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Charge Asymmetric Dissociation Induced by Sequential and Nonsequential
Strong Field Ionization
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Charge asymmetric dissociation (CAD) is observed, for the first time, with near-infrared 30 fs la
pulses, in small molecules,N2 andO2. N21

2 is created by a nonsequential (vertical) transition and th
dissociation fragments appear to be in excited states. UnlikeN2, O21

2 involves a sequential (nonvertical)
transition. The charge asymmetric dipole coupling to the external field is insufficient to populate
charge transfer states leading to CAD. Rather, CAD is a natural result of strong field excita
and ionization. These results in the tunneling regime are also compared with previous experim
performed with UV radiation in the multiphoton regime. [S0031-9007(99)08736-0]

PACS numbers: 33.80.Rv, 33.80.Wz, 42.50.Hz
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The interaction of strong laser fields with atoms an
molecules is of great interest when the laser field is stro
enough to ionize many electrons during the short (fem
tosecond) interaction time. This interaction will lead t
multielectron dissociative ionization (MEDI) in a molecule
[1]. In the process of MEDI, after one or two electron
are ionized, the molecule starts to dissociate and the fr
ments repel each other. If additional electrons are stripp
away, the ion fragments will continue to gain energy due
the Coulomb force. Therefore, the kinetic energy of the
atomic ions determined from time-of-flight (TOF) spec
troscopy reveals the dynamics of the MEDI process. It h
been shown that the ionization rate reaches a maximum
the critical internuclear separation,Rc, where electron lo-
calization and enhanced ionization occur due to the dou
well potential of a molecule [2]. Charge symmetric dis
sociation (CSD), such asN21

2 ! N1 1 N1, appears to
dominate the MEDI process if the molecule expands to t
critical internuclear separation during the laser pulse.

Charge asymmetric dissociation (CAD), such asN21
2 !

N21 1 N, is also seen but under more restricted co
ditions. N21

2 ! N21 1 N has been observed following
inner-shell ionization with soft x-ray radiation: the high
energy photon leads to a vertical transition (i.e., no chan
in internuclear separation during the excitation or ioniz
tion) through an Auger process to a highly excitedsN21

2 dp

state followed by CAD with a large kinetic energy releas
of 13.4 eV [3]. This CAD channel was also observed wit
high intensity UV (248 nm) laser radiation [4]. In addi
tion, the observation of a new inner-orbital molecular tra
sition at 55.8 nm inN21

2 induced by the same UV laser
confirmed the reality of populating highly excited state
by a strong nonlinear mode of coupling [5]. A more com
plete study ofN2 and O2 was made with both 305 and
610 nm laser radiation [6,7]. The observation of fastN21

ions from the CAD ofN21
2 in 305 nm light agrees with the

two above-mentioned experiments [6]. Moreover, CA
was also found inO2 but with a relatively low kinetic en-
ergy release (O21

2 ! O21 1 O 1 2.5 eV) [7]. However,
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both of these CAD channels were absent in the long wa
length (610 nm) radiation data.

It has been suggested that the states which lead to C
are strongly coupled to the CSD states by a charge tran
transition [4,8,9]. The dipole, induced by the asymm
ric displacement of the charge, interacting with the ext
nal field can provide this coupling [4,9]. The dissociatio
lifetime of the low lying states leading to CSD, therefor
is thought to be an essential parameter in determining
dynamics of the MEDI process [6]. At short wavelength
the long lifetime states ofN21

2 , for example, are accesse
followed by vertical transitions to states leading to CA
At longer wavelengths, however, states with dissociat
lifetimes shorter than the pulse duration are thought to
populated, leading to nonvertical ionization and symme
fragmentation. This is the hypothesis proposed to exp
the different behavior of CAD in short and long wave
length radiation as reported in Ref. [6].

The observations of CAD ofI2 in long wavelength
(800 nm) radiation with pulse durations under 100 fs ha
revealed the possibility of CAD with low energy photon
[9,10]. Furthermore, it is supposed that CAD in molecu
smaller thanI2 will occur with a pulse duration shorte
than the time required for the molecule to reachRc. In
this paper, we report, for the first time with near-IR radi
tion, the observation of the CAD ofN21

2 and O21
2 using

30 fs 800 nm Ti:sapphire laser pulses. More significan
unlike the previous observations in the soft x ray and
UV [3,4,6,7], theN21 fragment has a low kinetic energy
However, like the previous observations, the formation
the CAD states ofN21

2 involves a vertical transition. In
contrast, the CAD ofO21

2 involves a nonvertical excitation
process, and it has a kinetic energy release similar to
reported in Ref. [7]. Furthermore, the threshold intens
of these two channels is not enough to provide the dip
coupling to populate the CAD states. These results rule
the hypothesis of a dipole coupling to the charge trans
states and provide evidence that CAD is the natural re
of strong field excitation and ionization.
© 1999 The American Physical Society



VOLUME 82, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 22 MARCH 1999

y
n-

f

d

e.
it

ant
a-

p-
n-

se
hat
ble
D
SD

0)
The laser used in the experiment is a Ti:sapphire syst
running at a 1 kHz repetition rate, producing over400 mJy
pulse in 30 fs pulses with a center frequency of 800 n
[10,11]. The ion fragments are analyzed with a standa
TOF mass spectrometer [12]. An angular collection ef
ciency factor is obtained experimentally to take into a
count the three-dimensional angular distribution of ea
fragment channel.

Figure 1 shows the TOF spectrum ofN21 at an inten-
sity of 7.5 3 1014 Wycm2. In general, theX

sq11q2d1
2 !

Xq11 1 Xq21 dissociation channel is labeled asXsq1, q2d.
Using correlations, the outer two pairs of peaks in Fig.
are identified as the N(2,1) and N(2,2) channels. The
is no correlation between the two inner small peaks, a
neither of these peaks is correlated to anN1 signal. There-
fore, the inner peaks are considered to come from the CA
channel N(2,0). The kinetic energy release of N(2,0) is d
termined from the flight time separation of the two peak
The resulting process is

N21
2 ! N21 1 N 1 1.5 eV . (1)

It should be noted that the small kinetic energy relea
1.5 eV is quite different from the high energy release (mo
than 10 eV) in the previous observation using the U
radiation [4].

It is natural to think that the low dissociation energy o
the N(2,0) channel might result from a nonvertical trans
tion [13]. However, this question can be answered expe
mentally by determining whether Eq. (1) proceeds throu
sequential or nonsequential ionization: if the double ioniz
tion is sequential, the internuclear separation can chan
during the ionization process allowing for a nonvertica
transition, while simultaneous or nonsequential double io
ization (NSDI) would require a vertical transition. Sequen
tial double ionization is easily distinguished from NSD

FIG. 1. Time-of-flight spectrum ofN21 with linearly po-
larized light at an intensity of7.5 3 1014 Wycm2. The
N

sq11q2d1
2 ! Nq11 1 Nq21 dissociation channel is labeled as

Nsq1, q2d and similarily for the other figures. The low energy
peaks are shown enhanced by a factor of 10.
em

m
rd

fi-
c-
ch

1
re
nd

D
e-
s.

se
re
V

f
i-
ri-
gh
a-
ge
l
n-
-
I

by utilizing a well-established technique from the stud
of atoms in strong laser fields [14,15] based on the inte
sity dependence of the ratio ofX21yX1, whereX1 and
X21 are the ion yields for single and double ionization o
the atom or moleculeX (e.g.,N21

2 yN1
2 can show NSDI

in a molecular system [15]). IfX21 is produced in a se-
quential process,X1 will be the intermediate species an
the ratioX21yX1 will reflect just the ionization rate from
X1 to X21 which will have a strong intensity dependenc
However, if this ratio only weakly depends on intensity,
shows that the precursor toX21 is notX1 and the ioniza-
tion must be nonsequential. Figure 2 shows the relev
ion yields, while in Fig. 3 the weak dependence of the r
tio of Ns2, 0dyN1

2 on intensity below3.5 3 1014 Wycm2

shows that N(2,0) is formed through NSDI. This ratio a
proaches the sequential ion yield of N(2,0) when the i
tensity is higher than3.5 3 1014 Wycm2, because, at that
point, the ionization toN1

2 has saturated. The ratios
of Ns2, 0dyN21

2 (metastable) andNs2, 0dyNs1, 1d are also
plotted in Fig. 3. By the same reasoning, the fact that the
ratios are nearly independent of intensity further shows t
there is no coupling between the CAD and the metasta
or CSD states. This rules out the hypothesis that the CA
states have to be populated through the metastable or C
states. Thus, the vertical transition in forming the N(2,
can be expressed as

N2 ! sN21
2 dp 1 2e2 ! N21 1 N 1 2e2. (2)

FIG. 2. Ion yields with error bars forN1
2 , N21 from N(2,0),

O1
2 , andO21 from O(2,0) with linearly polarized light.
2493
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FIG. 3. Intensity dependent ratio curves with error bars
Ns2, 0dyN1

2 , Ns2, 0dyN21
2 (metastable),Ns2, 0dyNs1, 1d, and

Os2, 0dyO1
2 .

However, there is no low lying N(2,0) state document
which results in only a 1.5 eV kinetic energy release
this vertical transition [3]. Therefore, if the same CA
states are populated as in the UV experiments, the dif
ence in kinetic energy release must go into electronic ex
tation of the fragments.

Figure 4 shows the TOF spectrum ofO21 at an inten-
sity of 4 3 1014 Wycm2. Again, the inner peaks are con
sidered coming from the CAD channel O(2,0) based
their lack of correlation with any other peaks. The kine
energy release of 2.0 eV for O(2,0) agrees relatively w
with the observation in Ref. [7] (2.5 eV, discussed abov
The result is

O21
2 ! O21 1 O 1 2.0 eV . (3)

The ion yield of O(2,0) and the intensity dependence of
ratio Os2, 0dyO1

2 are also plotted in Figs. 2 and 3, respe
tively. The ratio curve for O(2,0) drops monotonically an
does not show any signature of NSDI, indicating that t
O(2,0) channel is accessed by a nonvertical transition
opposed to N(2,0) discussed above. Furthermore, we m
consider the possibility that the nonvertical channel O(2
results from postdissociation ionization (PDI) of O(1,0
However, the O(1,0) channel is produced as follows:

O2 ! O1
2 1 e2 ! O1 1 O 1 e2 1 3.6 eV . (4)

The kinetic energy release of 3.6 eV for O(1,0) is actua
higher than the 2.0 eV for O(2,0), and this indicates th
PDI does not play any significant role in forming the CA
2494
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FIG. 4. Time-of-flight spectrum ofO21 with the linearly
polarized light at an intensity of4 3 1014 Wycm2.

channel O(2,0). It is interesting to note that this relation
quite unique forO2 because the kinetic energy of the (1,0
channel is normally smaller than the (2,0) channel in oth
molecules, such asN2, reported here, andI2, in Ref. [10].
Therefore, the O(2,0) is formed through a stepwise proce
which can be shown as

O2 ! O1
2 1 e2 ! sO21

2 dp 1 2e2 ! O21 1 O 1 2e2.
(5)

The ionization threshold leading to the CAD channels
determined by summing the following contributions: th
energy necessary to dissociate the neutral molecule,
energy needed to ionize each atom to its specific cha
state, and the released kinetic energy. The resulting
tal energy is the energy level of the fragment channels
we assume the dissociating fragments are in their grou
state and, thus, only gives a lower bound. The ionizati
thresholds obtained by this method for N(2,0) and O(2,
are 55.3 eV and 56.1 eV, respectively, above the neut
molecule ground state. These thresholds are at least 10
above the corresponding CSD (1,1) channel and metasta
states. The ion yield curves of N(2,0) and O(2,0) in Fig.
show that the threshold intensities of these two CAD cha
nels are both around1.2 3 1014 Wycm2. The dipole cou-
pling energy at this intensity isDEth ­ RF . 3.6 eV,
whereF is the threshold field strength andR is the equi-
librium internuclear separation, 1.2 Å, for N(2,0), since
is a vertical transition. The exact internuclear separati
of O(2,0) is not known because it involves a nonvertic
transition. However, its dipole interaction energy is als
estimated to be less than 10 eV, which is the minimu
energy needed to couple the CSD and CAD states. The
fore, we demonstrate that the charge asymmetric dip
coupling cannot provide sufficient energy to populate th
charge transfer states from the CSD states in these sm
molecules.

Since we rule out the explanation of the dipole in
teraction with the external field to populate the charg
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transfer states, the formation of CAD must be a natu
consequence of nonresonance strong field excitation.
fact, the diverse pathways leading to the CAD states, t
vertical transition in N(2,0), the nonvertical transition in
O(2,0), and the various channels inI2 in Ref. [10], show
the generality of intense field induced CAD. When th
pulse duration is long enough allowing the molecule to e
pand to the critical internuclear separationRc, tunneling
ionization seems to favor the CSD channels. Therefo
this first observation of CAD in small molecules,N2 and
O2, must be due to the short pulse duration (30 fs) of o
laser system. However,Rc is only an important parame-
ter in molecular tunneling ionization and does not pla
a significant role in multiphoton ionization (MPI). This
explains why CAD can still be observed with long puls
(,0.5 ps) lasers in the UV, since the Keldysh paramet
is proportional to the radiation frequency for a particula
intensity [16]. Therefore, the UV interaction is dominate
by MPI and does not depend onRc.

Finally, the interesting observation of a relatively low
kinetic energy release for N(2,0) in our ultrashort IR ra
diation compared to the large kinetic energy release se
in the soft x ray and UV radiation experiments indicate
that the N(2,0) fragmentation channel itself is an excite
state. If this is indeed true, the dissociation dynamics mu
be quite different for the long and short wavelengths,
illustrated schematically in Fig. 5. The ground state
N(2,0) can be populated through a vertical transition
point a in both IR and UV radiation. If there is a shal
low excited state curve lying above the ground state
an IR photon energy near pointa, the population transfer
from a to b will be very efficient resulting in a low kinetic
energy release. With UV radiation, the ground and excit
states will be coupled at pointc. However, the probabil-
ity for making a transition at this point will be reduced
because of two effects: pointc will be reached later in the
laser pulse when the intensity is lower, and the N(2,0) fra
ments acquire a certain amount of kinetic energy throu
dissociation. Both of these effects weaken the transiti
to the excited state in accordance with Landau-Zener th
ory, in which the transition probability depends on th
strength of the coupling and the speed of the crossin
This can explain the observation of the fast N(2,0) pea
using UV radiation and the slow peaks in IR radiation
However, the validity of this explanation requires furthe
investigation.

In summary, with 30 fs 800 nm ultrashort pulse radia
tion, for the first time with near-IR radiation, we observ
CAD in small molecules,N2 and O2. The insufficient
dipole energy to populate the CAD channels through t
charge transfer coupling and the diverse pathways prod
ing CAD lead us to conclude that CAD is a general re
sult of strong field excitation and ionization not limited
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FIG. 5. Schematic potential energy curves for the ground a
excited states of N(2,0).

to the dipole coupling. The slow fragmentation of the
N(2,0) channel may indicate that the CAD of N(2,0) leave
the fragments in an excited state and this requires furth
investigation. Moreover, the quite different behavior o
N(2,0) and O(2,0) has to be related to the different ele
tronic structures ofN2 andO2 as reported in Ref. [15]:N2
has a closed shell electronic structure, while the outermo
orbital s1pgd2 of the ground stateO2 is only half filled.
The detailed electronic structure leads to different beha
iors of molecules interacting with strong laser fields.

We acknowledge support from the NSF under Gra
No. PHY-9502935. G. N. Gibson was also supporte
through funding as a Cottrell Scholar of Researc
Corporation.

[1] L. J. Frasinskiet al., Phys. Rev. Lett.58, 2424 (1987).
[2] T. Seidemanet al., Phys. Rev. Lett.75, 2819 (1995).
[3] W. Eberhardtet al., Phys. Rev. Lett.58, 207 (1987).
[4] K. Boyer et al., Phys. Rev. A39, 1186 (1989).
[5] G. Gibsonet al., Phys. Rev. A40, 2378 (1989).
[6] C. Cornaggiaet al., Phys. Rev. A42, 5464 (1990).
[7] D. Normandet al., Phys. Rev. A44, 475 (1991).
[8] R. S. Mulliken, J. Chem. Phys.7, 20 (1939).
[9] D. T. Stricklandet al., Phys. Rev. Lett.68, 2755 (1992).

[10] G. N. Gibsonet al., Phys. Rev. A58, 4723 (1998).
[11] G. N. Gibsonet al., Phys. Rev. Lett.79, 2022 (1997);

M. Li and G. N. Gibson, J. Opt. Soc. Am. B15, 2404
(1998).

[12] W. C. Wiley and I. H. McLaren, Rev. Sci. Instrum.26,
1150 (1955).

[13] K. Codling et al., J. Phys. B22, L321 (1989).
[14] B. Walkeret al., Phys. Rev. Lett.73, 1227 (1994).
[15] C. Guoet al., Phys. Rev. A58, R4271 (1998).
[16] L. V. Keldysh, Sov. Phys. JETP20, 1307 (1965).
2495


