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Strong-field photoionization of ethane, butane, and octane are reported at intensities from 10'* to 10'7 W/cm?.
The molecular fragment ions, C* and C?>*, are created in an intensity window from 10'* to 10'> W /cm? and have
intensity-dependent yields similar to the molecular fragments C,,H and C,,H>*. In the case of C*, the yield
is independent of the molecular parent chain length. The ionization of more tightly bound valence electrons in
carbon (C** and C**) has at least two contributing mechanisms, one influenced by the parent molecule size and
one resulting from the tunneling ionization of the carbon ion.
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I. INTRODUCTION

The interaction of molecules with intense pulsed laser light
has been an active research area for decades. Molecules in
strong fields exhibit effects such as field alignment [1-3],
laser control of the molecular orientation [4—6], stabilization
[7], enhanced ionization [8—11], dissociation, and Coulomb
explosion [12-14]. Much of the earlier research in laser-
molecule interactions studied dynamics such as ionization
and fragmentation using mass and momentum spectroscopy.
There has been a long-standing interest in the high-charge-
state ion production from hydrocarbon molecules in strong
fields [15—-18]. When a molecule interacts with a strong laser
field (>10'> W/cm?), one or more valance electrons can be
stripped away from the parent molecule through molecular
field ionization [19], an analog of the well-known tunneling
ionization in atoms [20]. This has been shown to be especially
true for o-bond systems such as CH3-Br [21], CH3-X, linear
alcohols, and alkanes [22-25], which respond in an “atomic-
like” fashion for the removal of the first electron by tunneling.
In general however, molecular ionization is more complicated
than atomic ionization with charge resonant excitation and
enhanced ionization pathways [26] due to the extended
Coulomb potential in the molecular structure. For example,
with enhanced ionization in molecules, the combination of
superposed Coulomb potentials and the applied laser electric
field leads to a critical bond distance at which tunneling
ionization is increased due to the reduction in the effective
potential between the nuclei [27]. This mechanism helped
explain observations of fragment ion kinetic energies [28],
which are significantly lower than the values expected for
prompt ionization and Coulomb explosion at the equilibrium
bond length. Nonadiabatic excitation is also possible in
molecules and the dependence of ionization on molecular size
has been an area of ongoing research [26,29].

Recent experiments have focused on electron ionization
dynamics during the laser-molecule interaction. For example,
during ionization the photoelectron may recollide with the
parent ion when it is driven back by the laser field as
it reverses on the next half cycle. Electron-ion recollision
leads to nonsequential ionization (NSI) [30], high-order-
harmonic generation (HHG) [31], and the much reported
probing of molecular dynamics with attosecond resolution
pulses [32,33].
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In the new frontier of ultrastrong-field laser science (up
to 10%° W/cm?), one naturally expects molecules will ionize
to higher charge states. At this time though, it is not
known how this will occur and what role will be played
by strong-field mechanisms such as enhanced ionization or
Coulomb explosion. Results on laser fusion with methane
clusters highlight the potential of strong and ultrastrong-
field interactions with hydrocarbon systems [34-36]. It was
recently reported in an ultrastrong-field ionization study
of methane that C"" (n < 5) atomic fragmental ions are
created through processes that develop from a nonadiabatic
or molecular response (C?>* and C3*, at intensities from
10' to 10'> W/cm?) to an adiabatic or atomic-like response
(C>*, atintensities from 10" to 10" W/cm?) [37]. Itis unclear
whether this response of methane to a strong or ultrastrong
laser field can be generalized to other molecules or whether
different mechanisms are involved for larger or nonsymmetric
molecules. In this paper, we begin to address this question
by measuring the fragmentation and intensity-dependent ion
yields from the linear chain hydrocarbons ethane, butane, and
octane.

II. EXPERIMENTAL SETUP

The experimental apparatus consisted of a kilohertz
Ti:sapphire laser (3 mJ, 790 nm, 45 fs), terawatt Ti:sapphire
laser (80 mJ, 35 fs, 790 nm) [38,39], and a high-resolution,
time-of-flight ion spectrometer with ion gating to prevent
detector saturation (Fig. 1). The high intensity was created by
focusing the laser with a gold-coated, f/2 off-axis parabolic
mirror in an ultrahigh vacuum chamber. A skimmed, 0.5-mm
wide effusive molecular beam was crossed with the laser focus.

A linearly polarized laser electric was used in these studies
with orientations perpendicular and parallel to the time-of-
flight axis. The field extraction plates before the time-of-flight
region used 1 mm apertures for resolving the fragmentation
emission angle (5° resolution) and 15 mm apertures with
3 kV/cm extraction fields for collecting the total integrated
yield. Collecting the fragments in these configurations ensured
accurate ion collection regardless of the fragment momentum
distribution and eliminated the possibility of skewed results
due to aperturing of ion trajectories in the mass spectrom-
eter. The anisotropy in the angular distribution for the C"*
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FIG. 1. (Color online) (a) Experimental setup showing the 45 focusing parabolic mirror (in a vacuum) with the gas jet and time-of-flight
spectrometer. (b) A scale drawing of the spectrometer showing the gas source on the left, interaction chamber in the center, and the time-of-flight
region on the right. The parabolic mirror assembly is in the top center section of (b).

fragments (i.e., C"" yield parallel to E divided by C"* per-
pendicular to E) varied across the molecular species being the
greatest for ethane and the smallest for methane. The character-
ization of the momentum distributions [40,41] will certainly
be the subject of future study. The intensity-dependent ion
yield data for C"* presented in the figures is summed over all
momentum and the results represent the net yield.

To eliminate degeneracy in the mass spectrum
(e.g., 2C*:12CH]") we verified the >C collections with *C.
In the case of ethane both the '>C atoms were replaced by '3C
and for butane the terminal '>C atom was replaced by *C.
The data are averaged into 10% intensity bins and each data
point represents typically three independent collections of 10°
shots. Ionization saturated in the collections at approximately
10° ions/shot torr. The laser intensity is calibrated to within
50% by measuring the ion yields of krypton [42]. The ion and
electron signal error is estimated to be a factor of 3.

III. EXPERIMENTAL RESULTS

A. Ethane fragmentation

Figures 2(a) through (c) show the observed ions from ethane
at intensities of 4.5 x 10", 1.5 x 10", and 5 x 103 W/cm?
as a function of the ion “m/q” ratio, where “m” and “q” are
the ion mass and charge, respectively. Figure 2(a) displays
the molecular parent ion CzHg, singly charged molecular
fragmental ions (CZH;r to CoH™), a variety of molecular
fragmental ions (for example, CoHT, C2H§+), and atomic
fragmental ions C* and C?*. The most abundant species are
C,H;" followed by the CH; peaks and finally CoH2*, which
is approximately 10% of CH;" and comparable to the C* and
C?* yield.

The asterisks in Figs. 2(b) and 2(c) on the peaks in the
ion spectrum mark the corresponding peak of the same ion on
Fig. 2(a) scaled down by a constant factor (i.e., the ratio of the
CZHZ parent ion count at the different intensities). These are
added to the figure to elucidate the differences in the intensity
dependence between the molecular ion C,H; and the observed
molecular fragmental ions. As one can see in the figure, the

ion peak asterisk envelope in Fig. 2(a) matches well to the
corresponding ion peaks in Fig. 2(b) considering the typical
nonlinearity of the strong-field processes and the factor of
3 change in the intensity between the collections. Whether
due to a lower branching ratio or a slightly different intensity
dependence, as the intensity drops by another factor of 3 from
1.5 x 10 to 5 x 10'3 W/cm?, lower m/q fragments drop
below our detection limit. Overall though, the proportionate
decrease of the fragment yields over such a large change in
intensity requires a nearly identical production rate for the
parent ion and molecular fragments. In addition, the final
product m /g ion distributions in our study are similar to those
observed by electron impact dissociative ionization [43]. From
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FIG. 2. (Color online) Measured time-of-flight ion spectra from
ethane at an intensity of (a) 4.5 x 10'* W /cm?, (b) 1.5 x 10'* W/cm?,
and (c) 5 x 10" W/cm?. Only a few of the observed ion peaks
are labeled here. The asterisk marks on (b) and (c) represent the
corresponding peaks in (a). The peak at m/q = 18 is water from the
background.
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FIG. 3. (Color online) Measured time-of-flight ion spectra from
butane at an intensity of (a) 1.4 x 10" W/cm?, (b) 4.5 x
10" W/cm?, and (c) 1.5 x 10'* W/cm?. Only a few of the observed
ion peaks are labeled here. The asterisk marks on (b) and (c) represent
the corresponding peaks in (a). The peak at m/q = 18 is water from
the background.

5 x 1013 to 4.5 x 10'* W/cm? the similarity in the intensity
dependence of the yields we observe is consistent with the
previously observed molecular excitation via nonadiabatic
excitation [44] as well as the creation of a superexcited
state [45] which decays into the final neutral and charged
fragments.

B. Butane fragmentation

Figures 3(a) through (c) display the ions from butane at
intensities of 1.4 x 10'%, 4.5 x 10, and 1.5 x 10'* W/cm?
as a function of the ion “m/g” ratio. The figure shows the
molecular parent ion C4HJ, a variety of molecular fragmental
ions (C4H,, C4 H*, *C3H*, C3Hy, and C4H; ™), and atomic
fragmental ions C* and C?*. One should note the potential
degeneracy in molecular fragmental ions (e.g., ?C3H™:C3H
or C; H;":CH"). The most abundant fragments are C,H;"
near m/q ~ 30 , which is the same as for ethane despite
the factor of 2 change in the parent ion size. Double-charged
fragments (e.g., C4HZ+) are a few percent of the abundance of
the prominent C;H;F fragments. Comparing the fragmentation
pattern to that observed by the collisional excitation of butane
[46], there is an overall similarity in the relative abundance of
C4H, CsH;f, C,H,, and CH, despite the differences in the
excitation and ionization of the molecule by the laser field or
electron collision.

As in the case of ethane, we see the asterisk-marked peak
envelope in Fig. 3(a) matches the corresponding peaks in
Figs. 3(b) and 3(c) with few exceptions from the parent ion
(m/q = 59)to C* (m/q = 13) and indicates a nearly identical
intensity-dependent production rate for these species. Lower
m/q values are less abundant and drop from our detection limit
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FIG. 4. (Color online) Measured time-of-flight ion spectra from
octane at an intensity of (a) 4.5 x 10'* W /cm?, (b) 1.5 x 10'* W/cm?,
and (c) 5 x 10"* W/cm?. Only a few of the observed ion peaks
are labeled here. The asterisk marks on (b) and (c) represent the
corresponding peaks in (a). The peak at m/q = 18 is water from the
background.

in Fig. 3(c) as the intensity is decreased to 1.5 x 10'* W /cm?.
From Fig. 3, the intensity-dependent fragmentation branching
can be seen to be very robust from the parent ion m/q = 59
values one-half of the parent m/q ~ 30 over a decade in
intensity from 1.5 x 10" to 1.4 x 10" W/cm?.

C. Octane fragmentation

Figures 4(a) through (c) show the ions from octane at
intensities of 4.5 x 10'#,1.5 x 10'%,and 5 x 10'3 W/cm?. We
observe the molecular parent ion CgHTS, a variety of molecular
fragmental ions (for example, C;H™, C,HS, C3Hg), and
atomic fragmental ions C* and C**. Due to the unavailability
of octane with a '3C isotope, we used only a '>C octane. The
most abundant ion is again the m/q ~ 30 C,H;', followed by
CH,;" and CsH,' roughly equal in their yield, but lower by a
factor of approximately 3 than C,H;. Other fragments (e.g.,
C4H;}) are 10% or less than the yield of C,H;'.

Here also we see the asterisk envelope in Fig. 4(a) matches
the corresponding peaks in Figs. 4(b) and 4(c) from the
parent ion to C* with few exceptions. At 5 x 103 W/cm?
the general branching pattern at m/q = 30, 40, and 55 (i.e.,
C:Hf, CsH/, and C4H;, respectively) can be identified,
however, fewer fragments with less variation in their hydro-
genation makes the spectrum visibly different at the lower
intensity.

D. Ionization yields of carbon fragments

Figure 5(a) shows the measured atomic fragmental ions
C"t (n < 4) from ethane at intensities from 4 x 10'3 to
1 x 10'7 W/cm?. Also shown in the figure are calculated
ionization yields, which will be discussed later. The measured
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FIG. 5. (Color online) C'* (dark blue circles), C** (light blue diamonds), C3* (yellow squares), and C**(gold triangles) fragments from
(a) ethane, (b) butane, and (c) octane with calculated ADK (dashed lines) and total yields (solid lines). The bars indicate the momentum
anisotropy for C"* fragments at that intensity. The smallest bars for C* (which has an anisotropy ratio between 1 and 1.6) are barely visible

within the data.

ionization yields for C* and C?* increase smoothly with an
I° dependence from the detection threshold of 1 ion/shot
torr to saturation at 10° ions/shot torr. Above 10° ions/shot
torr the yield is saturated and the intensity dependence of the
yield is 13/? as expected for collections from a Gaussian laser
focus. The observed intensity dependence for C* and C>*
is also close to that observed for the molecular fragments in
Fig. 2 with an appearance near 5 x 10'* W/cm? and saturation
near 3 x 10'* W/cm?. The yields of C** and C** are more
complicated. Most apparent is the presence of a characteristic
“knee” structure in the intensity-dependent ion yield at a few
percent of the saturated yield (i.e., 10> ions/shot torr to 103
ions/shot torr). In both atomic and molecular studies, this
knee is often associated with NSI due to recollision in the
strong-field laser-atom interaction [47,48].

Figure 5(b) shows the measured atomic fragmental ions
C"t (n < 4) from butane at intensities from 4 x 10'3 to
1 x 10""W/cm? along with the calculated yields. Looking
at Fig. 5, one realizes the measured ion yields of C"** from
butane look very similar to those of ethane. Within exper-
imental uncertainties, the measured C* and C?* yields for
ethane and butane are, in fact, indiscernible. For C3* and C**,
the saturation intensity (yield near 10° ions/shot torr) is the
same when compared between butane and ethane; however, the
yields in the knee region (10 ions/shot torr to 10° ions/shot
torr) are different between the two species with a slightly
higher ionization yield in butane when compared to ethane
at the same intensity. For C3t the knee structure is not clear
since the knee and sequential ionization yields are comparable
and not clearly separable as is the case when NSI charge states
saturate at very different intensities and the NSI yield is a
percent or less of the sequential yield [48].

Having measured the C"* ion yields from ethane and
butane, we then want to measure the same from octane.
Figure 5(c) shows the measured atomic fragmental ions

C" (n < 3) from octane at intensities from 4 x 10'3 to
3 x 10'® W/cm? along with the corresponding calculated ion
yields expected for atomic carbon. Due to the degeneracy
(e.g., C*:CH}") and the lack of '*C isotope octane, it was
not possible to measure the C** ion yield from octane. As
one can see in the figure, the results for C* in octane are
the same as those of ethane and butane. C>* and C** show
identical saturation intensities across the species, but the knee
ionization yield in the signal range 10 ions/shot torr to
10 ions/shot torr observed in C3* and C** for butane now
involves lower charge states; an enhancement in the yield
below 10° ions/shot torr at 10'* W /cm? is evident for C>* with
octane.

As additional information, the momentum anisotropy (i.e.,
theratio of the parallel to perpendicular yield) is shown
across the collection intensities in the total ion yields. This
ratio is represented by bars amidst the data of Figs. 5(a),
5(b), and 5(c). The length of the bar gives the ratio of
the parallel and perpendicular yield at that intensity. For
example, in Fig. 5(b) the 3.4 x 103 ions/shot torr C** yield
from butane at 1 x 10" W/cm? varies by a factor of 2.4
between the parallel and perpendicular components. The bar
representing that anisotropy ranges from the minimum value
of 2.2 10% ions/(shot torr) for the perpendicular yield to
5.2 x 10? ions/(shot torr) for the yield parallel to the electric
field.

Finally, we want to carefully compare the experimental C*
and C*t ion yields from methane [37], ethane, butane, and
octane. Figure 6 shows the measured C"* ion yields from
methane (n = 4), ethane (n = 1,4), butane (n = 1,4), and
octane (n = 1) from a linearly polarized field at intensities
from 3 x 1013 to 1 x 107 W/cmz. As seen in the figure, the
C* ion yields from ethane, butane, and octane are indistin-
guishable within experimental error. Recalling from previous
figures, at saturation the C** ion yields from methane, ethane,
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FIG. 6. (Color online) C* and C*" fragments from methane
(solid yellow circles) (C* from methane not shown), ethane (open
yellow circles), butane (light blue inverted triangles), and octane
(dark blue triangles) (C** from octane not shown) with lines shown
between the data points to aid the eye. The calculated ADK, C*,
and C** tunneling ionization yield is also shown (thick black
line).

and butane are also identical. Below saturation, however,
a clear trending in the ion yields can be observed as one
moves from smaller to larger molecules. This is most evident
in the knee region of C** where the rate responsible for
this component in the yield can be seen to increase in the
intensity range of 10> W/cm? (ion yield of ~10 ions/shot
torr) with the size of the parent molecule. At an intensity of
1 x 10" W/cm?, the C** ion yield from ethane and butane are
a factor of 4 and 10 higher than that of methane, respectively.
Not shown in the figure is the similar, though less prominent,
increase also present in the lower intensity regions of the
C?* and C** yields where the ion yields in the count region
10 ions/shot torr to 1000 ions/shot torr are enhanced with a
larger molecular parent ion size. The calculated atomic ion-
ization yields (described in the next section) are also shown in
Fig. 6.

IV. THEORY

To better understand the ionization, we have used a three-
dimensional (3D), relativistic, semiclassical, single-electron
model of ionization described previously [42]. Briefly, the
model is a three-step process comprised of (1) tunneling
ionization followed by (2) continuum photoelectron dynamics
and then (3) recollision interactions between the continuum
photoelectron and the parent ion incorporating (e,2e) and
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(e,3e) scattering cross sections. With the laser and focus
parameters from the experiment [800 nm center wavelength,
f/2 TEMyy focus, and 40 fs full width at half maximun
(FWHM) Gaussian temporal profile] the model calculates
field ionization using the tunneling rate of Ammosov, Delone,
and Krainov (ADK) [20]. We approximate the carbon within
the alkanes as free atoms. Starting at the neutral carbon
atom, the ionization is evaluated sequentially with increasing
charge. The rate equations are solved in time for each atom
or ion across the laser focus. This method best represents
the ionization within the laser focus from multiple charge
states.

Following ionization, we use classical trajectory ensem-
bles to simulate the tunneling photoionization current and
continuum dynamics. Photoelectron dynamics are calcu-
lated by solving the relativistic equations of motion using
a Runge-Kutta ordinary differential equation solver with
a relative error tolerance threshold of 107°, local error
threshold of 107'2, and ~0.015 fs time step. Including or
omitting the Coulomb field of the core ion did not signifi-
cantly affect the final yields. The calculation is considered
in the low-density limit so space-charge effects are not
included.

The impact ionization cross sections, when multiplied by
the recollision flux from the photoionization current, give our
calculated (e,ne) nonsequential ionization due to recollision
interactions. (e,2¢) and (e,3e) cross sections were obtained
from the experiments [49] and the Born-Bethe scaling law
[42]. Excitation cross sections [49] were included for C3*
and C** assuming they lead to prompt ionization. We note
while (e,ne) cross sections for many of the chain hydrocarbon
ions have not been measured, the cross section for neutral
methane to form C* is ~20% of the C to C* cross section [50].
Since the molecular bond influence on carbon is minimized for
tightly bound electrons, the atomic recollision approximation
is expected to be most valid for C** with impact energies
above 100 eV.

The calculated yields are shown in Figs. 5 and 6 with
the sequential tunneling ionization ADK yield only (dashed
line) and for the sum of the ADK ionization yield and NSI
yield (solid line) due to the recollision ionization for C**,
C3t, and C** from the ionization of atomic carbon. As
seen in Fig. 5, the measured C* and C?>* ion yields are
consistently lower than the ADK yield near saturation by a
factor of 20 and 2, respectively. For C3t and C**, the measured
yields are in good agreement with the calculated results near
saturation. This implies that near saturation the C* and C>* are
produced through a nonatomic ionization process and the C3*
and C** are produced through atomic-like ADK ionization.
Specifically, the result draws attention to the stabilizing effect
hydrogen has in reducing the final state production of C* and
C?*. Hydrogen migration and dissociation from alkanes has
been shown to be an important mechanism at 10'* W /cm?
for slightly longer pulse durations (50 fs) [51]. The effect
disappears at higher intensities when the hydrogen is fully
ionized as is the case for C3* and C**. This observation is
consistent with the results from the fragmentation of alkanes
by electron collision where hydrogen ions remove the charge
from the ionized molecule. For example, as reported by [46],
CHZJ“—) 2H* + CH, is the dominant dissociation channel for
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CHﬁJ’. Below saturation (i.e., 1 ion/shot torr to 10° ions/shot
torr) the measured C* ion yields remain lower than the ADK
yield below saturation, but the yields of C**, C3*, and C** are
higher than the ADK yield.

For C?* and C3* the measured ion yields deviate only
slightly from the atomic ADK yield below saturation. This
slight deviation is consistent with the experimentally observed
effect of the parent molecule ion size on the C>* and C3*
yields (i.e., a molecular effect is present but it does not depend
on the chain length size). One may begin to conclude at this
point that C* is affected by nearest-neighbor hydrogen while
C2* and C37 are affected by nearest-neighbor carbon and the
stability of the fragments, which favors the production of C;H;
over other fragments. In the highest charge state measured
C** we observe a clear and characteristic knee structure in
the measured ion yield from 3.5 x 10'* to 4 x 105 W/cm?.
Furthermore, the “knee” ionization in C** shows the greatest
dependence on the molecular parent size. Continuing from the
previous line of thought, it appears the C** ionization knee is
sensitive to longer-range molecular structure, beyond just the
nearest-neighbor carbons.

Our recollision model is able to predict just 1% of the
NSI yield for C3* and less than 1% for C>* and C**. Since
the C>* through C** yields are dependent on the parent ion
size below saturation, it is not unreasonable that the model is
limited in its accuracy since it is based on atomic carbon.
The authors note, however, at higher intensities with the
C>* fragments from methane, the model accurately predicts
the sequential and nonsequential ionization yield observed
experimentally [42]. The comparison with the experiment in
Fig. 6 shows (1) the consistent suppression of the observed
Ct yield below that expected from the atomic model and
(2) the excellent agreement near saturation for the production
of C*,

A central issue in the ionization of polyatomic species,
both clusters and molecules, is the dynamics for the electron
and nuclear motion. In clusters the electron motion time
scales are tunneling (~1 fs), “ignition” effects (~10 fs)
[52], and resonant enhancement processes (~25 fs) [53].
The nuclear motion is primarily a Coulomb explosion and
the hydrodynamic expansion which occur on 25 to 100 fs time
scales [54]. In molecules, electron motion time scales include
tunneling or photo-ionization (1 fs), rescattering (2 to 5 fs),
and nonadiabatic multielectron dynamics [44] which can vary
(10 to 100 fs). The actual charging of the molecule, that is,
the time scale over which the electron leaves the molecular
system after being ionized is on a similar time scale (~25 fs).
Changes in the rescattering process have also been measured
to vary on the 25 fs time scale according to pulse duration ex-
periments on rescattering with atoms [55]. Nuclear dynamics
in molecular systems can play a critical role in the absorption
of energy from the laser such as with enhanced ionization
at the critical bond distance [56]. The time scale for nuclear
motion in enhanced ionization is typically 20 to 150 fs [57].
Coulomb explosion time scales vary but are similar to small
clusters.

A simple free ion, Coulomb explosion calculation for the
nuclear time scale in chain hydrocarbons is the time it takes
the carbon bond to increase in length for a relevant species for
the ultrahigh field like C*-C*. At a critical bond distance, R,
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which is 2 to 3 times R, the equilibrium bond distance [58],
molecules typically undergo rapid ionization. For an initial
R, of 3.75 A, two carbons C* and C* will take 10 fs to
Coulomb explode to 1.5 R.. To reach 3 R, takes 20 fs
or, in our experiments, roughly from the beginning of the
pulse until the peak intensity. With higher charged species for
comparison like CT-C** the dissociation time scale is 2 R, in
10 fs. Experiments with Coulomb explosion imaging [14] have
shown in strong fields the molecule bond angles and distance
can change on a time scale of 25 fs for molecules comparable
to the small hydrocarbons used here. Related studies with
harmonics generated in organic molecules [59] demonstrated
pulse duration effects when reducing the pulse from 240 to
70 fs and found many of the HHG features due to fragmentation
and dissociation of the parent ion greatly reduced when the
pulse duration was 70 fs. In these studies, the pulse duration
is 35 fs (no difference is detected with the 45 fs pulses) and
some of the related processes mentioned previously with 1
to 25 fs time scales are certainly involved in these studies
(e.g., enhanced ionization, rescattering, Coulomb explosion).
It is a reasonable approximation to assume the molecule is
dissociating during the pulse duration and has time to reach R,
by the peak of the laser pulse. Geometric alignment effects [60]
for the hydrocarbons are not expected to play a significant
role in these studies based on the theoretical work in [61].
It is clear from these experiments that molecular structure
does affect the ionization process even in the ultrastrong field.
Previous to this study one may have presupposed the molecule
is fully ionized in ultrastrong fields and the original molecular
structure no longer affects the ionization process. Certainly
follow up experiments with shorter or longer pulse durations
will reveal new aspects to these dynamics in molecules and
ultrastrong fields.

Finally, the rescattering mechanism has been invoked to
explain the yields of doubly charged species in many molecular
systems [62—-65] including unsaturated alcohol chain hydro-
carbons [66]. Based on recent work in methane [37] it is not
clear that a simple extension of atomic rescattering applies to
the fragments studied here. At this time the authors believe
rescattering is a possible primary mechanism behind the yield
for only C** and further studies with elliptically polarized
light are underway to help determine the role of rescattering
in the ionization of alkanes.

V. CONCLUSION

We have measured the molecular fragmentation and C"*
(n < 4) ion yields from ethane, butane, and octane at inten-
sities from 4 x 10'3 to 1 x 10" W/cm? over eight orders
of magnitude in signal. The molecular fragmentation studies
show C,H are the highest yield fragments across the species
and the fragmentation branching between different molecular
ions does not exhibit a strong dependence on the laser intensity.
The studies of C"* fragments show C*, and to a lesser extent
CZt, in a molecule is stabilized compared to ionization as a
free atom. This is consistent with the results from electron
collision ionization of alkanes where a dominant dissociation
channel involves ionized hydrogen dissociating leaving a
neutral C, H,, fragment. The ADK results modeling the carbon
as sequentially ionizing by tunneling from a free atom agree
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with the measurements for C>* and C** at saturation. Below
saturation, the calculated NSI yields account for only about
1% of the C** ion yield and is less than 1% for the other
carbon ions measured. When compared to the results from
methane, larger molecules (ethane, butane, and octane) behave
in a similar fashion, except the NSI yields increase as the
molecule becomes larger. Lower charge states (CT, C2*, and
C3*+) have a weak dependence on the parent molecular size

PHYSICAL REVIEW A 82, 043433 (2010)

while C** shows an order of magnitude change in the yield
between methane and butane.
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