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The dissociative ionization and Coulomb explosion
of ethane by a femtosecond laser field
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Femtosecond laser-induced dissociation and Coulomb explosion of polyatomic molecule CoHg were systematically

investigated using a time-of-flight mass spectrometer and a chirped pulse amplifier laser. With the laser intensity varying
from 2.4x1015 W/cm?2 to 1.2x1016W /cm2, strong molecular ions CoH,} (n=0-6) and atomic ions C™* (m=1-3) signals

were observed. The double-peak structure of atomic ions indicated the occurrence of Coulomb explosion. Compared

with the nearly isotropic distribution of Ct, highly charged ions C™* (m=2-3) exhibited a sharply anisotropic angular

distribution, which was attributed to the geometric alignment.
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1. Introduction

The interaction of intense lasers with atoms
and molecules has been of continuing interest in
recent years.!~7) When the laser intensity reaches
10®W /cm?, the electric field of the laser is com-
parable to the Coulombic field felt by the valence
electron. Several valence electrons may be stripped
away if the molecules are subjected to such an intense
laser field. The removal of more than one electron
leads to the Coulomb explosion of the molecule into
multicharged atomic ions. Over the past years, ex-
periments have indicated that the kinetic energy of
all fragment ions accounts for a substantial fraction
(~70% for Cly and I, ~45% for Ny, CO and Os)
of the Coulomb explosion energy for all final charge
states, regardless of the pulse rise time.["®! In the di-
atomic case, the Coulomb explosion energy is given
by the expression E, = Q1Q2/R. (in atomic unit),
where @Q; and Q2 are the atomic ion charges and R,
is the equilibrium internuclear separation of the neu-
tral molecules. Posthumus et al[®11 used the refined
field-ionization Coulomb explosion model to repro-
duce the multielectron dissociative ionization (MEDI)
data of iodine remarkably well. Other models such as

the two-step modell’? and the Thomas—Fermi-Dirac

(TFD) modell*] have been proposed to explain the ki-
netic energy release (KER) in the Coulomb explosion
process. The main point in all these models is that the
molecule (molecular ion) relaxes to R, the so-called
critical internuclear distance, where it is stabilized and
subsequently ionized, with little or no change in inter-
ion separation for the different ionization stages.

The angular distributions of fragment ions ejected
from the Coulomb explosion behave as a pronounced
anisotropy with a maximum along the laser polar-
ization vector,['*15 which may be attributed to the
maximal ionization probability when the molecule axis
is parallel to the laser E-field (geometric alignment
mechanism). It is also possible that the intense laser
pulses distort the internal structure of the molecules,
and then induce a polarization within them which
in turn interacts with the laser field. Consequently,
this sets up a torque which aligns the molecules along
the electric field of the laser (dynamic alignment
mechanism).[w] The study of intense laser alignment
of molecules is a field covering intense laser physics
and chemical dynamics with potential applications
ranging from high harmonic generation and nanoscale
processing to stereodynamics and control of chemical
reactions.[!”]
triatomic

Numbers of diatomic and linear
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molecules such as Hy, Ny, CO, NO, CO,[6:7:18-21]
and some bent triatomic molecules H,O, NO3, SO,
have been studied extensively on the basis of time-
of-flight spectra or mass-resolved momentum imag-
ing map.??=25] However, dissociative ionization and
Coulomb explosion for polyatomic molecules lack of

[26.27] reported the Coulomb

investigations. Cornaggia
explosion of some small hydrocarbon molecules and
identified the explosion channels using covariance
mapping techniques. Castillejo et al?® studied the
explosion channels of halogenated ethylenes by intense
femtosecond laser pulses and suggested that the en-
ergy channelling increased with molecular size. Levis
et al?? developed a structure-based tunnelling mech-
anism to predict intense field laser ionization prob-
abilities of CoH,, species accurately and emphasized
the importance of molecular structure in the interac-
tion of molecules with intense laser fields. Talebpour
et all3% suggested that the multiphoton ionization of
inner-valence electrons resulted in the excited molec-
ular ions that dissociated rapidly into large fragment
ions when they studied the fragmentation of ethylene
in an intense femtosecond laser field.

In this paper, we study the dissociative ioniza-
tion of ethane molecules using a time-of-flight mass
spectrometer in an intense laser field ranging from
2.4x10*W/cm? to 1.2x101W/cm?. For the Keldysh
parameter y=0.28-0.88, field ionization (FI) surpasses
multiphoton ionization (MPI) and becomes the pre-
dominant molecule-radiation coupling.3132 Compar-
ing the experimentally measured average kinetic en-
ergy with the theoretically predicted energy of differ-
ent explosion pathways, we can point out the Coulomb

explosion channels.
2.Experimental set-up

The schematic diagram of the experimental sys-
tem is the same as that in our previous reports.5-
A Ti:Sapphire chirped pulse amplifier (CPA) laser
system (TSA-10, Spectra-Physics Inc., USA), which
delivered 810nm, 130fs laser pulse at a repetition of
10Hz, was employed as the light source. The ampli-
fied laser beam was focused by a lens with focus-length
150mm and led into the chamber of the time-of-flight
mass spectrometer (TOFMS). To measure the angu-
lar distribution, a half-wave plate was inserted into the
path of the laser beam to rotate the electric field vec-
tor an angle interval of 4°. In the measurement, the
polarization angle was defined as the angle between
the axis of the TOFMS and the polarization vector of

the laser beam.

The apparatus used here was a Wiley-McLaren-
type time-of-flight mass spectrometer with a drift tube
of 35cm long.[*3 The vacuum chamber can be pumped
down to an ultimate pressure of 10~ 5Pa. A CyHg gas
sample was introduced into the chamber via a pulsed
valve (Park Inc., USA) with a 0.2mm orifice. When
the gas sample was admitted, the chamber pressure
was maintained at several 10~4Pa, to avoid the space-
charge effect and pressure broadening of the ion peaks.
A microchannel plate assembly was used to detect
the ions. The signals were recorded using ultrahigh
speed data acquisition card (DP 105, Acqiris Digitiz-
ers, Switzerland) at a maximum real-time sampling
rate of 1GHz with a load of 50Q2. The measured sig-
nals were typically averaged over 256 laser pulses. The
pulsed valve, the data acquisition card and the fem-
tosecond laser pulses were in timing, scheduled by a
DG535 digital delay and pulse generator (Stanford Re-
search Systems, USA).

3. Results and discussion

3.1. Mass spectra

The typical time-of-flight mass spectrum of
ethane irradiated by the laser pulses of 810nm, 130fs,
1.2x101W /cm? is shown in Fig.1. The laser polariza-

tion is horizontal in Fig. 1(a) and circular in Fig.1(b).
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Fig.1. TOF mass spectra of CoHg induced by 810nm,
130fs laser pulses at an intensity of 1.2x10W/cm?2. (a)
Horizontally polarized light. (b) Circularly polarized light.

The strong signals of molecular ions CoH;} (n=0-
6) and atomic fragment ions C™* (m=1-4) are ob-
The H,O% and HT ions are contributed

from residual water vapour in the vacuum chamber.

served.

The obvious double-peak structure of the atomic frag-
ment ions Ct, C2+, C3* reveals the consequence of
Coulomb explosion. The peak with a shorter flight
time arises from the ions ejected directly towards the

detector, and the peak with a longer flight time, from



1566

Li Xia et al

Vol. 13

the ions ejected in the opposite direction. Great sup-
pression of ionization observed in the case of circular
polarization agrees well with the predictions given by
field ionization (FI) model. In the FI model, the field
ionization probability is the tunnelling efficiency of the
electron through the barrier created by the external
electric field combined with the molecular potential.
The barrier remains static in a duration long enough
to allow the electron to penetrate it in the case of
linearly polarized light. However, in the case of circu-
larly polarized light with the rotating F-field vector,
the electrons have not enough time to traverse the bar-
rier before the laser electric vector changes. Therefore,
the ionization is strongly suppressed in the use of the

circularly polarized laser light.

3.2. Kinetic energy release (KER) and angular
distribution of atomic ions
The double-peak structure of atomic ions in the
mass spectrum shown in Fig.1 indicates that they orig-
inate from the Coulomb explosion of highly charged
molecular ions. The kinetic energy of those ions can

be determined by the formula:

(U1 —Ua)?
8md>?
where U; is the potential of the repeller plate, Uy the

— 2 2
Ekine’cicenergy - q At s

potential of the first acceleration plate, d the distance
between these plates, g the charge of the ions and
At is the difference in the arrival times between for-
ward and backward ejected ions. The experimentally
measured kinetic energy of C™* (m=1-3) for differ-
ent laser intensities ranging from 2.4x10*W/cm? to
1.2x10**W/cm? is shown in Fig.2. It can be noticed
that the average kinetic energy for the above atomic
ions increases with laser intensity, which is consistent

with our previous measurements on Nj.[®!
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Fig.2. Variation of kinetic energy of C™1 determined
by the peak splitting method with laser intensity.

Theoretically, we can predict the kinetic energy
by solving the classical Newton equations starting
with the critical internuclear distance R, = 2R..
The equilibrium internuclear distance was taken as
0.154nm between C-C and 0.110nm between C-H.[34
The bond angles of H-C-C and H-C-H are 110.1°
and 108.8°, respectively. The calculated values with-
out regard to laser intensity are shown in Table 1.
The notation (p, q) stands for the Coulomb explosion
channel (CP*, C7T),

Table 1. Experimentally measured average kinetic energy for
C*, C?t+ and C31 at a laser intensity of 1.2x10W /cm? and
calculated atomic ion kinetic energy by solving the classical
Newton equations at R. = 2R,.

Tons | Eexp/eV | Channels (p, q) | E/eV (theoretical)
1, 1) 2.3
c*t 3.3 1, 2) 4.4
1, 3) 6.4
(2, 1) 4.9
c 74 (2, 2) 9.2
(2, 3) 13.4
cs+ 12.7 3, 1) 76
(3, 2) 14.3

Comparing with the experimentally measured ki-
netic energy at a laser intensity of 1.2x101W/cm?,
we can deduce that C?* originated from two chan-
nels Cg+—)C+—|—CQ+ and C;H'—>C2‘|'—i—02‘|'7 and that
C3* came from C‘21+—>C+—|—C3+ and Cg"’ —C2t 4
C3t. While C* ion was born of Cng—>C‘|'—i—C‘|'7
Cg+—>C++C2+ and dissociative channel C;’—)C+—|—C,
which will be described in detail in the following con-
tent. Moreover, it is noted that the higher charge state
channel is preferable as the laser intensity is increased.

We measured the angular distributions of frag-
ment ions by inserting a half-wave plate into the laser
beam path to rotate the electric field vector an an-
gle interval of 4°. The angular distributions of atomic
ions C*, C?+, C3t and a molecular ion CgHI as a
representative are shown in Fig.3.

The molecular ion CoH} exhibits uniform signal
intensity for all the polarized angles (isotropic). In ad-
dition to a strong underlying isotropic component, the
C? ion exhibits anisotropy, whereas C2*, C3t ions are
highly anisotropic, with a maximum along the laser
polarization axis and a minimum perpendicular to it.
The isotropic component of Ct arises from the frag-
mentation of the singly charged molecular ions, for ex-
ample C;L —C*4C. The dissociation of singly charged

molecular ion is not a Coulomb explosion process and
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only imparts a small kinetic energy to the Ct and
the neutral counter-fragment. Conversely, the distri-
butions for C?t and C37 are isotropic. These ions
are derived from the fragmentation of highly ionized
state molecular ions resulting from Coulomb explo-
sion. This process brings great energy to these atomic
fragment ions. The FWHM (full width at half max-
imum) values of angular distributions for C*, C2*,
and C3t are 111.9°, 90.2°, 88.6° respectively, which
is consistent with the results in earlier work on CO

molecules. 33!
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Fig.3. Angular distribution of the ions observed in the
MEDI of C2Hg at a laser intensity of 1.2X IOIGW/cm2.
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Fig.4. Mass spectra of CgoHg in the parallel lin-

early polarized laser field (solid line) at an intensity of
6.3x101%W /cm?, and in the circularly polarized laser
field (dashed line) at an intensity of 1.2x1015W /cm?2.

Both linearly polarized laser and circularly polar-
ized laser were used to evaluate the contributions of
the dynamic and geometric alignment to the observed
anisotropic angular distribution of the exploding frag-
ments. Figure 4 depicts the mass spectra obtained
using the parallel linearly polarized laser field (solid
line) and the circularly polarized laser field (dashed

line).

The laser intensity is approximately doubled in
the case of circularly polarized laser to ensure that
the field amplitude is identical in the two polarized
states. The ion yield of CT for circular polarization
is 1.6 times that for parallel polarization. For C%t
and C3t, the factors are 1.3 and 1.1 respectively. The
results are greatly disagreed with the prediction of dy-
namic alignment, which indicates the ion yields should
be highly suppressed in the circularly polarized light
compared with the linear polarized case under the con-
dition of the same field amplitude. Therefore, we con-
clude that geometric alignment is responsible for the
distinct anisotropic angular distributions. The addi-
tional ion yield in the circularly polarized laser case
should be contributed by the perpendicular field com-
ponent, which has equal amplitude but its phase is

shifted by m/2.
4. Conclusions

The interaction of the polyatomic molecule CoHg
with an intense femtosecond laser field was experi-
mentally investigated with a time-of-flight mass spec-
The

kinetic energy of atomic ions from Coulomb explo-

trometer and a chirped pulse amplifier laser.

sion was measured at different laser intensities rang-
ing from 2.4x10'5W/cm? to 1.2x10'W/cm?. Atomic
fragment ions C2* and C3* originated from multiple
Coulomb explosion channels. In addition, a portion
of atomic ions Ct was born of the dissociation of
singly charged molecular ions. The geometric align-
ment is believed to be responsible for the pronounced

anisotropy of the atomic ions angular distribution.
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