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Analysis of femtosecond laser ionization/dissociation
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This paper reports that a one-colour fs pump–probe measurement has been carried out for studying photoioniza-

tion/photodissociation of cyclohexanone (C6H10O) in intense laser field. Two of the fragments from cyclohexanone,

C2H+
3 and C3H

+
3 , are studied under 800 nm laser pump–probe and the results obtained show similar time evolutions.

It proposes a feasible model for analysing the experimental observations of the one-colour fs pump–probe measurement.

The results demonstrate that as an intermediate product, the excited molecular parent ions play a very important role

in photionization/photodissociation processes in intense laser field.
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Femtosecond (fs) pump–probe technique has been

employed widely for exploring the dynamics in molec-

ular ionization/dissociation.[1] In general, two laser

beams with different colours are necessary for moni-

toring the evolution of molecular wavepackets and elu-

cidating the decay times of molecular excited states

involved in the processes since different colour laser

beam can be used as pump or probe for selecting a spe-

cific intermediate state or channel for studying.[2−8]

Pump–probe experiment is also carried out some-

time with one-colour laser by splitting it into two

beams.[9,10] These one-colour fs laser pump–probe

methods are simple experimentally but bring with

a difficulty for explaining the results of measure-

ment due to the identity between the pump and

probe beams. In this work, we carry out a one-

colour fs laser pump–probe experiment of cyclohex-

anone molecule ionization/dissociation in a laser field

intensity of 1013 ∼ 1014 W/cm2 and develop an an-

alytical method for the observed decays of molecu-

lar fragment ions. The results demonstrate that this

method provides a feasible way for explaining the one-

colour fs pump–probe experiment and obtaining the

information of pathways on ionization/dissociation of

polyatomic molecules in fs laser field.

The ionization/dissociation of cyclohexanone

(C6H10O) under fs laser field have been reported in

recent years by several groups. Kosmidis et al stud-

ied the forming mechanism of the multi-charged cyclo-

hexanone ion[11] and their Coulomb explosion[12] un-

der 790 and 395nm fs laser radiation with intensity of

1014–1016 W/cm2. Wu et al measured the ionization

efficiency of cyclohexanone with 800nm, 50 fs laser in

the intensity range of 5–13×1013 W/cm2 and observed

that fragmentation of parent ions increases with in-

creasing molecular size, and explained it with a non-

statistical mechanism.[13] A significant resonant effect

of the cation photoabsorption on ionization and disso-

ciation of cyclohexanone molecules was found in our

previous study with a 90 fs 788 or 394nm laser field

ranging from 5×1013 W/cm2 to 2×1014 W/cm2.[14]

For time-resolved studies, a pioneering work was done

by Zewail’s group in which the time for CO dissoci-

ation from different sized cycloketone molecules was

found to be in the range of 100–200 fs and increases

with increasing number of atoms.[15]

Our experimental observation on cyclohexanone

ionization/dissociation was carried out with a lin-
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ear time-of-flight mass spectrometer. A 90 fs 800 nm

laser beam was generated from a Ti:Sapphire laser

(Spectra-Physics). This laser beam was split into two

parts as a pump and a probe beam with the fixed

intensity ratio Ipump : Iprobe=1.3:1 approximately. A

time delay between two beams was realized by putting

a translation stage (Zolix Instruments Co., Ltd.) into

the path of the probe beam. These two beams were re-

combined after the stage and intersected with a molec-

ular beam from a pulsed valve with a backing pressure

of 5 Torr (1 Torr=133Pa), the saturated vapour pres-

sure of cyclohexanone at room temperature, in a vac-

uum chamber. The produced ions were extracted and

accelerated by electric fields normal to laser-molecule

beam plane and detected after 1 m field-free flight in

the mass spectrometer.

Figure 1 shows the typical mass spectra obtained

with a pump beam only, a probe beam only, and

two beams together but different delay times (0 and

1.5 ps), respectively. The laser intensity at the focus

for zero time delay used here is 1.75×1014 W/cm2.

Under this intensity, the parent C6H10O
+ (m/e=98)

and some fragment ions, mainly C2H
+
m (m = 0−5) and

C3H
+
n (n = 0−6), can be observed even though only a

pump or a probe beam was used. All peak intensities

of the parent and the fragments increase significantly

Fig.1. Mass spectra of C6H10O at the laser intensity of

1.75×1014 W/cm2 at the focus for zero time delay (here

the ratio Ipump : Iprobe is 1.3:1). The groups of the frag-

ment ions are CH+
n (n = 0 − 3), C2H

+
n (n = 0 − 5), and

C3H
+
n (n = 0 − 6), respectively, in the mass spectra from

the left to right.

when two beams with a zero delay time are used.

In all mass spectra, besides the parent ion, C2H
+
3

(m/e = 27) and C3H
+
3 (m/e = 39) are the next pre-

dominant ions and their intensities change with the

time delay between the pump and probe beams. The

formation of these ions are attributed to a primary ion-

ization process of the polyatomic molecule (quasires-

onant process),[14] followed by some decay processes

from the excited parent ion C6H10O
+ produced fur-

ther by the fs laser field. As it is known, in an in-

tense laser field, multiphoton ionization or field ioniza-

tion can occur within one laser pulse duration.[14,16,17]

Therefore, the excited C6H10O
+ as the intermediate

plays an important role to determine the experimental

observations and a time resolved measurement is also

necessary to explore its dynamical process.

The ion intensities as a function of the pump–

probe delay ∆t were measured. The results of frag-

ments C2H
+
3 and C3H

+
3 under different laser intensi-

ties from 1.75×1014 to 5.01×1014 W/cm2 are shown

in Fig.2. For the lowest laser intensity, the curves are

symmetric and have the maximum at the zero delay

Fig.2. Experimental pump–probe curves (as shown in cir-

cles) of C2H
+
3 under different laser intensities: (a) and (e)

1.75×1014; (b) and (f) 2.89×1014; (c) and (g) 3.92×1014;

(d) and (h) 5.01×1014 W/cm2. The best fit (as shown in

solid lines) parameters used are given in Table 1 for each

subfigure from (a) to (h). In our experiments, I1 < I2
when ∆t < 0.
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time. With increasing laser intensity at different de-

lay times all the curve raises gradually, due to the

enough laser intensity for generating the products by

one laser beam. A dip appears and develops near the

position of the zero delay time, and the ion signals are

at the minimum at this zero delay time when the laser

intensity reaches the maximum.

To explain the experimental results, we propose

a simple model with two pathways of molecular ion-

ization/dissociation according to the relaxation of

its intermediate involved in the pump–probe scheme

(Fig.3). If the relaxation with a time constant τ1 is

relatively large, the molecular intermediate (i), pro-

duced by the first laser pulse from the ground-state

molecule (g), can be excited further by the second

laser pulse with a certain delay time to a final state

(f), and then the molecule dissociates from the f state

into the product D+ that is observed experimentally,

as shown in Fig.3(a). However, if the intermediate

relaxes fast into another intermediate (j), further ex-

citation by the second laser pulse will be from the j

state to the final state f which dissociates finally into

the product D+ observed, as shown in Fig.3(b). The

probability of the observed product D+ in each case

is related with the excitation and relaxation of the in-

termediate. In case 1, the production probability of

the product D+, P1 and P ′
1 in the region of ∆t < 0

and ∆t > 0 can be written respectively as follows:

Fig.3. Two cases for polyatomic molecule’s ionization /

dissociation into fragments.

P1 =

n∑
i=1

exp(∆t/τ1i) ×

∫ +∞

−∞

σn1i
· In1i

1 (t1)dt1 ×

∫ +∞

−∞

σn2i
· In2i

2 (t2)dt2 + c1 for ∆t < 0, (1)

P ′
1 =

n∑
i=1

exp(−∆t/τ ′
1i) ×

∫ +∞

−∞

σn1i
· In1i

2 (t1)dt1 ×

∫ +∞

−∞

σn2i
· In2i

1 (t2)dt2 + c′1 for ∆t > 0, (2)

where ∆t is the delay time between two laser pulses,

τ1i and τ ′
1i are the time constants of relaxation of cor-

responding intermediates for ∆t < 0 and ∆t > 0,

respectively; since the intermediate can be different

for different time region, n1i, and n′
1i are the laser

intensity indices, and σn1i
and σ′

n1i
are the cross sec-

tions for multiphoton excitation processes. The sum

is for different intermediates involved in the processes.

Since two laser beams are identical, their intensities

are related by

I1(t) = k · I2(t). (3)

When the beam with the intensity I2 is fixed and an-

other beam, I1, is moved relative to the fixed beam,

and thus, ∆t < 0 means that the beam I1 comes ear-

lier than the beam I2. In this case, for k < 1, the

weak beam I1 interacts with molecules earlier. Since

all integrals in Eqs.(1) and (2) denote some probabili-

ties of the processes and they can be considered as the

parameters, equations (1) and (2) then reduce to the

simple forms

P1 =

n∑
i=1

Mi · exp(∆t/τ1i) + c1 for ∆t < 0, M < 1, (4)

P ′
1 =

n∑
i=1

M ′
i · exp(−∆t/τ ′

1i) + c′1 for ∆t > 0, M ′ < 1. (5)
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Similarly, for the case 2, we have

P2 =

n∑
i=1

(1 − exp(∆t/τ2i)) ·

∫ +∞

−∞

σn3i
· In3i

1 (t1)dt1 ×

∫ +∞

−∞

σn4i
· In4i

2 (t2)dt2 + c2

=

n∑
i=1

Ni · (1 − exp(∆t/τ2i)) + c2, for ∆t < 0, N ≤ 1, (6)

P ′
2 =

n∑
i=1

(1 − exp(−∆t/τ2i)) ·

∫ +∞

−∞

σn3i
· In3i

2 (t1)dt1 ×

∫ +∞

−∞

σn4i
· In4i

1 (t2)dt2 + c′2

=
n∑

i=1

N ′
i · (1 − exp(−∆t/τ ′

2i)) + c′2 for ∆t > 0, N ′ ≤ 1. (7)

By using these equations, we can obtain numer-

ical results for the cases 1 and 2. The production

probabilities as a function of the delay time ∆t show

quite different trends for different time constants of

the intermediate, as shown in Fig.4. For example, at

the time with a zero delay, the production probability

reaches a maximum for the case 1 but a minimum

for the case 2. This obvious difference can be taken

as a criterion for judging whether the observation is

produced through an intermediate with fast or slow

relaxation. Next, the time constant τ of the relax-

ation from the state i has a great influence on the

shape of the production probability as a function of

the two laser-beam delay time. If τ is long enough

(e.g. 1 ps), the production probability varies gradually

with the delay time |∆t|. However, if τ is shorter (e.g.

100 fs) a sudden change in the vicinity of the delay

Fig.4. The variety of production probability (PP) of a

given fragment with the delay time under the different

time constant of relaxation of i. Figure (a) corresponds to

case 1. Here, M = 1, and M ′ = 0.5. Figure (b) corre-

sponds to case 2. Here, N = 1, and N ′ = 0.5.

time |∆t| = 0 will show up.

The numerical simulation for the experimental

measurements are carried out by using Eqs.(4) and

(5) or Eqs.(6) and (7) for the different cases under low

and high laser intensity, respectively. In fact, the situ-

ations for the intermediate laser intensities, 2.89×1014

and 3.92×1014 W/cm2, are complex because of the

competition of two processes. All simulation results

are shown by the solid lines in Fig.2 and the time con-

stants obtained are given in Table 1.

From the previous studies, we consider that the

intermediate is the excited-state parent ion produced

by photoionization of neutral cyclohexanone in intense

laser field, just as mentioned above, and the same in-

termediate is involved within the used laser intensity

region. This also implies that the intermediates for

both cases 1 and 2 should be the same. Thus, some

useful information on photodissociation dynamics of

cyclohexanone in intense laser field can be obtained

by comparing these stimulating results and the exper-

imental result for one-colour fs pump–probe. Firstly,

Table 1 shows that the time constants obtained for

C2H
+
3 and C3H

+
3 are roughly the same at a given

laser intensity. This similarity indicates that these

two fragments most probably come from same precur-

sors of which the pathways can be complicated (e.g.,

α bond breakage, H transfer, and several sequential

dissociation). But the producing rates are determined

by the same intermediate, the excited parent ion from

photoionization.[14] C2H
+
3 and C3H

+
3 are produced in

strong laser field from this precursor. Secondly, with

the increase of the laser intensity, τ1 increases and τ2

decreases. Therefore, it is believed that under low

laser intensity the excited parent ions may not have

enough internal energy for further α bond breakage, H

transfer, and so on. They decay mainly through a pro-
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cess, such as a fast internal conversion or intramolec-

ular vibrational relaxation, whose rate decreases with

the increase of laser intensity for reasons such as a

modification of the potential energy surfaces by the

nonresonant laser field,[18] for example. It is possi-

ble that the dressed potential of the excited parent

ion between two avoided crossings has a minimum

which acts as a light induced well in which the par-

ent ion may be trapped from further dissociation. For

high laser intensity, the excited parent ion may absorb

more photons and suffer a further dissociation sooner

through α bond breakage and H transfer. Obviously,

the rate of this process is increased with the increase

of laser intensity, leading to a decreased τ2.

Table 1. Time constants of relaxation of C2H
+
3 and C3H

+
3 under different laser intensities.

Intensity/(W/cm2)

C2H+
3

(m/e = 27) C3H
+
3

(m/e = 39)

∆t < 0 ∆t > 0 ∆t < 0 ∆t > 0

τ1/ps τ2/ps τ ′
1/ps τ ′

2/ps τ1/ps τ2/ps τ ′
1/ps τ ′

2/ps

1.75×1014 0.15 0.17 0.15 0.17

2.89×1014 0.45 1.2 0.2 1.0 0.45 1.0 0.19 1.5

3.92×1014 0.6 0.9 0.25 0.8 0.5 0.8 0.3 1.1

5.01×1014 0.25 0.7 0.4 0.7

It should be noted that in our model the decay

processes of the neutral molecule are omitted since,

as mentioned before, the neutral molecule is believed

to be ionized primarily when exploring in the fs-laser

field. The formation of the final states from the in-

termediates by the second laser beam is dominative.

These effects such as interference or coherence be-

tween different channels when the two beams over-

lapped in time are also negligible. These assure some

validity of the model for analysing complex molecular

processes in an fs-laser field.

In conclusion, we have performed a one-colour

fs pump–probe measurement of cyclohexanone in in-

tense laser field. The experimental observations are

interpreted by a proposed simple model. The results

demonstrate that as an intermediate product, the ex-

cited molecular parent ions play a very important role

in photionization/photodissociation processes in in-

tense laser field. The analysis used here may be use-

ful in further one-colour pump–probe studies on pho-

todissociation dynamics of polyatomic molecules.

References

[1] Schreiber E 1998 Femtosecond Real-Time Spectroscopy of

Small Molecules and Clusters (Berlin: Springer)
[2] Kadi M and Davidsson J 2003 Chem. Phys. Lett. 378 172

[3] Liu H P, Sun Z G, Hogan S D and Lou N Q 2006 Eur.

Phys. J. D 40 357
[4] Roeterdink W G and Janssen M H M 2002 Phys. Chem.

Chem. Phys. 4 601

[5] Roeterdink W G and Janssen M H M 2001 Chem. Phys.

Lett. 345 72
[6] Rijs A M, Janssen M H M, Chrysostom E T H and Hayden

C C 2004 Phys. Rev. Lett. 92 123002

[7] Yin S H, Liu H P, Zhang J Y, Jiang B, Wang L, Sha G H

and Lou N Q 2003 Chem. Phys. Lett. 372 904

[8] Yin S H, Liu H P, Zhang J Y, Jiang B, Xu D L, Wang L,

Sha G H and Lou N Q 2002 Chem. Phys. Lett. 356 227

[9] Davies J A, LeClaire J E, Continetti R E and Haydenb C

C 1999 J. Chem. Phys. 111 1

[10] Savikhin S, van Noort P I, Zhu Y W, Lin S, Blankenship

R E and Struve W S 1995 Chem. Phys. 194 245

[11] Kosmidis C, Tzallas P, Ledingham K W D, McCanny T,

Singhal R P, Taday P F and Langley A J 1999 J. Phys.

Chem. A 103 6950

[12] Smith D J, Ledingham K W D, Singhal R P, McCanny

T, Graham P, Kilic H S, Tzallas P, Kosmidis C, Langley

A J and Taday P F 1999 Rapid Communications in Mass

Spectrometry 13 1366

[13] Wu C Y, Xiong Y J, Wang J X and Kong F A 2000 Chin.

Chem. Lett. 11 545

[14] Wu D, Wang Q Q, Cheng X H, Jin M X, Li X Y, Hu Z

and Ding D J 2007 J. Phys. Chem. A 111 9494

[15] Diau E W G, Herek J L, Kim Z H and Zewail A H 1998

Science 279 847

[16] Harada H, Shimizu S, Yatsuhashi T, Sakabe S, Izawa Y

and Nakashima N 2001 Chem. Phys. Lett. 342 563

[17] Harada H, Tanaka M, Murakami M, Shimizu S, Yat-

suhashi T, Nakashima N, Sakabe S, Izawa Y, Tojo S and

Majima T 2003 J. Phys. Chem. A 107 6580

[18] Marangos J P 2004 Conference Proceedings Italian Phys-

ical Society 88 213


