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Production of multicharged atomic ions from laser-induced multiple ionization
of small molecules

Ph. Hering and C. Cornaggia
CEA Saclay, Direction des Sciences de la Matie`re, Service des Photons, Atomes et Mole´cules, F-91191 Gif-sur-Yvette, France

~Received 14 July 1997; revised manuscript received 2 February 1998!

The production of CZ1, NZ1, and OZ1 multicharged atomic ions up toZ54 is investigated using the
laser-induced multiple ionization of small molecules in the gas phase in the 1015– 1016-W/cm2 laser intensity
range. For molecules built with a single C, N, or O atom and hydrogen atoms such as CH4, NH3, and H2O, the
Z53 and 4 ion yields are systematically weaker than for molecules built with equivalent atoms such as
N2, CO, O2, CO2, and N2O using rigorously the same laser excitation conditions. In particular, the C41, N41,
and O41 ion production efficiency is more than one order of magnitude lower in the first case. In addition, no
significant differences are found for the ion production efficiency between diatomic and linear triatomic
molecular species built with the same atoms. This overall behavior remains the same at lower laser intensities
in the 1014– 1015-W/cm2 range for lower atomic ions charge states. The experimental results are in good
qualitative agreement with recent theoretical models of molecules in strong laser fields. In order to get quan-
titative agreement, the initial three-dimensional electronic configuration of each molecule has to be included in
nonperturbative theories.@S1050-2947~98!01506-6#

PACS number~s!: 33.80.Rv, 33.80.Eh, 42.50.Vk
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I. INTRODUCTION

Multiple charged atomic ions can be produced using
wide variety of excitation mechanisms of atoms, molecu
and surfaces based mainly on electron impact, field ion
tion, laser-plasma interactions, and ion stripping in a t
foil. Many types of ion sources have been developed beca
of the large interest in fundamental research and indus
applications in astrophysics, fusion research, and radia
therapy. This paper deals with the production of mu
charged atomic ions CZ1, NZ1, and OZ1 from different mo-
lecular targets using an intense femtosecond laser field in
1015– 1016-W/cm2 laser intensity range. Since this study
aimed at the primary effects of molecular multiple ioniz
tion, the interaction takes place in the gas phase regim
very low operating pressures in the 1029-Torr range. No
collective and plasma effects occur in the electron stripp
processes and ion detection measurements.

Usually, the laser-induced multiple ionization of atom
and molecules is performed with picosecond and femtos
ond laser systems operating in the optical domain for wa
lengths from 193 to 1064 nm that depend on the laser-g
medium. The outer-shell electrons interact with the la
field and are ejected from the initial atom or moleculeX
following

X1 laser→XZ11Ze21energy. ~1!

In the atomic case, simple models based on barrier supp
sion ionization give the correct order of magnitude for t
saturation laser intensity that is necessary to produce aXZ1

ion from aX(Z21)1 precursor ion@1,2#. However, below the
saturation intensity, direct multiple ionization was observ
for the production of He21, Ar21, Ar31, Xe21, and Xe31

ions @2#. Recent detailed experimental and theoretical stud
performed with helium have shown unambiguously that
rect double ionization of helium dominates the He21 ion
571050-2947/98/57~6!/4572~9!/$15.00
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yield at l5780 nm, t5160 ~pulse duration! fs in the
1014– 1015-W/cm2 intensity range@3,4#.

For molecules, theXZ1 molecular ion is in general un
stable forZ.2 and gives rise to atomic multicharged ion
following

@ABCZ1#→AZ811BZ911CZ-11kinetic energy release,
~2!

where XZ15@ABCZ1# represents the transient undetect
molecular ion. The multiple ionization of the initial neutra
molecule is more complicated than in the atomic case b
cally because of the multicenter nuclear field experienced
the valence electrons and the evolution of the nuclear st
ture in the course of the electronic emission. This probl
has initiated much experimental work, especially for d
atomic molecules, since the pioneering of Frasinskiet al. @5#.
At the beginning of the 1990s, it was found that the me
sured kinetic-energy releases were systematically wea
than the expected Coulomb repulsion energyZZ8/Re starting
at the equilibrium internuclear distanceRe of the neutral
molecule for a diatomic fragmentationAB→AZ11BZ81

@6,7#. As a consequence, it was deduced that the Coulo
repulsion between the fragments begins at a critical inter
clear distanceRc larger thanRe . In addition, theRc distance
was found to be quasi-independent of the charge st
(Z,Z8) of the repelling ions. Recent theoretical models d
veloped for diatomic molecules and based on field ionizat
@8# and time-dependent nonperturbative quantum calc
tions @9–11# are in good agreement with the experimen
findings. Although these two approaches are very differe
the main conclusions of these models are that the la
molecule coupling strength and, as a consequence, the
tiple ionization are much more efficient at internuclear d
tances larger than theRe . According to Seidemanet al. and
Yu and co-workers, the nonadiabatic localization of the el
tronic wave function in the rising well of the two-center p
4572 © 1998 The American Physical Society
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57 4573PRODUCTION OF MULTICHARGED ATOMIC IONS FROM . . .
tential @9,10# and the phenomenon of charge-enhanced i
ization @10,11# are crucial elements of the models.

The main purpose of this paper concerns the choice of
molecular targets to produce efficiently CZ1, NZ1, and OZ1

ions from simple diatomic and polyatomic gases availa
quite easily without any specific chemical preparation. F
each atomic species, a set of molecules was studied u
exactly the same laser intensity and ion detection conditio
The aim of our measurements is to determine the role of
atomic environment within the molecule for an efficient mu
tiple ionization. For instance, in the case of atomic nitrog
the NZ1 ion yields coming, respectively, from NH3, N2, and
N2O will be compared. Since the electronic and nucle
structures of these molecules are different, the laser-mole
coupling is expected to be molecular dependent even in
strong laser field regime. For NH3 the electronic distribution
lies closer to the N atom than for N2 and N2O. As a conse-
quence, the intramolecular charge-transfer processes
tween, respectively, the NZ1 and H1 ions and the NZ1 and
OZ1 ions will be different. In addition, the departure of th
light protons of NH3 can inhibit the electronic localization
along the N-H axes. In this case, the multiple ionizati
would be less efficient than in N2 and closer to the multiple
ionization of a bare N atom.

The second important point concerns the efficiency of
laser-molecule coupling and the associated multiple ion
tion as a function of the number of bonds, for instance, o
bond in N2 and CO and two bonds in N2O and CO2. To our
knowledge, theoretical developments were detailed for
atomic molecules, which represent a two-well nuclear fi
problem in the presence of the intense laser field. In
triatomic case, the concept of nonadiabatic localization of
electronic wave function is more difficult to deal with. I
particular, a comparison with the diatomic case will tell us
the localization concerns only two wells or involves the
terplay of three wells. In the first case, we expect ions yie
with the same order of magnitude for di- and triatoms, wh
in the second case the concerted electron transfer betw
the three wells might enhance the multielectron ionizatio

The paper is organized as follows. Section II describes
experimental setup~Sec. II A is for the laser system and Se
II B is for the time-of-flight detection! and the operating con
ditions for the data presented in this work~Sec. II C!. Section
II presents the experimental result for the NZ1 ~Sec. III A!,
CZ1 ~Sec. III B!, and OZ1 ~Sec. III C! ion production effi-
ciencies. Section IV is devoted to the discussion of the
perimental results and comparisons with field ionizat
models~Sec. IV A! and more sophisticated time-depende
nonperturbative theories~Sec. IV B!.

II. EXPERIMENTAL SETUP

A. The laser system

The femtosecond laser system is a commercial kiloh
laser chain based on a titanium-sapphire gain medium
self-mode-locked oscillator~Mira from COHERENT modi-
fied by MC2!, pumped by an Ar1 cw laser, delivers pulse
with a wavelength spectrum centered atl5800 nm and pulse
duration t527 fs. The amplification~B. M. Industries! is
performed using the chirp pulse amplification technique: T
laser pulse from the oscillator is stretched to a pulse dura
-
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t5300 ps, then the amplification takes place in a regene
tive amplifier pumped by a kilohertz Nd31:YLF laser, and
finally the pulse duration is recompressed to typicallyt540
fs using a two-grating compressor. The laser pulse dura
is measured using standard second-order autocorrela
techniques. The laser system output at 1 kHz is typically 7
mJ atl5800 nm.

B. The time-of-flight ion detection

The laser-molecule interaction takes place in a h
vacuum chamber with a residual pressure of 3310210 Torr.
The ions are detected by a Wiley-McLaren short time-
flight drift tube ~100 mm!, specially designed for the multi
fragmentation studies of multicharged molecules@12#.
Briefly, the spectrometer is operated so that the time of fli
exhibits a linear dependence of the ion initial momentu
The fragmentation channels are identified using statist
correlations techniques@13#. For this purpose, the spectrom
eter is equipped with 40-mm-diam and 90% high transm
sion grids in order to collect all the ions coming from th
molecular multifragmentation. Figure 1 represents the co
riance map recorded with the N2 molecule for the identifica-
tion of the NZ11NZ81 (Z,Z852,3) channels. The ion col
lection electric field is 180 V/cm and the laser polarizati
direction is parallel to the spectrometer axis. Since the m
ecule is aligned along the laser electric field, the NZ1 ions

FIG. 1. Covariance map of N2 recorded atl5800 nm,I 51.4
31016 W/cm2, andp(N2)51.531029 Torr with the laser polariza-
tion direction parallel to detection axis. The covariance coeffici
C(2)(T1 ,T2) is represented using a five-level gray scale as a fu
tion of theT1 ~horizontal axis! andT2 ~vertical axis! ion times of
flight. The fragmentation channels are N211N21124 eV,
N311N21136 eV, and N311N31156 eV. The relative error on
the energy measurements isDE/E565%.
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4574 57PH. HERING AND C. CORNAGGIA
are ejected along the spectrometer axis and present a h
symmetric double-peak structure coming from the backw
(Nb

Z1) and the forward (Nf
Z1) initial emission directions

relative to the detector position.
This study reports the totalAZ1 ion yield whatever the

parent ionization channelABC1 laser→AZ11BZ811CZ91.
As a consequence, no effort is made for the identification
the associatedBZ81,CZ91 ions. Moreover, theAZ1 double-
peak structure due to the initial momentum might complic
in some cases the time-of-flight spectrum. In order to av
this problem, the laser polarization direction is set perp
dicular to the spectrometer axis. Then the ion peaks prese
single-peak structure with a width that is proportional to t
width of the initial momentaP' distribution, whereP' is the
momentum component perpendicular to the laser elec
field @14#

The main difference with respect to the ion-ion corre
tion experiments is the use of a rectangular slit~300mm340
mm! instead of a grid for the output electrode of the i
collection chamber. In the case of a grid, the entire ionizat
volume is ‘‘seen’’ by the ion detector and the ion yield r
flects the Gaussian distribution of the laser intensityI (r ,z)
within the focal volume@15#

I ~r ,z!5I max@r 0 /r ~z!#2exp$22@r /r ~z!#2%, ~3!

wherer (z)25r 0
2@11(z/z0)2#. In the above equation,z andr

are the cylindrical coordinates withz along the laser beam
propagation,I max is the maximum laser intensity,r 0 is the
beam radius at the best focus, andz0 is the Rayleigh range
For instance, forI max51016 W/cm2, the volume for laser
intensities between 1013 and 231015 W/cm2 is 2400 times
the volume for laser intensities between 231015 W/cm2 and
I max51016 W/cm2. In order to avoid the too large Lorentzia
distribution of laser intensities along the propagation ax
the width l 5300 mm is chosen to be around 4 times th
Rayleigh rangez0570 mm for our focal lengthF575 mm.
In this case, the laser intensity for the collected ions va
from I max to I max/5 on axis atr 50. The transverse dimensio
of the slit isL540 mm in order to collect all the ions ejecte
in a direction perpendicular to the spectrometer axis and
the laser propagation direction~i.e., parallel to the laser po
larization direction!. For all the data presented in this pap
the collection electric field is 500 V/cm, which is sufficie
to avoid energetic ions losses.

Figure 2 represents three time-of-flight~TOF! spectra re-
corded, respectively, with grids@Fig. 2~a!# and with the slit
@Figs. 2~b! and 2~b!# for the N2O molecule. In Figs. 2~a! and
2~b! the laser electric field is parallel to the spectrometer a
and in Fig. 2~c! these two directions are perpendicular. The
three spectra were obtained with the same laser intensity
N2O pressure. In Fig. 2~b! the ion yield is less than in Fig
2~a! because of the slit discrimination against the focal v
ume extension. In particular, the N2O

1 molecular ion peak is
8 times weaker because the N2O

1 ions are created and no
subsequently ionized in the periphery of the focal volum
One interesting feature is that the ion production from
background H2O molecule~H1 and H2O

1) is also noticeably
weaker for the same reasons. The ratio between theA31 and
A21 (A5N,O! ion numbers is larger because the slit d
crimination favors the higher intensities. Finally, the co
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parison between Figs. 2~b! and 2~c! shows that the ion loss
remains very small in the perpendicular configuration. Mo
over, the spectrum of Fig. 2~c! is simpler for the analysis o
the multicharged atomic ion yields.

C. Conclusions and operating conditions

All the time-of-flight spectra presented in Sec. III hav
been recorded with the same laser excitation conditions~l
5800 nm andI 5631015 W/cm2! and the same collection
electric fieldFc5500 V/cm of the ion spectrometer equippe
with the 0.3340-mm2 slit. Concerning the laser pulse dura
tion in the high vacuum chamber, no direct measureme
were made because of the divergent beam profile after
focal spot. Systematic comparisons with the multicharg

FIG. 2. Time-of-flight spectra of N2O recorded atl5800 nm,
I 5531015 W/cm2, andp~N2O!51028 Torr with ~a! 40-mm circu-
lar aperture high transmission grids and laser polarization direc
parallel to the detection axis,~b! the 300mm340 mm rectangular
aperture slit and laser polarization direction parallel to the detec
axis, and~c! the 300mm340 mm rectangular aperture slit and las
polarization direction perpendicular to the detection axis.
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57 4575PRODUCTION OF MULTICHARGED ATOMIC IONS FROM . . .
atomic ion yields~for N2 and CO2! obtained with a 130-fs
titanium:sapphire laser were performed as a function of
laser initial energy while the spectrometer and optical co
ponents were rigorously identical. Our main conclusion
that the laser pulse duration is 50610 fs at the best focus
with an optimization of the compressor to compensate for
positive group velocity dispersion introduced by the opti
elements. Moreover, the focusing aperture isF/10, so that
the temporal broadening due to the lens curvatures rem
very small. Finally, no corrections were made for the el
tron current from the microchannel plate detector as a fu
tion of the charge state of the detected ion since we com
the sameAZ1 ion production from different molecules. Fo
eachAZ1 species, the total ion number is proportional to t
total area of the time-of-flight ion peak. In the compariso
presented in the next section, they are expressed in prac
units ~mV3ns! since the microchannel plate signal is me
sured in mV through a 50-V load resistor. The spectra ar
presented for a reference pressure ofp51029 Torr, which is
the typical operating pressure for the ion detection. In t

FIG. 3. Time-of-flight spectra of NH3, N2, and N2O recorded at
l5800 nm,I 5631015 W/cm2, andp51029 Torr.
e
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case, the multiplicative corrective factors furnished by t
supplier of the ionization gauge~ALCATEL ! are applied to
the ion signal for each gas introduced in the vacuum cha
ber.

III. EXPERIMENTAL RESULTS

A. Molecules with N atoms

Figure 3 represents the TOF spectra recorded w
NH3, N2, and N2O molecules. The NH3

1 ion peak is 4 and 3
times larger than, respectively, the N2

1 and N2O
1 ion peaks.

The first reason for this observation is that the 10.15-
ionization potential of NH3 is lower than, respectively, the
15.58-eV and 12.89-eV ionization potentials of N2 and N2O.
The second reason is related to the total number of mu
charged ions. Indeed, the main feature of Fig. 4 shows
NH3 gives definitively fewer NZ1 multicharged atomic ions
than N2 and N2O. Since the multiple ionization is less effi
cient for this molecule, the precursor ion NH3

1 remains
larger than expected from a more efficient subsequent
ization. In addition, the NH1 and NH2

1 ion peaks lying in
the TOF spectrum between the N1 and NH3

1 ion peaks rep-
resent, respectively, 3% and 2% the NH3

1 ion number. This
suggests that the observed NZ1 ions come mainly from the
multiple ionization and multiple fragmentation of NH3

1 pre-
cursor ions.

In the case of N2 and N2O, the N2
1 ion peak is 1.2 times

larger than the N2O
1 ion peak, although the N2 ionization

potential is larger than the N2O ionization potentials. This
observation is due to the additional N11NO1 and N2

11O1

channels@16# in the N2O case that decrease the N2O
1 de-

tected ion number. Finally, the widths of the NZ1 ion peaks
increase from NH3 to N2O. In the NH3 multifragmentation,
the kinetic energy releases are mainly taken by the light p
tons, while in the N2 case they are shared by the NZ1 ion. In
the N2O case, the three-body Coulomb repulsion produ
kinetic energy releases higher than in the N2 case. The unla-
beled companion OZ1 ion peaks in the TOF spectrum o
N2O are 2 times weaker than the NZ1 ion peaks for the
simple reason that N2O has one O atom and two N atom
For the three molecules, the NZ1 ion yields are reported in
Fig. 4. The N1 and N21 ion productions are equivalent fo
NH3, N2, and N2O, while the N31 and N41 ion yields are
dramatically weaker in the NH3 case. Indeed, the N31 ions
are one order of magnitude weaker than for N2 and N2O and

FIG. 4. Production of NZ1 for Z51 – 4 from NH3, N2, and N2O
gases atl5800 nm,I 5631015 W/cm2, andp51029 Torr.
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4576 57PH. HERING AND C. CORNAGGIA
N41 is not detected. Concerning N2 and N2O, the NZ1 ion
yields are of the same order of magnitude.

B. Molecules with C atoms

The TOF spectra were recorded for CH4, CO, and CO2
and exhibit the same tendencies observed with molec
built with N atoms. The conclusions concerning the mu
charged CZ1 ion peak heights and widths are quite similar
the conclusions in Sec. III A. In Fig. 5 the C1 and C21 ion
yields decrease from CH4 to CO2. This tendency is reverse
for Z>3 since the C31 ion production is definitively less fo
CH4. Moreover, no C41 ion is detected in this case. In pa
ticular, the peak with theM /Z53 ratio was unambiguously
assigned to H3

1 ions using different laser polarizations an
intensities in comparison with the CZ1 (Z51 – 3) ion
peaks. Finally, for all detected charge states up toZ54, CO
is more efficient than CO2. This observation shows that th
laser-molecule coupling is larger with the triple bond of C
than with the two CvO double bonds of CO2.

Figure 6 represents the TOF spectra of CH4, C2H4, and
C3H4. The multifragmentation of the C3 linear chain of C3H4
into multicharged atomic CZ1 ions has been studied prev
ously in our laboratory@17#. It was shown that it is a direc
process into CZ11CZ811CZ91 channels with no intermedi
ate C2Hn

1 ion step. Indeed, the C2Hn
1 ion peaks are very

weak in Fig. 6. The three molecules CZ1 ion yields are com-
pared in Fig. 7. The C1 and C21 ions production is equiva
lent for CH4, C2H4, and C3H4 if we take into account the
number of initial carbon atoms~1–3! within each molecule.
However, for C31 and C41 ions, the ion yields drop for CH4,
while they exhibit approximately the same values for C2H4
and C3H4. These two molecules are built with the sam
CvC double bonds and exhibit the same coupling efficien
with the laser field.

C. Molecules with O atoms

For this last comparison, TOF spectra were recorded w
O2 and CO2 and with the residual gas of the vacuum cha
ber at 3310210 Torr that is mainly composed of H2O mol-
ecules and large organic molecules~Fig. 8!. As in the case of
carbon and nitrogen, the most striking feature of Fig. 8 is
absence of O31 ions in the TOF spectrum of H2O, while
significant O31 ion peaks are observed with O2 and CO2. The
number of OZ1 (Z51 – 4) ions for O2 and CO2 is reported

FIG. 5. Production of CZ1 for Z51 – 4 from CH4, CO, and
CO2 gases atl5800 nm,I 5631015 W/cm2, andp51029 Torr.
es
-

y

th
-

e

FIG. 6. Time-of-flight spectra of CH4, C2H4, and C3H4 re-
corded atl5800 nm,I 5631015 W/cm2, andp51029 Torr. For
CH4, the ion peak labeled with an asterisk has been unambiguo
assigned to H3

1 ions because of the sameM /Z53 ratio with the
C41 ions.

FIG. 7. Production of CZ1 for Z51 – 4 from CH4, C2H4, and
C3H4 gases atl5800 nm,I 5631015 W/cm2, andp51029 Torr.
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57 4577PRODUCTION OF MULTICHARGED ATOMIC IONS FROM . . .
in Fig. 9. In the case of CO2, the C31 and O41 ions exhibit
the same time of flight with the laser polarization directi
perpendicular to the detection axis. In order to evaluate
associated ion yields, the laser electric field was set par
to the detection axis, so that the higher kinetic energy of
O41 ion allows one to separate the C31 and forward and
backward O41 ion peaks. Both molecules exhibit ion yield
with the same order of magnitude, contrary to the H2O case.

IV. DISCUSSION

A. Comparison with field-ionization models

The field over-the-barrier ionization models give analy
cal expressions of the laser field required for multiple ioni

FIG. 8. Time-of-flight spectra of O2 and CO2 recorded atl5800
nm, I 5631015 W/cm2, andp51029 Torr. The H2O time-of-flight
spectrum has been recorded using the same laser excitation c
tions but simply from the residual gas background at 3310210

Torr. In this spectrum, the ions peaks labeled~1!, ~2!, and ~3! are
due to, respectively, energetic C1, C21, and C31 carbon ions com-
ing from residual large organic molecules. These molecules
hance noticeably the proton’s H1 production.
e
lel
e

-

tion. In this approach, the laser field is considered as a q
sistatic fieldF. This implicitly assumes that the ionizatio
time is smaller than the laser half period. In the atomic ca
the model is based on the single ionization of aA(Z21)1 ion
following

A~Z21!11 laser→AZ11e2. ~4!

The electronic one-dimensional potentialVa(x) is the super-
position of the Coulomb potential2Z/uxu and the electric-
dipole interaction energy2Fx, wherex is the electron po-
sition relative to theA(Z21)1 core@Fig. 10~a!#. Atomic units
are used throughout this section. The ionization occurs w
the maximum value ofVa(x) for the right barrier in Fig.
10~a! is below the ionization energyEZ←Z21 of theA(Z21)1

ion. The required fieldFa is then

Fa5~EZ←Z21!2/4Z. ~5!

More sophisticated approaches known as Amosov-Delo
Krainov theories@18# take into account the electron tunne
ing through the right barrier@Fig. 10~a!# and are able to give
the ion yield as a function of the laser fieldF. The calcula-
tions are in good agreement with the experimental data w
the successive single ionizations dominate the direct mu
electron ionizations. However,Fa remains a good estimat
of the laser saturation intensity of the ion yield@2#.

In the diatomic case, the model was developed by P
humuset al. for the ionization of anAB(Z1Z821)1 molecular
ion following @8#

AB~Z1Z821!11 laser→AZ11BZ811e2. ~6!

Here we consider two cases to simplify the discussion. T
first one is A5B and Z5Z8 for molecules composed o
identical atoms. The second one isB5H andZ851 for mol-
ecules composed of anA atom and a hydrogen atom. Th
one-dimensional potentialVm(x) experienced by the depar
ing electron in the molecular and laser fields is

Vm~x!52Z/ux2RZu2Z8/ux2RZ8u2Fx, ~7!

wherex, RZ , andRZ8 are the positions of, respectively, th
active electron and theAZ1 andBZ81 attracting ions.Vm(x)
is represented in Fig. 10~b! in the caseZ85Z. According to
the ideas developed in@8#, the ionization takes place whe

di-

n-

FIG. 9. Production of OZ1 for Z51 – 4 from O2 and CO2 gases
at l5800 nm,I 5631015 W/cm2, andp51029 Torr.
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4578 57PH. HERING AND C. CORNAGGIA
the electron binding energyEb is equal to the maximum o
the inner barrierVm(x50). The significance of the inne
barrier touching the electron energy level is equivalent to
nonadiabatic localization of the electronic wave function
the rising well introduced by Seidemanet al. using a full
quantum calculation@9#. This condition gives the critical in-
ternuclear distanceRc for the ionization of the system@8#.
The required laser fieldFm for the ionization process~6! is
obtained when the outer barrier maximum (x.RZ8) is equal
to the binding energy of the electronEb .

Table I summarizes expressions for barrier tunnel
model parameters. The binding energiesEb are calculated
from the differences of the Coulomb potential curves
AZ11BZ8 and A(Z21)11BZ8 (Eb52EZ←Z212Z8/R).
The critical distanceRc for the electron departure is alway
smaller in theAH(Z,1) system than in theA2(Z,Z) system
because of the lower attracting molecular field in the fi
case. Due to the fact that the ratioZ/EZ←Z21 does not vary
very much~1.87 for N1, 1.84 for N21, and 1.72 for N31!, the
nuclear separation distanceRc for the ionization process~6!
remains practically the same for different final ion char
states. Finally, the fieldFm is expressed in Table I as th

FIG. 10. Field ionization model of an electron in the combin
atomic or molecular and laser fields for~a! an atomic (AZ11e2)
system,~b! a diatomic (AZ1,AZ1,e2) system, and~c! a linear tri-
atomic (AZ1,AZ1,AZ1,e2) system. The full, dashed, and dotte
curves represent, respectively, the electron potential energyVm(x)
as a function of the electron positionx ~see Sec. II and Table I!, the
electron binding energyEb , and the laser-electron dipolar couplin
2Fx in a.u.
e

g

f

t

ratio Fm /Fa , whereFa5(EZ←Z21)2/4Z is the field neces-
sary to ionize a bareA(Z21)1 ion. In the (Z,Z) case, the most
striking feature is that the laser field required to produce
AZ1 ion from a molecule (Fm50.75Fa) is weaker than the
corresponding laser fieldFa for an atom, although the num
ber of removed molecular electrons is twice the number
removed atomic electrons. In the (Z,1) case, the ratioFm /Fa
is given by a functionc(Z) reported in Table II. AsZ in-
creases fromZ51 to 4, theFm field value increases from
0.75Fa to 1.30Fa . Because the electron localization occu
at a shorter internuclear distanceRc , the ionization requires
a higher field than in the (Z,Z) case. As a consequenc
molecules built withAuH bonds will produce fewer multi-
chargedAZ1 atomic ions than molecules built withAuA
bonds using the same laser intensity in both cases. This s
ment is in good agreement with our experimental findings
particular, forZ54, the ratio of the fields forAH andA2 is
Fm(AH)/Fm(A2)51.73. Following Tables I and II, the lase
intensities to produce N41 ion from N, N2, and NH are, re-
spectively, 9.131015, 6.831015, and 1.231016 W/cm2.
These numbers give an explanation for the absence of41

ions at 631015 W/cm2 in the NH3 case.
For AHn molecules, our results show that the multip

ionization cannot be reduced to the multiple ionization o
bare C or N atom since theAHn

1 cation peak remains very
strong in the TOF spectra. The internuclear evolutionsDR
during a half laser periodt1/251.33 fs atl5800 nm lie in
the range 1022– 1021 Å for the AH andA2 systems whereA
is a C, N, or O atom. As a consequence, the proton los

TABLE I. Model predictions in a.u. for field ionization in the
case of A2(Z,Z): A2

(2Z21)11laser→AZ11AZ11e2 and
AH(Z,1): AZZ1→AZ11H11e2. The physical quantities
Eb , Vm(x50), Rc , andFm are, respectively, the electron bindin
energy, the maximum value of the inner barrier, the critical int
nuclear distance for ionization, and the laser electric field. All th
values are expressed as functions of the internuclear distanceR, the
charge stateZ of the resultingAZ1 ion, the ionization potential
EZ←Z21 of the A(Z21)1 ion, and the electric field Fa

5(EZ←Z21)2/4Z for the ionization of anA(Z21)1 atomic ion. The
ratio c(Z)5Fm /Fa for the AH(Z,1) system is given in Table II.

Quantity A2(Z,Z) AH(Z,1)

Eb 2EZ←Z212Z/R 2EZ←Z2121/R
Vm(x50) 24Z/R 2(Z1/211)2/R
Rc 3Z/EZ←Z21 (Z12Z1/2)/EZ←Z21

Fm /Fa 0.75 c(Z)

TABLE II. Values of the ratioc(Z)5Fm /Fa for the AH(Z,1)
system as a function of the charge stateZ of the resultingAZ1 ion.
Fm andFa are, respectively, the electric fields in the molecular a
atomic cases.

Z c(Z)

1 0.75
2 0.99
3 1.17
4 1.30



rie
or
l-

s
x
ve
m
n
i

H
fo

po

ti
ng

-
th

an
i
b

pr
is
w

o
ro
iv
p

A
io
in
o

er

th
d.
lin
m
u

-
e
om
he
pa
to

take
c-
vior

yk
ne-
ser
ns
sity

ro-

the
ns,
e-

r

the

57 4579PRODUCTION OF MULTICHARGED ATOMIC IONS FROM . . .
negligible in the time scale of the laser period so that theo
of molecular-enhanced multiple ionization remain valid f
AH species. Indeed, the multiple ionization of the HI mo
ecule was investigated atl5600 nm (t1/251 fs! and I 53
31015 W/cm2 using a 600-fs pulse duration dye laser sy
tem @19#. Up to I51 ions are detected and the Coulomb e
plosion exhibits the fragmentation characteristics obser
with homonuclear molecules. However, the nonlinear geo
etries ofAHn molecules allow only a qualitative compariso
with the AH model. It represents an approximation since
introduces an electronic localization closer to theA atom
than in theA2 case. Indeed, the electronic densities of C4
and NH3 are narrower around the C and N atoms than,
instance, in CO or N2.

In the triatomic case, the electronic one-dimensional
tential is represented in Fig. 10~c!. The inner barrier maxima
do not have the same energy and the electron localiza
concept is more difficult to apply. In addition, the attracti
potential of the precursor ionA3

(3Z21)1 involves one
A(Z21)1 and twoAZ1 atomic ions so that the electron bind
ing energy depends on the central or terminal position of
A(Z21)1 ion within the molecule. As a consequence, we c
not obtain a field ionization model as precise as for diatom
molecules. Our experimental results show that no noticea
enhancement is observed in the multicharged atomic ion
duction from diatomic to linear triatomic molecules. Th
might suggest that the ionization process involves only t
atoms as in the diatomic case, with the terminal third one@on
the left-hand side in Fig. 10~c!# acting as a spectator.

Finally, the over-the-barrier ionization model does n
take into account the tunneling possibilities of the elect
through the inner and left barriers in Fig. 10 and cannot g
ion yields as a function of the laser intensity. Figure 11 re
resents the ions yields for NH3, N2, and N2O for different
laser intensities. At 1015 W/cm2, the N31 ion yield of NH3 is
two orders of magnitude lower than the ion yields of N2 and
N2O and no N21 ions are detected for NH3 at 231014

W/cm2. The conclusions of Sec. III at 631015 W/cm2 re-
main valid for lower charge states and laser intensities.
though this behavior can be explained by the field ionizat
models using theZ dependence of the physical quantities
Tables I and II, a quantitative comparison demands a the
able to give ion yields as a function of the laser field.

B. Comparison with time-dependent nonperturbative theories

Different time-dependent nonperturbative models w
recently developed in the framework of the Schro¨dinger
equation@9–11# and using the Thomas-Fermi approach@20#.
To our knowledge, no theoretical works were done for
response ofAH and AHn systems to an intense laser fiel
Therefore, only the experimental results on diatomic and
ear triatomic molecules are discussed in this section. Ti
dependent quantum calculations were performed by Yu, Z
and Bandrauk for the H2

1 and H3
1 ionization rates at

l51064 nm andI 51014 W/cm2 using one- and three
dimensional models@10,11#. The obtained values are in th
1014-s21 range and no particular enhancement is found fr
H2

1 to H3
1. Although these ion species are far from t

molecules studied here, they represent models for the
sage from a diatomic to a triatomic molecule. According
s
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Yu, Zuo, and Bandrauk@10,11#, the electron wave-function
localization and charge resonance enhanced ionization
place between two neighboring ions of the triatomic stru
ture. Our experimental results suggest the same beha
with AB andA2B molecules (A,B5C,N,O! since no signifi-
cant enhancements are observed in the triatomic case.

The Thomas-Fermi approach proposed by Brewcz
et al. is based on the description of the electrons as a o
dimensional charged fluid in the combined nuclear and la
fields @20#. In this case, the electronic and nuclear motio
are treated on the same level using the electronic den
evolution. The calculations are performed for clustersAn
with n52 – 12 and no enhancement is predicted in the p
duction of multicharged ions fromA2 to A3. In conclusion,
these recent models are in qualitative agreement with
experimental results. However, for quantitative compariso
nonperturbative theories will have to include the initial thre
dimensional electronic configuration.

V. CONCLUSION

In the 1015– 1016-W/cm2 laser intensity range, the
CZ1, NZ1, and OZ1 (Z51,2) ion yields are equivalent fo
all the molecules studied. ForZ53 and 4, theAHn mol-
ecules are definitively less efficient than theAB and linear
A2B molecules (A,B5C,N,O! and the ion yields differ by
more than one order of magnitude. As a consequence,
laser-molecule coupling is more efficient forAB and A2B

FIG. 11. Production of NZ1 for Z51 – 4 from NH3, N2, and
N2O gases atl5800 nm,p51029 Torr, and ~a! I 51015 W/cm2

and ~b! I 5231014 W/cm2.
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systems. This overall behavior remains basically the sam
lower intensities and lower atomic charge states. For theAHn
molecules, the departing electron is mainly localized on
AZ1 ion and the ionization is closer to the atomic case. T
AB case keeps its molecular specificity since the electron
hop from theAZ1 ion to theBZ1 ion.

The second important observation of this paper is that
multicharged ion production is equivalent forAB diatomic
molecules and A2B linear triatomic molecules with
A,B5C,N,O, although the electronic orbitals are expected
be more delocalized in the triatomic case. The same res
are obtained for the CZ1 (Z51 – 4) ions with the C2H4 and
C3H4 molecules. In the framework developed for diatom
molecules by Seidemanet al. and Yu and co-workers@9–
11#, the electronic wave-function localization takes pla
J.

a-
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nd

o

, J

ev
at

e
e
n
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o
lts

more likely between two atomic ions within the molecu
with the third one acting as a spectator. However, the p
sible charge-exchange processes between the three wel
main to be investigated. The qualitative agreement with
cent theoretical models including the Thomas-Fer
approach@20# could constitute an encouragement for the d
velopment of nonperturbative theories including an init
three-dimensional electronic configuration.
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