VOLUME 77, NUMBER 20 PHYSICAL REVIEW LETTERS 11 NVEMBER 1996

Two-Electron Dissociative lonization ofH, and D5 in Infrared Laser Fields

P. Dietrich! M. Yu. lvanov? F. A. llkov,* and P. B. Corkurh
!Institut fur Experimentalphysik, Freie Universitat Berlin, 14195 Berlin, Germany
2Steacie Institute for Molecular Sciences M-23A, National Research Council of Canada, Ottawa, Ontario, K1A OR6, Canada
3Centre d’Optique, Photonique et Laser, Université de Laval, Québec, Québec, G1K 7P4, Canada
(Received 12 February 1996

We present a quantitative physical model of above-threshold dissociation of homonuclear molecular
ions in intense midinfrared laser fields. This allows us to describe self-consistently all three processes
that occur during dissociative ionization of, land D, (ionization of the neutral molecule, dissociation
of the molecular ion, and its secondary ionization) using a semiclassical approach. The kinetic energy
spectrum of the dissociating fragments is obtained and analyzed. [S0031-9007(96)01645-6]

PACS numbers: 33.80.Rv, 82.50.Fv

We develop a quantitative physical model of the dis-culating intense-field atomic above-threshold ionization
sociation of homonuclear molecular ions (e.gz,)Hn in-  [4] and molecular dissociation thresholds [5,6]1atum.
tense midinfrared laser fields and show how laser-induce@he physics of above-threshold dissociation in the long-
electron motion influences the nuclear dynamics. Fowavelength limit is as follows. At small internuclear
homonuclear ions which do not have a permanent dipoléistances the electron instantaneously responds to the os-
moment, above-threshold dissociation is not analogous taillations of the external field (r) = E, cosw?, tending
well-studied above-threshold ionization of atoms, but ao flow towards one nucleus or the other. Averaged over
qualitatively different physical process. Energy accumu+the laser cycle, that results in a net force pulling the nuclei
lation by the dissociating nuclei occurs at small internu-apart. For a dissociating molecular ion, this is the stage
clear distances through the induced dipole moment. Ituring which the nuclei gain energy from the laser field.
is halted at larger distances, when the electron tunnelings the internuclear separatiaR increases, the electron
time between the dissociating nuclei becomes too longan no longer adiabatically respond to the electric field.
for the electron to respond to the oscillating electric field.Physically, the internal potential barrier between the two
Giving a clear understanding of the underlying physics ofhuclei increases, and tunneling of the electron through
above-threshold dissociation is the main aim of this papeithe barrier during the laser cycle becomes exponentially

Development of a complete self-consistent model ofsmall. Tunneling is even more suppressed by the intense
two-electron dissociative ionization of,Hand Dy, includ-  laser field [7]. As a result, the electron localizes near one
ing both the firs(H, — H5 ) and the secontH; — H3")  of the nuclei, leaving the other nucleus oscillating in the
ionization steps, is the second aim of this paper. Signaaser field. Averaged over the laser cycle, the net force
tures of different aspects of the dissociative ionization argulling the nuclei apart decreases exponentially with
identified in the kinetic energy spectrum of the molecularThis completes above-threshold dissociation: No further
fragments. energy is absorbed from the laser field.

A self-consistent model is important because intense- The same physical processes are also important for the
field experiments start with neutral molecules and meaalignment dynamics. As long as the electron adiabatically
sure the kinetic energy spectrum of the charged fragmentsesponds to the oscillations df, cosw?, the induced
Therefore, in the case of Hor D,, one has to include dipole momentu(E) follows the electric field and the
the ionization of both electrons and the nuclear dynamu X E force tends to align the ion during the whole
ics. Suchab initio calculations far exceed the capacity of laser cycle. Electron localization freeza$E ), and the
modern computers. Excellent recent work [1] on intensew X E force, averaged over one laser cycle, becomes
field dissociation of B and HD" at 10 «m does not in- equal to zero.
clude either of the two ionization steps. The fabtinitio We now present a mathematical description of disso-
study to include dissociation of H together with its sub- ciative ionization. In the first step, the neutral molecule
sequent ionization (one ionization step) [2], is limited tois ionized. We use standard tunnel ionization models [8]
UV and visible frequencies. The Floquet picture, successshown to accurately describe ionization of small neutral
fully used for moderate laser intensities and wavelengthaolecules [5]. lonization is a vertical transition and is
A =1 um][3], can, in principle, be generalized to include calculated at each phase of the laser field.
both ionization steps. However, it becomes impractical in To describe the second step of dissociative ionization,
intense(/ ~ 10'* W cm™2) midinfrared(10 um) fields. we use classical mechanics for the motion of the nuclei

The long-wavelength limit offers a major simplifica- while treating the electron dynamics quantum mechani-
tion in the treatment of dissociative ionization. It allows cally. An ensemble of trajectories is launched on the
us to use the quasistatic model, so successful for calewer quasistatic ionic surface given by Eq. (1) (see
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below). The initial conditions are thus given by the The transition probability?,..,s(R) is shown in Fig. 1(b).
initial internuclear distances and velocities on the neutraWhen P.,,;(R) reaches unity, electron localization is
vibrational ground state, weighted by the laser phaseomplete and energy gain ceases. Instantaneous transi-
dependent ionization rate and the ground state vibrationdlons between the quasistatic surfaces introduce a stochas-
wave function of the neutral molecule. We also take intatic aspect to the dynamics in the intermediate region [see
account that the ionization rate & dependent owing to Fig. 1(b)]. At largeR, whereP(R) = 1, the force on the

the R-dependent energy of vertical transition to the lowestmolecule is again deterministic and describes wiggling of
guasistatic ionic surface. the ion in the laser field.

We now formulate the quantitative model of above- To derive Py.,s(R) we note that, at small internuclear
threshold dissociation. For,H(D5) only the two lowest-  distances, iw < AE;»(R) and Vy(R)iw < AEL(R),
lying potential surfacesr, ando,, have to be considered whereVy(R) = wu(R)ZE(r). Under these conditions, tran-
[1,2]. Strong charge-resonance coupling with transitiorsitions between the quasistatic stafgs (R, r) are negli-
matrix elementu(R) =~ eR/2 [9] mixes these states and gible [13]. For H and intensities of som&'3> Wcm~2,
is responsible for the dissociation of the molecular ionthis is the case foR < 0.3 nm [see Fig. 1(b)]. AsR
ina10 um laser field [5,6,10]. The quasistatic potentialincreases, we reach a region Wh&¥E% (R) ~ Vo(R)hiw
surfaces are given by and nonadiabatic transitions become important. For in-

0 0 > tensel0 wm light in this region of internuclear distances,
Eio(R, 1) = Ei(R) + E;(R) T \/AED(R) + V2(R,1).  Vo(R) > AEp;(R). There itis convenient to rewrite the
’ 2 4 Schrodinger equation in the badig = (1) + [2))/4/2
(1) and|r) = (|1) — [2))/v/2. These states correspond to
i , the electron staying either with the left or the right nu-
E12(R) are the field-free ground (gerade) and excited  ¢jo,5  Equations for the probability amplitudes in the
(ungeradeo,) potential surfacesV (R, 1) = —u(R)E (r) states|/) and |r) immediately show that the transitions
is the coupl|r(1)g betwe%n thenE (1) = on(t)_ coswt, and between|l) and |) occur when|2V(R.1)| = AE»(R).
AE;(R) = E>(R) — E{(R). In a strong field the bond compined with the conditiofy(R) > AE»(R), it means
is weakened [11] [see Fig. 1(a)]. This is the |0n9'|c05a)t| < 1, justifying hopping at zero field.
wavelength limit of the bond softening picture [12]. As ExpandingV (R, 1) near coses = 0 for the probability
long as the dissociating ion stays on the lower quasistati;a.]r(R) of transition between|/) and |r) during one
surface,.it gains the energy from the field, see Fig_. 1(6,‘)passage through cas = 0 we obtain the Landau-Zener-
F_or a given surfa_ce, .the force on the mole_cular ion isype formula:P, (R) = 1 — exg —y(R)], where
given by the derivative—0E;(R,t)/oR and is purely
deterministic. y(R) = wAE}L(R)/4hwVo(R). (2)

The probability for nonadiabatic transitions between therransforming back to the quasistatic bash, is the
quasistatic potential surfaces is critical. In integum  probability of staying on the same quasistatic surface.
light, these transitions occur at quite largeand near  consequently, the probability of nonadiabatic transition
zeros of the instantaneous field, eos=~ 0, see below. petween the quasistatic statéisring one laser half cycle
is Ptrans(R) =1- Plr(R) = eXF[_')’(R)]-

In our semiclassical approach we neglect interference
between transitions that can occur during successive laser
half-cycles. In a two-level system without nuclear motion
such interference is essential. However, in the 16 fs
(laser half-cycle) between the nonadiabatic transitions, the
nuclear trajectories on the upper and lower quasistatic
surfaces diverge, so that they do not overlap at the time of
the next nonadiabatic transition. Furthermore, for typical
kinetic energies of the dissociating fragmefRis~ 1 eV,
the R-dependentuclear phaseaccumulated during the
laser half-cycle isé¢(R,t) ~ 207. Hence, although
interference is present in principle, it is highly complex
01 02 03 04 05 and should average out.

R [nm] The third and final step needed to completely solve the
problem of dissociative ionization of Hs the ionization
FIG. 1. (a) Quasistatic potential curves for, HD;) with-  of the molecular ion. It has been studied recently [14—
S ot Cont o) o el 794 ©f 16], and we summarize the physical principles. fonza:
between the quasistatic states during one laser haiffion 1S most eff|C|ent from the upper quasistatic surface,
cycle. A=10pum, I=13x103Wcm?2 (dashed) Whose population depends critically on the electron lo-
andl = 3.3 X 10" Wcm™2 (solid). calization. If the molecular ion is on the upper surface,
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the electron is in the upper well of the quasistatic poten-
tial U(x,R,E) = —Qe/|x — R/2] — Qe/|x + R/2| —
¢E x, where the nuclear charg® = ¢ in our case. Then,
for sufficiently largeR, the electron tunneling to the con-
tinuum occurs directly through thiener barrier between
the wells of U(x,R,E) [14—16] in acombinedelectric
field of the laser and the adjacent atomic ion [14]. To im-
plement this effect in our quantitative analysis, we obtain
an analytical formula by mapping [14] ionization from the
double-well potential/ (x, R, ) to a well-known atomic
tunnel ionization problem [8]. To first approximation,
this results in introducing an effective ionization poten-
tial 7, .r(R, £ ) and an effective electric fiell. (R):

I/J,I(R) + Ip,Z(R)
2
_ Qe
IR — xol

_ 0

Ip,eff(Rs f) =
Qexg

IR — xol*’

lution.

®3)

wherexg = xo(R, E) is the top of the barrier between the
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FIG. 2. Kinetic energy distribution of fragments after dis-
sociative ionization of K (dashed) and P (solid) with
10 um, 2.5 ps laser pulses, smoothed with05 eV reso-

(a)—secondary ionization not included, (b),(c)—

secondary ionization included! = 8 X 10> Wem™2 (a),] =
6 X 108 Wem 2 (b),7 =1 X 10" Wem™2 (c).

wells and/,;(R) are the field-free ionization potentials in Fig. 3, which depicts the intensity dependence of the
from gerade and ungerade states. In our calculationgiean fragment energy for bothldnd .
for each laser phase we use standard atomic dc tunnel Figures 2(b) and 2(c) show the modification of the

ionization rates [8] with/,, .y and E.¢r given by Eq. (3),

kinetic energy distribution due to secondary ionization

and also take into account tunneling through the outeWhich peaks strongly neat ~ 0.4-0.5 nm, where tun-

barrier ofU(x, R, E ), calculated according to [5].

neling through the inner barrier di/(x,R, E) directly

We now concentrate on the results of our calculationsto the continuum is most efficient. Passing through this
For clarity, we assume the molecule to be aligned alongcritical” region of internuclear distances, molecular ions

the laser electric field. Both theory [1] and experiment
[10,17] show this to be a good approximation: Only
aligned fragments are typically observed.

All calculations were performed using a Gaussian pulse
of 2.5 ps full-width at half maximum. We launched 2000
trajectories for intensities above X 10'* Wem™2 and
increased this number with decreasing intensity up to
6 X 10° at the lowest intensity used. In the numerical
code, transitions between the quasistatic states occur at
coswt = 0 if Puas(R) = exd—vy(R)] is larger than a
random number. If secondary ionization is neglected, the
trajectories are calculated up®o= 1 nm from where the
molecular potential is negligible. If secondary ionization
is included, the calculations are extended to 10 nm to
obtain accurate kinetic energies. The final energies are
calculated taking the laser field turnoff into account.

Figure 2 shows the kinetic energy spectra of the frag-
ments after dissociative ionization of,Hand D,. In
Fig. 2(a), secondary ionization is not included in the cal-
culations whereas Figs. 2(b) and 2(c) illustrate its impor-
tance for dissociation im0 wm light. Without secondary
ionization the mean energy is approximately given by the
energy difference on the lower quasistatic surface between
the peak of the barrier [Fig. 1(a)] and the region where”
electron localization occurs [Fig. 1(b)]. This energy dif-

Efrag [eV]

IG. 3.
of fragments after dissociative ionization of ,Hand D
with 10 um, 2.5 ps laser pulses. As in Fig. 2(a), secondary
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Intensity dependence of the mean kinetic energy

ference increases with increasing the laser field. Our traonization is not included to illustrate the physical mechanism
jectory calculations support this interpretation as showrof the above-threshold dissociation.
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stronger for B, since the heavier deuteron needs longer

time to move through the region of efficient ionization.
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