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Intense femtosecond laser field-induced Coulomb fragmentation of C2H4
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Abstract

The fragments from Coulomb explosion of C2H4 irradiated by 130fs laser pulses at 810 nm wavelength and intensity around 1015 W/cm2

are studied by using a time-of-flight mass spectrometer. The angular distributions of atomic ions exhibit anisotropy with the maximum along
the laser polarization axis and the minimum perpendicular to it. The similar full width values at half maximum of angular distributions for
Cm+ (m= 1–3) ions imply a geometric alignment. On the other side, the singly and doubly charged molecular ions exhibit a markedly isotopic
distribution. The dependence of the doubly charged parent ion (C2H4)2+ on laser intensity indicates a nonsequential ionization mechanism.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

The interaction of hydrocarbons with intense femtosecond
aser pulse has attracted much interest[1–4]. Various sim-
le organic molecules, CH4, C2H2, C2H4, C3H4 and C3H8

1–5] have been studied. Under the intense laser field, the
olecules can be ionized through multiphoton ionization pro-

ess (MPI) or field ionization (FI) mechanism. In 1964, a
alue of Keldysh parameter[6] γ =ω(2meIp)1/2/eEwas em-
loyed to characterize the ionization process, whereIp is the

onization energy,E is the electric field strength,ω is the an-
ular frequency of the laser field,eandme are the electronic
harge and mass, respectively.γ � 1 indicates FI and on the
ontrary,γ � 1 implies MPI.

For molecules suffered the MPI, the processes promote
he electron to the continuum, involving the coherent ab-
orption of a number of photons. When the laser field is
trong enough (e.g., above 1014 W/cm2), FI mechanism will
ecome dominant. More than one electron can be stripped
way from molecule related to tunneling process. Highly

charged and unstably molecular ions can be generate
to the removal of several electrons from the molecule
the Coulomb explosion of parent ions leads to the gen
tion of multiple charged atomic ions[7,8]. Usually, the ki-
netic energies of the fragment ions are substantially lo
than that expected for prompt ionization or dissociatio
equilibrium bond lengthRe. Consequently, it is deduced th
Coulomb explosion occurs at a critical distanceRc. For some
small molecules,Rc is even about twice as large asRe. Var-
ious models have been developed to interpret this redu
in Coulomb energy, for example, two-step model[9] and
Tomas–Fermi–Dirac(TFD) model[10]. The critical distanc
Rc is supported to relax from the equilibriumRe in all these
models and where it stabilizes and subsequently ionizes
little or no change in inter-ion separation for the differ
ionization stages.

The fragment ions born in field ionization Coulomb exp
sion (FICE) usually exhibit anisotropic angular distributi
as reported in our previous investigations on CO, CO2, CS2
[7,8,11]. The anisotropic angular distribution is attributed
the reorientation of the molecular axis and/or the depend
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of the ionization rate on the angle between the laser field
vector and the molecular dominant axis which indicates two
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effects: dynamic alignment and geometric alignment[12]. In
the dynamic alignment mechanism, the intense laser fields
distort the internal structure of molecules, and then induce
a polarization within the molecules, which in turn interacts
with the pulses. In the geometric mechanism, the pronounced
anisotropy is attributed to the maximal ionization probability
when the molecules axis is parallel to the laser electric field. In
order to discriminate the two alignment mechanisms, a uni-
versal method using linearly and circularly polarized laser
field has been proposed[13].

Nonsequential (NS) double and multiple ionization of
molecules as another important phenomenon, which is re-
lated to multielectron effects in high intensity ultrashort-pulse
laser, has been established as a challenging problem. NS ion-
ization normally involves an enhancement on the double or
multiple ionization yields instead of a sequential resonance
process[14]. From the measurement of the cation and di-
cation yields as a function of the laser intensity, the two-
electron departing processes can be judged as NS ionization
process or sequential ionization process. About NS ioniza-
tion, a ‘shake off’ process[14] proposed by Fittinghoff et al.
and electron–electron inelastic rescattering[15] proposed by
Corkum have been used to explain the mechanism which may
be influenced by the electronic states. In the case of N2 and
O2, the experimental observations indicated that the detailed
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The TOF-MS used here was a Wiley-McLaren-type time-
of-flight mass spectrometer with a drift tube of 35 cm in
length[19]. The vacuum chamber can be pumped to an ulti-
mate pressure of 10−5 Pa. A C2H4 gas sample was introduced
into the chamber via a pulsed valve (Park Inc., USA) with a
0.2 mm orifice. When the gas sample was admitted, the cham-
ber pressure was maintained to be at several 10−4 Pa to avoid
the space-charge effect[20] 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 (DP110, Acqiris Digitizers, Switzer-
land) with a maximal real-time sampling rate of 1 GHz. The
signals were typically averaged over 256 laser pulses. The
pulsed valve, the data acquisition card and the femtosecond
laser pulses were timing scheduled by a DG535 digital delay
and pulse generator (Stanford Research Systems, USA).

In order to measure the angular distribution, a half-
waveplate was inserted into the path of the laser beam to
rotate the electric field vector with an angle interval of 4◦.
In the measurement, the polarization angle is defined as the
angle between the axis of the TOF-MS and the polarization
vector of the laser field.

3. Results and discussion
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lectronic structure plays a key role in NS double ioniza
ields[16].

In previous work, Talebpour et al. gave a report of ra
ionless transitions to various dissociation channels of e
ene molecular ion. The results showed fragmentation o

olecule occurs as a result of MPI of inner-valence elec
1]. In this paper, the FICE of C2H4 is investigated by usin

time-of-flight mass spectrometer (TOF-MS) in an inte
aser field covering the intensity range of 0.5× 1015 W/cm2

o 9.3× 1015 W/cm2. Based on the results of the anisotro
ngular distributions of Cm+ (m= 1–3) ions from Coulom
xplosion process, we get the conclusion that geom
lignment is responsible for the fragment anisotropy in

s-laser-induced Coulomb explosion of C2H4. Especially, the
roduction and enhancement of double charged paren
C2H4)2+ shows the same result as that of molecules[16,17]
2 and O2, which indicate electrons ejection can be a NS
ess at some intensity range. And NS ionization mecha
ay be due to the complicated molecular structure whi

trongly coupled with a fs-pulse laser field.

. Experimental system

The experimental setup has been described in detail i
revious report[18]. A Ti:sapphire CPA laser system (TS
0, Spectra-Physics Inc., USA), which delivers 810
30 fs pulses at a repetition rate of 10 Hz, was employe

he light source. The laser beam was focused by a lens
ocal length 15 cm into the chamber of the TOF-MS.
.1. Mass spectra of C2H4

The typical time-of-flight mass spectra of ethyle
olecule are shown inFig. 1, irradiated by 810 nm, 130

aser pulse at intensity 7.6× 1015 W/cm2. The linearly polar
zed laser fields are used in (a) while the circularly polar
aser fields are used in (b). Abundant fragment ions H+ and
m+ (m= 1–3) are observed. The marked double-peak s

ure of Cm+ (m= 1–3) ions indicates a FICE process in
his is in agreement with the calculated value of Keldysh
ameterγ = 0.11 (γ � 1 means FI mechanism). The obser
2O molecular ions are from residual water in the vacu
hamber. FromFig. 1, the parent precursor C2H4

+ produced

ig. 1. TOF mass spectra of C2H4 induced by 810 nm, 130 fs laser pulse
ntensity 7.6× 1015 W/cm2. The horizontally polarized laser fields are u
n (a) while the circularly polarized light is used in (b).
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by nonresonant ionization is much larger than that of C2H3
+

and C2H2
+ ions. The only appearance of CH2

+ and (C2H4)2+

near the value ofm/zwith 14 in the mass spectrum ofFig. 1, in-
dicates no channels originated from C2H3

2+ → CH2
+ + CH+

and C2H2
2+→CH+ + CH+. Because if there existed the above

two channels, the fragment ion CH+ should be observed. Due
to theπ electronic structure of ethylene, C2H4 just exhibited
the direct explosion and ionization with little kinetic energy
release. So the three peaks where the value ofm/z is 14, af-
forded sufficient evidence. The middle (C2H4)2+ ions of the
three peaks structure are just coming from the ionized parent
molecules. Few C2H3

+and C2H2
+ ions also supported the re-

sult with no CH+ ions in existence. Considerable suppression
of ionization shown in the case of circular polarization in (b)
agrees well with the predictions of FI mechanism. Because
for circularly polarized light with the rotating E-field vec-
tor, the electrons have no enough time to traverse the tunnel
barrier before the E vector changes in the FI model.

We have also measured the mass spectrum of ethylene at
different laser intensities.Fig. 2shows the results at the range
of 0.5× 1015 W/cm2 to 9.3× 1015 W/cm2. All the ionic sig-
nals increase with increment on laser intensity. When the in-
tensity is lower than 1.7× 1015 W/cm2, only molecular ions
are observed, and the fragment C3+ ions could only be ob-
served at the intensity above 2.7× 1015 W/cm2. The sequent
a + 2+ 3+ at
t
C pec-
t

3
d
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according to[21]:

Ekinetic energy= (U1 − U2)2

8md2 q2∆t2 (1)

whered is the distance between the repeller plate and the
first acceleration plate,q is the charge of the ion and�t
is the arrival time difference between forward and back-
ward ejected ions,m is the mass of the fragment ion. For
the light atoms such as H and C, the value ofCm

−1 in
Rc =Cm

−1Re adopted 0.45, which should be valid for ethy-
lene [4]. So the theoretical values are calculated by ana-
lyzing the instantaneous Coulomb repulsion process. The
bond length of CH and C C are 1.071̊A and 1.353Å, re-
spectively, and the angle of HC H is 120◦. In Table 1,
we listed the measured kinetic energies of Cm+ (m= 1–3)
at laser intensity of 7.6× 1015 W/cm2. By comparing the
measured kinetic energies of atomic ions and the calculated
ones, we can identify the Coulomb explosion channels: C+

mainly from (1, 1), (1, 2) channels and C2+ mainly from
(2, 1), (2, 2) channels. Moreover, the calculation for (p,
q) (p=q= 1, 2) channel approaches closely to the experi-
mental values. It may be noted that the charge-symmetric
fragmentations are much favored in our Coulomb explosive
experiment.

The angular distributions of atomic and molecular ions
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ppearance of C, C to C is consistent with the fact th
he steady increase in the ionization energy for C+, C2+ to
3+, which are 11.260 eV, 24.383 eV and 47.887 eV, res

ively.

.2. Kinetic energy release (KER) and angular
istributions

The KER of atomic ions from the Coulomb explosion
e determined from the peak splitting in the mass spec

ig. 2. Variation of atomic and parent ion yields from ethylene molec
ith laser intensity.
re shown inFig. 3. The isotropic distributions of singly an
oubly charged parent ions C2H4

+ and (C2H4)2+ differ re-
arkably from the anisotropic distributions of Cm+ (m= 1–3)

ragment ions. And the signal intensity of C2+ ions is stronge
han that of singly and triply charged carbon ions. The p
ipal structure of CC bond is very similar with that of som
iatomic molecules, such CO and N2 [7,22]. When the po

arization vector is parallel to the TOF-MS axis, for the v
arge electronegative difference of H and C atom, the
le of C C along the axis is more valid than that of ot
irections just like CH bonds. The FWHM values of Cm+

m= 1–3) ions’ angular distributions calculated by a Gaus
tting (seen inTable 1), support the observation[23] of almost
ame angular distributions for different charged atomic i
hich would imply a geometric alignment. While as for

able 1
he KER at an intensity of 7.6× 1015 W/cm2 and the theoretical Coulom
epulsive energy at a critical internuclear distanceRc =Cm

−1Re

ons FWHM (◦) Eexp (eV) Channels (p, q) E (eV) (theoretical
+ 41.6 ± 2.5 3.44 (1, 1) 2.35

(1, 2) 4.75
(1, 3) 7.13

2+ 39.7 ± 1.2 8.24 (2, 1) 4.71
(2, 2) 9.49
(2, 3) 14.3

3+ 43.7 ± 1.8 13.9 (3, 1) 7.09
(3, 2) 14.2
(3, 3) 21.4

he notation (p, q) (p= 1–3, q= 1–3) stands for the Coulomb explos
hannel (Cp+, Cq+).
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Fig. 3. Anisotropic distributions of the observed carbon ions from the FICE process and isotropic distributions of molecular ions at the laser pulse intensity of
7.6× 1015 W/cm2.

dynamic alignment, the higher charged states, the narrower
angular distributions.

3.3. Ellipticity effects and nonsequential ionization

Fig. 4shows the trend of ion signals as a function of ellip-
ticity of laser polarizationε =Ex/Ey. The y direction is along
the TOF-MS axis.ε = 0 corresponds to the linear polariza-

tion and� = 1 represents the circularly polarized laser field.
It is noted that the carbon atomic ion yields decrease mono-
tonically whenε varied from 0 to 1. This may be attributed
to that the electric field effective component coupling with
the C C bond decreases in changing from linear polarization
to circular polarization at the same laser intensity. For the
reason, we calculated the ratio of Cm+ (m= 2, 3) with circu-
larly polarized at light intensity of 7.6× 1015 W/cm2 to with
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Fig. 4. Dependence of atomic and parent ion yields on ellipticityε at the
laser intensity of 7.6× 1015 W/cm2. ε = 0 denotes linearly polarized light,
with the field vector parallel to the TOF-MS axis.ε = 1 denotes circularly
polarized light.

p-polarization light at intensity 3.8× 1015 W/cm2, which are
1.36 and 1.08, respectively. The laser intensity is doubled in
the circularly polarization in order to ensure that the field am-
plitude is equal in the two polarized states. The results are also
in disagreement with the prediction of dynamic alignment,
which indicates the ions yields should be highly suppressed in
the circularly polarized field compared to the linearly polar-
ized light in the same field amplitude. Therefore, geometric
alignment is responsible for the anisotropic angular distribu-
tions, which is similar to the results of our earlier work on
C2H6 molecule[24].

The observation of isotropic distributions of singly and
doubly molecular parent ions: C2H4

+ and (C2H4)2+ in Fig. 3
is consistent with the results of our early experiments on di-
atomic and triatomic parent precursor[8,22]. The dependence
of (C2H4)2+/C2H4

+ on laser intensity is shown inFig. 5. It
shows the ratio has a strong dependence on laser intensity as

F -
e

it is below 7.6× 1015W/cm2. And on the contrary, a weak de-
pendence on intensity is observed above 7.6× 1015W/cm2.
This reveals that the precursor of (C2H4)2+ is not C2H4

+,
and the ionization involves the nonsequential(NS) process
[16,25,26]. If (C2H4)2+ is produced in a sequential pro-
cess, C2H4

+ will be the intermediate species and the ratio of
(C2H4)2+/C2H4

+ will reflect the ionization rate from C2H4
+

to (C2H4)2+ which will afford a strong intensity dependence.

4. Conclusions

Coulomb exploding fragments and molecular ions of ethy-
lene molecule are measured and discussed at∼1015 W/cm2

intensity range. Instantaneous spatial alignment is occurring
during the FICE process. The fact that the similar widths of
anisotropic distributions of carbon atomic ions implies a ge-
ometric alignment mechanism, which is further approved by
the measurements on the ratios of Cm+ (m= 2, 3) with circu-
larly polarization to with p-polarization light at equal inten-
sity. Moreover, NS ionization is observed to be dominant at
laser intensity lower than 7.6× 1015W/cm2.
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