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The dissociation of methane in the intense laser field has been investigated experimentally and theoretically.
Using an amplified ultrafast Ti:sapphire laser around 800 nm coupled to a TOF mass spectrometer, all the
primary and secondary ions were produced and detected at the laser intensities 1@* W/cm?. The
experimental results show that the dissociation of methane proceeds via a stepwise mechanism by gradually
increasing the laser intensity. The maximurti #eld is formed when the linearly polarized laser field is
parallel to the axis of the TOF tube. A quasi-diatomic theoretical model has been proposed and used to
interpret the dissociation of polyatomic molecules. The model assumes that only the dissociative bond is
considered and the rest of the molecular geometry is fixed during the dissociation. For each step, the profiles
of the dressed potential energy surfaces (PESs) along the dissociative bond of the molecule at different laser
intensities are calculated. Quasi-classical trajectories on the dressed PESs are calculated, showing that the
wave packet is modulated by the sinusoidal laser field. Theoretical dissociation probabilities are thus calculated.
The results can fully interpret the overall dissociation processes and the angular dependengeetd.H

I. Introduction weaker laser intensity>(10° W/cm?). MPD has a strong laser
A strong electric field can make large changes in the wavelength dependence and usually breaks one bond in the

properties of molecules. Once the field intensity attain® 10 excneq state of a molecgle. o ] )

V/cm, the typical strength felt by the valence electrons, the A Wwidely accepted dissociation mechanism is Coulomb
molecules ionize and dissociate in a process called field €xplosion, which is the fragmentation of a doubly or multiply

ionization (FI) and field dissociation (FD). Modern ultrafast charged molecule driven by the intramolecular Coulomb
lasers provide field intensities that exceed the intramolecular repulsive force. The Coulomb explosion explains why small
field strengths. For the wavelength 800 nm, the electric field fragments result from excitation by an ultrafast laser pulse. The

amplitude in a laser beam is given By= 27.4()*2, wherel is charge-resonance-enhanced ionization (CREI) theory suggests
the peak intensity expressed in watts per square centimeterthat, at the beginning of the lasemolecule interaction, the
while E is in volts per centimeter. dissociation of H' into H + H* is a dominant processA

At an intense laser field of $®to 104 W/cm?, chemical model used to explain dissociation of strongly bound diatomic

bonds can be broken in all types of molecules even within a molecules was proposed by Corkdrivlany studies have been
single laser shot. Obviously, the dissociation mechanism is performed on the dissociative ionization of diatomic and
different from that of multiphoton dissociation (MPD) with a triatomic molecules: 4

A few studies had been reported by Cornaggfal®
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a Coulomb explosion. When the molecular size increases, thestepwise nature of the dissociation of methane in intense laser
intramolecular Coulomb repulsive force becomes weaker. fields. It was our objective to investigate the dissociation of
However, extensive fragmentation of some large molecules hasmethane in intense laser fields from a new point of view, which
been observed even at #0N/cn?.28 Furthermore, only the  considers that the laser field directly breaks the chemical bonds.
singly charged ions are formed at the laser intensity. The fact

cannot be interpreted by a Coulomb explosion mechanism, Il. Experimental Section

which presupposes forming multiply charged molecular ions.
Therefore, a new mechanism for the field dissociation of
polyatomic molecules is invoked. Mathur et al. tried to interpret
the dissociation based on the changes in the electron charg
distribution?® Recently, Lezius et & proposed a multielectron

The laser system used in this experiment was a home-built
mode-locked femtosecond Ti:sapphire oscillator, which was
umped by a diode-pumped, frequency-doubled laser (532 nm,
oherent, Verdi). As a seed pulse, the 800 nm, 30 fs laser pulse
HOUHRTL T RELE . ' from the oscillator was stretched and then led to a multipass
excitation—ionization mechanism in another attempt to solve Ti:sapphire laser amplifier (Quantronix, Odin) which was
the puzzle. pumped by the second harmonic of a Nd:YLF laser. The

In this work, we intend to understand the field dissociation amplified laser beam was compressed to 160 fs, and the
of polyatomic molecules from a new point of view; that is, the  maximum energy output was about 3@Dper pulse. The beam
laser field takes the molecule apart simply by pulling off a divergence was 0.2%& 0.02 mrad. The amplified femptosecond
chemical bond, whose axis is along the field vector. The bond- pulse was focused into the chamber of the linear TOF mass
rupture can take place even in a singly charged molecular ion spectrometer by a 15 cm focal lens. The gaseous molecules were
at relative low laser intensity. To check the validity of such a continuously effused into the chamber through an orifice with
hypothesis, a study is carried out at the laser intensitf @0 an i.d. of 500um. A background pressure of 10 1076 Torr
10 W/cn? in both experimental and theoretical aspects. We and a pressure of methane gas of %410°6 Torr were
have found some evidences supporting the new viewpoint. The maintained. The fragment ions produced in the laser beam were
evidences show that the field dissociation of a polyatomic extracted by 200 V and then accelerated by 900 V in a two-
molecule consists of a sequence of individual dissociation steps.stage electric field and fly freely to a dual microchannel plate
Only the singly charged fragment ions are found in the mass (MCP) through a 50 cm free-field flight tube. The ion signal
spectrum at the laser intensity. Using a linearly polarized laser was detected by the MCP and acquired by a 100 MHz high-
technique, we verify that the dissociation takes place along the speed transient recorder and then transferred to the computer
laser field vector. From the theoretical aspect, we propose afor data acquisition.
simple field dissociation model. With this model, not only can  For the laser polarization experiment, the extraction voltage
the stepwise dissociation processes be reasonably interpretegvas set to zero and the ions produced in the laser beam moved
but also the dissociation probability, the threshold field intensity, just throudn a 3 mmdiameter hole to the acceleration region.
and the dissociation time of the molecular ion can be quanti- The distance between the hole and the laser interaction region
tatively calculated. The calculated results agree with the was 8 mm. Only those ions whose divergence referred to the
experimental observations. TOF axis was less than 1tan reach the MCP. A/2 wave-

In a previous paper, we reported that we have successfully plate was inserted into the path of the laser beam before the
used the primary theory of this model to explain the stepwise window of the chamber. A polarizer was used to determine the
dissociation of acetone in an intense laser ffél¢However, initial angle of thed/2 wave-plate. The mass spectrum can be
comprehensive description and calculating procedures of theobtained at different laser polarizations by rotatingffewave-
theory have not been mentioned. Here we report a study on theplate.
dissociation of another polyatomic molecule, methane, in an
intense laser field. Not only has a careful experimental !ll. Model and Calculations

investigation been performed but also a detailed description of  gjnce ionization of polyatomic molecules usually takes place
the model and its calculation procedures are presented. at lower laser intensity (20 W/cn?), we will consider the
There are a number of studies focused on the interaction of dissociation of molecular ions rather than that of the neutral
intense laser fields with methane. Cornaggia has studied themolecule. When a laser field is applied to a molecular ion, only
dissociation of methan®,and their results were interpreted on  ions having a bond that is parallel to the laser electric field vector
the basis of multielectron dissociative ionization in the very are taken into consideration. Our model assumes that in the
high-intensity regime 1% to 10: W/cn¥, where the production  strong field only the bond length, which lies along the laser
of multicharged ions is observed. They were able to detect the field, changes while the rest of the molecular geometry is fixed.
parent ion and all the fragment species including the multiply The model also assumes that only the ground electronic state
charged atomic species. In contrast, Mathur and co-workers of the dissociative molecular ion is considered. We will prove
studied the dissociation of meth&heising long laser pulses  that, in a sufficiently strong laser field, polyatomic molecules
(35 ps) and at an intensity of ¥0W/cn?. They had surprisingly ~ spontaneously dissociate due to the stretching of their chemical
different disscociation products, where they detected the parentbonds. The model can be called a field-assisted dissociation
ion and all the secondary dissociation products, with no sign of (FAD) model. The application of the model to the dissociating
the production of the primary fragment, @Hion. They process in an intense field thus consists of the following
interpreted the absence of the £Hh terms of charge migration,  calculating procedures: the dressed potential energy surfaces
upon subjecting methane to the intense laser field, resulting in (PESs) of the ground state of the molecular ion at different field
the instability of the CH" fragment. Very recently, Wu and intensities; quasi-classical trajectory (QCT) calculations for the
co-worker$* studied the laser-induced dissociation and explo- bond lengths with time; the average dissociation time; and the
sion of methane in the intensity rangex610* to 3 x 10 dissociation probability.
W/cn? using 110 fs laser pulses. They interpreted their results ~ A. PES Calculations.The calculation starts with optimizing
in terms of Coulomb explosion based on the detection of highly the geometry of the neutral molecule and the molecular ion.
charged atomic ions. Neither of these reports addressed theThe dissociative bond is assumed to be set parallel to the electric
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2 ] of the trajectory of the wave packet in the modulated field can
2 ] be visualized when we imagine its motion in one optical cycle.
§ ] In the first half of the optical cycle, the wave packet moves
> oo (HIIHI Y - across and along all the 40 PESs, with the electric field parallel
2 ] to the dissociating bond in one direction. The wave packet starts
£ ; to move from the field-free PES to the highest dressed PES
2 and back again to the field-free PES. In the second half of the
i 0 ' i ' 100 optical cycle, the wave packet executes the same type of motion

20
pulse duration (fs) as in the first half, but with the electric field pointing in the
opposite direction. Then, the motion of the wave packet is
repeated for the entire pulse duration of 100 fs.
Thousands of the trajectories reflect the change of the
33.75as _,f"j dissociating bond with time. The change of the dissociating bond
™ with time is obtained by averaging these trajectories. It will be
Figure 1. Rectangular envelope of the 100 fs laser pulse divided into shown later that the Fhssquatwg bond is modu'lated by the' field.
37 sinusoidal optical cycles. Each cycle has a time duration of 2.7 fs. U_nde_r a moderate f'e"?' intensity, the b‘?”d distance OSC_'”ates
In the calculation, each cycle consists of 80 steps. with time. For strong fields the bond distance monotonically
increases. A threshold laser intensity can be defined by the
field vector of the applied laser. The ground-state PESs along intensity that causes 1% dissociation in the weighted trajectories.
the dossociation bond have been calculated at different field We have assunae6 A to be thedistance for which the bond
intensities, in the level of Hatree-Fock (RHF or UHF)/6-31G can be considered broken.
with the “FIELD” option in the Gaussian 98 packafjeThis is The dissociation probability can also be defined as the ratio
done at different field intensities and with two opposite of the weighted number of the dissociative trajectories leading
directions of the electric field along the dissociative bond axis, to the total number of trajectories.
since the optical oscillating field changes its direction alterna-
tively and periodically. All the dressed PESs are distorted by IV. Results and Discussion
the applied electric field, especially on the large bond distance
side. The field intensities used in the calculation a@®2 au,
where the perturbation theory can be considered valid.
B. Quasi-classical Trajectory Calculations.The dissociation
dynamics of the molecular ion can be considered as the bond

being stretched by the Ias_er field. The nuc_lear motion can beqCH4+. This indicates that only the neutral GHindergoes
thus represented by a motion of the Gaussian wave packet an I onization

assumed to take place on a ground dressed PES, which is . . . . .

- ) L . By slightly increasing the laser intensity to 8010 W/cn¥,
modulated by the oscillating laser field. The driving force is the )r/nasgs s)[/)ectrum regcorded three pea)I/<s corresponding to the
proportional to the slope of the dressed PES at the correspondingparent ion, CH* (16 amu), the primary fragment ions, GH

distance. . I~
. . . . (15 amu), and H (1 amu). Figure 2b clearly indicates the
We consider a Gaussian wave packet in the Wigner repre dissociation of one of the four equivalent-€l bonds at that

sentation moving on and across the PESs. This wave packet articular laser intensit
motion starts from the field-free PES and periodically goes P The EAD model is a y.lied to calculate the primary dissocia-
through various dressed PESs at different laser intensities P P y

. . . ; ‘tion process of Chi" ion. A potential well of 28.1 kcal/mol
fgfﬁgt:]negxpgzlzzsontal motion along the PES and then vertically along the C-H bond in the zero-field PES of the ground state

e : . o
At that point, we consider the optical field of the 100 fs laser of the CH," ion is found in our calculation. The PES is distorted

ulse duration. Such a field can be considered as a monochro-by the laser field at different field intensities, as shown in Figure
puise i . . . . 3. The QCT calculated results predict that thé idn can be
matic field with slow amplitude modulation and causing a

sinusoidal_perturbation to the two rigid fragments. Provided with Ewessf?gnxtq%ga\‘;velzanﬁ? Fexgnr;c:)r dtgle (:Isﬁe;lsr(l)t?rr]\z %fg
the experimental value of the laser wavelength 800 nm, the he electric charge distribution in the dissociation process or
width of an optical cycle is 2.7 fs. The laser pulse can be thoughtt €e g : P

. . . predict the preference of the reaction channel
of as having an envelope of rectangular shape; we can find that,
within the 100 fs pulse, there are 100/25737 cycles (Figure
1). To make sure that the time is much shorter than one
vibrational period, we divide the 2.7 fs pulse into 80 slots in
the following calculations. Each slot will represent a time of OF
2.7/80= 33.75 attoseconds (as) or 0.03375 fs. That is the time
used by the wave packet to execute its motion along a PES and CH," —CH;+H" (1b)
across to the next PES. The QCT calculations start at a value
of Ry, which is equal to the equilibrium bond distance of the Figure 3 shows the effects of both the field direction and the
neutral molecule, where we are assuming that during the field intensity on the shape of the PESs. When the electric field
extremely rapid ionization process the molecular geometry doesvector is directed toward the H atom, as represented by Figure
not change. It is also assumed that the initial veloeitypf the 3a, the PES is more affected and suffering more distortion,
wave packet is zero. The wave packet starts moving along theimplying higher tendency for dissociation. The dissociation
field-free PES of the molecular ion for 33.75 as, followed by channel (reaction 1b) yielding a primary fragment ioh &hd
sliding vertically downward to the first dressed ground-state PES CHjs is thus the favored channel. On the contrary, Figure 3b
at the lowest applied laser intensity, and so on. The evolution shows that the PES is less affected and less distorted by the

anne—
..l. .y

A. Primary Dissociation Channel. We detected the dis-
sociation products as a function of increasing laser intensity.
The dissociation patterns reveal a stepwise dissociation feature.
Figure 2a shows, at the intensity 2610 W/cn?, a peak of
16 atomic mass units (amu), corresponding to the parent ion

CH,”—~CH,"+H (1a)
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7 (@) result from two possible dissociation channels, namely

. CH," —CH," + H, )

CH,"—CH," +H (3)

T (b) The dissociation probability of the channel in eq 2 can be
obtained by assuming that the laser field vector exerts on the
. . Tq4 axis of the CH* molecular ion. If some of the C#t ions
CH,’ /i"} rotate in the same laser pulse and one of theiH®bonds aligns
i A along the field vector, the dissociation probability of the channel
in eq 3 can also be calculated. The calculations show that the
dissociation channel in eq 3 is the main dissociation channel
CH* for CH," production, since the calculated dissociation prob-
(c) ¢ ability for channel 3 is 99.9% and that of channel 2 is only
CH.* 4.8% at the laser intensity of 7,9 104 W/cm?. The calculated
trajectory of the averaged-HCH,* distance is shown in Figure
1.+ 4. The bond distance has been elongate@ A within 40 fs at
2 7.9 x 10 Wi/cn?. Another proof for considering channel 3 as
- the sole channel for the production of the £Homes from
the inspection of the mass spectra of Figure 2c, where there is
5 8 10 12 14 16 no evidence for the production of,H ion produced through
channel 2. H" ion appears only at higher laser intensities, as
] o ) evidenced from Figure 5. To verify this further, we have
Figure 2. TOF mass spectrum of methane irradiated by an intense jastigated the dissociation of methyl-containing molecules
laser (160 fs laser pulses at 800 nm) at the laser intensity of (&) 7.6
108 W/cn, (b) 8.0 x 101 W/en?, or (c) 1.0x 104 W/en. such as acetaldehyde and acetone. We found_ that t_bé €H
CHy™ + H occurs almost at the same laser intensity as that
shown in the inset of Figure 5.
electric field vector, reflecting less tendency of dissociation. As  Production of CH and C'. Upon increasing the laser
a result, for the more unstable GHion, its electronic charge  intensity to 1.3x 10" W/cn?, several additional peaks appear
distribution shifts to the Cklgroup but not to the H atom. In ~ at 13 .and 12 amu, corresponding to the production of @hid
other words, reaction 1b is the preferable channel. The evidenceC" respectively, as shown in Figure 5. There are two possible
of such a preference can be found in the angular distribution channels for the production of CHragment ion.
experiment, which will be described in the latter part of this

T
*

lon Yield (Arb.Unit)

N
g
o

Mass Number

article. CH,"— CH" + H, (4)
B. Secondary Dissociation ChannelsProduction of the
CHz' lon. When the laser intensity is increased, the primary CHZJr —CH"+H (5)

fragment ion, CH', undergoes sequential dissociation into

smaller fragment ions. Figure 5 shows that as the laser intensityTo distinguish which channel is responsible for the production
increases to 1.6« 10 W/cn?, the peak at 14 amu appears, of the secondary ion CH both the distortions of the PES of
corresponding to the production of @H CH,™ ion can possibly the precursor ions C§t and CH™ are inspected. These are

© -39.4 1 E _
& C-H E 1(*10"°W/cm?)
§ T - 1(*10"°W/em?) T C-H
< 396 1 0 o 0
> 0.7
5 | |
W -39.8 4 0.1 2.6
o
= ] |
o) .6
© -40.0 - E 5.3
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] 31 )
-40.2 - - b
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-40.4 LA L B B BN BN B 1|3 —fr rtrrr 1T rr-rrr
0 1 2 3 4 5 6 70 1 2 3 4 5 6 7
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Figure 3. Potential energy surfaces (PESs) of the,CHit different laser intensities and in two opposite laser field directions. The field vector is
shown by the arrows: (a) € H; (b) C— H.
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----------- Likewise, and based on similar calculations, we conclude that

.r C* is produced from the dissociation of the Ckbns
—CH’
- — CH,
<+« CH

CH"—C'+H (6)

s The QCT result of the €-H bond distance is also shown in
Figure 4. The theoretical dissociation threshold of thesCH
dissociating to Chi* was 3.5x 10 W/cn?, while that of the

7.9410™W/em? CHy"™ dissociating_to CF‘I_ and that of the CH dissociating to

C* are the same intensity, 2.9 10 W/cn¥.

The comparison between the dissociation thresholds of the
three ions clearly indicates that the €Hons have the highest
dissociation thresholds. GHformation acts as a bottleneck step
o 10 20 30 40 50 60 for the formation of the CH and C' ions. This is the reason
Time (fs) CH,™, CHT, and C" appear at the same laser intensity. Similar

] ) ) ) ) observations have been obtained for&idntaining compounds
Figure 4. Quasi-classical trajectory of the averaged I distances and shown in the inset of Figure 5.

of CH*, CH;", and CH" ions at the laser intensity of the fieldl € R
7.9 x 104 W/cn®). C. Angular Distribution of the Fragment lons. The angular

distribution of the fragment ions was detected using a linearly

polarized laser beam. At the laser intensity ¥.80" W/cn?,
shown in Figures 6 and 7, respectively. The comparison showsthe maximum vyield of H ions was found when the laser
that the distortion of the PES of the GH with the field in polarization vector was parallel to the axis of the TOF mass
both directions represented by Figure 7, is more serious thanspectrometer, while the minimum yield was recorded when the
that of the PES of the C#, shown in Figure 6. Hence, the laser polarization vector was perpendicular (Figure 8). On the
higher tendency of Ck dissociation indicates that dissociation —contrary, other ions C¥f, CH,*, CH*, and C" did not exhibit
channel 5 is preferentially responsible for the production of the such angular dependence. Methane is a molecule without a

Rew ()

CHT ions. QCT calculations on the production of Ckia both permanent dipole, so that dynamic alignment may not have a
the dissociation channels 4 and 5 have been performed. Thecontribution to the angular dependence of the dissociating ions.
dissociation probability at an intensity of 7.9 104 W/cn? The only reasonable interpretation of such a dependence is that
was found to be less than 0.001% for channel 4 and 100% for the laser field coincides with one of the-®&l bonds of the CHhl
channel 5, indicating that the CHs produced from Cki" ion molecule. The strong field causes the bond to break, driving
(Figure 4). the H™ ion as a primary product away along the field vector. In

"' chcHo CH,’ +

14, -2 CH
1.4x10"Wem 4

CH,’

lon Yield (Arb.Unit)

2 4 6 8 10 12 14 16

Mass Number

Figure 5. TOF mass spectrum of methane irradiated by a 160 fs, 800 nm laser at the intensitg &3N/cn?. The inset shows the mass spectra
of CH;CHO and CHCOCH;, verifying the similarity of the dissociation thresholds and dissociation profile of the" @ into the secondary
fragments CH", CH", and C", among the Chtcarrying molecules.
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Figure 6. Potential energy surfaces (PESs) of thesCHit different laser intensities and in two opposite laser field directions. The field vector is
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V. Concluding Remarks

The stepwise dissociation of methane in thé31® 10“
W/cn? intensity regime from 800 nm and 100 fs laser pulses
has been verified by gradually increasing the laser intensity and
monitoring the dissociation products using TOF MS. The parent
ion, CH,™, was obtained at the lowest laser intensity, %.6
10" W/cn?. The primary fragment ion, C¥t, appeared at 8.0
x 10 W/cn?. The secondary fragment ions g CH™, and
C* were obtained at the laser intensities .00, 1.3 x 104,
and 1.3x 10“W/cn?, respectively. The CHion was produced
by breaking one of the €H bonds of CH™. The H' fragments
show a strong angular dependence. This has been interpreted
as the laser field breaking the-& bond and pulling the H
apart along the field vector.

A so-called FAD model has been proposed on the basis of
the assumption that, during dissociation, only the dissociative
bond is taken into account and the rest of the molecular

other words, the theoretically predicted preferable reaction geometry is fixed. The dressed PESs are modulated by the laser
channel 1b has been identified by this experimental result.

field at different laser intensities and two opposite electric field



Dissociation of Methane in Intense Laser Fields

directions. QCT calculations can be performed for the bond-

J. Phys. Chem. A, Vol. 107, No. 32, 2008129

(10) Safvan, C. P.; Bhardawaj, V. R.; Kumar, G.; Mathur, D.; Rajgara,

breaking process. The wave packet moves on a series of dressefi- A+ J- Phys. B: A, Mol. Opt. Phyd996 29, 3135-3149.

(11) Banerjee, V. R.; Kumar, G. R.; Mathur, D. Phys. B: At., Mol.

PESs that change with the external field. The calculations opt phys1999 32 4277-4292.

provide values for the dissociation threshold intensities and

(12) Bhardwaj, V. R.; Vijayalakshmi, K.; Rajgara, F. A.; Mathur, D.

probabilities. The FAD mechanism successfully interprets the Phys. B: At., Mol. Opt. Phys999 32, 1087-1095.

entire dissociation process. Two shortcomings of the model are
the assumptions that only one bond is being considered during

(13) Banerjee, S.; Kumar, G. R.; Mathur, Bhys. Re. A 1999 60 (5),
3369-R3372.
(14) Safvan, C. P.; Vijaylakshmi, K.; Rajgara, F. A.; Kumar, G. R,

the dissociation process and that only the ground state PES ig\athur, D.J. Phys. B: At., Mol. Opt. Phy499§ 29, L481-1487.

considered for calculations. The theoretical model used in this

(15) Cornaggia, CPhys. Re. A 1995 52, R4328-R4331.
(16) Mathur, D.; Safvan, C. P.; Kumar, G. R.; Krishnamurthy,Aflys.

work is certainly a simple one, but the agreement with R, A 1994 50, R7—R9.

experiment is good. Such agreement gains an insight into the

(17) Bhardwaj, V. R.; Vijayalakshmi, K.; Mathur, [Phys. Re. A 1999

essence of the dissociation of molecules in an intense laser field 59 (2), 1392-1398.

(18) Vijayalakshmi, K.; Bhardwaj, V. R.; Mathur, 0. Phys. B: At.,

Furthermore, this study is also relevant to laser control in an i "dpt. Phys 1997 30, 4065-4085.

intense laser field, which has been reported recefdy.

(19) Bhardwaj, V. R.; Vijayalakshmi, K.; Mathur, [Phys. Re. A1997,

According to this model, the dissociation of molecular ions may 56 (3), 2455-2458.

be controlled by regulating the laser peak intensity and the pulse
duration. For laser control involving quantum interference, this

(20) Castillejo, M.; Couris, S.; Koudomas, E.; Martin, @hem. Phys.
Lett 1999 308 373-380.
(21) Castillejo, M.; Couris, S.; Koudomas, E.; Martin, @hem. Phys.

model can also shed light on the nuclear motion of the molecular Lett. 1998 289, 303-310.

ion being controlled.
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