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We present a simple quantum mechanical model to describe Coulomb explosion of H2
+ and D2

+ by short,
intense infrared laser pulses. The model is based on the length gauge version of the molecular strong-field
approximation and is valid when the process of dissociation prior to ionization is negligible. The results are
compared with recent experimental data for the proton kinetic energy spectrum �Th. Ergler et al., Phys. Rev.
Lett. 95, 093001 �2005�; D. S. Murphy et al., J. Phys. B 40, S359 �2007��. Using a Franck-Condon distribu-
tion over initial vibrational states, the theory reproduces the overall shape of the spectrum with only a small
overestimation of slow protons. The agreement between theory and experiment can be made perfect by using
a non-Frank-Condon initial distribution characteristic for H2

+ �D2
+� targets produced by strong-field ionization

of H2 �D2�. For comparison, we also present results obtained by two different tunneling models for this
process.
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I. INTRODUCTION

Ultrashort, highly intense, laser pulses at infrared wave-
lengths are currently being used to study molecular dynamics
under extreme conditions. These systems are commonly
based upon a Ti:sapphire laser, tunable around 790 nm,
which can reach peak intensities in the range
1013–1017 W/cm2, with pulse lengths shorter than 50 fs.
Consequently energy can be deposited on time scales shorter
than the fastest molecular vibration with field strengths com-
parable to the molecular bond. When molecules are exposed
to such an environment, the response is highly-nonlinear and
generally leads to multiple dissociative ionization and high-
order optical scattering. Indeed the multiple fragmentation
process for a heavy polyatomic multielectron system pre-
vents a detailed analysis of the energy transfer, simply due to
the proliferation of fragments produced. Small molecular
systems, on the other hand, have simpler structure and fewer
relaxation channels. Moreover, the fundamental molecules
such as H2 or D2 have an intrinsic value owing to their rela-
tively fast vibration. Since a 790 nm pulse has a cycle period
of 2.6 fs, and perhaps 10–50 fs duration, the vibration pro-
vides an additional internal clock that records the response of
the electronic excitation during the passage of the pulse.
Consequently, there has been extensive study of the interac-
tion of intense field dissociative ionization of H2 �D2� and
H2

+ �D2
+� with progressively shorter and more intense pulses

and, in particular, using the ejected proton kinetic energy
spectrum as an indicator of the electron response and a diag-
nostic of the pulse itself. For reviews of progress in this field
one can consult, for example, Refs. �1–3�.

In analyzing the ionization dynamics of H2
+ �D2

+� in
strong laser pulses it is helpful to make a division into two
regimes determined by the duration of the pulse � in com-
parison with the time scale for the vibrational motion, Tvib
�Tvib�15 fs for H2

+; Tvib�24 fs for D2
+�. When ��Tvib the

pulse is “long” and there is time for nuclear dynamics during

the pulse. Oppositely, when ��Tvib the pulse is “short” and
there is no time for the nuclei to move considerably while the
field is on. In the long pulse regime the single-proton kinetic
energy spectrum is dominated by proton energies below
4 eV with a characteristic peak at 2–3 eV. The repulsive
1/R curve for the nuclear coordinate R allows a direct map-
ping between the kinetic energy release and the nuclear dis-
tance at the instant of ionization and the energies observed
indicate that the ionization peaks at internuclear distances
larger than the equilibrium distance. Theoretically this can be
explained by nuclear motion and the effects of charge-
resonance enhanced ionization �4� and dynamic tunneling
ionization �5�. For recent experiments in this regime see,
e.g., Refs. �6–15�.

In the “short” pulse regime the duration of the pulse is,
say, up to �2Tvib leaving not much time for the heavy nuclei
to move during the peak of the pulse. This means that ion-
ization takes place also from the equilibrium distance and
consequently larger kinetic energy releases are observed
�16–22�.

In this work, we present a simple quantum mechanical
model designed to predict the single-proton kinetic energy
spectrum of dissociative ionization of H2

+ in the ‘‘short’’
pulse regime. We use the strong-field approximation �SFA�
within the length gauge �23,24�. That is, we calculate transi-
tion rates from a molecular state, in which the laser field is
neglected, to a state in which the laser field is accounted for
to all orders, but some approximations are made for the
three-body continuum. The calculations are simplified by as-
suming the Born-Oppenheimer separation of motions, and
the Franck-Condon principle is invoked for the nuclear mo-
tion. These approximations allow us to determine the disso-
ciative ionization rates to different channels in a simple way.
The pulse is presented by a Fourier expansion so that the
temporal intensity variation is taken into account. This aver-
aging is important due to the ponderomotive shift of the
electron which may cause channel closings when the inten-
sity is raised.
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Following this procedure, and integrating over the elec-
tron spectrum, the proton energy distribution can be ob-
tained. Taking into account the non-Frank-Condon distribu-
tion over vibrational states typical for molecular ions
produced by strong-field ionization �25–27� we obtain very
good agreement between the model predictions and experi-
mental data �17,22�. Finally, for completion, we compare the
predictions of our model with tunneling theory calculations.
Atomic units ��e � =�=me=a0=1� are used throughout unless
indicated otherwise.

II. MODEL

We consider the transition from a bound initial field-free
state to a final continuum state in which the electron is only
affected by the laser light, and the two protons are only sub-
ject to their mutual Coulomb repulsion. There are three es-
sential elements of the model. First, the initial state, in which
the vibrational population distribution plays a key role. Sec-
ond, the overlap of these vibrational states with the final
Coulomb states of the proton pair is of great importance in
modulating the proton spectrum. Third, and most impor-
tantly, the coupling to the continuum, the nonpertubative
photoionization rate, as a function of bond length and laser
intensity will determine the range of proton energies. All
three factors are intrinsically linked.

Consider a monochromatic plane-wave component of the
light field, with linear polarization, ẑ, and angular frequency
� so that the vector potential in the dipole-approximation is

A�t� = A0ẑ f�t�cos �t , �1�

where A0 is the field amplitude, and the pulse shape is de-
scribed by the factor, 0� f�t��1, which we take to be a
Gaussian profile.

A. Molecular states

The process of formation of H2
+ �D2

+� requires ionization
of the neutral species. The molecular ion H2

+ �D2
+� has only

a single bound electronic state �1s�g� that is exactly known.
The nuclear relaxation that follows this primary ionization is
not so well defined and remains a source of uncertainty and
investigation �3�. Nonetheless, to a very good approximation,
the rotational degrees of freedom can be considered as frozen
since its characteristic time scale �170 fs is much longer
than the pulse duration. However, this results in an ensemble
of vibrational modes, as observed in experiment �28�. As
usual, the z axis of the laboratory reference frame is defined
by the polarization vector, while the z axis of the molecular
�body-fixed� frame is defined by the internuclear axis. The
notation for the coordinates is that R denotes the internuclear
vector and the electron coordinate with respect to the inter-
nuclear midpoint, is denoted by r. In the following presenta-
tion, for consistency, the laboratory reference frame is em-
ployed. If we let � denote the vibrational quantum number,
then the eigenstates of the initial ensemble can be expressed
as

�i��R,r,t� = 	i�r,R�
i��R�e−iEi�t, �2�

where 	i�r ,R� is the electronic wave function, with energy
�i�R�, and 
i��R� is the vibrational eigenfunction with eigen-
value ENi�. The total energy is then Ei�=�i�R0�+ENi�. Recall
that the electronic function has a �g

+ symmetry, and the trans-
formation of 	i�r ,R� from laboratory to molecule frame is
effected by the Wigner D rotation matrix �29,30�.

In the final state, given the large separation between the
nuclei and the electron at the time of ionization, we suppose
that the influence of the protons on the electron is negligible
compared to that of the external field �24�. This is consistent
with the asymptotic �t→ + � � limit of the system as a �de-
coupled� product state of an outgoing Volkov wave 	 f �elec-
tron in the electromagnetic field� and a Coulomb wave 
 f for
the proton motion:

� f�R,r,t� = 	 f�r,t�
 f�R,t� . �3�

For an electron in a laser field described by Eq. �1�, the
length-gauge Hamiltonian is given by

Hf
elec =

p2

2
+ r · F , �4�

where p is the canonical momentum and F=−�tA represents
the electric field. The Volkov states form a complete set of
solutions to the equation i�t	 f�r , t�=Hf

elec	 f�r , t� and can be
written

	 f�r,t� = exp�ik�t� · r − i	
−�

t k�t��2

2
dt�
 , �5�

where k�t�=q+A�t� with q the kinematic momentum corre-
sponding to a drift energy q2 /2, and where we denote the
ponderomotive energy as Up=A0

2 /4.
Since vibrational energies are much larger than rotational

energies, and Coriolis coupling can be neglected at these
energies, we make the usual assumption that the proton ejec-
tion occurs along the internuclear axis direction without ro-
tation: the axial recoil approximation. Thus the nuclear mo-
tion is governed by the one-dimensional Coulomb repulsion:

Hf
nucl = −

1

2

�2

�R2 +
1

R
, �6�

where = 1
2mp is the reduced mass. The corresponding

eigenfunction, with energy ENf, and wave number, Kf

=�2ENf, has the form


 f�R� =� 2

�Kf
F0� 

Kf
;KfR , �7�

where

F0� 

Kf
;KfR = e−��/2��/Kf�+iKfR���1 + i



Kf
�KfR

�1F1�1 + i


Kf
;2;− 2iKfR , �8�

and 1F1 is the confluent hypergeometric series. Since the
Volkov wave represents all orders of the field amplitude, the
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final state is a coherent sum of the full spectrum of photo-
electron harmonics, including the angular distribution. Since
our primary interest here is the comparison with experiment
for the proton energy spectrum, we do not present results for
the photoelectron differential yields. Instead we must inte-
grate over these degrees of freedom. Furthermore, the initial
vibrational state is a mixed state and the orientation of the
molecule is random. In all, this amounts to integrating over
four continuous variables and summing over two discrete
variables, in addition to the matrix element calculation.
However, since numerical quadrature is inherently a set of
independent calculations, these calculations can readily be
performed on a parallel computer.

B. Transition rates

To derive the expression for the transition amplitude, we
follow the procedure of Ref. �31�, and generalize to the case
of an incoherent mixture of initial vibrational states each
populated with probability P�. In this way we obtain the rate
w for a transition into the final state � f of Eq. �3�,

w = �
�

P� �
n=n0

�

2���Ef − Ei� − n���A�n�2, �9�

where

A�n =
1

T
	

0

T

�� f�r · F��i��dt , �10�

and the minimum number of photons absorbed, n0, is deter-
mined by energy conservation. For a given number of ab-
sorbed photons, n, the electron momentum is defined as

q = �2�Ei� + n� − Up − ENf� . �11�

To obtain the dissociative ionization rate, we multiply by
the density of states per unit energy, per unit solid angle.
Using the normalization convention defined above, the ap-
propriate factor is �2��−3q2 dq̂. So that we have

dw

dENf
= �

�

P�	 dq̂ �
n=n0

�
q

�2��2 �A�n�2, �12�

where dq̂ defines the direction of the outgoing electron.
The calculation of A�n�q� is significantly simplified in the

Franck-Condon approximation, where it is assumed that the
electronic transition appears almost instantaneously com-
pared to changes in the nuclear position. That is, we can
make the integration over the electron coordinate indepen-
dent of the nuclear coordinate by replacing R by some fixed
value R0,

A�n = Sfi
1

T
	

0

T

Del�R0,t�ei�ENf−Ei��tdt , �13�

where the bound-continuum Franck-Condon factor Sfi and
the electronic matrix element Del�R0 , t� is given by

Sfi = 	
0

�


 f
*�R�
i��R�dR , �14�

Del�R0,t� =	 	 f
*�r,t�r · F	i�r,R0�d3r . �15�

We have tested the validity of the Franck-Condon approxi-
mation in the evaluation of the bound-continuum matrix el-
ement and found it to be accurate, especially for small �.

The evaluation of the matrix element is conveniently car-
ried out in spherical coordinates �24�. The first step is to
rewrite the expression as

Del�R0,t� = �Ei� − ENf −
k�t�2

2


�exp�i	
−�

t k�t��2

2
dt�
	̃i�„k�t�,R0… , �16�

where we have used

− i
�	 f

*

�t
= � p2

2
+ r · F
	 f

*, �17�

and 	̃i denotes the Fourier transform of the electronic wave
function,

	̃i„k�t�,R0… =	 exp�− ik�t� · r�	i�r,R0�d3r . �18�

In the length gauge formulation of the SFA, the transition
amplitude only depends on the asymptotic form of the coor-
dinate space initial electronic state �23,24,31,32�. In the labo-
ratory fixed frame this electronic wave function for nuclear
orientation R0 reads

	i�r,R0� = r�2/�−1�exp�− �r��
l,m

Cl0Dm0
�l� �R0

ˆ �Ylm�r̂� , �19�

with Cl0 asymptotic expansion coefficients �33�, and

� =�2� 1

R0
− �i , �20�

where �i is the eigenvalue of the electronic Hamiltonian in-

cluding the nuclear repulsion. In Eq. �19�, Dm0
�l� �R0

ˆ � is the
Wigner rotation function that effects the transformation from
the molecular to the laboratory fixed frame.

Finally, the electronic matrix element can be found as

Del�R0,t� = �Ei� − ENf −
k�t�2

2
exp�i	

−�

t k�t��2

2
dt�


�4��
l,m

�− i�lCl0Dm0
�l� �R0

ˆ �Ylm�k̂�

�	
0

�

jl�kr�r�2/�−1�exp�− �r�r2dr . �21�

The radial integral has a closed analytic form in terms of
Gauss’s hypergeometric function �34�. The time integration
is performed numerically, along with the sum over the num-
ber of photons. In the experimental spectra, the protons re-
sulting from dissociative ionization are collected over a
range of ejection angles, with respect to the polarization di-
rection. Averaging over the different orientations of the mo-

STRONG-FIELD APPROXIMATION FOR COULOMB … PHYSICAL REVIEW A 76, 033414 �2007�

033414-3



lecular axis is equivalent, within the axial-recoil model, to
summing over the ejected proton directions described by the
rotation matrices. This finally reduces to an energy-
differential electronic rate, ���ENf�,

���ENf� = q	 dq̂ �
n=n0

�
1

�2��2

�� 1

T
	

0

T

Del�R0,t�ei�ENf−Ei��tdt�2

. �22�

To obtain the total rate we use Eqs. �12� and �13�, i.e., we
multiply by the Franck Condon factor

dw�

dENf
= �Sfi��ENf��2���ENf� �23�

and sum over the different initial states

dw

dENf
= �

�

P�

dw�

dENf
. �24�

As discussed below, the values of P� are determined by the
formation mechanism of the ion.

To compare with experimental data, we average over the
pulse profile, f�t� �Eq. �1��, which is taken to be Gaussian
profile. Under the assumption that the variation in the pule
envelope is slow compared with the optical period, the defi-
nition of ionization rate for fixed A0 is still valid. The ion-
ization process can be significant for intense pulses, and thus
we should allow for depletion of the molecular state. To
model this process, the total ionization probability is found
by integrating the rate over time

PI�ENf� = �
�
	

−�

� dw��t�
dENf

N��t�dt . �25�

Here N��t� denotes the population in a given vibrational state
�. This population can be found from the rate equation:

dN��t�
dt

= − �tot
� N��t� , �26�

with the boundary condition N��−� �= P� and �tot
� denoting

the total rate of ionization from the vibrational state �. By
integrating the differential rate over all final states this rate is
found as

�tot
� = 	

0

� dw��t�
dENf

dENf . �27�

III. RESULTS

In Figs. 1�a� and 1�c� we show the predicted single-proton
kinetic energy spectra for Coulomb explosion of H2

+ �Fig.
1�a�� and D2

+ �Fig. 1�c�� following strong-field ionization of
the neutral, in cases where experimental data for sufficiently
short pulses are available. As a first approximation we as-
sume, in obtaining the theoretical results, the initial vibra-
tional states to be populated according to a Franck-Condon

distribution. The Frank-Condon factors for the transition
H2→H2

+ �D2→D2
+� are available in the literature �35�.

The theoretical spectrum shown by the full curve in Fig.
1�a� corresponds to a pulse duration of 25 fs �FWHM� and a
peak intensity of 2�1014 W/cm2 and is plotted along with
experimental results �crosses� for pulses with these charac-
teristics �17�. The molecular ions were created by strong-
field ionization of H2 earlier in the pulse.

Figure 1�c� shows the results for D2
+ for a pulse duration

of 13 fs �FWHM� and a peak intensity of 6�1014 W/cm2

corresponding to the pulse parameters of a very recent mea-
surement �22�. In the experiment �22� a pump was used to
generate the molecular ions by photoionization of D2 and a
probe delayed by 591 fs caused the Coulomb explosion. The
agreement between the present theory and both experiments
is quite convincing, with only a small overestimation of slow
protons by theory.

To explain the structure of the theoretical spectra we study
the contributions from the different initial vibrational states.
Since each component contributes incoherently in the present
model, they can be studied in isolation, and we plot in Figs.
1�b� and 1�d� these contributions to the overall spectrum.
Here we see that every vibrational state contributes with a
peaked structure, dominated by a single peak located at
lower energies corresponding to higher excitations.

How this structure of the contributions comes about can
be seen by examining the initial and final nuclear wave func-
tions. In Fig. 2�a� the probability densities of two energy-

FIG. 1. �Color online� The predicted single-proton spectrum
�full curve� for Coulomb explosion of H2

+ and D2
+ following

strong-field ionization of H2 and D2 using 790 nm pulses and as-
suming an initial Frank-Condon distribution over vibrational states.
Peak intensity and duration �FWHM� is given in the figures. We
also include the experimental results �crosses� obtained with these
pulses in �17� �a� and �22� �c�, respectively. Panels �b� and �d� show
the contributions to the overall spectrum from the different initial
vibrational states. The darker the shading the larger the contribution
to a given final proton energy from a particular initial vibrational
level.
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normalized continuum states of H2
+ are presented, along

with the density of the �=2 state in Fig. 2�b�. The well-
known structure of �+1 peaks with large probabilities near
the classical turning points is clearly seen. Since we have a
continuum of final states which are all peaking at different
internuclear separations, this initial structure is reflected in
the Franck-Condon overlap Sfi��ENf� shown in Fig. 2�c�. Re-
member that large internuclear separations R correspond to
low energies. In Fig. 2�d� we show the electronic transition
rates for two different intensities. The rates decay, roughly
exponentially, with increasing ejected proton energy with an
attenuation more pronounced for the higher intensity. When
multiplying the Franck-Condon factors and the electronic
transition rates and integrating over time we obtain the final
result for the �=2 case in Fig. 2�e�. The influence of the
Franck-Condon factor is still apparent but the attenuation
produced by the decrease in electronic transition rate sup-
presses all but the low energies in the proton spectrum. This
is reflected in Figs. 1�b� and 1�d�, which isolate the contri-
bution of the different vibrational states weighted by their
populations. The dominant peak in the contribution is moved
towards lower energies as the molecular ion becomes vibra-
tional excited, reflecting the structure of the nuclear wave
function showing a classical turning point at a larger nuclear
separation.

When we compare Figs. 1�b� and 1�d� we notice a shift of
the kinetic energy distribution towards higher energy both in
experiment and theory. In the figures �i� the molecules, �ii�

the pulse durations, and �iii� the intensities are different. The
difference in Figs. 1�b� and 1�c� can be mainly attributed to
�iii� the difference in intensity. The reason is that �i� there is
only a small narrowing—far less than needed in order to
explain the shift—of the vibrational wave functions when
going from H2

+ to D2
+. Furthermore, �ii� the pulse duration is

so short that only a small portion of the molecular ions are
ionized with the present SFA theory �see the scale indicated
on the color bar in the bottom of the figure�. This means that
in Fig. 1�d� a change of the pulse duration from 13 fs to 25 fs
only affects the overall yield and not the shape of the spec-
trum. The change in the result from Fig. 1�a� to 1�c� is hence
largely due to the intensity difference. When the intensity is
raised the relative difference in electronic rates for different
final nuclear energies is lowered and each vibrational state
contributes with a broader signal. Furthermore, a combina-
tion of the increase in the high-order multiphoton ionization
rate and the relatively larger population in the lower � states
compared to the higher � states, leads to a movement of the
bulk of the Coulomb explosion yields towards less excited
vibrational states. Both these factors move the resulting spec-
trum towards higher proton energies when the intensity is
increased in agreement with the trend observed in experi-
ments �16,18�.

As seen from the discussion above the proton kinetic en-
ergy spectrum is very sensitive to the initial distribution over
vibrational states. Even though the Franck-Condon distribu-
tion used in Fig. 1 only allow for a small portion of the
molecular ions to be in the highly excited vibrational states,
it is still these states that contributes the most �see Figs. 1�b�
and 1�d��. In Fig. 3�b� we plot the proton spectrum for the
exact same pulse as in Fig. 1�a� but using an initial wave
function with slightly lower population in the vibrational
states with �=9−14. Making this small adjustment gives
perfect agreement with the experiments. In the case of D2

+

the agreement between theory and experiment is perfect �see
Fig. 3�e�� when using the non-Frank-Condon distribution of
Fig. 3�d�. Experiment �25� and theory �26,27� indicate that
such a distribution shifted towards lower vibrational states is
naturally produced when the molecular ions are formed upon
strong-field ionization of the neutral. This underlines the im-
portance of knowing the initial vibrational distribution when
predicting proton spectra.

A. Results using tunneling

To complete the discussion of Coulomb explosion of H2
+

and D2
+ the results using simple tunneling models are given.

Here the frequency dependence of the field is neglected, and
the laser is treated as a slowly varying �quasistatic� electric
field that produces tunneling ionization. Strictly speaking,
this static model is only valid when the tunneling time is
much shorter than the optical cycle as expressed by �K�1,
where �K=�IP / �2UP� is the Keldysh parameter. For I=2
�1014 W/cm2, �K�1.1, while for I=6�1014 W/cm2, �K
�0.66.

In the tunneling limit the ionization rate at a specific
nuclear separation is given as �33�
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FIG. 2. Calculations showing the result for ions in a vibrational
excited initial state with �=2. The initial and final wave functions
squared are shown in �a� and �b�. The energies written in �a� indi-
cate the proton energy that the particular states correspond to �i.e.,
one-half of the total kinetic energy release�. Panel �c� shows the
Franck-Condon overlap between the initial vibrational state and the
final Coulomb wave for the internuclear coordinate. Panel �d�
shows the electronic ionization rate for two different intensities and
panel �e� shows the ionization probability using pulses of 25 fs
duration �FWHM�, 790 nm wavelength, and a peak intensity of
2.0�1014 W/cm2, again for �=2.
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�tun�R� = �
m
� 3F0

��31/2 B2�m�
2�m��m�!

1

�2Z/��−1��2�3

F0
2Z/�−�m�−1

� exp�− 2�3

3F0
 , �28�

where F0 is the electric field amplitude, Z=2 for both H2
+

and D2
+, �=�2Ip�R� and

B�m� = �
l

Cl0Dm0
l �R��− 1�m��2l + 1��l + �m��!

2�l − �m��!
. �29�

According to �33� the effect of nuclear motion is included by
weighting the electronic ionization rate at different internu-
clear separations with the probability of being at this separa-
tion �the reflection principle�,

dw

dR
= �tun�R��
i�R��2. �30�

This result can be translated into a function of the proton
kinetic energy by assuming that all the Coulomb energy be-
tween the two protons at the time of ionization is translated
into proton ejection energy. Using dENf /dR=−1/R2 we ob-
tain

dw

dENf
= ��tun�R��
i�R��2R2�R=1/ENf

. �31�

Results are given in Fig. 4 using a Franck-Condon distri-
bution over initial vibrational states. Compared to the strong-
field approximation the agreement with experiments is not as
good. The spectrum for H2

+ is moved towards lower energies
due to the exponential favoring of the low energy part as
typical for a tunneling theory, while the spectrum for D2

+ is
moved towards higher energies. The reason for this unex-
pected shift is found in the overall larger rates given by tun-
neling theory resulting in saturation for the highly excited
vibrational states. The bulk of the Coulomb explosion yield
now comes from less excited states moving the spectrum
towards higher energies than actually measured. This rules
out the possibility to obtain agreement with experiments by
assuming another initial distribution since this assumption,

FIG. 3. �Color online� As Fig. 1, but using a non-Franck-
Condon distribution over vibrational states for both H2

+ and D2
+.

Panels �a� and �d� show the Franck-Condon �FC� distribution used
in Fig. 1 and the non-Franck-Condon �non-FC� distribution used
here.

FIG. 4. �Color online� As Fig. 1, but now using the tunneling
theory of Ref. �33�.

FIG. 5. �Color online� As Fig. 1, but now using the tunneling
theory of Ref. �25�.
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according to the discussion in the last section, favors fast
protons. It is still possible to obtain agreement in the case of
H2

+ by changes in the vibrational initial distribution similar
to those made using the strong field approximation.

Another way of using tunneling theory to describe Cou-
lomb explosion of H2

+ is to include the effect of nuclear
motion as described in Ref. �25�. The overall rate is here
found by

dw

dENf
= �	 
 f�R��tun

1/2�R�
i�R�dR�2

. �32�

The results are given in Fig. 5, and show to be very similar to
the results obtained using the reflection principle �31�.

IV. CONCLUSION

In this work, we have presented a relatively simple quan-
tum mechanical model to describe Coulomb explosion of
H2

+ and D2
+. The model builds on the length gauge molecu-

lar strong-field approximation and the predicted proton ki-
netic energy spectrum shows good resemblance with experi-
ment. Calculations, however, predict the dominant proton
emission at slightly lower energies than experimentally mea-
sured. The agreement between theory and experiment is per-

fect when considering a non-Frank-Condon initial vibra-
tional distribution.

The strong-field approximation allows very simple and
fast calculations and might, for that reason, be a useful tool
in the further understanding of molecular dynamics, includ-
ing related intense field processes as, e.g., high-harmonic
generation. For all purposes it is important only to use the
model in the regime, where it is valid, namely describing
pulses of high intensities and short durations. If the pulse
duration exceeds a few times the vibrational timescale the
molecular ion will have time to dissociate and the resulting
proton kinetic energy spectrum will move to considerably
lower energies.

For comparison, we have discussed the predictions from
two different tunneling models, and found less good agree-
ment with experiments.
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