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Control of the photoionization/photodissociation processes of
cyclopentanone with trains of femtosecond laser pulses∗
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A train of three equally spaced femtosecond laser pulses is employed to control the photoionization/photodissociation
processes of cyclopentanone. With the increase of pulse separation, a strong modulation of product ion yield is observed.
More than ten-fold changes of ion yield ratio between different products can be realized. The experimental observations
further explain the compositions and formation pathways of peaks in the mass spectra. The controlling mechanisms are
also discussed.
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1. Introduction
When lasers were invented they were considered as an

ideal tool for controlling chemical reactions, i.e., selective
cleavage or formation of chemical bonds.[1,2] However, the
rapid internal vibrational energy redistribution (IVR) makes
it difficult to use this approach to excite the bond of inter-
est directly. Two approaches have been proposed for over-
coming this obstacle. In the frequency domain, phase coher-
ent control is proposed by Brumer and Shapiro,[3] in which
a molecular state is excited by two different colored lasers
and the yield is modulated by the relative phase of two path-
ways. In the time domain, femtosecond laser pulses are
used to study chemical reaction dynamics,[4] which is known
as femtochemistry.[5–7] The femtosecond laser pulse is not
only an analytic tool,[8,9] but also an efficient way to con-
trol the molecular dynamics,[10,11] by optimizing the shape
or phase of a pulse, which was proposed by Tannor and
Rice.[12] Femtosecond pulse shaping is realized using spa-
tial light modulators,[13] which are now popular experimental
tools.[14,15]

There are two strategies for controlling molecular reac-
tion dynamics using shaped femtosecond pulses: closed-loop
and open-loop control. Due to the complexity of molecular
systems, it is not generally possible to predict optimal con-
trol fields that will control the specified bond breaking and
maximize the desired yield for a particular target. The closed
loop strategy uses learning algorithms to find the solution to
the molecule by an experimental system automatically. The
method has been employed to control the relative fragmenta-
tion yields of molecules by many groups.[16,17] The method
has been successfully used to control various processes,

for example, ionization,[18] two-photon fluorescence,[19] and
alignment.[20] While learning algorithms have been successful
in discovering optimal laser pulses for control, it is generally
difficult to understand the underlying physical mechanisms.
Another strategy is to use the open-loop approach. Different
shaped laser pulses can be obtained through using a variety
of phase functions, e.g., a sequence of binary phases,[21] a
variable π step function[22] or a sine phase function.[23] Using
binary phase functions, isomers can be identified.[24] Dramati-
cally different efficiencies of the SHG process can be achieved
using the π step function.[25]

In this paper, a pulse train, which is obtained using a sine
phase function, is employed to control photoionization and
dissociation processes of cyclopentanone. The product yields
and product yield ratios are controlled when the pulse separa-
tion in the train varies. The formation pathways of different
products and the controlling mechanisms are discussed.

2. Experimental setup
The experimental setup, depicted schematically in Fig. 1,

is similar to the one employed in our previous work.[26–28]

Briefly, the laser system is a Ti:sapphire chirped-pulse ampli-
fication laser with a central wavelength at 800 nm, pulse dura-
tion of 90 fs, and repetition rate of 1000 Hz (Spitfire, Spectra-
Physics). The laser beam is focused by a lens with a focal
length of 225 mm into the vacuum chamber to interact with
the C5H8O molecules. Commercial cyclopentanone (Aldrich
Co. Ltd., 99% purity) is directly used without further purifica-
tion. The sample with a pressure of 400 Pa is ejected through a
pulsed nozzle into a vacuum chamber (background pressure of

∗Project supported by the National Basic Research Program of China (973 Program) (Grant No. 2013CB922200), the National Natural Science Foundation of
China, (Grant Nos. 10774056 and 10974070), the Fundamental Research Funds for the Central Universities, China (Grant No. 200903371), and the Specialized
Research Fund for the Doctoral Program of Higher Education, China (Grant No. 20100061110045).

†Corresponding author. E-mail: huzhan@jlu.edu.cn
© 2013 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

103301-1

http://dx.doi.org/10.1088/1674-1056/22/10/103301
mailto:huzhan@jlu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 22, No. 10 (2013) 103301

2×10−5 Pa). The produced ions in the femtosecond laser field
are collected by extraction and acceleration fields and detected
by the dual micro-channel plate (MCP) detector at the end of
the flight tube, and the signal is amplified by a preamplifier
(ORTEC vt120) and sent to an oscilloscope (Tektronix, TDS
3054B). Each spectrum is an average of 64 laser shots. Then
the data are sent to a computer.
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Fig. 1. (color online) Schematic diagram of the experimental setup.
Transform-limited laser pulses from the laser oscillator are shaped us-
ing a spatial light modulator (SLM) before entering a laser amplifier.
Components of the pulse shaping setup include lens (Le), grating (Gr),
mirror (Mi), and SLM. The vacuum chamber, gas handling, and ion de-
tection system components include a nozzle (No), a turbo pump (TP),
a sample line (SL), ion optics (IO), and a microchannel plate (MCP).
Electronic components include a nozzle driver (ND), an oscilloscope
(Os), a delay generator (DG), a computer (PC), a preamplifier (PA), and
a high voltage supply (HV).

The pulse shaping technique in the present work is sim-
ilar to that used in our previous work, in which open-loop
optimization[29] and closed-loop optimization[30] have been
used to control the photoluminescence of gallium arsenide.
The pulses are shaped by a 640-pixel dual-mask spatial light
modulator (CRI Inc., SLM-640), using a standard configura-
tion with four times the focal length. Two pairs of cylindri-
cal lens ( f = 300 mm) and grating (2000 grooves/mm) are
used for spectrally dispersing (at the input) and recollimating
(at the output) the laser pulses. A sine phase function is ap-
plied to the SLM to produce a pulse train, which is described
in detail elsewhere.[29] A train of three equally spaced fem-
tosecond laser pulses is used to control cyclopentanone molec-
ular ionization and dissociation in our experiment. The MIIPS
method[31] is used to ensure that a pulse without any phase is
transform limited (TL).

3. Results and discussion
3.1. Controlling the ionization and dissociation products

under the irradiation of pulse trains

A sequence of evenly spaced pulses is generated by using
the sine phase function

ψ (ω) = Asin [(ω−ωref)T +φ ] , (1)

where amplitude A determines the number of pulses in the
train, T determines the spacing between them, and φ is a con-
stant phase offset.[29] A is chosen to be 1.2566 to generate a
three pulse train, φ is fixed at 0, and T is scanned from 10.25
to 151.226 in this experiment, which corresponds to a pulse
separation from 1.78 ps to 120 fs.

Figure 2(a) shows the mass spectrum of cyclopentanone
under the irradiation of a transform-limited laser pulse at an in-
tensity of 2×1013 W/cm2. There is a series of peaks appearing
at m/z (mass/charge) values of 1, 12∼15, 26∼29, 39∼43, 55,
72, 84 (the parent ion). When the molecule is irradiated by
the pulse train, the shape of the spectrum changes as shown in
Figs. 2(b)–2(f), with different pulse separations.

The values of the integrated peak intensity, I, of each peak
are calculated. Figure 3 shows the peak intensities each as a
function of pulse separation. For smaller products, with m/z
equaling 1∼ 28, the overall intensities show a decreasing trend
with pulse separation increasing. The values of the overall in-
tensity of some other peaks do not change much, e.g., m/z
equaling 29, 42. The intensity of peak 43 shows an increas-
ing trend with pulse separation increasing. The overall inten-
sities of larger products, e.g., m/z equaling 55, 72, and 84,
increase first, reach their maxima near 0.8 ps∼1 ps, then de-
crease at even longer pulse separation. Besides the overall in-
tensity trend, we observe the strong modulations for some of
the peaks, e.g., m/z equaling 1, 15, 27, etc. Some of the mod-
ulation curves (for example, m/z equaling 15 or 27 as shown
in Fig. 3) can be fitted well with a sine wave with decreasing
amplitude and average intensity as the following equation:

f (x) = A1 e−x/x01 sin(2πx/T +φ)+ y0 +A2 e−x/x02 , (2)

A T (sine wave period) value of 280 fs is obtained from the fit-
ting. The modulations of some other peaks are obscure, e.g.,
m/z equaling 39, etc. If we compare different curves in Fig. 3,
we can see that the peaks and dips of modulated curves do not
always fall at the same place. For example, at a pulse separa-
tion of 0.198 ps, curves with m/z equaling 1, 15, and 27 etc.
are in the dips, curves with m/z equaling 39, 84 etc. are at the
peaks. An overall trend is that the curves with large m/z val-
ues tend to have opposite peak and dip positions to the curves
with small m/z values. However, for some medium m/z value
peaks, the trend is not very clear. For example, we just show
that at 0.198 ps the curve with m/z equaling 39 is at the peak,
the same as the curve of the parent ion. But at 0.446 ps, the
curve with m/z equaling 39 is in the dip, which is the same as
some peaks with smaller m/z values, opposite to the curve of
the parent ion. Thus, we choose a few typical pulse separation
values in the dips and at the peaks to compare the mass spec-
trum shapes at these positions. These mass spectra are shown
in Figs. 2(b)–2(e), for pulse separations of 0.198 ps, 0.279 ps,
0.446 ps, and 0.585 ps. A mass spectrum at a longest pulse
separation value, 1.779 ps, is also shown in Fig. 2(f).
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Fig. 2. Time of flight mass spectra of cyclopentanone under the irradiation of (a) transform-limited pulse, and pulse trains with pulse
separation values of (b) 0.198 ps, (c) 0.279 ps, (d) 0.446 ps, (e) 0.585 ps, (f) 1.779 ps. m/z = 1 peak is not shown here for the
clarity of the rest of the peaks. Inset (g) shows a peak appearing at 30.8 µs with m/z = 144. Panel (h) shows the reaction pathways
of cyclopentanone in a femtosecond laser field summarized from Ref. [27]. Products are shown in boxes with their m/z values in
parentheses. Curves with arrows link reactants with their products. Dashed line pathways are for relatively low branching ratios.
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Fig. 3. Intensities of mass peaks in the spectra, each as a function of pulse separation. Curves are shifted vertically for the purpose of
clarity. The smooth curves overlapped with curves of m/z equaling 15 and 27 are fits to Eq. (2).
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For a modulated curve, like one of those shown in Fig. 3,
we define modulation depth M as

M = (Imax− Imin)/(Imax + Imin), (3)

in which Imax and Imin are maximal and minimal intensities on
the modulation curve, respectively. Larger modulation depth
means more effective control. A modulation depth of 100%
means that the product channel can be switched on or off by
adjusting experimental variables. We take the maximum or
minimum intensity around the pulse separation of 0.198 ps or
0.279 ps as Imax or Imin, and calculate the modulation depths
for each mass peak around this position, and their results are
listed in Table 1. We see a maximal modulation depth of
78.9% for m/z equaling 12 and a minimal modulation depth
of 14.51% for m/z equaling 84. Thus, by adjusting the period
of sine phase function applied to the femtosecond laser spec-
trum, we achieve the effective control of the ionization and
dissociation products of cyclopentanone.

Table 1. Modulation depths for each peak in mass spectra. Imax and
Imin are in arbitrary units.

Mass peak (m/z) Imax Imin M
1 10.276 3.5119 49.06%
12 3.5093 0.4139 78.90%
13 1.7995 0.49336 56.97%
14 2.9266 1.3314 37.46%
15 4.7227 2.6676 27.81%
26 5.0881 2.5355 33.48%
27 11.917 6.2462 31.22%
28 9.3741 3.812 42.18%
29 2.705 0.88125 50.85%
39 1.4197 0.61703 39.41%
41 1.0633 0.28086 58.21%
42 0.7239 0.14055 67.48%
43 1.3603 0.35375 58.72%
55 1.7487 0.81391 36.48%
72 4.4705 2.3777 30.56%
84 16.94 12.647 14.51%

The ion yield ratio between different products can be
changed dramatically by changing the phase applied to laser
spectrum. For example, we now look at the ion intensities
of m/z equaling 12, 55, and 84 at the pulse separations of
0.198 ps and 0.279 ps. Inn denotes the intensity of mass peak
with m/z equaling nn. At 0.198 ps, I84/I12 = 40.92. At
0.279 ps, this ratio becomes 3.60. Thus, by changing applied
phase, or changing the pulse separation, the product yield ratio
changes by 11.37 fold. Similarly, at 0.198 ps, I55/I12 = 4.225,
the ratio becomes 0.232 at 0.279 ps. The product yield ratio
changes by 18.23 fold.

The intensity of each peak when the molecule is irradi-
ated with pulse train is also compared with that when irradi-
ated with transform-limited pulse. If only laser pulse width is
considered, the yield of a multiphoton process would decrease
with pulse width increasing. In our experiments, the effective

pulse width[32] of the pulse trains is larger than that of a TL
pulse, even at the smallest pulse separation. However, we ob-
served intensity enhancement for most of the products except
those with m/z equaling 1, 12, and 13. The ratio matrix of each
peak intensity at a certain pulse separation to that peak inten-
sity under the irradiation of TL pulse is plotted in Fig. 4. The
largest enhancement, at a ratio of 7.47, is observed for the case
with mass peak m/z equaling 42, which is a very small peak
under the irradiation of TL pulse. Its intensities are increased
dramatically when the pulse separation are set at 0.198 ps and
0.585 ps as can be seen from Figs. 2(b) and 2(e). For other
prominent mass peaks, we also observed strong enhancement,
e.g., ratio of 2.67 for m/z equaling 84, 4.92 for m/z equaling
72, 2.21 for m/z equaling 28, etc.
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Fig. 4. (color online) The ratios of mass peak intensity under the irradi-
ation of pulse train (Ipulse train) to that under the irradiation of TL pulse
(ITL), each as a function of pulse separation, for each peak in the mass
spectra.

3.2. Reaction pathways of cyclopentanone

The reaction dynamics of cyclopentanone in a femtosec-
ond laser field has been studied by a few groups.[33–35] In
our previous work,[27] we have used the Rice–Ramsperger–
Kassel–Marcus (RRKM)[36] theory with the potential surfaces
obtained from the ab initio quantum chemical calculations to
interpret how the products are formed. Here, new data from
pulse train experiments enable us to explain the reaction path-
ways more precisely. All possible reaction pathways summa-
rized from our previous work[27] are illustrated in Fig. 2(h).
Next, we analyze each mass peak, assign it to a particular frag-
ment, and discuss its formation pathways.

The peak at m/z equaling 55 can correspond to C3H3O+

or C4H+
7 . There are four pathways forming m/z equaling 55

products in Fig. 2(h), i.e., processes 8, 12, 9, and 14. The
possibility of forming from pathway 12 is small because path-
way 4 is weak and the amount of product C3H4O+ is small.
Pathway 14 is weak. So the m/z equaling 55 peak can either
be C3H3O+ forming from the parent ion through pathway 8
or C4H+

7 forming from parent dication through pathway 9. In
Fig. 3, we can see that at a smaller pulse separation, the dip
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and peak positions of the curve with m/z equaling 55 are the
same as those of parent ion. Hence, at small pulse separation,
the m/z equaling 55 peak originates mostly from C3H3O+ dis-
sociated from the parent ion. With the increase of pulse sepa-
ration, the shape of the curve with m/z equaling 55 gradually
differs from that of the parent ions, and becomes chaotic. We
notice that the signal intensity does not decrease, instead it
increases compared with that at smaller pulse separation. So
this chaotic shape of the curve is not caused by low signal-
to-noise ratio. It is an indication of increasing contribution
from another product C4H+

7 dissociated from parent dication.
The modulation is washed out because the maximum and min-
imum positions of parent ion are opposite to those of parent
dication intensities. We will see more evidences of this while
analyzing the origin of other mass peaks, and we will discuss
possible mechanisms of it in the following section.

There are a few peaks appearing at m/z equaling 39∼42.
As seen in Fig. 2(h), the only pathway forming product with
m/z equaling 42 is the dissociation of a parent ion into C3H+

6

(pathway 10). Another possibility for the origin of this peak is
the parent dication. These two pathways, one coming from the
parent ion and the other from parent dication, make the modu-
lation curve rather chaotic. There are four possible origins for
the peak (C3H+

5 ) with m/z equaling 41. The first one is H loss
from C3H+

6 through pathway 19. The second one is the disso-
ciation from C4H+

8 through pathway 13. The third one is the
dissociation from unstable C4H5O+ through pathway 16. The
fourth one is the dissociation from unstable C5H7O+ through
pathway 11. The fourth pathway is weak since the amount of
C5H7O+ from pathways 1 and 2 is very small. The first two
pathways are the secondary dissociation of parent ion prod-
ucts. The third pathway is the secondary dissociation of the
parent dication product. Again, the contributions from both
parent ion and parent dication result in a chaotic modulation
curve in shape. There is only one pathway to form C3H+

4 , that
is, H loss from C3H+

5 . The C3H+
4 is unstable, resulting in a

very weak mass peak. It will lose H to form C3H+
3 easily. The

C3H+
3 is a stable product.
Another series of peaks appears at m/z equaling 26–29.

One possible product corresponding to m/z equaling 29 is
C2H+

5 , it can be formed from the dissociation of C4H+
8 through

pathway 23, or from the dissociation of C3H5O+ through path-
way 17, they are secondary dissociations of parent ion and
parent dication, respectively. Another possible product of 29
is COH+, it is the direct dissociation product from parent di-
cation. The mass peak corresponding to m/z equaling 28 is
C2H+

4 . It can be formed by H loss from C2H+
5 through path-

way 28, or dissociation of C4H+
8 through pathway 22. Path-

way 21 is weak since the amount of C3H4O+ formed through

pathway 4 is small. The C2H+
3 (m/z = 27) can be formed by

direct dissociation of parent dication through pathway 18. An-
other possibility is from the dissociation of C3H3O+. How-
ever, C3H3O+ is a pretty stable product, so the contribution
from this pathway is small. It is shown in Ref. [37] that the
H loss reaction from C2H+

4 to form C2H+
3 needs to overcome

a high barrier of 107 kcal/mol. Hence the contribution from
pathway 29 is also small. C2H+

2 (m/z = 26) can only be
formed by H loss from C2H+

3 . From the above discussion, we
see that the products with m/z equaling 28 and 29 both have
contributions from parent ion and parent dication, so we can
see rather chaotic shapes of their modulation curves in Fig. 3.
The peak with m/z equaling 27 (C2H+

3 ) can only be formed
directly from parent dication. Though it is only 1 m/z value
difference, it is not the product of C2H+

4 . Thus, the shapes
of the curves with m/z equaling 26 and 27 differ dramatically
from those with m/z equaling 28 and 29, the modulations are
very clear. The dips and peaks of the modulations are opposite
to those of the parent ion, because they are contributed to only
by parent dication.

The CH+
3 (m/z = 15) is the direct dissociation product of

parent dication. And CH+
n (n = 0 ∼ 2) are the products by

successive H loss. So the modulation curves of these products
follow the same oscillation phase as those produced from par-
ent dication. The H+ ion can be formed from the parent dica-
tion dissociation, but it is a minor product. Or it can be formed
by the dissociation of dications produced by ionizing primary
products. These primary products must be mainly from par-
ent dication since the oscillation phase of H+ follows those
products from parent dication.

We will now discuss some other peaks observed in the
mass spectra. In most of other work, the peak at m/z equaling
72 was not observed. In Wu et al.’s work,[33] the peak was
observed, but the origin was not discussed. In our calculations
in previous work,[27] we did not find any pathway forming this
product from unimolecular reaction, either. In the mass spec-
tra, at longer flight time, we can see a very small peak at m/z
equaling 144 as shown in Fig. 2(g). If it originates from cy-
clopentanone, this product can be formed only from a cluster
since its m/z is larger than that of the parent ion. Thus, we
speculate that the formation of the product with m/z equal-
ing 72 is a cluster mediated process, i.e., the molecules form
a dimer, and the dimer loses two carbon atoms after which it
dissociates into C4H8O+ (m/z = 72). Another possibility that
could form the product with m/z equaling 72 is that the prod-
uct with m/z equaling 144 is an impurity in the vacuum cham-
ber and that with m/z equaling 72 is its doubly charged ion.
However, under the relatively low laser intensity in current ex-
periment condition (2 ×1013 W/cm2), we expect to see the
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laser intensity for the case of doubly charged ion to be smaller
than for the case of singly charged ion. On the contrary, in the
mass spectra, the peak with m/z equaling 72 is always much
larger than the one with m/z equaling 144. Furthermore, the
peak with m/z equaling 72 is too strong to be regarded as a
peak originating from an impurity. Further experimental and
theoretical studies are needed to determine the true origin of
this product, for example, an experiment with higher sample
concentration to form more clusters, and theoretical calcula-
tions of the cluster structures.

The mass peak at m/z equaling 43 could be due to the im-
purity of acetone in the chamber. The acetyl ion (CH3CO+)

is a typical product from acetone. However, in our experi-
ments of acetone, under the present experimental conditions,
the peak intensity of an acetyl ion is much smaller than that of
the parent ion at m/z equaling 58, which is contrary to what
we see in the present mass spectra. So this peak with m/z
equaling 43 should not be a product from impurity. We spec-
ulate that it is a dissociation product from C4H8O+ discussed
above. If we look at the modulated curves in Fig. 3, the curve
with an m/z value of 43 is not similar to those with m/z val-
ues of 39, 41, and 42, but it is rather similar to that with an
m/z value of 72. Firstly, they both increase in intensity with
pulse separation increasing. Secondly, their oscillations look
similar, especially the one around 0.8 ps, which is absent in
the curves of 39, 41, and 42.

3.3. Possible controlling mechanisms

We propose two possible controlling mechanisms to ex-
plain the modulation of the ion intensity observed while in-
creasing pulse separation.

The first mechanism is the multiphoton intrapulse inter-
ference (MII).[38] In a multiphoton process, an excited molec-
ular state can be reached by different combinations of different
frequency photons within the band width of femtosecond laser,
as long as the sum of energies of those photons equals the en-
ergy difference between upper and lower states. If photons of
different frequencies have different phases, the phases can add
up constructively or destructively, the multiphoton process at
a certain wavelength or as a whole in the band width can be
enhanced or suppressed. In an n-th order multiphoton process,
the electric field spectrum can be calculated by the following
equation:[39]

A(n)(∆) ∝

∫ +∞

−∞

· · ·
∫ +∞

−∞

dΩ1 · · · dΩn−1 |E(Ω1)| · · · |E(Ωn−1)|

× |E(∆ −Ω1 · · ·−Ωn−1)|

× exp
[
i
{

ϕ (Ω1) · · ·+ϕ (Ωn−1)

+ϕ (∆ −Ω1−Ωn−1)
}]
, (4)

where Ωi is the fundamental frequency in the laser spectrum,
∆ is the frequency in the n-th order spectrum, |E (Ωi)| and
ϕ (Ωi) are the spectrum amplitude and phase at Ωi, respec-
tively. Using our laser spectrum and the applied phase, the
two- and three-photon electric field spectra are calculated at
each pulse separation value (i.e., the T value in Eq. (1) for
the sine function phase applied). Figure 5 shows the spectrum
amplitude at 402.3 nm for the two-photon spectrum and inte-
grated spectrum amplitude for the whole three-photon spec-
trum, each as a function of pulse separation. We see that the
multiphoton electric field spectrum is strongly modulated and
the processes of different numbers of photons possess different
characteristics of the modulations, i.e., the modulation period,
the modulation phase, the modulation depth and its decay.
Thus, we speculate that at the multiphoton levels that form the
parent ion and the present parent dication, MII caused modu-
lations of the spectrum in the way that parent ion and parent
dication are enhanced or suppressed are opposite to each other.
The energy levels of a molecule with size like cyclopentanone
are very complex, the molecule requires many more photons
to reach the parent ion and parent dication levels, and the cal-
culation of the yield of a multiphoton process using its electric
spectrum and absorption spectrum will require a lot of work to
be done.
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Fig. 5. (color online) Intensities of 402.3 nm in the calculated two-
photon process (2PP) electric field spectrum and integrated intensity of
three-photon process (3PP) spectrum, each as a function of pulse sepa-
ration.

The above mechanism is used to treat the problem in the
frequency domain by considering the interference of different
frequency photons. The next mechanism will be used to treat
the problem in the time domain, in which a wave packet is
created by the first pulse in the train and is matched by fol-
lowing pulses in the train to form products. The time when
the following pulses arrive determines the yield of the prod-
ucts. In our preliminary study, the absorption spectrum of par-
ent dication with an open ring CH3CHCH2CH2CO++ struc-
ture is calculated, using the B3LYP method, at a 6-31++G (d,
p) level. The calculations are carried out by using a Gaus-
sian 03 program.[40] The CH–CH2 bond length in the stable
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structure of CH3CHCH2CH2CO++ is 1.47581 Å. We increase
this bond length in steps of 0.05 Å, and optimize the struc-
ture at each step. As shown in Fig. 6, the absorption (oscilla-
tor strength) of parent dication around 200 nm decreases from
0.2311 at 1.47581 Å, to 0.0267 at 1.87191 Å. Thus, while the
wave packet is oscillating on the potential energy surface, we
expect to see an oscillation of its product yields with pulse
separation increasing, because of the absorption change.
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Fig. 6. Absorption of parent dication around 200 nm as a function of
CH–CH2 bond length.

4. Conclusions
We have investigated the photoionization and photodis-

sociation of cyclopentanone using shaped femtosecond laser
pulses. Under the irradiation of the pulse trains of three
equally spaced pulses, with the increase of pulse separation,
strong modulation with a modulation depth as large as 78.9%
of the product ion yield is observed. The peaks and dips
of modulation curves of different products sometimes fall at
places opposite to each other. Hence, a change of product
ion yield ratio between different products can be realized by
changing pulse train parameters. Changes of the ratio are ob-
served to reach as large as 11 and 18 folds for I84/I12 and
I55/I12, respectively. Based on the experimental observations
from controlling experiments, the compositions and formation
pathways for different peaks in mass spectra are assigned. Fi-
nally, we proposed two possible mechanisms for the control-
ling of photoionization and photodissociation processes ob-
served in the present study, which are based on the multipho-
ton intrapulse interference and the oscillation of a wavepacket
on the potential energy surface.
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