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The angular distributions of fragments arising from dissociative ionization of chloroethyle@e=EHCI),
bromoethylene (HC=CHBFr), and 2-chloroethenylsilane §85iIHC=CHCI) by a linearly polarized pulsed laser

field (800 nm, 50 fs, 2x 10" W cm ?) have been measured using a time-of-flight mass spectrometer. The
angular distributions of the multiply charged halogen and silicon ions originating from different molecules
are markedly anisotropic, yielding a maximum signal for a laser polarization along the axis of the time-of-
flight detector. In contrast, the anisotropy of the distributions of the multiply charged carbon ions depends on
the parent molecule: for chloroethylene and bromoethylene they are peaked preferentially in the direction
parallel to the laser polarization, for 2-chloroethenylsilane they are peaked perpendicular to it. The anisotropy
of all the above distributions is found to increase with the charge multiplicity of the ion fragment. The fragment
anisotropies are discussed in terms of the molecular alignment, due to the nonresonant polarizability interaction,
and of the selection of orientation in the ionization and dissociation dynamics in the strong laser field.

1. Introduction alignment?®-25 The understanding of the relative roles of the
above mechanisms is of considerable current interest, particu-
larly in polyatomic systems.

Here we report a study of the laser-induced ionization and
dissociation with laser pulses with a wavelength of 800 nm, a
duration of 50 fs, and intensity up tox2 10 W cm2, of a set
of organic molecules: chloroethylene=CHCI), bromoet-
hylene (HC=CHBYr), and 2-chloroethenylsilane {BiIHC=
CHCI). The angular distributions of fragments arising from
dissociative ionization of these compounds have been measured
using time-of-flight (TOF) mass spectrometry. Due to the
complexity of the molecules under study and the large number
of reported dissociation channéfs28 detailed channel-resolved
measurements (as reported for smaller molecular systems) are
not feasible and we have measured here the dependence of the
mass spectra with laser intensity and polarization angle of the
linearly polarized laser. The choice of these molecules offers
the opportunity of elucidating the role of the highly electrone-
gative halide substituents and of the high polarizability of the

Recent studies of the interaction of intense laser fields with
organic molecules explore a variety of its aspects, including
ionization and fragmentatioh;* Coulomb explosion following
multiple electron emission, spatial alignment of the molecular
axis®~2 and high harmonic generatiéhl!Molecular properties
such as geometry, type of bonding, molecular size, polarizability,
etc., have been shown to play a significant role in the taser
molecule interactions, despite the fact that at high laser
intensities, above W cm?, the intramolecular Coulomb
field is severely distorted and massive Stark shifts of the
molecular energy levels are induced.

Studies of dissociative ionization of diatomic and polyatomic
molecules have shown that laser polarization strongly affects
the fragment angular emission pattefn%2-17 For diatomic
and small polyatomic systems, channel-resolved and energy-
resolved experimeritd*18-20 have provided a detailed picture
of the mechanisms involved. However, for larger molecules the

amount of dissociative channels is too large and more basic . . . .
9 C—halide bonds in the lasemolecule interaction. In all three

techniques have to be used to obtain information on the molecules, the carberhalogen bond is the most polarizable

dissociative ionization proced$.”?1 Anisotropies observed in one. Chloro- and bromoethvlene are planar svstems. whereas
the fragment angular distributions are now believed to arise from . " _° y P y '

(a) alignment of the molecular axis which takes place via the in 2-chloroethenylsilane the SH bonds lie outside the mo-

interaction of the oscillating electric field of the laser with the le:rlfjg’;;ng:??ne'c Fc(I)(; (r;gma?qaensgg’ jgdgl'lggsé Eﬁ?ﬁ'mﬁﬁiwﬁre
molecular polarizability’? and (b) selection of orientation due P yclopropane, a cy 9 gnly

to the angular dependence of the barrier to ionizatiol polarizable carborhalogen bonds of the above systems. The

Several groups have recenly repored todaser experimentsG L f 0 200 beteer e lser seaut, T and e
where the first, nonresonant laser beam is used to align the. o 9 . .
jons consist in a strong enhancement of the yield of multiply

charged halogen and Si fragment ions for a laser polarization
) - ... ) along the direction of the TOF detector. In contrast, the
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" Present address: ICEHT-FORTH, P.O. Box 1414, 26500 Patras, @nisotropy of the distributions of the multiply charged carbon
Greece. ions depends on the parent molecule: for chloroethylene and
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bromoethylene they are peaked preferentially in the direction *

parallel to the laser polarization, for 2-chloroethenylsilane they " (a) H2C=CHC|
are peaked perpendicular to it. The anisotropy of all the above -
distributions has been found to increase with the charge
multiplicity of the ion fragment. The fragment anisotropies are ~ { |C**
discussed in terms of the molecular alignment due to the |
nonresonant polarizability interaction and of the selection of
orientation in the ionization and dissociation dynamics in the
strong laser field.

2. Experimental Section

We measured the dependence of the photoionization and ]| (b) H2C=CHBF c
photofragmentation processes on laser intensity and polarization. T H,0" l
The experimental setup was described previoti$snd only a - C3 Brt*
brief summary is given here. 4L i 3
The laser system is an amplified Ti:Sapphire laser delivering >8 60
50 fs pulses at 800 nm with a line width of about 40 nm. It ) . s pt
consists of a Mira Ti:Sapphire oscillator (Coherent) and a BMI P J\]?\r CBr A

regenerative Ti:Sapphire amplifier (BMI). The oscillator, pumped
by a Verdi (800 nm) diode laser (Coherent), delivers pulses of
a 50 fs duration at a repetition rate of 76 MHz with 0.7 W power.
The oscillator output is stretched and then used as seeding for |

1

(c) H,SIHC=CHCI

the regenerative Ti:Sapphire amplifier (ALPHA 1000US), which N L SiH*

is pumped by the second harmonic of a BMI Nd:YLF laser ] ; Si /

operating at 1 kHz. The amplified pulse is then compressed to (CISiH)

get an output of 50 fs. The pulses are characterized using a _| Cop  (CSiHY] P
homemade autocorrelator. " L "MM (P-H)

The linearly polarized laser beam at 800 nm was focused T 1 T 1
with a 15 cm lens at the center of the extraction region of a 0 20 40 60 80 100 120
time-of-flight (TOF) mass spectrometer. The pulse energy could
be continuously varied in the range of B00 mJ by means of M/q
Glan polarizers and was measured at the exit of the chambergigyre 1. TOF spectra of (a) chloroethylene, (b) bromoethylene, and
with a power meter (Molectron J3-09). As measured in (c) 2-chloroethenyisilane recorded, respectively, at laser intensities of
analogous systeni8no significant distortion of the pulse length  1.85 x 104, 1.9 x 10*, and 5.1x 10" W cm 2 The inset in (b)
or of the spectral characteristics of the laser due to the interactionillustrates (for €*) the typical double peak structure of the multiply
with the optical elements that couple the laser beam into the g_hargz_ed iOP?hOb_SE%ﬂéeg itn tftlis V\Iljork- Tthe I?serlis p-polarizeld t?l‘crmg Ighe
: : : Irection o e etector. Parent molecular 1ons are labele
interaction chamber was expected. To _check for pqssmle The position of G+, C*, H,0", and G ions is indicated in (b)
nonlinear effects caused by the Glan polarizers, we carried out
additional measurements in which the laser intensity was
controlled by means of variable neutral-density filters; no
significant alterations of the mass spectra were thus found. The
laser intensities were calibrated by measuring the saturation
intensity for the ionization of X&%3! The range of intensities

from the nozzle. The molecules are cooled to an estimated
rotational temperature of about 50 K.

Chloroethylene and bromoethylene were purified by trap-to-
trap distillation. 2-Chloroethenylsilane was synthesized accord-
used in the present study was betweer 2012 and 2x 10 ing to the method described in ref 32 as a 1:3 mixture of cis

and trans isomers. These compounds were found by gas

W cm~2. The polarization plane of the laser beam, defined by .
the Glan polarizer, could be rotated using a half-wave plate. chromat(_)graphy to be 85% pure. Cyclopropane (Linde) had a
95% purity rating.

The polar angle of a fragment was defined as the angle between
the axis of the TOF detector and the polarization vector of the
laser field. The laser field was polarized parallel to the TOF
axis in the case of a p-polarization and perpendicular to it in  3.1. Mass SpectraFor each compound, we measured the
s-polarizatior. TOF spectra at, typically, 16 different laser intensities ranging
The mass spectra were measured with a linear TOF spec-between 3x 102 and 2x 10" W cm~2 for a p-polarization of
trometer. The photoions generated in the ionization and the laser. These measurements made it possible to trace the
fragmentation processes were accelerated between a repelledependence on the laser intensity of the parent and fragment
plate ¢-1900 V) and a grounded electrode 1.5 cm apart, passedion signals and of the splitting observed for the multiply charged
into a 60 cm long TOF tube, and detected and amplified with ions.
a pair of microchannel plates (MCP) of a 2.54 cm diameter.  Figure 1 shows typical mass spectra of the three ethylene
The MCP signals were fed into a LeCroy 9414 digital derivatives obtained at a laser intensity of about 204 W
oscilloscope, interfaced with a PC. The mass spectra werecm 2. An extensive fragmentation is observed in all three cases,
typically averaged over 200 laser shots. attesting to a great variety of fragmentation channels available
Samples of the pure molecular compounds at stagnationfor these molecule¥-28 Despite the extensive dissociation, the
pressures between 1300 and 5300 Pa were expanded into thseingly and doubly ionized parent molecule intensities are not
vacuum chamber through a 0.3 mm pulsed nozzle (Lasernegligible, even at the highest laser power used in this work.
Technics). The laser interaction zone is about 2 cm downstreamBesides the parent ion, the mass spectra of chloro- and

3. Results
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Figure 2. Dependence with laser intensity of (a) Si and (b) C ions Presented as evidence of a Coulomb explosion éwdue to
resulting from the dissociative ionization of 2-chloroethenylsilane. Full the existence of forward and backward turnaround time for ions
and open symbols are for s- and p- laser polarization, respectively. gjected parallel and antiparallel to the polarization direction of
Typical error bars are indicated in each plot. Lines are drawn to guide the |aser. Temporal peak separatian, is related to the kinetic
the eye. energy release (KERExin, by®

bromoethylene show the formation of halogen-containing
diatomic ions, CX (X = Cl, Br), carbon-containing fragments, En= €0°U? At?/8M
CHy™ (n=1-3) and GH," (n= 0—3), and of halogen, carbon,
and hydrogen atomic ions. Multiply charged species (up ¥ CI  wheree is the elementary charge attthe collection electric
in chloroethylene) are formed,; in all the halogen-containing ions, field of the TOF spectrometer, about 1300 V ¢inThe
double-peaks with relative intensities consistent with the isotopic characteristic dependences of the KER on the laser intensity
abundance ratios are observed. The mass spectrum for 2-chloare shown in Figure 3 for the C and Br fragment ions produced
roethenylsilane is somewhat more complex, probably reflecting by the dissociative ionization of bromoethylene. Similar behavior
the larger number of dissociation channels available for this is found for the corresponding ions from chloroethylene and
molecule. The parent ion is accompanied by dehydrogenation2-chloroethenylsilane. One can see that a higher laser intensity
products of the parent molecule; other polyatomic fragments leads to the formation of ions that possess larger KER values;
containing StH, C—Si, CI-Si, and C-CIl bonds are also  moreover, ions with a higher charge multiplicity exhibit a larger
formed; multiply charged silicon ions (up to*S) can also be KER.
assigned. In the three systems, background signals due to 3.2. Fragment Angular Distributions. The angular distribu-
oxygen, nitrogen, and particularly water are also present. In tions of the fragments were measured with the procedure
addition to the double structure due to the isotopic forms of the reported in ref 7 by recording the TOF spectra as a function of
halogens, the peaks due to multiply charged atomic ions aredifferent polarization angles over an interval of9@ith steps
split into two components. The characteristic doublet structure of 2°. The laser intensity was kept at abouk210"* W cm2,
is exemplified by the &" peaks in the inset of Figure 1. The To facilitate the discussion of results, the data measured for a
mass spectra of cyclopropane are dominated by the C-groupssingle quadrant were reflected and then used for the construction
including the parent molecule ;8,", in agreement with of the polar plots shown in Figures 4 and 5.
previous workd4 We found that ions produced by the dissociative ionization
We note that our TOF spectra are likely to be free of any of chloroethylene and bromoethylene have similar angular
effects of clustering. We found, moreover, that enhancing the distributions, Figure 4. The distributions of singly charged ions
stagnation pressure up to®Pa with the addition of He did  are nearly isotropic. In contrast, the distributions of multiply
not affect significantly the mass spectra of the studied molecules. charged halogen and carbon ions exhibit a strong anisotropy,
The mass spectra change with laser intensity: generally thewith a maximum at 0 (p-polarization). Thus, these fragments
signal from the loweM/q (mass-to-charge ratio) ions increases are preferentially ejected in the direction parallel (or antiparallel)
at the expense of the highbft/q ions as the laser intensity is  to the laser electric field. The anisotropy is found to increase
increased. Figure 2 shows a telpg dependence of the ionyield  with the charge multiplicity. The same trend in the angular
on laser intensity for Si and C ions produced by the dissociative distributions is observed for Cl and Si ions produced by the
ionization of 2-chloroethenylsilane. A saturation of the process dissociative ionization of 2-chloroethenylsilane (i.e., singly
causes the slope to decrease with laser intensity as the onsetharged ions having a nearly isotropic distribution and multiply
for the appearance of the higher charge ions is reached. Figurecharged ions an anisotropic one, with the anisotropy increasing
2 presents the results for both p- and s-polarizations. with the charge multiplicity), Figure 5. However, the singly and
The splitting of the multiply charged atomic ions is seen to multiply charged C ions behave differently: we found that
increase with laser intensity. This splitting has been previously s-polarization enhances their yield, cf. Figure 5.
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Figure 4. Polar plots of the angular distribution of (a) C and (b) CI
ions produced in the interaction of chloroethylene with 800 nm, 50 fs S )
laser pulses at the intensity of 1710 W cm2. Measurements were ~ Figure 5. Polar plots of the angular distribution of (a) C and (b) Si
performed in the 890° quadrant and reflected in the other three for and Cl ions produced in the interaction of 2-chloroethenylsilane with
better visualization of results. The units of the polar coordinate indicated 800 nm, 50 fs laser pulses at the intensity of £.90'* W cm2 lon

in the vertical scale have the same magnitude in both plots. Typical Signals have been multiplied by the indicated factors to ease the
error bars are indicated in each plot. comparison. Measurements were performed in the® quadrant and

reflected in the other three quadrants for better visualization of results.

Thei d df | how iSotropi | The units of the polar coordinate indicated in the vertical scale have
€ 10Nns produceda from cyclopropane Snow ISOropiC angular ye same magnitude in both plots. Typical error bars are indicated in

distributions except for the multiply charged C ions, which are each plot.
markedly anisotropic along the p-polarization direction, and
increasingly so with the increasing ion charge. Tte @ns the case of the ladder switching mechanism, the singly or
from chloroethylene, bromoethylene, and cyclopropane have anmultiply ionized parent molecule dissociates into daughter
angular distribution that can be described by a superposition of molecular ions which dissociate further by unimolecular pro-
an isotropic and a polarization-dependent component. The samesesses or give rise to smaller fragments through subsequent
type of angular distributions have been observed for atomic interaction with the laser field. In molecules similar to the ones
fragments from other polyatomic systefnsnd have been  studied here, internal conversion and fragmentation in electroni-
attributed to two-pathways mechanism of forming the corre- cally excited states of the parent proceeds within 38%5.
sponding fragments. Therefore in our case sequential fragmentation can take place
To better understand the mechanisms of the ion fragmentwithin the duration of the laser pulse. For the direct Coulomb
formation, we compared the fragment ion yields for orthogonal explosion mechanism, the ionization and dissociation are due
laser polarizations (p- and s- polarization) as a function of laser to an unstability, at some critical internuclear distance, of a
intensity. The results for Si and C ions produced from 2-chloro- highly charged parent species formed through multiphoton or
ethenylsilane are shown in Figure 2. The ion yields are generally tunnel ionizatior’®
higher for p-polarized laser pulses; this is the case for the Si  The transition from the frequency-mediated coupling found
ions from 2-chloroethenylsilane (Figure 2a), all halogen ions, in multiphoton processes to an electric field-mediated coupling,
and two carbon ions produced by the dissociative ionization of characteristic of field-induced ionization, is given by the value
chloro- and bromoethylene. For these ions, the ratio of the p- of the adiabaticity parameter, AP, introduced by Keld$sh:
to s-polarization yield decreases with increasing laser intensity
toward a constant value, equal to about 1 for singly charged AP = (E/(1.87 x 10 3| 1?)*?
ions and about 3 to 10 for multiply charged ions. This
corresponds to a broadening of the angular distributions with
increasing laser intensity. However, the ratio of the p- to
s-polarization yield for the C ions produced from 2-chloroet-
henylsilane (Figure 2b) is<1 in the explored range of laser
intensities.

Here E; is the molecular ionization potential (in eV) in the
absence of the laser fieldl, is the peak laser intensity (in W
cm~?), andJ is the laser wavelength (jam). Values of AP>
1 are indicative of a multiphoton ionization (MPI) mechanism;
values< 1 imply the participation of a field-ionization mech-
anism. At the highest laser intensity used in this workx(2
10 W cm~?), the value of AP is well below unity for all the
Short pulse laser ionization and fragmentation can either molecules considered here. Levis et gkoposed a structure-
proceed through a ladder-switching mechanism or by a direct, based model that predicts that the transition to the field
instantaneous Coulomb explosion of the parent moleGule. ionization regime occurs at lower laser intensity than that

4. Discussion
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expected for an atomic species of the same ionization potential.constants were taken from ref 43 or estimated using known bond
Although field-induced effects should prevail in the interaction distances and anglés.
at the maximum laser intensity, parent ions can also be formed The estimates okcog 6> for the maximum laser intensity
in the leading edge of the pulse and subsequently multiply of 2 x 104 W cm~2 and a rotational temperatufe= 50 K are
ionized. These processes take place at lower intensities andhear unity for chloroethylene, bromoethylene, and 2-chloroet-
involve species of higher ionization energy, implying substan- henyisilane. In the case of cyclopropane, the anisotropic
tially larger values of the AP. In addition, in the spatial regions polarizability interaction would align the molecular plane along
outside of the Rayleigh range, the laser intensity reaches valueshe electric field vector, and so there would be no preferred
COﬂSiderably smaller than the maximum intensity. Hence both direction for the fragment eiection_ However, the h|gh degree
multiphoton ionization and field ionization are likely to  of alignment cannot be achieved unless the laser interacts with
participate in the dissociative ionization processes studied here the molecule adiabatically. This is the case when the laser pulse
If fragmentation favors charge symme#fithen the observa-  duration is greater tharhf2zB) (h is Planck’s constant}t In
tion of highly charged atomic fragments (charge multiplicity the case of the haloethylend#(27B) is on the order of a
up to 5) would imply the existence of molecular transients that picosecond, way too long compared with the laser pulse duration
have twice the atomic charge. On the other hand, the charac-of 50 fs. Therefore, in our case we expect no significant
teristics of the observed peak splitting provide hints about the alignment of the molecular axis.
ionization and dissociation mechanisfg he splitting of the The measured ratios of the fragment ion yields for the two
peaks corresponding to multiply charged atomic ions is regardedorthogonal laser polarizations bt= 5 x 10*2 to 2 x 1044 W
as a signature of laser-induced Coulomb explosion; the splitting cm~2 provide an experimental evidence for a negligible role of
reveals different arrival times for the ions ejected forward and the molecular axis alignhment. The observed angular distributions
backward with respect to the TOF axis. Previous experiments of the ionic fragments for the halogenated ethylenes become
with diatomic and polyatomic molecules have shown that, once more isotropic as the laser intensity increases. Just the opposite
a given channel is opened, the KER in Coulomb explosion would be the case if molecular alignment were significant.
processes is independent of laser inten&ityhe increase of  Consequently, an alternative mechanism has to be invoked to
the KER with laser intenSity observed in this work contradicts exp|ain the important features of the observed fragment angu|ar
this mechanism. The latter behavior was also observed in distributions, such as the narrowing of the angular distributions
multiply ionized fragments produced by ionization and dis- for multiply charged ions and the propensity of multiply charged
sociation of aromatic and single-bonded hydrocarbons with 50 atomic ions to be ejected along the laser polarization. As
fs laser pulsed;it was noted as indicative of a field-induced discussed above, both field ionization and multiphoton ionization
mechanism that produces ions with kinetic energies which are likely to participate in the dissociative ionization of the
increase with the electric field Strength. This point will be further molecules studied here. Recent|y the importance of ionic
developed in a forthcoming papér. absorption has been discussed as a key factor in the formation
We now discuss the angular distributions of the fragment ions. of fragment ions during femtosecond laser excitafioff.
The anisotropies observed in the angular distributions of the Molecular ions in suitable orientations can be promoted to
ion fragments have been explained in terms of various mech- excited states prior to further ionization or dissociation, through
anisms. These include (a) a reorientation of the molecule by resonant absorption of laser photons. The rates of resonant
the interaction of the oscillating electric field of the laser with photon absorption processes depend on the orientation of the
the anisotropic polarizability of the molecui®&(b) enhancement ~ molecular transition dipole moment with respect to the laser
of the MPI rate of the parent molecule, or of the precursor polarization. Resonant multiphoton absorption processes by
fragments, when the electric vector of the linearly polarized light parent ions select specific molecular orientations that lead to
is parallel to the breaking bond of the molecifte!® In our fragments with preferential orientations if bond breaking occurs
discussion we concentrate on these two mechanisms. in a time scale short compared to the overall rotation of the
We have estimated the degree of the alignment induced byexcited precursor. Thus, low-order multiphoton processes,
the anisotropic polarizability interaction for the halogenated responsible for the production of the parent ion, will take place
ethylenes and cyclopropane parent molecules by following the in the low-intensity spatio-temporal part of the laser pulse, and
quantum mechanical approach of Friedrich and Hersch¥ach, Will account for the observed isotropic angular distribution of
later extended for symmetric top molecules by Kim and Fefker.  these fragments. Higher order or Coulomb explosion processes,
The nonresonant polarizability interaction induces a molecular required to produce atomic fragments with higher charge
a|ignment characterized b$00§ 0>, where@ is the po]ar multiplicity, are preceded by ultrafast geometrical deformation,
angle between the relevant axis of the molecule and the electricPossibly facilitated by the rapid elimination of some atch¥,
field vector. The ensemble averageog 0> of the expectation ~ and followed by anisotropic ejection of fragments representing
value of the alignment cosine depends on the dimensionlessthe anisotropic formation of the parent molecular ion with
interaction paramet® Aw = 5 x 1012 Aa I/B and on the respect to the laser polarization directiirhe propensity of
reduced rotational temperatufe= kT/B, wherel, is the peak  the C ions from 2-chloroethenylsilane to be ejected perpen-
laser intensity in W cm?, B the rotational constant in cri, T dicular to the electric vector of the laser field (and to the CI
the rotational temperature, ardy. is the polarizability anisot- ~ and Si multiply charged ions) can be related to the dissociation
ropy in cn?® (the difference between the polarizability compo- ©Of multicharged parent molecules that have suffered an ultrafast
nents parallel and perpendicular to the relevant molecular axis). modification of its initial geometry, so that the<C bond is
For the haloethylenes, considered here as prolate symmetrigPerpendicular to the €Cl or C—Si bonds. For chloro- and
rotors, the relevant prolate axis is approximately the@bond. bromoethylene, a fast opening of the-C—X (X = ClI, Br)
The relevant molecular axis in cyclopropane, an oblate sym- angle to configure a linear geometry would account for the
metric rotor, is perpendicular to the molecular plane. We have observed anisotropies.
calculated the components of the molecular polarizabilities using ~ Finally, we note that MPI of inner valence electrdfiscould
bond polarizabilities as reported in refs 41,42. Rotational be at least partly responsible for the observed anisotropies. This
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mechanism implies a strong dependence of the MPI rate on the

orientation of the molecule with respect to the laser field. If the
MPI process is governed by the MPI rate of the atomic site

having the highest degree of shielding from the atomic nuclear
charge, then the angular distributions of the fragment ions would

reflect the angular patterns of the atomic orbitals. That would
explain the similar angular distributions of the halogen and
carbon ions in chloro- and bromoethylene and would tie the
different behavior of C ions from 2-chloroethenylsilane to the
presence of the SiHmoiety attached to the -©C skeleton.

5. Conclusions

The angular distributions of multiply charged atomic ions
produced by the dissociative ionization of chloroethylene,

bromoethylene, and 2-chloroethenylsilane in an intense linearly

polarized laser field (800 nm, 50 fs, ¥0W/cm?) were found

to exhibit marked anisotropies. These are likely to be due to

the ultrafast geometric modifications of the parent molecule

geometry during the short-pulse duration possibly aided by

previous elimination of atomic moieties. The anisotropic frag-

ment ejection represents the formation dependence of the223:
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