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Correlation dynamics between electrons and ions in the fragmentation of D2 molecules
by short laser pulses

X. M. Tong,* Z. X. Zhao, and C. D. Lin
J. R. Macdonald Laboratory, Physics Department, Kansas State University, Manhattan, Kansas 66506-2601, USA

~Received 14 July 2003; published 24 October 2003!

We studied the recollision dynamics between the electrons and D2
1 ions following the tunneling ionization

of D2 molecules in an intense short pulse laser field. The returning electron collisionally excites the D2
1 ion to

excited electronic states; from there D2
1 can dissociate or be further ionized by the laser field, resulting in

D11D or D11D1, respectively. We modeled the fragmentation dynamics and calculated the resulting
kinetic-energy spectrum of D1 to compare with recent experiments. Since the recollision time is locked to the
tunneling ionization time which occurs only within a fraction of an optical cycle, the peaks in the D1

kinetic-energy spectra provide a measure of the time when the recollision occurs. This collision dynamics
forms the basis of the molecular clock where the clock can be read with attosecond precision, as first proposed
by Corkum and co-workers. By analyzing each of the elementary processes leading to the fragmentation
quantitatively, we identified how the molecular clock is to be read from the measured kinetic-energy spectra of
D1 and what laser parameters are to be used to measure the clock more accurately.

DOI: 10.1103/PhysRevA.68.043412 PACS number~s!: 34.50.Rk, 31.70.Hq, 95.55.Sh
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I. INTRODUCTION

The fragmentation and ionization of D2 by intense optical
laser fields has been an active area of theoretical and ex
mental studies during the past decades@1–5#. In most of
these experiments it was assumed that the D2 molecule is
ionized in the early phase of the laser field producing D2

1

ion which is subsequently ionized by the laser. Mechanis
for the ionization of D2

1 ion include bond softening@6#,
charge resonance enhanced ionization~CREI! @7–13#, in ad-
dition to direct ionization by the laser field. The dissociati
and ionization of D2

1 in the laser field result in D11D or
D11D1, with characteristic kinetic energies reflecting t
internuclear separation of the breakup of D2

1 at the time
when it is excited or ionized. Thus bond softening and CR
which produce distinct peaks in the D1 ion kinetic-energy
spectra, have been observed experimentally and pred
theoretically. These peaks can be understood without re
ring to the ionization of D2 itself initially, i.e., the ionization
of D2 and D2

1 can be treated as two independent even
However, recent experiments@2–5# pointed out a new group
of peaks in the D1 ion spectra at higher energy~about 5
eV–10 eV per ion! which has now been attributed to th
rescattering process@14–24#. In the rescattering process, th
electron which is released by tunneling ionization is driv
back by the laser field to collide with the residual D2

1 ion to
ionize it or to excite it. If the D2

1 ion is excited, it can
dissociate directly or be further ionized by the laser. In b
cases, the D1 ion will have kinetic energy~the reflection
principle! characteristic of the internuclear separation wh
the ionization occurs. This paper examines all the elemen
processes that lead to the emission of D1 ions by the rescat-
tering process following the initial tunneling ionization o
the D2 molecule. The calculation will be performed for D2
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molecules only, but clearly the same model can be applie
H2 with minor modifications.

In Sec. II we first discuss all the elementary processes
lead to the dissociation or ionization of D2 molecules in a
laser field. Starting with the tunneling ionization of D2, we
address the following issues.

~1! Calculation of the ionization rates of D2 from its equi-
librium distance using the molecular tunneling ionizati
~MO-ADK ! theory @25#.

~2! The classical trajectory of the ionized electron in t
laser field and the Coulomb field of the D2

1 ion, with initial
longitudinal and transverse velocity distributions followin
the description of the ADK theory@23#.

~3! The free propagation and spreading of the nucl
wave packet after the tunneling ionization of D2 from its
equilibrium distance.

~4! Semiempirical formulas for electron-impact excitatio
cross sections of D2

1 from the sg ground state to the firs
few excited electronic states, in particular, the firstsu andpu
states. These cross sections have to be evaluated at all v
of internuclear separations and for different alignment ang
of D2

1 with respect to the laser polarization direction.
~5! Evaluation of tunneling ionization rates of D2

1 from
the excitedsu andpu states at each internuclear separatio

~6! Follow the time evolution of dissociation and ioniza
tion dynamics to extract the kinetic-energy spectra of
fragmentation products. While rates or cross sections
each of these elementary processes have been formulate
the full calculation we only consider D2 initially aligned per-
pendicular to the direction of the laser polarization. In S
III, the resulting kinetic-energy spectra of D1 are compared
to the experiment of Niikuraet al. @4# where D1 ions were
detected without knowing whether the other fragmentat
product is a D or a D1. In contradiction to the conclusion o
this work where the main peak in the D1 kinetic-energy
spectrum was attributed to the dissociation of D2

1 following
excitation to thesu electronic state, we conclude from ou
©2003 The American Physical Society12-1
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calculation that the main peak is due to the further ionizat
of the excited D2

1 by the laser. This has the consequen
that the molecular clock we read is at a different time fro
the one read in Niikuraet al. @4#. We further analyzed the
contributions of the total kinetic-energy spectra of D1 result-
ing from the different excited electronic states, from diss
ciation or ionization, and from rescattering at the first retu
the third return, or higher returns. The simulated D1 kinetic-
energy spectra from ionization also were compared to
recent experiment of Alnaseret al. @26#. From our analysis,
we conclude that the fragmentation of D2 can be used as
molecular clock based on the rescattering dynamics.
clock can be read more accurately if the laser pulse is cho
at the lower intensity and with a shorter duration. With su
a clock, the time duration can be read with an accuracy
fraction of a femtosecond without the attosecond la
pulses. Equivalently, this means that the distance between
two nuclei can be read with an accuracy of fractions of
angstrom. This can be achieved experimentally by com
ing kinetic-energy spectra for experiments carried out at
ferent mean laser wavelengths, or by comparing the kine
energy spectra of D1 and H1 from the fragmentation of D2
and H2, respectively, in the same laser pulse. We finish t
paper with a summary and conclusion in Sec. IV.

II. THE THEORETICAL MODEL

A. The elementary processes

The schematic of the physical processes leading to
fragmentation of D2

1 ion following the ionization of D2
molecule in an intense laser pulse is depicted in Fig. 1.
D2 molecule is first ionized att0 near the peak of the lase
pulse, releasing an electron into the oscillating laser field
t1, the electron is driven back to the molecular ion, to exc
the other electron in the ion to one of the higher exci
electronic states, or to ionize it. We will be dealing with pe
laser intensities such that the returning electron does
have enough energy to ionize D2

1 . In the meanwhile, the
nuclear wave packet propagates from its mean internuc
distanceR051.4 a.u. att0 to R151.6 a.u. att1. Thus the
electron-impact excitation probabilities of the molecular i
by the returning electron have to be calculated for D2

1 with
a vibrational distributionx2(R,t1). This distribution is indi-
cated in the second row of Fig. 1. Once the D2

1 is in the
excited state, represented by the curve labeled assu andpu

in Fig. 1, the D2
1 can dissociate directly to D11D, or it can

be further ionized by the laser att18 when the electric field of
the laser returns to its peak value. If D2

1 is ionized att18 ,
then it will fragment by Coulomb explosion to produce D1

1D1 ions. The total released kinetic energy for such a ‘‘tw
step’’ process can be calculated.

The rescattering does not have to occur only at the
return timet1. Due to the attractive field from the molecula
ion, the released electron can return to collide with the m
lecular ion at later times, i.e., after more than one opti
cycle, following the initial ionization. For example, the re
turn can occur att2 andt3, in the second optical cycle, or a
t4 andt5, in the third optical cycle, and so on. At these lat
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times excitation and ionization occur at larger internucle
separations, thus the kinetic energies of the fragmented1

ion are smaller. In general, the returning probabilities b
come small after three optical cycles. Following the gene
convention we callt2 the second return andt3 the third re-
turn, etc.

An important feature of the elementary processes
scribed above is that the rescattering timest i and the subse-
quent tunneling ionization timet i8 are relatively well locked
to the clockt0 of the initial ionization of D2. Since tunneling
ionization occurs only near the peak of the laser field,t0

spans only a fraction of an optical cycle. Similarly,t i and t i8
are also restricted to within subfemtosecond accuracy. Th
precise clocks in turn define precise internuclear separati
For laser pulses with mean wavelength at 800 nm, the m
internuclear distancesRi for t i ( i 51,3,5,7) are shown in
Table I for H2 and D2. Note that att7, the center of the
vibrational wave packet for H2

1 has already bounced bac
from the outer turning point, but not so for D2

1 . A classical
estimate shows that it takes 8.5 fs to reach its outer turn
point. During these later times, the wave packet spreads
nificantly. The clock or the mean internuclear separation
be probed directly by the characteristic kinetic-energy pe
of the fragmented D1 ions. Changing the wavelength of th
laser clearly will change the clocks and the mean inter
clear separations. Replacing D2 by H2 will not change the
clock but will change the mean internuclear distances.

t0

t1

Diss.

Ion.

Tunneling
Ionization
(MO-ADK)

Rescattering
excitation
(CT+Q.CS)

Tunneling
Ionization
(MO-ADK)

D2

D2
+: σg

σu, πu

D+ + D+

e1

t0 t1

tÕ1

E cos(ω t)

t2 t3

tÕ2

1 2 3

χ2(R,t)
t0 t3

t2t1

R

FIG. 1. ~Color online! Schematic of the major physical pro
cesses leading to the formation of the D1 ion by the dissociation or
ionization of D2

1 . The first row depicts the oscillating electric fiel
of the laser. The second row shows the spreading of the vibrati
wave packet after the initial tunneling ionization. Att0 the D2 mol-
ecule is ionized. The tunneled electron returns to rescatter with
D2

1 ion at t1 where it excites D2
1 to the excitedsu or pu elec-

tronic states. The excited D2
1 can dissociate along these repulsi

potential curves, or further ionize by the laser to produce D1 ions
by Coulomb explosion, to produce characteristic kinetic-ene
spectra of the fragments. For a more detailed description, see
2-2
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To read the clock from the measured kinetic energy of
fragmented ion, however, there are a number of factors
make the clock ‘‘fuzzy.’’ First, the initial tunneling ionization
occurs over an interval of about 0.3 fs near the peak of
laser field. The initial vibrational wave packet, taken to
the ground vibrational wave function of D2, according to the
Frank-Condon principle, has a width of 0.2 nm. This vibr
tional wave packet will broaden as it expands to larger in
nuclear separation. The electron-impact excitation proba
ties and the MO-ADK rates also depend on internucl
separations. These factors would reduce the precision o
clock such that distinct peaks in the kinetic-energy distrib
tion of the fragmented ions are not as clearly separated.
model the rescattering process to check how accurately
molecular clock can be read from the kinetic-energy spe
of the fragmented ions for different laser parameters.

We now describe the models used for calculating the ra
and probabilities for each elementary process.

B. Tunneling ionization rates for molecules

We first discuss how the ionization rates of D2 and D2
1 in

the laser fields are calculated. From the rescattering m
above, we need the ionization rates for D2 from the ground
state, and for D2

1 from the excitedsu andpu states over the
whole range of R. The rates are needed for different ali
ment of the molecules as well.

We calculated the tunneling ionization rates using the
cently developed MO-ADK model@25#. It was obtained by
extending the widely used ADK@27,28# theory for atoms in
a laser field to molecules. In the MO-ADK theory the io
ization rates are given in semianalytical expressions. Fo
diatomic molecule in a parallel static electric field, the io
ization rate for a valence electron is given by

Wm~F !5
B2~m!

2umuumu!

1

k2Zc /k21
3S 2k3

F D 2Zc /k2umu21

e22k3/3F,

~1!

with

B~m!5(
l

Clm~21!mA~2l 11!~ l 1umu!!
2~ l 2umu!!

. ~2!

Atomic units are used unless otherwise indicated. In Eq.~1!,
k is related to the ionization energyI p by k5A2I p, l is the
orbital angular momentum of the valence electron,m is its
projection along the internuclear axis,Zc is the effective

TABLE I. Relation between the returning time and the avera
nuclear separation for H2

1 and D2
1 .

^R& (a.u.)
Return Time~fs! H2

1 D2
1

t1 1.9 1.8 1.6
t3 4.3 2.5 2.1
t5 7.0 3.0 2.6
t7 9.6 3.2 3.0
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charge seen by the valence electron in the asymptotic reg
andF is the field strength. In Eq.~2!, the parameters Clm are
determined from the valence electron wave function of
molecule in the asymptotic region. The laser peak power w
be given in units ofI 051014 W/cm2 and the mean wave
length is 800 nm. If the molecule is aligned at an angleu
with respect to the laser polarization direction, the ionizat
rate is given by

Wm~F,u!5(
m8

Wm8~F !, ~3!

whereWm8 is given in Eq.~1! except that

B~m8!5(
l

ClmDm8,m
l

~0,u,0!

3~21!m8A~2l 11!~ l 1um8u!!

2~ l 2um8u!!
, ~4!

where theD function expresses the rotation of the electron
wave function from the direction of the molecular axis to t
laser polarization direction. In the MO-ADK model, Eq.~1!
reduces to the traditional ADK model for atoms ifl is taken
to be the orbital angular-momentum quantum number of
valence electron. For diatomic molecules, the summa
over l is a consequence of expanding the two-center e
tronic wave function in terms of single-center atomic orb
als. The coefficients Clm are functions ofR and depend on
the electronic states of the molecule.

For D2 at the equilibrium internuclear separation, the p
rametersClm have been calculated by Tonget al. @25#.
Within the range of its ground vibrational wave function,
was found that the MO-ADK rates depend weakly onR. It
was also found that the major component ofB(m50) in Eq.
~2! is l 50, for D2, thus the MO-ADK rates for D2 depend
weakly on the alignment of the molecule. The accuracy
the MO-ADK rates for D2 at the equilibrium distance ha
been checked previously and found to be in good agreem
with the result fromab initio calculations@29#.

We next consider the ionization of D2
1 in a laser field.

Since the ionization rate depends sensitively on the ion
tion potential, in Fig. 2 we show the electronicbinding en-
ergies Ei(R) at eachR of the first four electronic states o
D2

1 . The negative of the electronic binding energy is t
ionization potential. The total potential energy of each el
tronic state isUi(R)5Ei(R)11/R. For peak laser intensity
in the range of (0.5–5)I 0, estimate based on the simple AD
theory or the more complete MO-ADK theory shows th
D2

1 in thesg state will not be ionized by the laser except f
R greater than about 5 a.u., while forpu andpg states D2

1

will be readily ionized because of the much smaller ioniz
tion potentials. Thus we need to calculate only the MO-AD
rates of D2

1 in the su state as a function of the internucle
distanceR.

In Fig. 3 we show the calculated MO-ADK tunneling ion
ization rates atF50.06 a.u. for thesu electronic state of
D2

1 , for R in the range of 1 –6 a.u., and for alignment ang

e

2-3
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u50° and 90°. Atu50°, the MO-ADK rates have bee
checked against the ‘‘exact’’ static tunneling ionization ra
calculated using the complex rotation method in the tw
center system@30#. The MO-ADK rates tend to be somewh
higher, especially at small and largeR region. ForR greater
than 6.0 thesu ionization energy is already very close to th
ionization energy of atomic H, thus the ADK ionization rat
of H(1s) are used forR.6.0. In the actual calculation, th
coefficients Clm are obtained for eachR such that the MO-
ADK rates can be readily calculated for any field streng
and any alignment angle of the molecule using Eq.~3!.

C. The rescattering model

Following the initial ionization of D2, a correlated elec-
tron wave packet and a vibrational wave packet are create
t0. The initial vibrational wave packet is taken to be t
ground vibrational wave function of D2, assuming that the
ionization process is fast and the Frank-Condon principl
valid. Due to the heavy mass of the nuclei, the vibratio

-60.0

-50.0

-40.0

-30.0

-20.0

-10.0

0.0

0 2 4 6 8 10 12 14

 E
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(e

V
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 R (a.u.)

σg
σu
πu
πg

FIG. 2. Binding energies of D2
1 as a function of internuclea

separation.
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FIG. 3. Static MO-ADK ionization rates for D2
1 molecules

aligned parallel~solid curve! and perpendicular~dashed curve! to
the electric-field direction. The filled squares represent exact s
ionization rates calculated using the complex rotation method@30#
for parallel aligned molecules. The static field strength is 0.06 a
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motion is not modified by the subsequent laser field. T
time evolution of the vibrational wave packet is thus d
scribed by

x~R,t !5(
v

Cvxv~R!e2 i«vt, ~5!

Cv5E xg~R!xv~R!dR. ~6!

Here$xv(R)% and$«v% are the vibrational wave function an
the vibrational energy of D2

1 in the sg ground electronic
state, respectively, andxg(R) is the ground vibrational wave
function of D2.

The rescattering model for describing the motion of t
ionized electron in the subsequent laser field is mode
similar to the method used by Yudin and Ivanov@22,23# for
He. The ionized electron is treated classically, under
combined force from the laser field and the residual C
lomb interaction from the D2

1 ion. For simplicity, the latter
is approximated by an effective chargeZc511 at the mid-
point of the internuclear axis. To calculate the trajectory
the ionized electron, we solve the equation of motion~New-
ton’s second law!, with the initial condition that the ionized
electron is at (x,y,z)5(0,0,z0), wherez0 is the tunneling
position from the combined potential of the Coulomb fie
and the static electric field. The initial velocityv is assumed
to have a distribution from the ADK model,

g~v!}e2v2k/F. ~7!

In this model, the tunneled electron is ejected isotropica
with a Gaussian distribution in velocity, i.e., we consider t
ejected electron has initial velocity in both the transverse
the longitudinal directions. For each initial timet0 or phase
f0 that the ionized electron was born, the classical equa
of motion was solved to obtain the trajectory. The distance
the electron from the center of the D2

1 ion is monitored for
over seven optical cycles for longer pulses or till the end
the laser pulse if the pulse is shorter. The distance of clo
approach of the electron from the ion and the time when
occurs for each trajectory are recorded. From these data
impact parameterb and the collision energyT of the corre-
sponding electron-ion-impact~no laser field! excitation or
ionization are obtained.

Figure 4 shows the probability distribution of finding th
returning electron with kinetic energyT measured in the
asymptotic region for a laser with peak intensity at 1.5I 0. If
the residual Coulomb interaction from the D2

1 ion is ne-
glected, the expected maximum returning energy will
3.17UP529 eV, whereUP is the Pondermotive energy. Th
inclusion of Coulomb interaction increases this peak ene
to about 35 eV.

In Fig. 4 we show three groups of returning electrons.
the first group, the electron was born att0 when the laser
field has a positive phasef0 ~i.e., beyond the peak field!. It
was driven outward and then back by the oscillating la
field to recollide with the D2

1 ion within one optical cycle.
This group is denoted byt1 where the returning electron ha

tic

.

2-4
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peak current near 35 eV. The second group labeled at2
denotes an electron which does not collide with the ion at
first return, but at the second return about half a cycle la
after the electron reverse its direction again. The kinetic
ergy for this group of electrons is smaller. The third gro
was denoted byt31t3

2 . For t3, the recollision occurs at the
third return. For thet3

2 group, the electrons were born at
negative phasef0 @24#, i.e., before the laser reaches the pe
field. These negative phase electrons do not recollide w
the ion in the first optical cycle when the field changes
rection since they were accelerated by an increasing fi
right after birth. Due to the Coulomb focusing by the io
they collide with the ion at the third return. Without th
Coulomb focusing the negative phase birth would not c
tribute to the rescattering process. In calculating the retu
ing electron energy distribution shown in Fig. 4 prop
weights from the MO-ADK rates and the initial velocity dis
tribution of the tunneling electron have been accounted
In Fig. 4 we did not show the electron energy distributio
from collisions occurring at returns after two optical cycle
The general trend is that at higher returns, the kinetic ene
of the electron is smaller and the probability of rescatter
is also smaller. In our calculations we have accounted
rescattering up to seven optical cycles for the long la
pulses.

D. Electron-impact excitation and ionization probabilities

For each impact parameterb and kinetic energyT of the
returning electron, we need to calculate the electron-imp
excitation and ionization cross sections of D2

1 at each inter-
nuclear separationR. Different from the He1 case, there are
few experimental or theoretical data available for D2

1 . Thus
we have to generate the cross sections needed semiem
cally. For each total cross sections(T) at kinetic energyT,
we assume that the probability for excitation or ionization
impact parameterb is given by

Pm~b,T!5s~T!
e2b2/ao

2

pao
2

, ~8!
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- 

FIG. 4. Returning electron energy spectra for D2 in a pulse laser
with peak intensity of 1.5I 0 (I 051014 W/cm2) and pulse length of
40 fs obtained from the simulation.
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whereT5v2/2 andDE is the excitation or ionization energy
Here, theb dependence is taken to be the Gaussian form.
the rescattering in He, Yudin and Ivanov@22# have checked
different forms ofb dependence and concluded that the
sults are rather insensitive to the precise functional fo
used.

For electron-impact ionization cross section, we emp
the empirical formula

s i~T,DE!5
p

DE2
e1.5(DE20.5)/Tf ~T/DE!, ~10!

f ~x!5FA ln x1BS 12
1

xD2C
ln x

x G 1

x
, ~11!

whereDE is the ionization energy. By fitting this formula t
the accurate theoretical H(1s) ionization cross section@31#
we obtainedA50.7213, B520,302, andC50.225. The
fitted formula, when applied to He1, gives ionization cross
sections in good agreement with the theoretical results
Bray @31# for He1 as well. For D2

1 at the equilibrium dis-
tance this formula also reproduces the recommended ion
tion cross section from NIST@32#. In this semiempirical
model, the molecular ion is treated as a point particle, t
the ionization cross section is independent of the alignm
of the D2

1 ion.
For the excitation process, it is clear from Fig. 2 thatsu

and pu states will be the dominant channels populated
electron-impact excitation from the groundsg state since
they have the lowest excitation energies. There are no th
retical or experimental data available for such cross sect
as functions of internuclear separations. Thus we will e
ploy semiempirical fitting procedure as well. We assume t
the excitation cross section again can be fitted in the form
Eqs.~10! and~11! as in ionization, except thatDE now is the
excitation energy and the number 0.5 in Eq.~10! should be
replaced by the excitation energy of the corresponding s
in atomic hydrogen. From the tabulated H(1s)→H(2p) ex-
citation cross section by Bray@31#, we obtained A
50.7638,B521,1759, andC520.6706. The formula was
further tested by comparing the predicted excitation cr
section with the calculated one fore21He1(1s)→e2

1He1(2p). From the total 1s→2p excitation cross section
we can further distinguish excitation cross section to 2p0 or
2p1, with the direction of the incident electron beam as t
quantization axis. The relative 2p0 and 2p1 cross sections
can be calculated theoretically or experimentally from pol
ization or correlation measurements.~Note 2p21 cross sec-
tion is identical to 2p1 cross section by symmetry.! In Fig. 5
we show the relative cross sections of 2p0 to 2p1 from the
calculation of Bray@33# for H, plotted against scaled energ
~with respect to the excitation energy!. On the same graph
we display the same ratio for the excitation of He from 1s2

to 1s2p1Po from the experiment of Merabetet al. @34#. It
appears that both H and He data fall on the same curve w
2-5
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the collision energy is scaled with respect to the excitat
energy. We fit the 2p0 to 2p1 cross section ratio by

r ~x!5
s0

s1
5

8.2A111.1/x2

x
10.44, ~12!

wherex5T/DE is the scaled kinetic energy. Since the ra
for He does not differ much from the calculated ratio for
this comparison convinces us to use ther (x) in Eq. ~12! to
describe the ratio for D2

1 as well. r (x) indicates thatm
50 is the dominant magnetic component in the present
teresting energy regime.

To relate the 2p0 or 2p1 partial cross sections to the ex
citation cross sections ofsu andpu electronic states of D2

1 ,
we need to know the alignment angle of the molecule. If
molecule is aligned along the laser field polarization dir
tion ~which is also the direction of the electron beam!, the
2p0 cross section is the excitation to thesu state and the 2p1
(2p21) cross section is for the excitation to thepu state. If
the molecule is aligned perpendicular to the laser polar
tion direction, then the role is reversed, i.e., 2p1 ~or 2p21)
corresponds to the cross section of thesu excitation, and 2p0
cross section to thepu excitation. For any arbitrary align
ment angleu of D2

1 , we assume the total excitation cro
sections tosu andpu are given by

s~su!5sT~r 0 cos2u1r 1 sin2u!, ~13!

s~pu!5sT~r 0 sin2u1r 1 cos2u!, ~14!

sT5s012s1 , ~15!

r 05
s0

sT
5

r ~x!

r ~x!12
, ~16!

r 15
2s1

sT
5

2

r ~x!12
. ~17!

0

2

4

6

8

0 5 10 15 20

 r
(x

) 

 x = T/∆E

fitted r(x)
 CCC Theory for H 

 He Expt. 

FIG. 5. Ratio of the electron-impact excitation cross section
2p0 with respect to 2p1 vs scaled excitation energy. Solid line is th
fitted result from Eq.~12!, open circles are from the calculation o
Bray for H @33#, and filled circles are from the He experiment
measurement@34#.
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The semiemipirically fitted electron-impact ionization or e
citation cross-section formulas discussed so far are for a
electron colliding with an atomic or molecular ion. For th
rescattering process, the two electrons in D2 initially are in
the singlet state (S50). Thus, in principle, one should jus
use singlet excitation or ionization cross sections instead
the spin-averaged cross sections. We obtain the singlet c
sections from the total cross section following the empiri
formula derived in Yudin and Ivanov@23# @their Eqs.~8! and
~9!#.

These empirical formulas allow us to calculate electro
impact excitation cross sections fromsg to su and to pu
states at each internuclear separation and at each align
of the D2

1 ion. In Fig. 6 we compare the electron-impa
excitation cross sections at the equilibrium distance tosu

andpu states for D2
1 ions lying parallel and perpendicula

to the incident electron direction which is also the directi
of the laser polarization, respectively. When D2

1 is aligned
parallel to the laser polarization, impact excitation tosu is
the dominant channel. Thepu cross sections are smaller du
to two factors:~1! the pu state has higher excitation energ
see Fig. 2;~2! the 2p0 state has larger cross sections th
2p1 for the electron energies considered, see Fig. 5. T
situation is different when the D2

1 ion is aligned perpen-
dicular to the laser polarization direction. Figure 6~b! indi-
cates that excitation to thepu state is actually larger than tha
to thesu state, at least in the 20–80-eV-energy region. N
that in the experiments of Niikuraet al. @3,4# H2

1 or D2
1

were chosen to be perpendicular to the laser polarization
rection. They assumed that electron-impact excitation po

o

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 50 100 150 200

(a)
 σu 
 πu 

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200

(b) 
 σu 
 πu  C

ro
ss

 s
ec

tio
n 

(u
ni

ts
 o

f a
02 ) 

 Electron Energy (eV) 

FIG. 6. Electron-impact excitation cross sections tosu andpu

states of D2
1 at the equilibrium distance.~a! The electron beam is

parallel to the molecular axis;~b! the electron beam is perpendicula
to the molecular axis.
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lates only thesu state, in disagreement with our analysis.
The semiempirical formulas presented above allow us

calculate electron-impact excitation cross sections tosu and
pu states averaged over the initially randomly distribut
D2

1 ions. We obtained the ratio of the cross section ofsu

with respect topu , and compared the result with the rat
obtained by Peek@35# where the impact excitation cross se
tions for different internuclear separations were calcula
using the Born approximation. The agreement is quite go
with the average cross section forsu about a factor of 2
larger than forpu . The absolute cross sections from Peek
larger since Born approximation was used.

We also consider the small contribution from excitation
the 2ssg electronic state of D2

1 . The empirical formula is
chosen to be

se~T,DE!5
1

DE2
f ~T/DE!, ~18!

f ~x!5
A

11B/x

1

x
, ~19!

where the parametersA50.17 andB51.53 are obtained by
fitting the formula to the 1s→2s excitation cross sections o
H. This cross section is assumed to be independent of
alignment of the molecular ion.

E. Impact excitation probability

With all the elementary cross sections available, we
now calculate the probability distribution of exciting D2

1 at
a given internuclear separationR from the groundsg state to
a specific excited electronic state or to ionization states
the returning electron where the returning electron origina
from the ionization of D2 molecule by the laser over a ha
optical cycle. The probability distribution is given by

dPm

dR
5

E E Pm~b,T!x2~R,t r !g~v!W~F cosf!dvdf

E E g~v!W~F cosf!dvdf

.

~20!

The subscriptm stands for the excited states (su ,pu ,sg) or
ionization. Pm(b,T) is the impact excitation or ionization
probability from Eq.~8!. In this expression,W is the MO-
ADK rate for ionizing D2 at the static fieldF cosf, whereF
is the peak field strength of the laser. For eachf, the tun-
neled electron leaves the molecule with an initial velocityv,
with a distribution governed by Eq.~7!, i.e., effects due to
both the longitudinal and transverse velocity distributions
included. For each initial velocity and initial position of th
tunneled electron, the return timet r at the distance of closes
approach, the corresponding laser-free impact parameteb,
and kinetic energyT are calculated, and the excitation pro
ability is also calculated. At each return timet r , the distri-
bution of the vibrational wave packetx2(R,t r) is used to
calculate the probability of finding D2

1 at internuclear sepa
ration R. In this expression the MO-ADK rates and the im
04341
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pact excitation probabilities tosu and pu states depend on
the alignment of molecules. The other quantities are iso
pic. For D2 initially aligned perpendicular to the direction o
the linear polarization of the laser, the impact excitati
probabilities at differentR’s over half an optical cycle are
shown in Fig. 7, where the peak laser intensity is 1.5I 0. Note
that excitation probability topu is the largest, but tosu is
also significant. On the other hand, excitation to 2ssg ex-
cited state and direct ionization by the rescattering elect
are not important.

It is interesting to point out that the probability of excita
tion in Fig. 7 shows distinct sharp peaks as a function ofR.
To disentangle the source of these peaks, in Fig. 8 we ex
ine the contributions to thepu excitation probability accord-
ing to whether the return timet r falls within one, two, three
or four optical cycles after the tunneling electron is born. T
excitation probabilities are larger for returns within one
two optical cycles. Within the first two optical cycles, th
nuclear wave packets remain at smallR with small spreading
and the returning electron has more kinetic energy~see Fig.
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  (
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FIG. 7. Electron-impact excitation and ionization probabiliti
of D2

1 by the rescattering electron following tunneling ionizatio
of D2 by a short pulse laser with peak intensity of 1.5I 0 (I 0

51014 W/cm2) and pulse length of 40 fs.
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FIG. 8. Electron-impact excitation probabilities by the rescatt
ing electron to thepu state in the first four optical cycles after D2

molecules are ionized by a short pulse laser of peak intensity
1.5I 0 (I 051014 W/cm2) and pulse length of 40 fs.
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4!. For the higher returns the nuclear wave packet move
largerR and spreads further and the smaller energies for
returning electron render the excitation probabilities smal

We comment once again that with the inclusion of Co
lomb attraction on the motion of the rescattering electron,
maximum returning electron energy is not given by 3.17UP
529 eV for the present peak intensity, but rather by 35
as seen in Fig. 4. This has the effect of enhancing the e
tation to thepu state as well.

For peak laser intensity of 1.5I 0 the results in Fig. 7 show
that direct impact ionization of D2

1 by the rescattering elec
tron is very small. The rescattering mostly populates D2

1 in
the excitedpu andsu states. The dissociation of D2

1 from
an excited electronic state would release a total kinetic
ergy given byU(R0)2U(`), shared equally by D and D1,
respectively. According to Fig. 7, excitation by the rescatt
ing process peaks at characteristic internuclear separa
related to characteristic rescattering timet r , thus measure-
ment of the D1 fragment kinetic energies probes directly t
recollision times. This forms the basis of molecular clocks
the experiments of Niikuraet al. @3,4#. However, as shown
by Tonget al. @36# and Alnaseret al. @26#, the excited D2

1

ions are still in the laser field and they can be further ioniz
by the lasers. Thus we need to calculate the kinetic-ene
spectra of D1 resulting from Coulomb explosion after thes
excited D2

1 ions are ionized by the laser.

F. Field ionization of the excited D2
¿ ion

In this section we consider the ionization of D2
1 from the

excited electronic states. We emphasize that we will cons
peak laser intensity within 0.5–5I 0 only where rescattering
is important. In this intensity region, D2

1 is readily ionized if
it is in the pu excited state since its saturation intensity
only about 0.1I 0 because of small ionization energy. Thus w
only need to calculate the ionization rate of D2

1 from thesu

state. If the initial excitation tosu occurs atR, the total
accumulated probability for ionizing an electron by the la
field from thesu state is

Pi~R,`!512expF2E W~R8!dtG
512expF2E

R

`

W~R8!/v~R8!dR8G , ~21!

with

1
2 mv2~R8!5U~R!2U~R8!, ~22!

whereW(R8) is the MO-ADK tunneling ionization rate de
scribed in Sec. II A,m is the reduced mass of the two nucle
andU(R) is the total potential energy of thesu state. Thesu
state created atR, followed by laser field ionization atR8
will release a kinetic energyEi(R8)5U(R)2U(R8)
11/R8. Here we are more interested in the differential io
ization probability which is given by
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dPi~R,R8!

dR8
5

W~R8!

v~R8!
expF2E

R

R8
W~R9!/v~R9!dR9G ,

~23!

or in terms of differential probability per unit of kinetic en
ergy

dPi~R,R8!

dE
5

dPi~R,R8!

dR8

dR8

dU
, ~24!

dR8

dU
5

1

UdU~R8!

dR8
U . ~25!

Figure 9 shows the expected ionization spectra from thesu
state if it is initially created at two differentR’s (R51.6 and
2.1 a.u.!, chosen to be the peak positions of the vibration
wave packet at the first and the third returns. Clearly,
early return releases more energy~higher-energy peak!. The
spectra show many sharp peaks since ionization occurs
when the laser field is near its peak intensity at every h
cycle.

To obtain the total ionization spectra, we need to add
contributions from initial ionization at all values ofR, i.e.,

dPion

dE
5E dPm

dR

dPi~R,R8!

dE
dR. ~26!

This integration is important primarily only for ionizatio
from the excitedsu state. For other excited electronic state
due to the high ionization rate, ionization is complete with
one cycle or less and we can setR5R8, and the differential
ionization spectra for these excited electronic states are g
by

dPion

dE
5

dPm

dR

dR

dU
. ~27!
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FIG. 9. Kinetic-energy spectra of D1 ion resulting from laser
ionization of D2

1 in the excitedsu state, for ion reaching the ex
cited state initially atR51.6 a.u. ~solid curve! and R52.1 a.u.
~dashed curve!. Laser parameters: peak intensity 1
31014 W/cm2, pulse length 40 fs.
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The total ionization spectra are obtained by adding up c
tributions from all the excited electronic states, and from
initial ionization by the rescattering electron~very negli-
gible!.

For the dissociation process, the energy spectra are
tained from

dPdis

dE
5@12Pi~R!#

dPm

dR

dR

dU
. ~28!

The total dissociation spectra are obtained by adding up c
tributions from all the excited electronic states. In reality, t
dissociation comes from thesu excited state only. In all
other excited electronic states the D2

1 ions are immediately
ionized by the laser in one optical cycle.

III. RESULTS AND DISCUSSION

The kinetic-energy spectra of D1 ions can be determine
without any coincidence, as in the experiments of Niiku
et al. @3,4#, or by detecting the two D1 ions in coincidence,
as in the experiments of Staudteet al. @2# or in Alnaseret al.
@26#. We will present our simulation results for both types
experiments.

A. Noncoincident D¿ kinetic-energy spectra

In the experiments of Niikuraet al. @3,4#, the kinetic en-
ergy of D1 ion was measured in the direction perpendicu
to the direction of laser polarization. The measured D1 sig-
nals come from ionization and from dissociation. Thus,

Signal}2
dPion

dE
1

dPdis

dE
. ~29!

In Fig. 10 the experimental D1 kinetic-energy spectra from
Niikura et al. @4# are shown. The energy scale is the to
breakup energy or twice the energy of the D1 ion. The ex-
periment was performed for a pulse of 40 fs and peak int
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FIG. 10. D1 yield at several laser intensities for a 35-fs pul
length. The experimental data are from Ref.@4# for 1.5I 0 where
I 051014 W/cm2. The peak values from experiment and from theo
for 1.5I 0 are normalized to each other. For peak intensities of 1.I 0

and 0.8I 0, the yields have been multiplied by 1.4 and 3.0, resp
tively to have the same peak ion yield height.
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sity of 1.5I 0. We have shown simulations with the same las
parameters but with three peak laser intensities, at 1.5I 0 ,
1.0I 0, and 0.8I 0. First, we normalize the peak height at 1
eV between theory and experimental data at 1.5I 0. Since the
peak positions do not vary with laser intensity, we can n
malize the calculated spectra at the two other intensities
well, with a multiplicative factor of 1.4 and 3.0 for 1.0I 0 and
0.8I 0, respectively. If one compares the experimental spe
with the theoretical one calculated at the same 1.5I 0, clearly
the high-energy peak near 16 eV from the theory is too hi
while the theoretical spectra between 5 and 10 eV are so
what too low. However it appears that the discrepancy can
reconciled if one takes into account the volume effect, in t
the experimental spectra have to be integrated over a vol
where the intensities are less than the peak value. The en
resolution and the finite acceptance angles can all contrib
to the smoother experimental spectra. One, of course, sh
also take this ‘‘better agreement’’ with caution in view th
the peak intensity of the laser is often not known precise

One of the major goals of the simulation is to unravel t
origin of the structure in the kinetic-energy spectra which
turn would provide insight of the working of the molecula
clock. For this purpose, we show in Fig. 11 the calcula
kinetic-energy spectra, but separate the contributions fr
dissociation and ionization, and from rescattering occur
after one or two optical cycles, or equivalently, from the fi
(t1) or the third returns (t3), at two laser intensities, 1.5I 0
and 0.8I 0. At the higher intensity, in this figure we notice~1!

-
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FIG. 11. Decomposition of D1 ion yields into contributions
from dissociation and ionization, and for rescattering occurr
within the first and the second optical cycle after the initial tunn
ing ionization. The peak laser intensities are~a! I 51.5I 0 and ~b! I
50.8I 0, whereI 051014 W/cm2 and pulse length is 40 fs.
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ionization is much stronger than dissociation;~2! the peak
from the third return~second cycle! is higher than from the
first return; and~3! the width of the peak from the first retur
is broader than the peak from the third return. The broad
ing is a consequence of the factordR/dU in Eqs. ~26! and
~28! which is approximately given byR2. Another interest-
ing observation is that the peak position of the dissociat
spectra from the first return almost coincides with the pe
position in the ionization spectra from the third return. Th
shift is due to the binding energy of the excited electro
states.

In the experiment of Niikuraet al. @4# the peak at 12 eV
was attributed to originate from the dissociation of D2

1 via
the su curve at the first return. In other words, this pe
reads the clock att1. According to our simulation, the pea
comes from ionization following rescattering at the third r
turn, and this peak should read the clock att3.

Contributions to the D1 signal from dissociation do be
come more important at lower laser intensity, as shown
Fig. 11~b!. Even at this intensity, the peak at 12 eV st
comes mostly from the ionization following rescattering att3
instead of dissociation following rescattering att1. Further-
more, the third return peak is higher than the first return p
for either dissociation or ionization. We remark that the sp
tra in Fig. 10 were calculated including contributions up
four or five optical cycles after the initial tunneling ioniza
tion and convergence of the calculation was checked.

B. D¿ coincident kinetic-energy spectra

The D1 ion kinetic-energy distributions in laser-D2 inter-
actions have been determined in coincidence measurem
where the two D1 ions were detected simultaneously b
Staudteet al. @2# and more recently by Alnaseret al. @26#. In
the latter experiment, the branching ratios of ionization w
respect to dissociation had been measured as well, for p
laser intensities of (1 –5I 0. Their data for peak intensity o
2.8I 0 are shown in Fig. 12. The experiment used a 35
pulse with mean wavelength of 800 nm. The D1 spectra are
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FIG. 12. Comparison of D1 ion spectra resulting from the
double ionization of D2 molecules in a laser field. The experime
data are from Ref.@26# for peak laser intensity of 2.8I 0 and the
theoretical simulation is for laser peak intensity of 2I 0, where I 0

51014 W/cm2 and the pulse length is 35 fs.
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from Coulomb explosion of ions at 60–80° with respect
the direction of the linear polarization of the laser field.
the figure we show the result of our theoretical simulation
laser intensity of 2.0I 0. We found the best overall agreeme
with the experimental data at this intensity without consid
ing volume effect, and the fact that the theoretical calculat
was carried out for molecules aligned perpendicular to
laser polarization while the experiments measured ions c
ing out of 60–80° with respect to the laser polarization. T
simulated spectra near the kinetic-energy peak region
7 –12 eV agree quite well with the data, but the peak near
eV is more pronounced in the simulation.

A direct comparison of simulated kinetic-energy spec
with experimental data is complicated in general not only
the volume effect, the angular resolution of the D1 product,
but also the difficulty of knowing the peak laser intens
precisely. In Fig. 13 we show the yield for making two D1

ions vs the total kinetic energy for peak laser intensity fro
(1.0–3.0)I 0. The calculations were done for 35-fs pulse a
mean wavelength of 800 nm and with molecules align
perpendicular to the laser polarization direction. Clearly
yield increases rapidly with laser intensity. We further no
that the peak positions in the spectra do change with la
intensity. In particular, the main peak shifts to lower kinet
energy at higher laser intensity. To understand the reaso
this shift, in Fig. 14 we separate the kinetic-energy peaks
contributions from thesu and from thepu curves, and for
rescattering occurring after one, two, and three optical cyc
following tunneling ionization. Recall that we consider D1

from ionization only here. At 2.0I 0, we note the larger con
tribution comes mostly from ionization of D2

1 in the pu

state, although contribution fromsu is not negligible. From
Fig. 14~b! one can clearly identify that the two peaks a
proximately at 10 and 12 eV in Fig. 12 can be attributed
ionization fromsu andpu , respectively, for rescattering co
lision from the third return. At 3.0I 0 @Fig. 14~a!#, due to the
larger contribution from thesu excited state, the peak pos
tions in the kinetic-energy spectra are shifted to lower valu
Thus the sum kinetic-energy spectra at the two higher int
sities look different from those at lower intensities, as seen
Fig. 13. Figure 14~a! also shows that contribution from th
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FIG. 13. Simulated D1 ion yield from the double ionization of
D2 by the rescattering process at several peak laser intensitie
units of I 051014 W/cm2. The pulse length is 35 fs.
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third cycle becomes relatively more important at higher
tensity. At higher intensity, the rescattered electron has la
kinetic energy. Thus it takes more time for the Coulom
attraction to bring the electron to come near the ion for
rescattering to occur.

Figure 14 also illustrates how the working condition f
using rescattering model to measure the precise time
molecular clock can be limited. The kinetic-energy spec
from each excited electronic state of D2

1 have relatively
well specified and distinct peak positions from the first, thi
and fifth returns. Such peak positions immediately give
formation about the molecular clock since each peak posi
does not depend on the laser intensity. However, when
ization from thesu channel also contributes then the com
bined sum would shift the peak positions as the laser in
sity is changed, as shown in Fig. 13. Thus to read
molecular clock accurately, one has to choose laser inten
where only one of the excited D2

1 electronic state contrib
utes mostly to the ionization signal. Failure to do so wou
compromise the accuracy of the clock. Since the rela
contributions of the ionization signals fromsu and pu are
expected to change with laser intensity and with the ali
ment of the molecules, this also helps explain why the v
leys in the experimental spectra are usually less sha
peaked than the ones simulated from the theory at a g
peak laser intensity.
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FIG. 14. D1 yield from laser ionization via thesu ~solid line!
and pu ~dashed line! excited states with laser intensity~a! I
53.0I 0 and ~b! I 52.0I 0 (I 051014 W/cm2). Each yield is further
decomposed into contributions for rescattering occurring after o
two, and three optical cycles. The laser pulse length is 35 fs.
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C. Laser-H2 interactions and wavelength dependence

Clearly the present method can be used to predict
kinetic-energy spectra if H2 is used as the target. The on
difference in H2 is that it has smaller reduced mass such t
the wave packet propagates faster, and thus kinetic-en
spectra will be shifted to lower energies. If the wavelength
the laser is increased, the period is longer and thus
kinetic-energy spectra will also shift to lower energies. W
have applied the present theoretical model to study the c
parison of kinetic-energy spectra taken for H2 and D2 simul-
taneously@26#, and also the variation of the kinetic-energ
spectra when wavelength was varied as in the experimen
Niikura et al. @4#; see Tonget al. @36#.

IV. SUMMARY AND CONCLUSION

In this paper we have provided a comprehensive study
the elementary processes of the rescattering mechanism
ing to the fragmentation of D2

1 following the initial tunnel-
ing ionization of a D2 molecule in a short intense laser puls
Ionization rates of D2

1 from the excited electronic states an
impact excitation and ionization cross sections by the retu
ing electron have been obtained based on the MO-A
theory and from semiempirical formulation, respective
Following the initial idea of Corkum and co-workers, w
showed that the kinetic-energy spectra of D1 in the higher-
energy region~5–10 eV per D1 ion! can be used as a mo
lecular clock which can be read with subfemtosecond ac
racy. Through our detailed simulation, we concluded that
dominant peak in the D1 kinetic-energy spectrum is due t
the further ionization of the excited D2

1 following impact
excitation by the returning electron, and this excitation o
curs not at the first return but mostly at the third return. W
have compared our simulation results with the recent exp
ments of Niikuraet al. and of Alnaseret al. with general
good agreement. Further experimental studies in terms
dependence on laser wavelength, pulse duration, and a
ment angles may provide more critical test on the pres
theoretical model. From the theoretical viewpoint, desp
the semiempirical nature of the present modeling, we do
expect any meaningful pureab initio quantum calculations
viable in the foreseeable future. The present model has
further advantage that the mechanism for producing each
dividual peaks in the kinetic-energy spectra can be identi
and the effect of laser parameters can be readily tested
the other hand, the semiempirical nature of the modeling
claim its reliability only after it has been exposed to mo
stringent tests from the experiment.
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