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The Field-Assisted Stepwise Dissociation of Acetone in an Intense Femtosecond Laser Field
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The dissociation of acetone in an intense't3@0* W/cn?) femtosecond laser field has been investigated.

The stepwise nature of the dissociation has been verified by analyzing the time-of-flight mass spectroscopic
patterns at different laser intensities. The stepwise nature was interpreted using a quasi-diatomic field-assisted
dissociation model and the QCT calculations. Both the experimental identification and the theoretical predictions
show that if the laser intensity is gradually increased, the sequence of the primary dissociatio@,is C
C—0, and C-H bonds in the acetone ion. The preference of breaking th€ @nd C-O bond over the
H-elimination of the C-H bond is also the case in the secondary dissociation.

I. Introduction W/cmP) at which the multiply charged molecular ions are readily
Intense laser fields can readily be achieved using ultrashortfloorlTS\?/'an;V:ﬁge;’ i}e?%_;?;gegi:e l?éﬁ;g:;';?r:t'?s gf;oe d
lasers pulses, which can be generated from tabletop Ti:sapphire ’ PP yp gly 9

lasers. The imposed E-fields of such laser pulses on a moleculemolecular ions. The field-assisted dissociation of the molecular

are as strong as the internal fields that bind the outer electrons'Ofnf'hm‘B‘yhtak(.e p:a(t:)e 'g a St?r?w'.si mannler. Th]?rtla(;oreh, crlzéclgng
in atoms and molecules. It is possible now, if a 100 fs laser of the chemical bond in the Intense laser hield shou €

pulse is focused to a diameter of fn, to produce average ~Cconsidered from a different point of view.
intensity of such a pulse reaching the tens of petawatts range There are several reasons that acetone was chosen for such
(about 35x 105 W/cn®), and the corresponding electric field  intense field dissociation. Acetone is a typical molecule for the
associated with such laser light is equal to the Coulomb field conventional photodissociation in weak field and is considered
binding the ground-state electron in a hydrogen atom. Such the most elementary ketone. Its photochemistry including its
intense laser field effects on atoms and molecules attracted and?hotodissociation in the-bond cleavage has been of consider-
continue to attract considerable interést. The effects on  able interest and has been extensively investigtéd Acetone
molecules by the electric field present in intense light fields undergoes Norrish type-I reactioffsyhich have been the most
give rise to several phenomena, which have major consequencegxtensively investigated areas in photochemi&trguch reac-
on the dynamics of molecular dissociation and ionization. A tions have provided good model systems to address some
few to mention of these phenomena are above threshold important issues in photochemistry such as dissociation mech-
dissociation (ATDY: bond softening, vibrational trapping, ~ anismsi>®*A primary issue in previous studies, especially for
Coulomb explosiod; 1 molecular alignment?-15 and dissocia- dissociation at 193 nm, was whether the dissociation of the two
tive ionization!5A few studies had been reported by Cornaggia C—C bonds is concerted (simultaneous) or stepwise (sequential).
and co-workerd-19 Mathur and co-worker&-23 Castillejo and Through a combination of product studies and ultrafast spec-
co-workers?425 edingham and co-worke?§; 3% and Wu et aP! troscopy, it has been demonstrated that for all of the electroni-
on the dynamical behavior of polyatomic molecules. Among cally excited states, Le¥,Zewail ** Leone?38and Baronavs-
these new phenomena, chemists are more interested in théki,®® dissociation takes place in a stepwise manner. However,
dissociation of molecules caused by strong laser field. Many fundamental issues concerning the photodissociation of acetone
studies have been performed on the dissociative ionization ofare still unresolved. Kong and co-work&studied the pho-
diatomicd®.19:32and triatomic molecule¥,18-19.32.33-40 For poly- tolysis using time-resolved FTIR for detecting the CO emission
atomic molecules, unfortunately, there has been a lack of carefulresulting from the UV photolysis. Their results showed that the
experimental investigations, as well as adequate dynamic theory.CO emission is power-dependent. Acetone absorbs the first 248
The only theory that has been widely used to interpret the or 266 nm photon, which yields an acetyl radical, LT/, and
dissociation of polyatomic molecules is the Coulomb explosion the acetyl radical absorbs another photon, producing the hot
model. The model is based on the assumption that fragmentationCO fragment. However, a fast photodissociation of acetone will
of a multiply charged polyatomic molecular ion may take place directly yield CO, if the molecule absorbs a 193 nm photon.
driven by the Coulombic repulsive forces, yielding the smaller  Recently, the investigation of the dissociation of acetone has
fragmented ions. The model can interpret the dissociation of heen carried out in the intense laser regime. Castleman and co-
the molecular ions at very high laser intensities (0.0 worker$7-6% studied the photodissociation of acetone at intensity
PE— p T el 5610625553 less than 18 W/cn?. The multiphoton effects in their studies
Fax: 861069563107 Esmatl: Kong@rmr Ciiesced. Tel: 86-10-6255534  initiated questioning whether ionization takes place followed
by dissociation or vice versa. More interestingly, Levis ef’al.
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acetone. They demonstrated that the closed-loop learning processf interest, 18—10W/cn?, in which the chemical bond takes
with a genetic algorithm is an efficient method for controlling place. Because only singly charged ionized species are found
photodissociation and ionization yields when strong-field excita- in this moderate intensity, the Coulomb explosion model cannot
tion is employed. Furthermore, they showed that the massinterpret the dissociation process. Few models have been
spectrum of a molecule can be dramatically altered with tailored proposed to explain the dissociation of molecules in intense laser
excitation pulse shapes. fields. One model is the “barrier suppression model”, introduced
In this paper, we report our experimental study on the by Dietrich and Corkum’® to explain the dissociation of a
dissociation of acetone in the rather moderate intensity regime strongly bound diatomic molecular ion. The second model,
of 10%—10 W/cn¥, in which the interesting reactions take which is a modification of the above model, was proposed by
place. We have found the stepwise, field-assisted dissociationThachuck and Wardlak? It is applied for explaining the
mechanism, which cannot be explained by Coulomb explosion dissociation of a diatomic ion in an intense laser field using a

(taking place in very strong laser fields,101* W/cn¥?). The one-dimensional model with a Morse function representing the
dissociation pattern is also different from that caused by nuclear interaction potential and coupling to a linear dipole
multiphoton excitation (taking place in rather weak fietds0? moment representing the interaction with the laser field. They

Wi/cnm?) and conventional photodissociation (in a very weak used classical trajectories to investigate some qualitative features
field, <10” W/cn). Theoretically, we calculate the dissociation of the dissociation process. The above two models were used
thresholds and predict the sequence of the dissociation pathways$or diatomic molecular ions only. The third model, which was
by increasing the laser intensity. We can then mimic the based on the changes of the electron charge distribution, was
fragmentation pattern of polyatomic molecules in intense laser proposed by Mathur and co-workétso interpret the dissocia-
fields. We intend to provide our contribution to clarify the tion of polyatomic molecules.

dissociation mechanism by combining experimental investiga-  Tq interpret the stepwise dissociation process of polyatomic
tion and theoretical calculations. Therefore, we have proposedmglecules in intense laser fields, a simple model that can
a model to explain the field-induced dissociation mechanism quantitatively interpret the dissociation dynamics of such
of acetone. The model had been successful in interpreting thepgjecules in strong fields of ultrashort laser pulse duration was
dissociation of methaffeand acetaldehyd€. A summary of  proposed. The model will be described in detail elsewhere.
the model is given in section IlI. Briefly, the proposed model assumes that when the laser field
is applied to a polyatomic molecule, only the change of one
bond length, which lies along with the laser field, is taken into

The laser system used in this study was a home-built mode- 5ount and the rest of the molecular geometry is fixed. In that
locked femtosecond Ti:sapphire oscillator operating around 800 sense, the model can be considered as a quasi-diatomic model.

nm, which was pumped by a diode-pumped, frequency-doubled g 5i0ying the model to explain the dissociation of a molecule
laser (532 nm, Verdi, Coherent). As a seed pulse, the 800 nm, ¢ngists of several calculations: potential energy surfaces of
30 fs laser pulse from the oscillator was stretched and then ledine ground state of the molecular ion at different field intensities
to a multipass Ti:sapphire laser amplifier (Quantronix, Odin), (dressed PESs), quasi-classical trajectory (QCT) of the bond

which was pumped by the second harmonic of a Nd:YLF laser. length with time, the dissociation probability, and the dissocia-
The amplified laser pulse was compressed to 160 fs detectediq threshold intensities.

by an autocorrelator, and the maximum energy output was about
300uJ per pulse. The amplified femtosecond pulse was focused
into the chamber of the linear time-of-flight (TOF) mass

spectrometer (MS) by a 15 cm focal lens. The laser spot is

assumed as a Gaussian distribution. The spot diameter of 37. \ntensities in the level of Hartreg=ock (RHF or UHF)/6-31G,

um is determined by the focal length (15 cm) times the beam _ . P o .
divergence, which is measured as 0.25 mrad. The laser energ))N'th the *FIELD" option in the Gaussian 98 packaffdn the

was monitored by a power meter (LPE-1B, Physcience Opto- O the dissociative bond is chosen to set parallel to the electric
: : L field vector of the applied laser and calculating the ground-
electronics Co., Ltd., Beijing, China) at a repetition frequency ' . . S >
of 1 kHz. The fluctuation of the averaged energy of 1000 laser st_ate PESs prof_|le Of the_ ion at different f'?ld _mtensmes and
pulses is 5% with the pulse-to-pulse fluctuation of 4% rms. The W.'th two _opposite d|_rect|ons of the_ electric field along the
gaseous molecules were continuously effused into the chamberd'SSOC"”Y['Ve bond axis. This step gives a set of the dressed
through an orifice with 50@m with a background pressure of ground-s.tate I.DE.SS' ] .
7.2 x 10°7 Torr and acetone gas pressure of 48076 Torr. The dissociation dynamics of the molecular ion can be
The calculated number density under these conditions was 1.5considered as the dissociative bond is pulled off by the laser
x 101 cmr3, a value showing negligible mass charge effects. field, where the nuclear motion can be represented by the motion
The gas flow was crossed with the focused laser beam. TheOf @ Gaussian wave packet taking place on a ground dressed
fragment ions produced in the laser beam were extracted by anPES modulated by the oscillating optical field. The wave packet
electric field of 200 V passing through an aperture of 3 mm at Moves perlqo_llcal_ly through_varlous dressed PESs with different
8 mm away from the laser beam. The ions were then accelerated@Ser intensities in one optical cycle. For the laser wavelength
by 900 V in a two-stage electric field and flew freely to a dual ©f 800 nm, the width of an optical cycle is 2.7 fs. The 100 fs
microchannel plate (MCP) through a 50 cm free-field flight tube. 1aser pulse accordingly contains 37 cycles.
The ion signal was detected by the MCP and acquired by a To obtain the variation in the bond lengths of the molecular
100 MHz high-speed transient recorder and then transferred toions, thousands of trajectories reflect the change of the dis-

II. Experiment

The model calculations started by optimizing the geometry
of the neutral molecule and the molecular ion. The profile of
the dissociative bond distance in the PESs of the ground state
5of the molecular ion has been calculated at different field

the computer for data acquisition. sociating bond with time. The change of the dissociating bond
with time is obtained by averaging these trajectories. In a strong
IIl. The Model field, the bond distance monotonically increases; the dissociation

There has been a lack of a suitable theoretical model to probability was defined as the ratio of the weighted number of
explain the field-assisted dissociation in the intensity regime the dissociative trajectories leading to the total number of
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) ) ) (b) simulated mass spectrum of the dissociation of acetone at the
Figure 1. The mass spectrum of acetone at the laser intensity of 0.4 threshold intensity of 2.% 1014 W/cn? (level I). The simulated mass

x 104 Wi/cn using 160 fs laser pulses at 800 nm and a gas pressure gspectrum reproduces the experimental mass spectrum at this intensity.

mass spectrum

of 4.6 x 107° Torr. Only the parent ion, C¥€OCH*, appears. The dissociation channel refers to channel A in Chart 1.
trajectories. Threshold laser intensity can be defined as thatai Level Il CH,COCH,’ @
intensity for which in 100 fs the laser field causes 1% of the £ |
weighted trajectories to reach 6 A. A bond distanté & can g
be considered as the critical distance for dissociation. f; ]
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IV. Results and Discussions 51 \A./O N/

1. Mass Spectra at Different Laser IntensitiesThe stepwise e .A'“. et ot
dissociation of acetone in the moderate intensity reginié-40 10 e % 40 %0 60 7
10" W/cne has been experimentally studied using 160 fs laser . CHCCH,
pulses. To verify the stepwise dissociation, a series of TOF mass POy oHoeH, | CHCO"
spectral measurements for detecting the parent ions and the t) N\ AN / CH,COCH," ®)
primary and the secondary fragment ions formed at different H ”
laser intensities were conducted. The ions formed were moni-
tored as the intensity was gradually increased. Only singly "0 20 3 40 50 60 70
charged ions have been identified in this intensity regime. There Mass Number
was no evidence for multiply charged ions. Figure 3. The (a) experimental mass spectrum of the dissociation of

At relatively low intensity of 0.4x 10 W/cn¥, only the acetone at the laser intensity of 0.9610 W/cn? (level I) using
parent ion CHCOCH;™ (58 amu) is observed, as shown in 160 fs laser pulses at 800 nm and a gas pressure ok 4676 Torr
Figure 1. The intensities beyond this intensity are marked as and (b) simulated mass spectrum of the dissociation of acetone at the
three levels from | to I1l, corresponding to 0.3210%, 0.96 x threshold intensity of 2. 1014V\/_/cm2 (level II). The _simulgtgd mass
10 and 1.1x 104 W/cn?, respectively. At level | of the laser spectrum reproduces the experlmenta_l one. The dissociation channels
intensity (0.72x 10 W/cn¥), the primary fragment ions GH refer to the channels A, B, 385, or G in Chart 1.

(15 amu) and CECO™ (43 amu) are observed, as shown in Upon further increase of the laser intensity to k510
Figure 2a. This fact indicates that the-C bond starts to break ~ W/cn?, we have observed the products of dissociation of all
at the level | of laser intensities. It was noticed that although primary and secondary channels. The identification of further
the dissociation of a singly charged ion as{0®CH;™ directly dissociation channels is beyond the scope of this work, but the
yields a pair of charged and neutral species, likegCihd CH- results strongly indicate and verify the stepwise nature of
CO or CH; and CHCO", both the ions Ckt" and CHCO* dissociation of acetone in the intensity’3910“ W/cm.

appear in the same spectrum, because the threshold of the field- 2. Theoretical Calculations on the Dissociation Dynamics.
assisted ionization is normally lower, about!a®v/cn?. The Theoretically, the quasi-diatomic model has successfully been
neutral fragment can soon ionize. With an increase of the laserused to assign the different dissociation channels and their
intensity to level I (0.96x 10 W/cn¥), new peaks have been products in the experimental observations. Here, we study the
identified. The CHCCHs™ (42 amu) and the ©(16 amu) ions dissociation of acetone using three levels of intensities labeled
were identified, as shown in Figure 3a. This observation implies 1—Ill. Calculations of the field-affected PESs are first made for
that the G=0 bond of the parent ion is dissociating at this laser the C-C bond primary dissociation channel of the parent ion
intensity. The O does not result from the G&O" because at different laser intensities and with different field directions,
CH3C™* (27 amu) was not found. Upon further increase of the as shown in Figure 5a,b. The tendency for@©bond dissocia-
laser intensity to reach level lIl (1.4 10 W/cn), we observed  tion is higher when the field is as indicated in Figure 5a. There
the appearance of new peaks in the mass spectrum. Th{@ H  are four different types of bonds in acetone, namely, theCC
amu) was identified and is shown in Figure 4a, implying the bond, the CG-O bond, the G-H(y), and the C-H ), as displayed
dissociation of the €H bond. In addition, two peaks have inthe inset of Figure 6. The QCT of the dissociation process is
appeared at 27 and 14 amu, from which we have assigned theshown in Figure 6, for which the calculation procedure was
former to be CHC* ion and the latter to be the GHion. described in section Ill. All of the calculations in this work are
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Figure 4. The (a) experimental mass spectrum of the dissociation of
acetone at the laser intensity of x110" W/cn? (level Ill) using 160
fs laser pulses at 800 nm and a gas pressure of 4.567° Torr and
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(for example, 100 fs) the average-C bond distance shows
the highest elongation, reachirma A and hence complete bond
dissociation, while the CO, €H(y), and C-H bonds show
much smaller elongation, and hence lower dissociation tendency,
at the same intensity. The results explain why we only observed
the fragments Ckt and CHCO" ions at the level | (the
threshold intensity of 2.2 10 W/cn? corresponding to 1%
dissociation) of laser intensity, as shown in Figure 2b.

The simulation of the dissociation at the level Il (laser
intensity of 4.2x 10 W/cn¥) predicts that the dissociation of
the CG-0 bond in the parent ion is completed, giving §3CHs"
and O fragments. The threshold intensity of 1% dissociation
is calculated as 2.3 10" W/cn?, and the dissociation pattern
is shown in Figure 3b. Figure 4b shows the simulated mass
spectrum at the level Ill laser intensity. According to our
theoretical calculations, the threshold intensity of theHCbond
breaking is 2.5< 10 W/cn?, while the CHCOCH;™ seriously
dissociates at a laser intensity of 5110 W/cn? resulting in
the formation of CHCOCH," and Hy ™ as the primary fragment

(b) simulated mass spectrum of the dissociation of acetone at thejons. By using the above theoretical model, we have also

threshold intensity of 2.5 10" W/cn?® (level ll). The simulated mass

spectrum reproduces the experimental mass spectrum via channels A

B, C, By, By, Bs, and G.
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Figure 5. The PES of the €C bond dissociation of the parent ion
CH;COCH;* with the laser field vector direction indicated by the arrow
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calculated the dissociation probabilities of different secondary
dissociation channels at the level Ill. The processes refers to
the secondary dissociation of @EICH;™ and CHCOCH,*
leading to the formation of the experimentally observed products
CHsC* + CHs*, CHsCCH," + Hyy*, and CH™ + CHsCO",
respectively.

At the intensity higher than level Ill, more secondary
dissociation channels can take place, mostly givingiehs.

The dissociation of CKCO" leading to the formation of the
products CHCO"™ + H* and CH* + CO" is verified by the
calculations. The dissociation of GBEOCH," leads to the
formation of the products C#£OCH"™ + Hyt, CH,COCH,™
+ H@™, and CHCOCH,™ + H)™", respectively.

The simulated dissociation pattern was in a very good
agreement with the TOF mass spectra at all of the levels of
laser intensities. However, it must be noticed that the experi-
mental threshold intensity, at which the fragment ions start to
appear, is rather lower compared to the theoretical threshold
intensities. The QCT calculations show that by adopting a value
of 1% of the calculated fragment ion yield as a criterion of the
“theoretical threshold intensity”, the values of the theoretical
threshold intensities and the experimental threshold intensities
are quite close. For example, the values of the theoretical
threshold intensities of 2.2 1014, 2.3 x 104, and 2.5x 104
W/cn? correspond to those observed “experimental” threshold
intensities of 0.72«< 104, 0.96 x 104, and 1.1x 10" W/cn¥
for the dissociation of the €C, C-0O, and C-H( bonds,
respectively.

3. The Correlation between the Experimental and the
Calculated Results.The agreement between the theoretical
predictions and the experimental observations makes it possible
to interpret the entire dissociation process. To correlate the
experimental and theoretical intensities, the theoretical predic-
tions of the dissociation threshold (as simulated patterns) and
the experimental inspection of the mass spectral patterns were
combined. The results are shown with Chart 1. The chart clearly
illustrates the stepwise dissociation mechanism.

Below the lowest level of laser intensity, level I, only the
parent ion is observed, showing that none of the chemical bonds
can be cracked. In Chart 1, the dissociation of theGC C—O
C—H), and C-Hy bonds is marked as A, B, C, and D,

based on the fact that the laser polarization vector is parallel to respectively. It was found that the<«C bond dissociates first
each dissociative bond axis. The results show that for the samein the intensity level | giving the primary fragment ions €H

laser intensity of 3.5 10 W/cn? and at a certain time interval

and CHCO', shown as dissociation channel A. It was also
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while the C-H and C-Hz) bonds show the lowest dissociation
100 4 ./;—/»o—o—a—o———o/ e — probability.

/ i The secondary dissociation channels are presented in Chart
1. For the further dissociation of GHand CHCO" ions, three
channels have been found in relatively high intensities. At the

80 —e—CC

- C-H . . .
....... 0 C-H Y level IV of laser intensity, CHCO" ion may undergo two

A'/ —e—-C-0 dissociation paths, Aor A,, leading to the formation of CH
CO" + H* or CHt + COT, respectively. The dissociation of
CHs* ion to CH* + H*, channel A, requires even higher
intensity. The secondary dissociation of £&HCH;™ ion occurs
at lower laser intensities; the cracking of the C bond, channel
B, and the C-H(y, channel B, bond takes place at the level
[1l. Another H-elimination process, breaking the-E» bond,
channel B, even starts at the level Il. In contrast, the
2 3 4 5 & 1 8 s 10 H-elimination from CHCOCH," (channels C, & Cs, and G)
Field intensity (10™W/cm?) is difficult, only occuring at the level 1V, while cracking the
C—C bond, channels £and G, or cracking the €O bond,
channel G, happen at lower intensity, the level III.

60

Probability

40 -

20

Figure 7. The dissociation probability of the different bonds of acetone
at different field intensities.

CHART 1: The Possible Primary and Secondary V. Conclusion

Dissociation Channels of the Parent lon, CHCOCHj3", The field-assisted dissociation of acetone cation has been
Shown with the Experimental and Theoretical Levels studied at the laser intensities of18010% W/cm?. A TOF-

I —IV of Laser Intensity MS is used to detect the fragments of the dissociation. Gradually
Threshold Laser Intensity (10"“W/cm?) increasing the laser intensity from level | to level Ill, we have

observed the singly charged species in the order of the parent
(below level 1), CH* and CHCO" (at level 1), CHCCHs"
crcocH; and O (at level Il), CHC*, CH3CCH,*, and CHCOCH;" (at
level 11I), and smaller ions (beyond level Ill). No doubly or
l[?.z] multiply charged ionic species were found. These facts verify

CH,™+CH,CO"

Level Expt. Calc.

<0.4

the stepwise dissociation mechanism of the acetone ion. The
23] quasi-diatomic model of the field-assisted dissociation of
ctecty + o polyatomic molecules has been used for explaining the dis-
sociation mechanism. QCT calculations have been performed
c on each bond cracking process. The calculated threshold
CHZCQHH‘]; intens_ities_ of the dissociation show the feasibility of th_e bond
A Atgpui %5]1&3]’8’-},2"2+]c1«11c0‘ breaking in the (_)rder €C, C—O,+ C—_H (in _the parent _|or_1),
.' A C—C, and C-H (in t_he CHCCHg™ primary ion), which is in
Cl,* +ClCO" good agreement with the results of the mass spectra at the
different levels of the laser intensity. The above facts verify
oA o lele N that in the moderate laser intensity {3010 W/cn?), the
Bl |60 E80] X et (3.0 dissociation mechanism is completely different from the con-

cti"+co” CH2COCH," +He' (ol + ventional photolysis model, the multiphoton excitation model,
OO+ H CH,COCH," + Hgy' and the Coulombic explosion model. In contrast, the field-
CH;COCH" + Hy" assisted quasi-diatomic dissociation model successfully explains

the stepwise process.
c The outcome of this study is to utilize the mechanism of
~, B3 molecular dissociation at that intensity in pursuing more
CH, +H CH;COCH" + Hg, L .
elaborate studies of quantum controlling of the products of

found that increasing the laser intensity to the level Il leads to chemical reactions, an active area of research. One of the
another dissociation channel, the=O bond dissociation exciting experiments is controlling the ratio of reaction channels

Iv_ 15 31

A;
35]
35

channel (channel B), giving rise to the @ECH;t and O for a derivative molecule of acetone by femtosecond intense
primary ions. A further increase of the intensity to the level lll laser puls€® The present work may elucidate the mechanism
results in a third dissociation channel, namely, theHg, bond of the laser controlling, the strong field effects on the dissocia-

channel C. This gives rise to the formation of the primary tion probability of the competing channels via changing laser
dissociation products G€OCH," and Hy™. Increasing the intensity, pulse duration, or pulse chirp.

laser intensity to the level IV results in the formation of the

primary fragment ions CECOCH" + Hp* (channel D), in Acknowledgment. We thank Professor Andong Xia for the
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