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Isotope effects and bond softening in intense-laser-field multiphoton dissociation of Hz+
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Isotope efFects in the Hz+-Dz+ fragmentation by intense laser fields o6er the possibility of a multipho-
ton interpretation of the bond-softening mechanism. Surprisingly, the calculations indicate that the
one-photon dissociation of D&+ is favored with respect to that of H&+. This cannot be understood, as
has previously been done, by a single-photon mechanism following tunneling through a lowered poten-
tial barrier, obviously more transparent for the lighter H& . It is rather a competition between this

single-photon mechanism and a five-photon mechanism which is suggested for a more realistic interpre-
tation.

PACS number(s): 42.50.Hz, 33.80.Gj, 33.80.Wz, 34.50.Rk

An increasing amount of attention has recently been
devoted to the photodissociation dynamics of molecules
in intense laser fields [1]. Molecular hydrogen ion
represents the model system for these studies because of
its simple and well-known structure, involving within the
Born-Oppenheimer approximation only two electronic
states, namely the 'Xs+ ( ls o s ) ground and the
'X„+ (2po „)repulsive excited states. The "nonresonant"
dissociation with 329.7 nm radiation leads, when the in-
tensities range between 10' and 10' W/cm, to above-
threshold-dissociation (ATD), bond-softening (BS), and
vibrational-trapping (VT) mechanisms. The absorption
of more photons than the minimum number needed for
dissociation results in a series of peaks separated by the
photon kinetic energy (ATD) [2—5]. Molecular poten-
tials distort, via the strong dipole interaction, as the laser
intensity is increased, causing the field-induced avoided
crossing gap to open up. This results in an unstability of
any ion with vibrational energy within the gap (BS)
[4—6]. In some specific cases, the laser may, on the con-
trary, confine the system in a finite spatial region by trap-
ping it in a bound vibrational level (VT) [5,7].

Isotopes (Hz+, Dz+ } may show quite different

behaviors with respect to nonadiabatic radiative cou-

plings, such as barrier lowerings and trappings which
monitor the aforementioned multiphoton mechanisms

[8]. Recently, they have experimentally been addressed

by Yang et al. [9] who measured different above-
threshold dissociation branching ratios for Hz+ and Dz+
over a wide range of laser intensities (8X10"—4X10'
W/cm for 532- and 527-nm wavelengths and 50-ps and
10-ns pulses). Their results are in qualitative agreement
with the bond-softening model and show, in particular, a
higher two- versus one-photon dissociation ratio for the
heavier isotope.

In this Brief Report we analyze the dissociation of Hz
and its isotope D&+ when subjected to intense
continuous-wave cw lasers (10 —10' W/cm ) for the

widely studied 329.7-nm wavelength corresponding to a
resonant three-photon absorption. A special emphasis is
put on a detailed understanding of the bond-softening
mechanism with respect to the total number of photons it
involves. As will be shown, the different behaviors of the
isotopes may somehow enlighten the discussion concern-
ing the competition between the two possible fragmenta-
tion pathways: either a one-photon process through a
barrier-lowering mechanism or a five-photon process,
which is nothing but a three-photon absorption followed
by two consecutive photon emissions [10,11]. The initial
state for all isotopes is the (v =0,j = 1) rovibrational lev-
el of the ground electronic potential. As has often been
the case in recent works, any change in the rotation
quantum number due to the interaction with the field is
neglected [7]. It is worthwhile to point out that, for this
level, even at 10' W/cm, ionization still remains negligi-
ble [12]. Thus, molecular stability with respect to dissoci-
ation is not affected by the ionization. The potential-
energy curves are given Morse-type representations [13].
The calculations are done in the so-called radiative-field

gauge (interaction in velocity form) [14] with the elec-
tronic transition moment also taken from Ref. [13]. The
method which is used is a time-independent full collision-
al treatment based on the introduction of two artificial
channels, as first suggested by Bandrauk and co-workers
[15]and as recently implemented for the Hz+ photodisso-
ciation case in a close-coupled-equation formalism [14].
This treatment is a generalization of Shapiro's work [16],
the first open artificial channel aiming to transform the
otherwise half-collision situation into a full co11ision and
the second closed artificial channel being the true iriitial
unperturbed (zero-field} molecular state, describing the
preparation step. The power of the method relies upon
the summation over field-induced resonances (even in the
case of overlapping) carried out in an indirect way, from
the scattering amplitude between the artificial entrance
channel and the final physical continuum [14].
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The outcome of the calculations are the relative proba-
bilities (or branching ratios) to reach fragmentation chan-
nels with three-, two-, or one-photon net absorptions.
The results, requiring the introduction of several Floquet
blocks for convergence to be achieved, as a function of
the field strength ranging from 10 to 10' W/cm, are
displayed in Fig. 1 together with the diabatic and adia-
batic potentials of the two main blocks illustrating the
different channels under consideration. As in previous
calculations [10,14], four regimes are depicted with
respect to the intensity.

(i) For weak fields (I &2X10 W/cm ), although with
very low efficiency, a one-photon mechanism prevails,
ending up in channel ~2po „,n ).

(ii) At intermediate intensities (2 X 109
W/cm (I&3X10' W/cm ) the dissociation basically
proceeds through the absorption of three photons, i.e.,
through channel ~2po „,n —2).

(iii) The strong-field regime (3 X 10'2

W/cm (I(7X10' W/cm ) is dominated by a four-
photon ATD process; namely the simultaneous absorp-
tion of three photons followed by the emission of one
photon leading to a net number of two absorbed photons
and ending up in channel

~
1sos, n —1).

(iv) At very high intensities (I)7X10' W/cm ) it is
again the one-photon channel which is dominating. An
interesting question, which has already been addressed, is
the understanding of the underlying mechanism. An ear-
ly interpretation relies upon a lowering and flattening of
the adiabatic potential barrier at the avoided curve cross-
ing occurring between the field-dressed ground and excit-
ed electronic potentials [3,4, 14]. This is mainly a single-
photon-absorption process and fragmentation results

from tunneling or bond softening. But it has also been
pointed out that another five-photon mechanism can
compete with the previous one; namely, the initial ab-
sorption of three photons followed by the emission of two
photons ending up in a net one-photon dissociation chan-
nel [10,11]. We claim that this discussion may at least
partly be clarified by referring to an isotope effect.

The analysis of the different behaviors of the isotopes is
carried out at five intensities pertaining to the
intermediate-, strong-, and very strong-fie1d regimes as
indicated by the arrows in Fig. 1. Table I gathers the re-
sults in terms of the branching ratios P&, P2, and P2 to-
wards dissociation channels corresponding to the net ab-
sorption of one, two, or three photons, respectively. A
measure of the efficiency of the dissociation via three-
photon (or two-photon) versus the two-photon (or one-
photon) channels is the ratio R 32 (or R z, ), i.e.,
R;~ =I', /P~. Their values are indicated in the last column
of Table I. As an interpretative tool, we are referring to
the simple Landau-Zener (LZ) semiclassical theory by re-
calling that the LZ probability 8;" for a transition be-
tween diabatic channels i and j is inerely given by [17]

2m. V,J

where VJ, bF;, and U are the coupling (radiative in the
present case), the difference of slopes of the potentials,
and the classical velocity at the crossing point. Although
not valid for high intensities and in particular in cases
where the coupling is not localized at the curve crossing
region, this formula indicates, at least, that the heavier
isotope D2+ with less velocity behaves more adiabatical-
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FIG. I. Branching ratios of H2+ as a function of the field strength over the range 10s 10' %'/cm for a photon wavelengt
A, =329.7 nm. Crosses denote the one-photon channel, squares the two-photon channel, and triangles the three-photon channel. The
upper vertical arrows indicate the intensities for which the results of Table I are obtained. The inset is a plot of the diabatic (full line)
and adiabatic electron-plus-field potentials (dotted line) of H&+ with a field intensity of 1.4X 10' W/cm and the same wavelength.
The channels bear two labels: one for the electronic degree of freedom (i.e., Iso ~ or 2pcr„) and the other for the Seld (i.e., the photon
number n).
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TABLE I. Branching ratios P„P2,P, (in %) towards channels asymptotically describing the net ab-
sorption of one, two, or three photons for five intensities (I in W/cm ) and for the two isotopes H2+
and D,+, at A, =329.7 nm. R» (and R» ) are the ratios of dissociation via three-photon (or two-photon)
versus the two-photon (or one-photon) channels.

I (W/cm )

2.85 X 10'

Isotope

H, +

D+

Pi (%)

&10 '

&10 '

P2 (%)

48.17

60.68

P3 (%)

51.78

39.32

R

1.07

0.65

3.52X 10"
H, +

+

&10 '

&10 '

55.40

68.23

44.60

31.74

0.81

0.46

1.40X10"
H, +

+

&10 '

&10 '

95.15

98.63

4.84

1.37

0.05

0.01

R2&

5.60X 10"
H, +

D+

35.50

44.80

63.70

54.91

0.46

0.29

1.79

1.23

8.80X 10"
H, +

+

69.80

81.24

29.10

17.93

0.60

0.40

0.42

0.22

ly, i.e., realizes in a more efficient way the diabatic jump,
than the lighter H2+.

Let us now consider the different cases.
(i) The upper panel of Table I corresponds to the inten-

sities of the intermediate and strong regimes where the
fragmentation process is monitored by the three- and
two-photon crossing channels. According to the LZ ar-
gument [Eq. (1)], the higher the radiative coupling V&z

and lower the velocity U, the more adiabatic the motion
is. This implies that, for a given intensity, the three- to
two-photon channel diabatic transition is favored for the
heavier isotope. The results are in conformity with this
model, i.e., R3z(Hz+))R3z(Dz+). The isotope effect is
even enhanced with increasing intensity; the ratio
R3z(Hz+)/R3z(Dz+) varies continuously from 1.65 at
I=2.85X10' W/cm to 5 at I=1.40X10' W/cm .
Another interesting observation is that for I=2.85 X 10'
W/cm the isotope substitution is at the origin of a popu-
lation inversion: it is the branching ratio of the three-
photon channel which dominates over the two-photon
channel for H2+ dissociation, while the reverse situation
occurs for D2+ which follows the adiabatic pathway
correlating to photofragments resulting from two-photon
absorption. The two other intensities (3.52 X 10' W/cm
and 1.40X10' W/cm } correspond, for Hz+, to situa-
tions where Pz is larger than P3 (from an almost equal
sharing of population for the lowest field strength, to
complete population transfer in channel ~1scr, n —1 ) for
the highest field strength). The isotope substitution
enhances these tendencies in all cases.

(ii) The lower panel of Table I gathers results from the
very strong intensity regime. The fragmentation
proceeds through the bond-softening mechanism leading

to an important increase of P&, the branching ratio to-
wards the one-photon channel. The two intensities corre-
spond to comparable populations on the two- and one-
photon channels for 5.6X10' W/cm and to a much
more important one-photon channel population for
8.8X10' W/cm . The branching ratio P3 towards the
three-photon dissociation channel is negligible for the
two intensities and it is the ratio R2& of the two- to one-
photon channel which is significant for the discussion. It
turns out that, unexpectedly, this ratio is higher for the
lighter isotope, R z, (Hz+ ) )R z, ( Dz+ ), and the isotope
effect is again enhanced by the increasing intensity, i.e.,
Rz, (Hz+ )/Rz, (Dz+ } varies from 1.46 to 1.91.

A simple explanation, which has repeatedly been in-
voked when very strong fields are assumed, is a barrier
lowering of the adiabatic electronic potential diagonaliz-
ing the radiative coupling [3,4,6]. Such an effect moni-
tors the decay of the shape resonance (U=O, j=l) by
tunneling through the adiabatic channel correlating to
fragments with kinetic energy corresponding to a one-
photon absorption ~2po„,n ), the whole process being
dominated by a single-photon exchange between the mol-
ecule and the electromagnetic field. With respect to iso-
tope substitution, the decay by tunneling is favored for
the lighter Hz (smaller mass factor) which, in addition,
experiences a lower barrier (higher vibra-
tional frequency). Such a model would lead to
Rz~(Hz+) &Rz&(Dz+), the inequality being enforced with
increasing intensity resulting into barriers which flatten
accordingly. This is clearly in contradiction with our
findings. Conversely, the results displayed in Table I can,
at least partially, be interpreted in terms of a multiphoton
process involving three steps. An initial three-photon ab-
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sorption can be modeled referring to a LZ type of argu-
ment with an effective" coupling between diabatic chan-
nels ~iscr, n+I ) and ~2p tT„, n —2), indirectly coupled
at the curve-crossing position R =2 a.u. For this first
step the transition probability is larger for the heavier
isotope Dz+. The second step corresponds to a photon
emission which occurs at R =3.6 a.u. , the position of the
second curve crossing between radiatively coupled dia-
batic channels ~2po „,n —2) and

~ istrs, n —1). Here
again the LZ argument favors the transition for the
heavier isotope. The last step is a subsequent photon
emission leading to a transition from the diabatic channel

~ Istrs, n —I ) to ~2po „,n ) without any curve crossing.
The LZ formula of Eq. (1) cannot be transposed directly
to such a case, but one can presumably argue that the
heavier isotope is again favored for this transition, name-

ly because its lower velocity is such that actually D2+ is
exposed to the radiative field for a longer time than H2+.
In summary, all three steps contribute to the enhance-
ment of the diabatic transition probability of D2+ with
respect to H2+, in complete agreement with the results of

Table I. This shows that the above-described five-photon
mechanism is more likely than the single-photon tunnel-
ing as has already been mentioned [10,11].

As a word of conclusion, we consider the effect of iso-
tope substitution in the H2+-D2+ photodissociating sys-
tem as an additional proof to the fact that the one-photon
dissociation process cannot merely be interpreted in
terms of bond softening by a field-dressed barrier lower-
ing, described by a single-photon exchange mechanism.
We rather suggest that this be interpreted in terms of a
competition between the single-photon mechanism and a
five-photon mechanism involving three simultaneously
absorbed and two successively emitted photons.
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