigated
ionization and dissociation along this curve, the so-calledhrough access of doubly excited states from below by a
survival process, and(ii) a long-range half-collision/ multlphoton. absorption sgheme. Indeed, REMPI experiments
dissociation process of the neutral molecule leading to tw@€rformed in the past via th DR | M
fragments. The first two steps determine the electron captufeF "¢ ,**7° B’ '3[ ,**¥ B" '3 ,?® and D 'I1,*>%
cross section; the last stage is responsible for the final proditates have amply demonstrated the influence of these doubly
uct state distributions. It is worth noting, that in spite of the€xcited states on the photoionization and photodissociation
apparent simplicity of molecular hydrogen, the half-collision dynamics of the molecule. The distinct advantage of such a
process is very complicated. As described by Chéipkaa ~ Multistep laser excitation scheme is that laser ionization of
discussion of multiphoton dissociation of,Hhis process is €xcited hydrogen fragments affords a considerably better
affected by a large series of interactions between doubly ex€esolution in the final-state distribution.

cited repulsive states and singly excited bound molecular In the present experiments the photoionization and
Rydberg states at large internuclear separations. This procegbBotodissociation  dynamics of molecular hydrogen
distributes fragment flux over many outgoing channels. For d/ave been investigated by {3l) REMPI via the
complete description, the couplings at edakoided cross- B lEj(lsag)(Zpau) (v'=3-22;3'=0-3) rovibrational

ing should be known and put in a multichannel treatnfent. levels, thereby probing in a stepwise manner the four-photon
Many of the rather recent dissociative recombination experienergy region between 125 000 and 150 000 trfi5.5—
ments, especially on molecular hydrogen, have been pett8.6 e\j. A priori considerations show that in these

0021-9606/98/109(19)/8319/11/$15.00 8319 © 1998 American Institute of Physics
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FIG. 1. Schematic potential energy diagram of molecu-
lar hydrogen. The' =3-22 levels of thé8 '3 state,
formed from the ground state with three photons, are
dissociated or ionized using a one-photon excitation via
the doubly excited repulsiv@;-stated’ of 'S, (dashed
lines) or 1l'[g symmetry(dashed-dotsor via the disso-
ciation continuum of bound Rydberg statésis (n

=3) and higher, dotted lingsA quasidiabatic repre-
sentation is presented, ignoring the interactions between
the Rydberg states and the doubly excited states. The
v'=3, 5, 8, 11, 14, 17, and 20 are indicated in the
B-state.
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experiments, one-photon absorption from the intermediatenodels, one in which photodissociation occurs exclusively

B 13 state may lead to various proces$€fy. 1). First, the  on the potential energy surfaces of doubly excited states, and
molecule can ionize to various rovibrational levels of theanother in which the dissociative continua of singly excited

ground ionic statéEJ(lsag). Second, doubly excited states Rydberg states are responsible for photodissociation.

with a (2pa,)(nI\) configuration may be excited. These

doubly excited states ca() autoionize to the ground ionic [l. EXPERIMENT

state, orfii) lead to dissociation of the molecule resulting in

a ground-state hydrogen atom and an excited aton By The experimental setup has been described in detalil

h . ) o ) previously?® Briefly, the laser system consists of a Lumonics
e e e HYpErDYe-500 cye lsetbarchrdth 008 o) peratin
yinp on Rhodamine B, Rhodamine 6G, or Coumarin 540A, which

. . 1 + . - . . _
experiments via th8 *3 | state, is that the dissociation con is pumped by an XeCl excimer lasérumonics HyperEx-

tinua of singly excited bound Rydberg states of the type . .
(1so,)(n"IN) are excited. One of the aims of the present460) operating at 30 Hz. The dye laser output is frequency

4 . . doubled in a Lumonics HyperTrak 1000 unit using a BBO or
study is to elucidate the role of these states in the one-photolgD*P crystal, resulting in 10 ns pulses with a maximum
. . . . . . . + y
gpa(z(tamomzatmn and dissociation dynamics of tBe'X energy of about 15 mJ. The laser light is focused into the
' . S . ____ionization region of a “magnetic bottle” spectrometer by a
. .In our experiments, both molecular ionization and d|s§o- uartz lens with a focal length of 25 mm. Electrons are col-
ciation into a ground-state hydrogen atom and an excite ?Cted with an efficiency of about 50%. Analysis of their

fragment are observed. Under the employed eXpe”mem%inetic energies is performed with a time-of-flight technique

conditions, all excited fragments are ionized by further 0N~ 1owina an enerav resolution of about 10 meV at all kinetic
photon absorption. The identity of the excited atoms is es- 9 gy

tablished using kinetic-energy-resolved photoelectron spe%r:zel\r/lg;??iams”_i?ng esxccai\tlg dv;?;ecszag]?rk?te%# sing XB
troscopy with a resolution of about 10 meV, allowing ypton.

principal quantum numbers from=2 ton=8 to be distin- In the ionization chamber of the spectrometer, two grids

guished. The same technique concurrently enables us to dg[e installed which enable the application of dc or pulsed

. ) o €lectric fields. In the case of excitation via thé=3-8
termine the internal energy distribution of the generated mo-. " . : L
. . . . vibrational levels of the B state, a negative static fieldLO
lecular ions with rotational resolution.

. V/cm) w in order t tect the very slow electron
Our photoelectron spectra demonstrate that absorpti fem) was used in order to detect the very slow electrons

op R L L
ormed in direct ionization processes. Apart frdkinetic-
from thev’=3-8 levels of theB '3[ state leads to both P part frd

molecular photoionization and photodissociation into anenergy-resolve)d electron detection, the spectrometer can
: ; ... . also be employed in a mass-resolved ion detection mode b
H(n=1) and H=2) pair, the only accessible limit in this pioy y

: S . _application of appropriate voltages to the grids in the ioniza-
energy region. The observed _d|str|_but|on_s over the row_bration region. Used in the latter way, the spectrometer has,
tional levels of the molecular ion give evidence for the im-

ortance of singly excited Rydberg states located at the fourhowever, a lower collection efficiency.
p \9ly y gsta H, (99.9995%, Air Liquide was effusively introduced
photon level in the proper description of the molecular.

o . X into th rometer.
photoionization dynamics. For absorption frar=9 levels to the spectromete
of the B 13 state, mostly photodissociation fragments are
observed. The distributions over the possible values of thle”' RESULTS AND DISCUSSION
principal quantum numben observed for absorption from Three-photon excitation spectra of tBe'> state were
the v’ =9-22 levels will be discussed in the light of two obtained by scanning the laser wavelength and by monitor-
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1 0 vt FIG. 2. MPI-photoelectron spectra obtained following
5 3 1 5 3 1 N¢ three-photon excitation of the 3. (v'=3-22) lev-
els via theR(1) rotational transitions.
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ing either the H andH ion channels, or an energy-selectedtion of molecular hydrogen, in agreement with previous
part of the electron current. The measured positions of thegigsults:® The photoelectron spectra for ionization vid
resonances were found to be in good agreement with the datal4 and 16 might seem to be at odds with this conclusion,
of Wilkinson° Dabrowski and Herzberdf,and Namiok&?  since they exhibit rather large peaks on the low-energy side,
Photoelectron spectra were recorded for ionization via sewvhich result from molecular ionization. However, these
eral rotational branches. The spectra obtained for ionizatiohigherH; yields can be explained by the observation that
after excitation of they’=3—-22 vibrational levels via the the R(1) transitions to the’=14 and 16 levels are nearly
R(1) transition are shown in Fig. 2. coincident with the three-photon transitions to t8e'Il,
Inspection of the spectra depicted in Fig. 2 clearly showg1soy)(2pm,) v' =3 and 4 levels, respectively. As demon-
that the absorption of an additional photon fr@ms (v') strated previousk}**and confirmed by the present experi-
levels leads to a number of competing processes. The photoaents, one-photon absorption from tie!ll, state leads
electron spectra obtained for ionization \,ﬁhlzj vibra-  predominantly to molecular photoionization, with the disso-
tional levels up tov’=8, for instance, are dominated by ciation pathway playing only a very minor role. The *slow”
peaks arising from a molecular photoionization procesphotoelectrons observed for' =14 and 16 should conse-
yielding H; in the various accessible vibrational () and  quently be attributed to molecular photoionization via the
rotational ") levels of its electronic ground ionic state C 'II, state, while the excited hydrogen atoms result pre-
X 2% . Apart from molecular ionization, a competing dis- dominantly from excitation of th® '3 [ state. Apart from
sociation process leading to excitedrH{2) atoms, which  photoelectrons deriving from these two processes, ithe
are subsequently ionized by one-photon absorption, is alse 14 and 16 spectra also show signals at 2.05 and 2.12 eV,
visible in these spectra. The width of the2) peak is respectively. These signals are not connected with ionization
due to the large kinetic energy of the H fragment€).9  of molecular or atomic hydrogen, since they did not vanish
eV/H-atom. when the hydrogen gas inlet was closed. The origin of these
For ionization via the vibrational levels up @' =8, peaks is not understood.
dissociation plays a minor role, a situation which changes In the following, we shall first discuss the molecular
dramatically when ionization is performed via higher vibra- photoionization process, which can be observed for ioniza-
tional levels. Figure 2 shows that, above tive 3 threshold tion via the vibrational levels up to’ =9. Subsequently, the
(v'>8), dissociation in fact dominates over direct ioniza- dissociation process will be considered.
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A. Molecular photoionization available to it. Therefore, in our experiments the photoelec-

tron spectra show either formation of odd or ew¢h levels,

For ionization via thev’=3-8 levels of theB '3 i rization of orth h ivel
state, the photoelectron spectra exhibit well-resolved rota‘-jue to |on|zat|pn of ortho-or para-hydrogen, respe_ctlve y-
Conservation of total angular momentum requires that

tional structure in the transitions deriving from molecular ) 2 ) ]
photoionization to the various accessible vibrational levels ifPartial waves are accompanied AfN= 1, while d partial

the ionic state. Comparable structure, though far less reéaves may lead to changes ofl and £3. In the first in-
solved, has been observed by Peittl? for ionization via stance, one might be tempted to derive the relative impor-
the R(3) andP(3) transitions to the’' =7 level. Rotational tance of thes andd partial waves from the intensities of the
selection rules predict that in the one-photon ionization proAN=*1 and *3 transitions. The results of aab initio
cess fromB 13 (v') levels, onlyAN+/=odd transitions ~ Study by Lynchet al** of the rovibrational branching ratios
should be allowed, wherAN=N*—N’ and/ is a partial ~ resulting from (3+1) REMPI via thev’'=7 level of the
wave component of the photoelectdnin an atomic-like B ', state have shown, however, that such an approach is
picture, ionization of the @, electron is expected to lead to not valid. Here it was found thaAN= =3 transitions are
s(/=0) and d(~'=2) partial waves. Accordingly, only largely suppressed as a result of dynamic interference be-
AN=odd transitions should be present in the photoelectroriween theds and d« channels, even though ttek partial
spectra. In thé '3 state, ortho-hydrogen can only exist in wave is in fact stronger than thepartial wave. As a result,
the N'=0,2,4... and para-hydrogen only in thé =1,3,5...  the photoelectron spectra measured for ionization via the
rotational levels. In the ioniX 22; state, ortho-hydrogen R(3) andP(3) transitions to the’'=7 level only exhibit

has onlyN*=1,3,5... and para-hydrogen o' =0,2,4,...  AN==*1 peaks.
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The photoelectron spectra obtained in the present study =3 transitions are completely absent. Although the two
for ionization via thev’'=3-8 levels of theB '3 state rotational branches lead to a different alignment of #e
demonstrate that the ionization dynamics as observed and2 level, one does not expect such large differences in ion-
calculated previously for ionization via tHe(3) andR(3) ization dynamics solely on the basis of a different initial
transitions to the ' =7 level are by no means exemplary for alignment.
the other transitions. For example, Fig. 2 shows that for ion- A final striking observation is that also, the vibrational
ization via theR(1) transition to thev’=3-6 andv'=8 branching ratios upon ionization may depend strongly on the
levels, AN=*+3 transitions are much weaker than thé&l rotational transition used to excite a particular vibrational
==*1 transitions, but are of similar intensity far'=7. level in the excited state. This is most apparent for ionization
Analogous behaviour occurs for ionizing transitions via thevia thev’ =4 level (Fig. 4). A previous study? found in this
P(1) transition to the various vibrational levels in the ex- case that ionization via the(0) andP(1) transitions leads
cited state(not shown; ionization via thev’ =7 level leads to dominant population of the* =1 level, while ionization
to dominant intensity in thA N= = 3 transitions, while these via theR(1) transition results in equal intensities of thé
peaks are significantly less intense for ionization via other=0 andv ™ =1 peaks. In the present study, these observa-
vibrational levels. tions are supported and extended. lonization via (&)

Surprisingly, the intensities akN= +3 transitions de- andR(3) transitions leads to a small*=0:v*=1 vibra-
pend not only on the initial vibrational level in the excited tional branching ratio; ionization via th&(2) transition
state, but also on the rotational level, as well as the rotationdeads to a large ratio. Moreover, we observe that a large
branch employed to populate this rotational level. Considery *=0:0 " =1 branching ratio is accompanied by a signifi-
for example, the spectra measured for ionization viatthe cant reduction of excited hi=2) fragments. Interestingly,
=7 level (Fig. 3. lonization via theP(1), R(1) and, to a when the photoelectron spectra are considered in order of the
lesser extentR(0) transitions results here in significant in- final energies reached in these experiments at the four-
tensities of theAN= = 3 transitions, while ionization via the photon level, i.e.,P(2), P(1), R(0), R(1), R(2), and
R(2), R(3),° and P(3)° transitions leads to dominakN R(3), it is clear that thev™=0:0" =1 branching ratio and
==+ 1 transitions. These observations are even more peculidhe amount of dissociation do not vary randomly, but show a
when it is realized that thR(1) transition, for which intense  maximum and minimum, respectively, around 127 100—
AN= =3 peaks are observed, populates the same rotationdR7 150 cm™.
level in the excited state as tH&3) transition, wheraAN All of the above observations indicate that the ionization
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dynamics depend sensitively on th®ur-photon level and these dissociativ’ezg and 1Hg states show that these
reached in the experimentsib initio calculations have factors do not vary enough to account for the observed rota-
shown that dynamic interference between the andd=  tional branch dependence of one particiBat> | (v') level.
ionization channels plays an important role in describing ion-These doubly excited states might, however, be involved in
ization from theB '3 /' (v’ =7) level3* The delicate balance an explanation of the’'-dependence of the photoelectron
between these two channels will certainly be electronspectra(vide infra), which involve a much larger range of
kinetic-energy dependent, but it is hard to imagine that thienergy.

energy dependence would be so large that a mere change of The fact that features observed in the photoelectron
a few 100 cm? in kinetic energy, as is occurring, for ex- spectra change so drastically over a relatively small energy
ample, when ionizing via thR(1) or theP(3) transition to interval strongly suggests that bound states at the four-
thev'=7 level, would make so much difference. Another photon level are of influence. At this energy level, vibra-
possible explanation might be found in the influence of distionally excited Rydberg states with)azEg(lsog) ionic
sociative Rydberg states converging upon &€ (2poy) core are present, which converge upoh levels of the
ionic state. For excitation of the levels investigated here, thground ionic state that lie higher in energy than the em-
only doubly excited states that can be accessed at the fouployed four-photon energy. From the point of view of vibra-
photon level are théE;(Zp(ru)z and lH(_l,(Zpau)(pru) tional overlap these levels are well accessible, since the po-
Rydberg states. Calculations of the Franck-Condon factorgential energy surface of th& 13! state is significantly
between the vibrational wavefunctions Bf'S [ (v') levels  different from that of the bound Rydberg states. Upon exci-
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tation of these states, the photoelectron spectra will notvell-resolved peaks up to=7, with a remaining peak cov-
merely display the photoionization dynamics of tRe'S, ering the region froon=8 to n=14. For spectra recorded
state, but also the decay dynamics of the bound Rydbergia v’ >18 levels well-resolved peaks are obtained for ex-
state. A complete unraveling of the influence of bound Ryd-ited hydrogen atoms with<<6, while an unresolved peak
berg states on the molecular photoionization spectra clearlgxtends to about=11.
demands, theoretically, the application of high-quaaityini- It is the purpose of this section to rationalize the ob-
tio calculations. In addition, eXperimental StUdieS, in WhiChserved H(]) distributions. These distributions reflect quanti_
B '3, (v') levels are excited by one-photon absorption andatively the number of atoms formed in the various Rydberg
subsequently ionized in a tunable one-photon absorptiogiates, i.e., we have to verify that all excited fragments
step, would be most welcome. present are ionized. The atomic photoionization cross section
is proportional ton~2 and tor~ 7~ "2 wherev is the photon
B. Photodissociation frequency®® The disappearance of the signal in the photo-
electron spectra at kinetic energies below thew limit

Figure 2 shows that dissociation occurring at the four-

photon level plays an important role in the one-photon excicould be a consequence of the fact that the ionization cross

tation dynamics from th& S state. After one-photon ab- section strongly decrease§ with incregsipg pringipal guantum
sorption from thev’ =3 to v’ =17 levels, excited hydrogen NUMber. In order to test this hypothesis, ionization cross sec-
atoms—on energy grounds accompanied by ground-state hjjons have been estimated for a number of values afid”
drogen atoms—are seen to be formed in all accessible Ryd@! @ wavelength of 37000 cm using the Born
berg states. One notable exception concernsnth@ frag- approximatioi® and using analytical wavefunctions. Both
ments, which disappear as soon as the3 dissociation methods are found to give cross sections of the same order of
channel becomes accessible. Energetically, one-photon aplagnitude. Combination of these cross sections with the em-
sorption from the next vibrational leveb (=18) allows dis- ~ ployed photon flux (1% photons/m-pulse for an energy of
sociation into an excited hydrogen atom witk<15 and a 1 mJ/pulse at 270 npthen leads us to conclude that ioniza-
ground-state hydrogen atom, whereas dissociation into ation of H(n=11) is saturated under the present experimental
values ofn is possible for absorption from higher vibrational conditions, if it is assumed that no fragments witt»4 are
levels. Not all of these states are actually observed: the phdermed. The influence on the ionization yield of the 1 T
toelectron spectrum obtained via th€ =18 level shows magnetic field in the ionization chamber of the spectrometer
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100

P(2) 126934 P(1) 126966
80
1 (S v An=2
_;—| m
20 42 N+ 31 N* 60 B n=3
H(n=2) ] W4
40 On=5
Hn=6
H(n=2) 20 1 Bn=7
Bn=8
0 T
WNEL LT AT
0 02 0.4 06 0 02 0.4 0.6 9 10 1
B(V) levels
R(0) 127052 R(1) 127099 FIG. 5. Experimentally obtained excited-atomriidistributions, estimated
by calculating peak areas of the various fragments in the photoelectron
1 0 v Hﬁ v spectra obtained_ following thrge-photon_(_excitation of Be'S) (v’
20 420 N 31 5 31 N+ =9-22) levels via thdx(1) rotational transitions.
H(n=2)
H(u=2) ciation limits are observed with the clear exception of the
e H(n=1)+H(n=2) dissociation limit as soon as the produc-
0 02 04 06 08 4 02 0.4 0.6 tion of H(n=3) is possible. A quantitative analysis of these
distributions is very complex. A logical starting point forms
RQ 127151 R@3) 127211 a calculation of the relative excitation probabilities of the
( ) - . .
1 0 - different doubly excited repulsive states. These states have
* s s i i i
J S I3 N R)J/rdberg ;:hrilracter and converge to the first _exuted state in
420 6 42 N- H; , the “3 state(see Fig. 1 The correlation of these
states with the various dissociation limits is nontrivial. The
H(n=2) presence of the bound Rydberg series results in a large num-
H(a=2) ber of (avoided crossings. Part of the double-well structures
e s J\'L found in Born-Oppenheimer calculations of tI"lEg+ Ryd-
2 02 04 06 0 YR 06 berg states is caused by the doubly excited repulsive charac-
ter (see also Ref.)2 Due to these interactions, dissociation
Electron kinetic energy (eV) Electron Kinetic energy (eV) flux will be distributed over more than one dissociation limit

. ) ._even if one doubly excited state is excited in the Franck—
FIG. 4. MPI-photoelectron spectra obtained following three-photon excita- . y
Condon region.

tion of theB '3 (v’ =4) level via various rotational transitions. The final . . L
energy(cm™Y) reached at the four-photon level is given for each rotational ~ We have decided to model the excited atom distributions

transition. in two separate calculation§) on the basis of cross sections
for excitation of the doubly excited repulsive states, de-
scribed in an uncoupled diabatic representation, @ndn

can be ruled out, since it becomes important only at mucﬁhe basis of cross sections to the dissociation continuum of

higher principal quantum numbets.The observation that singly excited Rydberg states. Both calculations describe, in

not all of the energetically allowed values ofare observed zeroth qrdgr, a one-electron translltlon/()\m—lsag) /1“0r
in the photoelectron spectra wid> 18 levels can thusotbe the excitation to.the doqbly excited states, am’{g
attributed to experimental conditions. Other points of con—(_ZpUU) for the singly excited Rydberg states.
cern might be the short radiative lifetimes of H{2 and 1) X 2EgThe relative transition probabilities have been
H(3p) fragments(1.6 and 5.4 ns, respectivéfy, and the calculated for excitation from thB '3 (v’) levels to the
large kinetic energies ai=2 atoms, which could result in accessible,lEJ(Zpau)(npou) and lHg(Zpau)(n pm,), re-
the disappearance of these fragments out of the focal volumgulsive states with dissociation limits up me<7. We calcu-
before being ionized. The cross sections for ionization oflated the integrald x«(R)D(R)x, (R)dR, where x«(R) is
H(2s), H(2p), and H(3), obtained at 30 000 cht by us-  the energy-normalized-nuclear wave function in the doubly
ing analytical wavefunctions, are 980" 2%, 1.1.107% and  excited state under consideratioR, (R) the vibrational
2.5.102° m?, respectively. These cross sections, combinedvave function of theB '3 (v’) level, andD(R) the one-
with the employed photon flux, give rise to such high ion-photon electronic transition moment. The potential energy
ization rates for Hl=2) and Hh=3) fragments that they curves for theQ; 125 states with HO=1)+H(n=2) and
can all be assumed to become ionized. We therefore cotd(n=1)+H(n=3) dissociation limits were taken from
clude that quantitative excited-atom distributions can indee@ubermanri/ The higher'S; states are simply obtained by
be derived from the photoelectron spectra obtained in theaising the R-dependent quantum defect of tHEg state
present study. By calculating peak areas, excited-atom distrivith the H(n=1)+H(n=3) dissociation limit with one for
butions have been obtained, which are depicted in Fig. 5. each successive state. The potential energy curves 6Htgle
Figure 5 reveals that most energetically allowed dissostates are calculated using tRedependent quantum defect
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100 179 52 143 315 131 66 138 113 67 53 39 3.6 =100% above the H(l=3) energy, a significant fraction of H(
=2) fragments is still found.The theoretical treatment in

80 1

q - that paper implies that the lowe§y, 'S state produces a

60 Bn=3 significant fraction of HG=2) fragments at energies above
Wn=4 the H(n=3) limit.2 The absence of H(=2) fragments in

40 A On=5 . .
Sns the present experiments has to be due to a mechanism other

20 | than direct excitation of the doubly excited repulsive states.

(2) The rapidly changing dynamics in the excitation
0

from the lower B-state vibrational levels were indicative for
the influence of vibrationally excited levels of singly excited
Rydberg states on molecular photoionization. This inspired
FIG. 6. Excited-atom distributions ] calculated for excitation via the us to calculate the influence of thevibra-

B IS, (v') levels, and assuming that dissociation uniquely occurs by exCitional continua of singly excited Rydberg states
tation of repulsive doubly excited states wiﬂi;(Zpau)(n po,) and . 1<+ 1w+

1l'[g(Zpou)(n pm,) symmetry. For dissociation via each vibrational level, \lNIth Eg (1309)(n50'g), Eg (1_309)(nd09)’ and.
the sum of the cross sections for the pathways leading to=) to H(n I4(1soy)(ndmg) symmetry on the final fragment-state dis-

=6) is set to 100% in the stick diagrams. The absolute value of this sum igribution. As mentioned earlier, these states can be accessed

iven at the top of the diagram for each vibrational level. ; g+

9 p 9 by one-photon absorption from tH& '3 state. We note
that the potential energy curves of tige!S | state differ
considerably from the bound Rydberg states. Hence, the

1 : _ _ . - overlal between the vibrational wavefunctions of
qf .the g state with the H|(1—1)+H(n—2? d|sso§|§t|on B1x +F()u’) levels and the vibrational continua is not neces-
limit. Calculations on the relevant electronic transition mo- u

ment have not been published. In the one-electron approxﬁarlly mlg:h slmaller. tr:jan thel \_/lbrzglodnbal overlap fo;\ltransrll—
mation this transiton moment is given by the tions to doubly excited repulsive Rydberg states. Also, the

(1s04|7|2po,) matrix element. These matrix elements are?P7u— (nSog,ndog,ndm) electronic transition moments
also the dominant contribution to th& '3/ (1ss,)? &€ not expected to differ by orders of magnitude from the
g9

_B 123(13%)(%0”) transition and thex 123(15%)2 1soy—(npoy,npm,) electronic transition moments in-
—C Ml (1s0)(2pm,). The X-B and X—C gtransition volved in the transition to doubly excited states. Excitation

moments may approximate theagnitudeof the transition Of these states has been ignored in previous studies on the
moments from theB state to the doubly excited states. The B ', state, even though it was concluded to be important
approximation becomes highly questionable at larger interin one-photon excitation studies from thd= 'S state?®
nuclear distances where the electronic character of the in- To put these arguments on a more quantitative basiS, we

volved states changes. These arguments, and the calculaiggve calculated the transition moments to the vibrational
internuclear distance dependence of the calculdteB and  -gntinua ofn=2 and higher Rydberg states. As we observe
X—C electronic transition moment§ Jed us to use transition hydrogen fragments, it is assumed thatrean’ Rydberg
moments, independglntff interr;uclealr d+istance, of 1.6 a.Yiate correlates with an excited n’) fragment. Model

and 11'0 a.u. for th 29(21p0+u) —B "2,(1s09)(2p0y)  pound Rydberg states have been made, assuming an R-
and "l4(2poy)(2pm,) —B "X, (180¢)(2poy) transitions. i,qanendent integral quantum defdsee Fig. 1 Constant

For transitions to the higher doubly excited statef; tgg eleCalectronic transition moments have been assumed. We have
;{/:/(r)]r(]alrce t:]in3|:éonthr202$fgistivc;an BZn?&ﬂednubn{b(gr ()) ¢ 'the used the electronic transition moments calculated for the

d GK I3/ (1s05)(3dog)—B and HH 3] (1s0)(3s0y)

15 (2poy)? or M (2po,)(2pm,) state, andn** is the
g u g u u ) i A
effective quantum number of the higher doubly excited statef_B transitions by Wolniewicz and Dreséf%rtalrg4ncztlgge

The distributions simulated with the above model areeqwhbnur_n s_epa_trann of thiB-s+tate. Lynchet a :
shown in Fig. 6. An important conclusion is that the higher—l"’r[ed_fOr lonization of theB °,, state tha? the elegtronlc
lying repulsive 'S and 11, states are excited from the transition moments to theso andedo continua are in the

g g

higher vibrational levels. Comparison of the simulated ancfatiO of about 1:7. Since this corresponds to excitatiom of

experimentally obtained distributions shows poor agreement_ > States, we assume that this ratio is equally applicable to

In particular, the simulations predict that ther#2) frag- fthe presgntly considereq states. Suppor.t for this assumption
ments should form an important exit channel. SimulationdS found in the calculations of Wolniewicz and Dressfer,
based upoR-dependenX—B andX—C transition moments where a ratio of 1:8 was found for the electronic transition
do not improve the qualitative picture at all. From these re-moments of th&G KB andHH < B transitions at the equi-
sults, in which interactions between doubly excited repulsiveibrium distance of theB-state. For transitions to Rydberg
and singly excited bound Rydberg states have been netates with higher principal quantum numbers, the electronic
glected, one may conclude that the |owb2§(2pgu)2 dou- transition moments are scaled in the same way as described
bly excited state correlates effectively with the t#1)  for the doubly excited states. Using the Wigner—Eckart theo-
+H(n=23) limit. rem andu, - =(IV2)(I |t |2*),* it is derived that the

Recent results on low-energy electron collisions withelectronic transition moment tadmy states is 1.6 times
H2+ (dissociative recombinatigrshow that at total energies smaller than that tmdo, states:

B(V') levels
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oo L 07 05 848245 041 161 284 782 98.0 693 514 =100% IV. CONCLUSIONS
1
80 . The photoionization and photodissociation dynamics oc-
@n=2 curring after one-photon absorption from several vibrational
601 Bn=3 levels of theB '3 state, populated by three-photon excita-
0 ;2: tion, were investigated by high-resolution photoelectron
=6 spectroscopy. The photoelectron spectra showed that absorp-
20 | tion from thev’=3-8 levels of theB 13 state leads to
o B oH 00 N L e 4§ N HR DR both molecular photoionization and photodissociation. In this
o 10 1 1B 14 15 16 17 18 19 21 22 energy region it is, in particular, the molecular photoioniza-
B(v) levels tion process which attracts attention. Arpriori unexpected

strong dependence of the vibrational and rotational branch-
FIG. 7. Excited-atom distributions 14} calculated for excitation via the ing ratios upon ionization was observed, which could only be
B I3 (v") levels, and assuming that dissociation uniquely occurs by exciationalized if excitation of bound vibrational levels of singly
tation of the vibrational continua of bound singly excited Rydberg states ited Rvdb tat t the four-phot | | tak
with 13! (1s05)(nsoy), 13! (1s0,)(nday), andT(1sog)(ndmy) sym-  SXClted Rydberg states at the four-photon level was taken
metry. For dissociation via each vibrational level, the sum of the crosdNt0 account.
sections for the pathways leading torH#2) to H(n=6) is set to 100% in For one-photon absorption from higher vibrational levels
the stick diagrams. The absolute value of this sum is given at the top of then the B 12+ state ¢ ’ =9), the molecular photoionization
diagram for each vibrational level. o

pathway is completely suppressed, and only molecular pho-

todissociation is observed. Furthermore, tive2 dissocia-

tion channel effectively closes down. Dissociation into all

211 other energetically allowed values of the principal quantum
(ndag| fif|2pay) (000) numbern has been found up.to HE14), a cutqff which
= =-1.6. does not seem to be determined by the experimental tech-
i (ndmy|it|2pay) - i ( 211) nigue but has to be determined by molecular properties.
) gl K u va | —110 The observed distributions have been compared with the

results of two model calculations. In the first model, photo-
The probability for formation of Hg) is calculated by mul-  dissociation is completely attributed to excitation of doubly
tiplying the Franck—Condon factor for excitation of the excited states. Although the agreement between experiment
Rydberg state with principal quantum numbemwith the  and theory is not very satisfactory, these calculations allow
squared transition moments o, ndoy, andndmy, re-  us to conclude that not only the lowest doubly excited state
spectively, and by adding these contributions incoherently. plays a role in the dissociation dynamics, but also higher-

The simulation of the excited-atom distributions follow- lying repulsive states.

ing from this mechanism is depicted in Fig. 7. The most  |n the second model, dissociation occurs by excitation of
striking difference from the previous model is that the con-the vibrational continua of singly excited Rydberg states.
tribution of H(n=2) fragments to the distributions is now This model gratifyingly reproduces the closing down of the
absent, in agreement with our experimental observationsy=2 dissociation channel, and suggests that the suppression
These fragments can, within the present model, only be proof the molecular ionization pathway for absorption frerh
duced by excitation of the vibrational continuum of the =9 levels is associated with the opening up of tie3
EF 12; state, but our calculations indicate that the Franck-dissociation channel. The model fails, however, in reproduc-
Condon factor for this pathway is negligibly small compareding the distributions over the other values. We note that
to excitation of the vibrational continua of=3 and higher quantitative agreement between experiment and this model
Rydberg states. This calculation also suggests that the clogan only be found if the interactions between doubly excited
ing down of the molecular ionization channel for excitation repulsive states and singly excited bound Rydberg states are
via B '3 (v'>8) levels, is due to the large cross sectiontaken into account. However, the present observations and
for excitation of the vibrational continua of tme=3 states in  calculations suggest that for one-photon absorption from vi-
comparison with that for excitation of the=2 states. Al-  prational levels withv’ =9 of theB 3 state the predomi-
though the dominant features observed in photoionizatiomant dissociation pathways may well arise from excitation of
and photodissociation are thus nicely reproduced, we noticghe vibrational continua of singly excited bound Rydberg

that with this model, cross sections for i 3) production  states, rather than from excitation of doubly excited repulsive
viav’'=9-11 are smaller than those obtained fonH(2) states.

and H(h=3) via the same transitions in the previous model

(see Fig. 6. and )? Quqntltgnvely the agreement with the ACKNOWLEDGEMENTS
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