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Abstract

Both mass spectra and photoelectron spectra of methanol were measured with a home-made time-of-flight (TOF) mass
photoelectron spectrometer under conditions with laser intensities varying fsort0 to 3 x 10*>Wi/cn?, a wavelength
centering at 810 nm, and a pulse duration of 110fs. Differences were observed between the mass spectra when the |
polarization was parallel and orthogonal to the TOF axis, which were explained as the main contribution from the geometr
alignment effect. We calculated the kinetic energy release (KER) from the Coulomb explosion of highly charged parent io
and discussed the possible channels based on the kinetic model. The angular distribution of the photoelectron is marke
anisotropic with a maximum when the laser polarization is parallel to the TOF axis. The kinetic energy of the photoelectro
exhibits a featureless broad distribution extending above the laser's ponderomotive potential. These observations mani
that field ionization (FI) dominates under our experimental conditions. (Int J Mass Spectrom 219 (2002) 305-313)
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Coulomb explosion; Mass spectrum; Field ionization; Methanol; Femtosecond laser; Photoelectron spectrum

1. Introduction field. In Keldysh's theory a zero-range potential was
employed to approximate the nuclear—electron inter-

The interaction of ultrafast, intense radiation with action. DeWitt and co-worker§7—10] suggested a
atomic and polyatomic systems has generated consid-structure-based model to treat the FI of molecules
erable interestid —4], in part because the electric fields and found that their model well explained the relative
of the laser approach or even surpass the fields bindingyields of various hydrocarbons.
valance electrons to molecules. A detailed theoretical The studies on the interaction of molecules with
understanding of the interaction of such intense radia- intense radiation mainly focus on the processes of
tion with large molecules is difficult if not impossible  dissociation, ionization, multiple ionization leading to
due to the fact that the perturbation theory is inappli- Coulomb explosion and alignment in the field of laser
cable at such intense laser fie[&. pulse. At laser intensity of103W/cn?, intact par-

In 1964, Keldyst6] suggested that field ionization  entions in addition to dissociative fragments were ob-
(FI) could compete with a multiphoton ionization servedin a 170fs laser pulse at the central wavelength
(MPI) process for atoms in an intense laser electric of 780 nm[7,11,12] When the laser intensity is greater

than 13°W/cnm?, more than one electron may be re-
* Corresponding author. E-mail: ghgong@pku.edu.cn moved from a molecule. Multiple charged molecules
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result and their Coulomb explosion, gives rise to the dissociation process and are helpful to explain clearly
subsequent formation of fragment ions. The Coulomb the ionization and dissociation process. In the case of
explosions of diatomic and triatomic molecules in- MPI, a limited humber of features displaying the peri-
clude: H [13,14] N> [15-18] Oo [18], |2 [19,20], odicity of the photon energy can be observed. A PES
CO, [16,21] and NQ [22]; they have been exten- displaying a featureless distribution extending above
sively studied. The kinetic energies of formed frag- the laser’s ponderomotive potential is a hallmark of
ment ions are substantially lower than that expected the FI regime. Mevel et all28] used photoelectron
for prompt ionization/dissociation at the equilibrium spectroscopy to observe a transition from MPI to FI
bond length which can be explained by a kinetic model in a series of noble gas atoms ranging from Xe to He.
based on an explosion at a critical distaf®@. Large The transition was apparent in the fact that there were
clustersin an intense femtosecond laser field have beendistinct MPI/ATI features observed in Xe spectrum
found to produce much more energetic particles and to and the MPI/ATI features gradually disappeared as the
behave like a microplasnja4]. Polyatomic molecules  ionization potential was increased through the series
can be classified as an intermediate case between two-of target gases including Kr, Ar, Ne, and He. A sim-
or three-atom molecules and large clusters. Coulomb ilar transition from the multiphoton to FI regime has
explosion for large polyatomic molecules have been also been observed in the series of aromatic molecules
observed including € [25], benzend26], and Sk like benzene naphthalene and anthrad@he
[27]. In this work, we describe the ionization and dis-
In addition to the mass spectrum, the photoelec- sociation of methanol molecule at laser intensities
tron spectrum (PES) is also a useful tool to elucidate covering the range of ¥ 10'3 ~ 3 x 10 W/cn? us-
the ionization and dissociation process of molecules ing a TOF mass and photoelectron spectrometer. The
in an intense laser field. The photoelectrons contain kinetic energies of fragment ions originating from
much dynamic information about the ionization and Coulomb explosion were measured and the explosion
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Fig. 1. Schematic diagram of the home-built TOF mass and photoelectron spectrometer. The timing schedules of the general pulsed valve,
CPA laser and the sampling oscilloscope were controlled by a DG535 digital delay.
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channels will be discussed. The kinetic energy distri-
bution and angular distribution of the photoelectrons
were also measured.

2. Experimental

A Ti:Sapphire chirped pulse amplifier (CPA) laser
system (TSA-10, Spectra-Physics Inc., USA), which
delivered 810 nm, 110fs at a repetition of 10 Hz, was
employed as the light source. The maximum output is
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space—charge effect and pressure broadening of the
ion peaks. This system employed a dual slope extrac-
tion field. The distance between thq %®nd \, plate

was 10mm. The charged particles were extracted to
the field-free drift tube with a length of 35cm. A mi-
crochannel plate assembly was used to detect the ions
or photoelectrons. The signals were recorded using a
digital oscillator with a 500 MHz sampling rate (H-P,
USA) and were typically averaged over 256 cycles.
The data were then transferred to a PC for storage and
analysis.

10 mJ per pulse. The amplified laser beam was focused

into the chamber of the TOF mass spectrometer with

a 150 mm focal length lens. To measure the angular 3. Results and discussion

distribution, a half-wave plate was inserted into the

path of the laser beam to rotate the electric field vector. 3.1. lon spectroscopy
The schematic diagram of the experimental system

is shown inFig. 1, which has been described in de-
fine in previous work29]. The inner-wall of the entire
vacuum chamber was wrapped wijthimetal to shield

Fig. 2shows the TOF mass spectra of methanol ob-
tained at intensity of 3 10 W/cm?. The extraction
voltages for the Y and \» plates were 960 and 800V,

the geomagnetism. The vapor from liquid methanol respectively. The laser polarization direction was par-
was introduced into the chamber via a pulsed valve allel to the drift tube axis for the upper trace and
(Park Inc., USA) with a 0.2 mm orifice. The chamber orthogonal for the lower trace. Abundant signals of
pressure was maintained at severat“Pa to avoid fragment ions H, C"* (m =1, 2, 3) and OF (n =
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Fig. 2. TOF mass spectra of methanol induced by 810 nm, 110fs laser pulses at the intensityl @P8v/cn?. The extraction voltages
of the Vi and V, plates are 960 and 800V, respectively. The laser polarization is parallel in the upper trace and orthogonal in the lowe
trace to the TOF axis. The 4@™ signal at a high intensity originated from a background gas.
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1, 2) were observed. It was noted that the signals of TOF mass spectrometer. As a stronger laser field can
fragment ions of the parallel case are larger than that induce larger dipole moment, the degree of dynamic
of the orthogonal case. The differences between thesealignment will increase with laser intensity. In other
two cases can be attributed to two effects: dynamic words, the ratio of|/L will increase with increasing
alignment and geometric alignment. In the dynamic laser intensity for dynamic alignment. As for the ge-
alignment mechanism, the electric field of the intense ometric alignment, the ionization probability depends
laser induces a polarization within the molecule which on the angle between the laser polarization direction
in turn interacts with the field. Consequently, this sets and the molecule axis. The ionization probability
up a torque which acts to align the molecule axis with reaches maximum for the molecules with axis par-
the field. As for the geometric alignment mechanism, allel to the laser polarization direction. If the laser
the dependence of the ionization rate on the angle intensity is strong enough, the ionization probability
between the laser polarization direction and the linear remains unchanged for molecules with axis parallel
molecular axis determines the angular distribution of to the laser polarization direction. In contrast, the
the exploding fragment80]. By measuring the ratio  probability still increases with laser intensity for the
of fragment ion yields obtained at a parallel polariza- molecules with axis normal to the laser polariza-
tion vs. on orthogonal polarization a range of laser tion direction. Consequently, the ratio ¢f L will
intensities, we can distinguish between the effect of shrink with increasing laser intensity. In our result,
dynamic alignment and geometric alignmei3tl]. an overall drop occurs for both the’ff(‘:/C’f+ and
Fig. 3depicts the laser intensity dependence of the ra- O’ﬁ*/o’l+ ratios as the laser intensity is increased
tio of C'*/CT* (m = 1,2, 3) and @ /O " (n = 1, from 10 to 101> W/cn?. These observations suggest
2), where the subscriptsand_L denote, respectively, that a geometric alignment is responsible for the
the C"* (or O'") yield when the laser polarization anisotropic angular distribution of the exploding
direction is parallel and orthogonal to the axis of the fragments.

12 H ——C' N
1 = 2+
fo| e \\ R
— =

'Pfo-F)

q

i
A\t

Ratio(S

Laser Intensity(unit of 10"Wcm®)

Fig. 3. Variation with laser intensity of the ratio of/C/C"* (and 4" /O'[") | and L denote, respectively, the ion yield when the laser
polarization is parallel and orthogonal to the TOF axis.
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Fig. 4. Part of TOF spectra for methanol at six different laser intensities ranging frorh0¥ to 2 x 101 W/cn?. The laser polarization
direction is parallel to the TOF axis. The extraction voltages of theakd \» plates are 1400 and 800V, respectively.

For the parallel polarization case, part of the
TOF spectra of methanol molecule are shown in
Fig. 4 at laser intensities ranging from 7 103 to

between these two plategthe charge of the ion and
At is the difference in arrival times between forward
and backward ejected ionBig. 5 shows the average

2 x 10 Wi/cn?. At an intensity of 7x 1013 W/cn?, kinetic energies of T+ and O™ at laser intensi-
we could hardly observe any obvious signal of frag- ties ranging from # x 10 to 2.0 x 10" W/cn?.
ment ions. When the laser intensity is increased, the It is noted that the average kinetic energies increase
fragment ion signals appear and split into double with increase of laser intensity. The measured kinetic
peaks which indicate that a Coulomb explosion has energy of fragment ions originated from Coulomb
occurred. The kinetic energy release in the process of repulsion energy of highly charged methanol ion. The
Coulomb explosion causes the ion signal to display Coulomb repulsion energies are determined by the
peak splitting. The peak with a shorter flight-time following equation[33]:

arises from ions ejected along the axis of the TOF

mass spectrometer directly towards the detector and E = 14.4
peak with a longer flight-time from ions ejected in

q192
r

)

the opposite direction.

The kinetic energy release (KER) from the Coulomb
explosion can be determined from the peak splitting
observed for multiply charged ions according3@]

(U1 — Up)?
8md?

whereU; is the potential of the repeller platgy the
potential of the first acceleration plathe distance

g% Ar? 1)

Ekinetic energy—

whereq; andq are the ions’ charge (&) the distance
between the ions (A), and the calculated result is in
unit of eV. In Table 1, the average kinetic energies of
C"* and O ions after Coulomb explosion at laser
intensity of 2x 10 W/cn? are listed. The molecular
structure of methanol is shown iRig. 6. Since the
mass of C and O is much larger than that of H, we
can simply choose the C-O bond as the molecular
axis. Coulomb explosion channels in this assumption
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Fig. 5. Variation of average kinetic energies df Cand Gt determined by the peak method splitting with laser intensity.

are expressed byr( n) and are given by kinetic energy releases are generally weaker than the
expected Coulomb repulsion energy starting at the
(m+n+4)+
CHzOH — [CH3OH] equilibrium internuclear distancBe of the neutral

— C"" 4+ 0" 4+ 4H" + KER molecules. It has been suggested that the Coulomb

One of the most important features in the Coulomb explosion begins at a critical internuclear distance
explosion of small molecules is that the measured Fc larger thanRe; for small moleculesR; is about
a factor of two larger thaiRe [26,35,36] Since the
KER originates from the Coulomb repulsion en-

Table 1 ergy of charged particles in parent ion, the value of

Observed kinetic energyEgyp) at an intensity of 2« 1015 W/cm?

and the calculated Coulomb repulsion enerfgq) at the equi- Eexp/Ecoul couldn’t be larger than unity. The most
librium structure of the methanol molecule feasible channels are those whose valuBQf/Ecoul
lons  Channels Eexp (€Y)  Ecou (8V)  Eexp/Ecoul are about 50% due to the R/dependence of the
(m, n) (%) Coulomb repulsion potential. Thus, the channel of
ct @1 3.56 6.07 59
@, 2) 3.56 11.81 30 9y
c* (2,1 9.40 12.14 77
2,2 9.40 23.62 40
c* (3,1 16.03 18.22 88 o —|
@3, 2) 16.03 35.43 45 / \
ot (@11 4.47 5.14 87 H H
@ 1) 4.47 9.44 47 5 H
(3, 1) 4.47 13.74 33
o+ @, 2) 1152 10.27 112 Fig. 6. The molecular structure of methanol. The bond_length of
@, 2) 1152 18.88 61 HC, CO, and OH are 1.12, 1.37, and 1.04 A, respectively. The
3, 2) 1152 27.49 42 angle of HCH, HCO, and COH are 108,2110.7, and 107.3,

respectively. These data are taken fr{gd].
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Fig. 7. Photoelectron spectra of methanol measureds>atl@'® W/cn?. The voltages of Y and \» plate are both zero.
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Fig. 8. Angular distribution of the photoelectrons at a laser intensity of18'° W/cm?.
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(1, 2) contribute little to the yield of ion & because
its value of Egxp/Ecoul is larger than unity. The most
feasible channel for ion & is (2, 2) and (3, 2).

3.2. PES

The PES of methanol is shown kig. 7 at a laser
intensity of 2x 10> W/cm?. The voltages of the ¥

H. Ren et al./International Journal of Mass Spectrometry 219 (2002) 305-313

4. Conclusions

Fl and Coulomb explosions of polyatomic methanol
molecule induced by intense femtosecond laser beams
at intensities varying from % 103 to 3x 10 Wi/cn?
were experimentally investigated. According to the
measured kinetic energy of fragment ions from
Coulomb explosion, we discussed the Coulomb ex-

and \» plates were both set to zero. There are no plosion pathways. The geometric alignment was
discernible features other than a broad distribution found to be responsible for the anisotropic angular
extending above the laser's ponderomotive potential distribution of the exploding fragment ions. The an-

Up which readq23]:

ezES
U= w2
where Eg is the laser field strengthg the laser in-
tensity (W/cnf), A the wavelength gm), and the
calculated result is in unit of eV. Under our experi-
mental conditions, the value &f; is estimated to be
several tens of eV.
According to the FI mod€37], the photoelectrons
were produced by two steps. Firstly, the electrons
are considered to be ionized through tunneling to

=9.33x 1071422, (3)

near-zero kinetic energy states. Second, the clas-

gular distribution and kinetic energy distribution of
the photoelectron reveal that the FI dominates under
our experimental conditions.
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sical electrons are accelerated by the still-present References

strong electric field. As the tunneling time of electron
through the barrier formed by the molecule poten-
tial and the laser electric field is indeterminate, the
kinetic energy of the electron in an ac linear electric
field is indeterminate, too. This agrees with our mea-
sured photoelectron kinetic spectrum that exhibits a
featureless broad distribution.

Fig. 8 shows the angular distribution of the pho-
toelectron at the laser intensity of>2 10 W/cm?.
It is obvious that the photoelectron distribution is

markedly anisotropic and reaches a maximum when

the laser polarization direction is parallel to the TOF
axis. This fact can be interpreted by a FI mechanism.
The photoelectron gained momentum during the vi-
bration process forced by the laser electric field. As
a result, the momentum of the photoelectron mainly
distributes along the laser polarization direction. So
the photoelectron had maximal intensity when the
laser polarization is parallel to the TOF axis.
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