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The kinetic energy spectra of deuterium ions produced from D, arising from collision-free subpi-
cosecond irradiation at 248 nm with intensities spanning the 10'*-10'-W/cm? range have been
measured by time-of-flight analysis. The behaviors of the kinetic energy distributions of the frag-
ments and the relative abundances of atomic (D) and molecular (D, ") ions reveal the presence of
two mechanisms of multiphoton dissociative ionization. Calibration of the energy scale for D™ is
facilitated by comparison with He?". For intensities in the 10'*~10'°-W/cm? region, intermediate
three-photon resonances and the optical Stark shift play important roles. At an intensity ~ 10'
W/cm?, a direct transition from the molecular ground state to the dissociative ionic level appears as
a significant channel. No evidence of direct double ionization was observed.

I. INTRODUCTION

Molecular hydrogen is among the most abundant ma-
terials in the universe,! occupies a central position in
quantum chemistry, and has attracted extensive experi-
mental and theoretical study concerning many aspects of
its structure and interactions. In particular, processes
causing dissociation and ionization of molecular hydro-
gen and deuterium, the former, a reaction of considerable
astrophysical significance, have been the subject of inves-
tigation for over 50 years.?

In the main, studies of dissociative ionization examin-
ing the kinetic energy distributions of the fragments and
the relative abundances of atomic and molecular ions
have been performed with electron impact.®~7 These ex-
periments provide valuable information concerning the
energy dependence of the oscillator strength® and the
Franck-Condon factor governing the overlap correspond-
ing to the transition from the initial bound state to the
continuum. In certain cases, experiments involving vacu-
um ultraviolet radiation, which serves as a more selective
means of excitation than the charged particle process,
have been performed.® !* The role of autoionizing
states has been a special topic of interest in this past work
and the experimental identification of these levels is now
quite well established & 14

Dissociative ionization arising from multiphoton pro-
cesses is the mechanism explored in the present study,
one channel of which is represented by the reaction

Ny+D,-»D+D"+e™ . (1)

An examination of the kinetic energy distributions and
abundances of the fragments, in conjunction with known
molecular data, enables an evaluation of the role of inter-
mediate resonances and two-electron effects on the dy-
namics'® of such multiphoton amplitudes.

II. EXPERIMENTAL PROCEDURES

In these studies of molecular fragmentation, a subpi-
cosecond 248-nm source!® was used to produce the exci-
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tation in a small focal volume under collision-free condi-
tions and the energies of the ions were measured with the
time-of-flight technique.® The range of intensity studied
spanned the 1013-10'-W/cm? region.

An accurate means for the determination of ion kinetic
energies was required for these experiments. In the case
of deuterium, it is convenient to utilize the small
difference in the charge to mass ratio that distinguishes
D" from He?" in order to provide a calibration for the
time-of-flight system. The determination of the energy
scale involves the use of the flight time of He’"
(M /g=2.0013 amu/e) as a fiducial in establishing the ar-
rival time of D" (M /q=2.014 amu) over a range of ionic
kinetic energies. This procedure has enabled the energy
scale to be defined with an absolute accuracy of +0.2 eV
with an energy resolution of ~0.5 eV.

Since the resolution of the instrument is degraded by
sources of temporal dispersion of the flight time, these
effects have been systematically examined. The causes of
temporal dispersion are (1) the electronic response of the
ion detector, (2) the molecular thermal energy, (3) the
finite spatial extent of the focal region, (4) the beam
pointing stability of the laser, and (5) the space charge as-
sociated with the ionized material. It was determined ex-
perimentally that the effect of space charge was the dom-
inant source of temporal dispersion.

The influence of space charge on the ionic trajectories
can be understood in the following manner. Immediately
after ionization of the neutral molecules in the focal
volume, the electrons are swept away by the ambient ex-
traction field leaving a localized cloud of mutually repel-
ling ions. For example, ions located at the periphery of
the focal region will experience an electrostatic force pro-
portional to the volume of the ionized material and, con-
sequently, will develop an increased kinetic energy. If
this potential energy is fully converted to kinetic form be-
fore entry into the drift tube, an additional width At in
the ion arrival times arising from this repulsion can be
shown to be both independent of the ion energy in the
drift region and simply related to the corresponding ini-
tial particle kinetic energy U, according to
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in which M and E denote the ion mass and extraction
field, respectively. As described below, this feature actu-
ally enables the spatial size of the ionized region to be de-
duced, provided that a suitable assumption is made con-
cerning the geometrical shape of the ionized volume.
Incomplete conversion of the potential energy to kinet-
ic motion before entering the drift region, however, leads
to an expansion of the spatial extent of the ion packet
during the drift phase. The width A7 is then given by the
resulting length of the ion distribution divided by the
average velocity of the particles, a relation expressed by

AT=(ATZecry)V (mp/U) 3)

T (2)

in which r; is the initial radius of the ionized region, U
the ion kinetic energy, p the gas density, T the total flight
time, c the speed of light, Ze the ionic charge, and 4 a
known constant with the value of 1.83X10° in c.g.s.
units. Since the quantity 7T scales as U 172 we have the
simple overall relation

ATU’:K N (4)

for an appropriate constant K.

The experimental data support the relationship ex-
pressed by Eq. (4). The temporal widths of the signals for
Ar™ and Ar*", measured with the conditions described
in the caption, are shown plotted versus 1/U in Fig. 1.
The energy U was varied by the application of a potential
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FIG. 1. Time-of-flight width A7 for Ar ions at 10% max-
imum signal amplitude plotted vs the inverse of the total ion en-
ergy at a gas pressure of ~107° Torr. These data were obtained
with a 25-cm focal length lens.
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that was independent of the ion extraction field. Al-
though the linear behavior expected from Eq. (4) is
present in the low-energy region (U <500 eV), a plateau
of essentially constant A7 exists at higher energies.
Significantly, the intercepts associated with the change in
the slope depend upon the ionic charge state, with Ar**
being below Ar*.

For the plateau, the width A7 is determined by the
nearly complete conversion of the potential energy into
particle velocity. From Eq. (2), the measured widths for
Ar*t and Ar?* correspond to kinetic energies of ~0.5 eV
and 0.09 eV, respectively. These measurements also give,
with the assumption of the spherical distribution of ion-
ized material, approximate values for r( of 94 and 60 um,
respectively, for Ar* and Ar?*. Significantly, it was also
found that the relative ionic abundances derived from
these spot sizes agreed qualitatively with the experimen-
tally observed yields.

Conversely, for the low-energy regime in which the
ions are allowed to drift relatively slowly, any residual
potential energy causes the ion packet to enlarge
significantly in the drift zone. From the linear region in
Fig. 1, the potential energy causing this additional width
is estimated to be ~ 1072 eV, a value small in comparison
to the kinetic energies stated above.

A specific case illustrates the experimental situation.
Measurements of He?" at a gas density of ~107% Torr
yield a measured temporal width of ~5 ns for the He?"
signal. This value is consistent with the convolution of
the contribution arising from the response of the detector
and the thermal distribution of velocities. When the gas
density was raised to ~1077 Torr, the linewidth
broadened to ~ 10 ns. The additional 5 ns of broadening
is attributed to the kinetic energy arising from the
influence of the space charge. Using this result to esti-
mate the focal spot size, a value of 32 um for the diame-
ter is obtained, a magnitude in reasonable agreement with
the experimental optical configuration.

With knowledge of these instrumental factors, the
molecular experiments described below were performed
in a regime for which (1) the density was sufficiently low
so that the space charge energy was small, and (2) the ion
energy was sufficiently high so that the expansion of the
ion packet was negligible.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The measured quantities, studied as a function of peak
intensity, were (1) the ratio of abundances of the atomic
(D") and molecular (D2+) ions, and (2) the kinetic ener-
gy distribution of the D™ ions. The experimental
findings are shown in Figs. 2 and 3 for the ionic ratio and
the energy distributions, respectively.

The behavior of the relative abundance illustrated in
Fig. 2 is broadly characterized by three regions. They are
(1) for the lower intensities studied, roughly equal abun-
dances independent of intensity, (2) a monotonic increase
in relative atomic abundance with increasing intensity,
and (3) a constant and high atomic ion fractional abun-
dance at the extremum of the intensity range (~10'
W/cm?).
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FIG. 2. Ratio of abundances of the atomic ((H*]/[D*]) and
molecular ((H,"]/[D,"]) ions for hydrogen and deuterium plot-
ted vs the 248-nm laser intensity.

Correspondingly, the main features of the kinetic ener-
gy spectra can be summarized as the following: (1) rela-
tively few ions below 1 eV for the entire range of intensity
investigated, (2) a prominent group of ions with energies
in the 1-3-eV range at low intensity, (3) a second group
of ions with energies spanning the 4-5-eV region appear-
ing at moderate laser intensity, (4) at the highest intensity
attainable (~10'® W/cm?), the observation of energetic
ions up to a maximum energy of ~7 eV.

We now consider the D™ kinetic energy spectrum ob-
served at low intensity (~10'*-10'* W/cm?). As an an-
satz for this regime, we assume that the system will
respond such that the lowest-order process available
governs the main pathway for the production of the ener-
getic ions. Therefore, the presence of near resonances for
intermediate states would be expected to enhance the am-
plitudes of the significant channels. Specifically, several
excited levels are present in molecular deuterium,!”!? at
an energy, with respect to the ground state, correspond-
ing almost exactly to three 248.5-nm quanta. Taking into
account the thermal (7=297 K) rotational populations
in the molecular ground level, the closest intermediate
resonances for the most populous states are D 'TI; (v =5)
and D" '} (v =0) with energy detunings of 200 and 276
cm ™!, respectively. Although these states both have en-
ergies slightly below that corresponding to three quanta,
even when the laser intensity is the minimum value used
in these experiments ( ~10'*> W/cm?), the optical Stark
effect!® can be sufficiently large to bring some of these lev-
els into resonance for a three-photon process. Once one
of these states is excited, several channels are open. They
are (1) predissociation, (2) radiative decay, (3) ionization
of the neutral system through the absorption of an addi-
tional photon, and (4) dissociative ionization from the ex-
cited state through the absorption of more than one
quantum.

With proper account for the difference in nuclear mass,
the predissociative lifetimes of the D states of molecular
deuterium are expected to be given approximately by the
measured values for molecular hydrogen.?’ This gives a
time on the order of a few picoseconds, a period some-
what longer than the duration of the ultraviolet pulse.
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Dissociation of the states in the ~15-eV region into the
D(21)+D(1s) channel will produce ions in the ~1-eV
range through subsequent ionization of the atomic prod-
ucts. Therefore, we expect the observation of ions in the
~1-eV energy range arising from irradiation at ~ 10"
W/cm?. Furthermore, since the dissociation and ioniza-
tion steps are rapid in comparison to radiative decay of
either the excited molecules or atoms,?! fluorescence
should be insignificant.

In addition to low-energy particles, ions with kinetic
energies in the 2-3-eV range are evident in the data
shown in Fig. 3(a). These may arise from direct multi-
photon dissociative ionization of the excited molecular
level, namely, reaction (1) commencing from an excited
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FIG. 3. Ion time-of-flight spectra of deuterium at (a) low
(~10" W/cm?), (b) moderate (~10' W/cm?), and (c) high
(~10'® W/cm?) 248-nm laser intensity. The gas pressure used
in these experiments was ~1077 Torr. The arrows mark the
positions corresponding to the arrival of the He?* at the detec-
tor, points which enable the establishment of the energy scales
for the deuterium ions. The intensity is sufficient to make the
He?* visible in (c). The lower scale represents the energy of
ions moving toward the detector and the upper scale denotes
the energy of the ions initially directed away from the detector.
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state. Since a three-quantum process is required original-
ly to produce the excited systems, any subsequent multi-
quantum reaction involving less than three photons, be-
ginning with an excited level such as the D state, is anti-
cipated to have significant strength. With the ansatz that
the vibronic wave function of the excited level is fully
developed, an assumption based on the relatively short vi-
brational period of the system?? (~20 fs) in comparison
to the ultraviolet pulse duration, the customary Franck-
Condon factors can be used to represent the overlap cor-
responding to the transition. This procedure, known as
the reflection approximation,?® has been widely used in
both single-photon'®!"24 and electron-impact™® studies.
Using this method, the most probable dissociation ener-
gies are determined by the intersections of vertical lines
with the 2po, dissociate curve located at the internuclear
positions corresponding to the maximum magnitude of
the Franck-Condon factor. For the D 'H,’f (v=>5) state,
this gives ion energies of 2.2 and 3.1 eV for a two-photon
dissociative ionization of the excited level, 4.0 and 5.2 eV
for a corresponding three-quantum process, and likewise
6.7 and 9.3 eV for a four-photon amplitude. Further-
more, if the free electron wave function is approximated
as a plane wave, in this energy range the electronic over-
lap is such that low dissociative energies are favored. As-
suming that the lowest-order process dominates, the ions
observed in Fig. 3(a) in the 2-3-eV range can be
identified as arising from an overall five-photon dissocia-
tive ionization with a three-quantum resonant enhance-
ment.

As the laser intensity is increased to a value of ~ 10'3
W/cm?, a new group of deuterium ions appears in the
4-5-eV range. Several possible mechanisms could ac-
count for the production of these more energetic ions.
They are (1) three-photon dissociative ionization from the
molecular deuterium D-state manifold, a process, as not-
ed above, that leads to ions in the 4.0-5.2-eV region, (2)
three-photon  dissociative ionization involving the
D" I} (v=0) level dynamically stark shifted into reso-
nance at an internuclear separation corresponding to
~1.05 A, (3) excitation to the D,>* curve from the
molecular D level by a six-quantum process at an internu-
clear distance of ~1.44 A, and (4) production of ions
from excited D, states at an internuclear separation of
~0.66 A. In the latter two cases, (3) and (4), deuterium
ions at ~9.3 eV associated with the 2po, curve are ex-
pected in addition to the 4—5-eV component originating
from the six-photon absorption. However, Fig. 3(b)
clearly shows that the ions are concentrated in the region
below 5.2 eV and virtually none are detected at higher ki-
netic energies. This experimental fact appears to rule out
these two possibilities. However, if we again introduce
the simplest ansatz that the lowest-order process has the
greatest strength, cases (1) and (2), involving only three-
photon amplitudes, emerge as the most likely processes
generating the 4—-5-eV group of ions. The participation
of process (1), however, implies that an appreciable
branching into that channel occurs even though the D
state suffers a competitive loss into a two-photon channel
and, furthermore, would be shifted out of resonance at
this higher intensity. On this basis, we conclude that case
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(1) is an unlikely candidate for the main channel produc-
ing the 4—-5-eV ions. The remaining mechanism involves
ion production through resonant enhancement of the
dynamically Stark-shifted D'’ state, case (2), at an inter-
nuclear separation of ~1.05 A, a region exhibiting a
large Franck-Condon overlap. Overall, this process in-
volves a resonantly enhanced six-quantum amplitude.

The discussion above indicates that the molecular
responses at ~ 103 and ~ 10'°> W/cm? are quite similar.
Both involve resonant enhancement of a three-photon
process, the former involving the D state while the latter
occurs through the D" level, both appropriately shifted
in position by the radiative field.

At the maximum intensity used, ~10'® W/cm?, D"
ions were detected up to an energy of ~7 eV, as shown in
Fig. 3(c). It is expected that the contribution arising
from the D’ state will decrease in this circumstance,
since it will be shifted out of resonance at this intensity.
However, higher-order direct processes are expected to
become observable at sufficiently increased intensities and
the group near 7 eV can be explained as originating by a
direct dissociative ionization from the D, ground state
X 12: to the D, 2po, level at an internuclear separa-
tion corresponding to the equilibrium value for the
X 12; state. With the vertical energy of the strongly
repulsive 2po, level at ~32 eV and the D' +D(ls)
asymptote at ~ 18 eV, the total dissociative energy of 14
eV shared equally by the two nuclei accounts for the 7-eV
energy observed. This reaction would involve a
minimum of seven quanta, the naturally occurring next
highest order process in relation to the five- and six-
photon processes described above.

A direct amplitude for double ionization represented
by

Ny+D,—D,*"+e +e~ (5a)
D*+D* (5b)

is allowed, in principle. For a vertical process,”> D ions
with a kinetic energy of ~9.5 eV would be produced.
Significantly, no ion signal was detected in that energy
range, a finding which eliminates this process as an im-
portant channel for the experimental conditions studied
in this work.

Finally, the relative abundances of the atomic and
molecular ions are easily understood in the context of this
description. A fraction of the molecules excited to the D
state at low intensity can occupy weakly dissociating lev-
els'® so that a subsequent single-photon ionization of the
excited system can be effective in producing bound D,*
ions. Eventually, as the intensity increases, both the
number of channels leading to dissociative ionization and
the corresponding rates grow, so that the production of
atomic ions eventually dominates.

IV. CONCLUSIONS

The behavior of multiquantum ionization of D, at 248
nm in the 103-10'-W/cm? range with subpicosecond ir-
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radiation reveals the presence of two mechanisms of dis-
sociative ionization. In the lower-intensity range between
~10" and ~ 10" W/cm?, intermediate three-photon res-
onances and the optical Stark shift play important roles
in determining the main channels of the molecular
response. At an intensity of ~10'® W/cm?, a direct am-
plitude from the ground D, state to the dissociative ionic
level appears as a significant channel. Finally, at the
highest intensity used, D' ions with energies ~9.5 eV,
which would be the signature of direct double ionization,
were not observed.
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