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The photoionization of methane is reported for intensities up to 1019 W=cm2 with linear and circular
polarized light. While fragmental ions (e.g., CH3

�, CH�, C�, C2�) created from 1014 W=cm2 to
1015 W=cm2 are formed by Coulomb explosion, ionization to form C3� and C4� involves Coulomb
explosion and tunneling ionization. In ultrastrong fields, removal of a carbon K-shell electron from
methane proceeds via tunneling and rescattering ionization, without the influence of molecular channels.
Photoelectrons from methane at 1019 W=cm2 extend up to kinetic energies of 0.6 MeV.
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The frontiers of high intensity laser science span an
exceptional range of disciplines including plasma physics
[1], fusion science [2], x-ray sources [3], atomic physics
[4], and attosecond physics [5,6]. To date, molecules and
clusters have been studied in strong (1014 W=cm2 to 3�
1016 W=cm2) and ultrastrong (3� 1016 W=cm2 to
1019 W=cm2) laser fields, respectively. Molecules in strong
fields offer rich dynamics including molecular alignment
[7,8], quantum control of reactions [9], ultrafast time reso-
lution of dynamics [10], enhanced ionization [11,12], and
Coulomb explosion (CE) [13,14]. For molecules and clus-
ters in strong fields, photoelectrons are created with field
ionization [15] shown in Figs. 1(a) and 1(b). As the inter-
action continues, additional dynamics are involved.
Enhanced ionization [16] [Fig. 1(c)] occurs when the
molecule expands in time (� 100 femtoseconds) to a
critical bond length (Rc) where excitation to highly ionized
dissociative states is favorable. After initial field ioniza-
tion, a molecule may also undergo rescattering ionization,
where the photoelectron is driven back to the parent ion
[17] by the oscillating laser field. Recently rescattering has
been used to probe attosecond dynamics in molecules [18].
In clusters, further ionization proceeds via resonantly en-
hanced collision ionization [19] [Fig. 1(d)], where the
photoelectrons gain energy from the field and collision
ionize the cluster. The final dynamics in molecules and
clusters is CE [Figs. 1(e) and 1(f)], where the system
explodes into highly charged fragments. In nuclear fusion
driven by CE of molecular clusters, one removes as many
electrons as possible in an intense laser field before CE to
achieve �MeV fragmental kinetic energies. For example,
in heavy methane cluster (CD4) ionization, the highest
charge state of Cn� one achieves before CE becomes
important [20]. As the laser intensity is increased beyond
that shown for molecules in Fig. 1(a), it is not known
whether molecules will respond as independent ions or if
collective mechanisms like CE continue to play a dominant
role. Studies in molecules bridge a missing gap in ultra-
strong field interactions, which to date have been measured
in atomic systems, large clusters, and solid targets.

In this Letter, we report results for methane in linear
(LP) and circularly polarized (CP) light fields from the
onset of molecular ionization and CE to relativistic inten-
sities. The intensity dependent data characterize the fun-
damental ionization yield and mechanisms behind the
fragmental carbon ions from methane. Comparisons be-
tween fragmental ion production with LP and CP light
indicate a transition from a strong field molecular CE
response of methane to an atomiclike response in ultra-
strong fields. This experimental observation is corrobo-
rated by comparisons to (1) ion production from an
atomic carbon model and (2) the photoelectron spectra
expected theoretically for atomic carbon.

Our experimental apparatus [21] consists of terawatt
(90 mJ, 800 nm, 35 fs) and kilohertz (3 mJ, 790 nm,
45 fs) Ti:sapphire lasers, high resolution time-of-flight
ion and electron spectrometers, and a magnetic deflection

FIG. 1 (color online). Diatomic molecule and hetronuclear
cluster ionization showing progression from field (a),(b) to
enhanced or resonant ionization (c),(d) and CE (e),(f).
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electron spectrometer. The high intensity was created by
focusing the laser with an f=2:7 parabola in ultrahigh
vacuum. A skimmed, effusive molecular beam of methane
was crossed with the laser focus. In LP studies, the detector
was perpendicular (parallel) to the laser polarization for
ions (electrons). To eliminate mass degeneracies (e.g.,
12C4�:12CH3

5�) we used 13C and 12C. The data were
averaged into 10% intensity bins and each data point
represents typically three collections of 105 shots.
Ionization saturated in the collections between
104 ions=shot-torr and 105 ions=shot-torr. The intensity
is calibrated to 50% with measurements in krypton [4].

Figure 2(a) is a plot of the fragmental ion C2�, C3�, C4�,
and C5� yields from methane in LP light across approxi-
mately a factor of a million in intensity and 8 orders of
magnitude in signal. From the ‘‘knee’’ structure in the ion
yields below saturation, one can see the ionization does not
proceed from the detection threshold to saturation by a
simple rate. At lower intensities, an analysis of the data
shows the C3�:C2� ratio [Fig. 2(b)] is a constant 1:60 over
5 orders of magnitude in signal from 10�2 to
103 ions=shot-torr as the intensity increases from 1�
1014 W=cm2 to the saturation intensity of C2� at 7�

1014 W=cm2. Such correlation between fragmental ions,
whereby production saturates together and has the same
intensity dependence, strongly implicates a common
mechanism. Beyond C2� saturation, a second process
drives the C3�:C2� fragment ion ratio [Fig. 2(b)] up to
1:5 until C3� production also saturates at 5�
1015 W=cm2. Consistent with the CE observed in previous
studies [22–24], we, in fact, observe correlated production
among several fragmental ions (e.g., CH3

�, CH�, C�, and
C2�—not shown) for the ionization of methane from 1�
1014 W=cm2 to 7� 1014 W=cm2.

Moving to higher charge states, the C5� knee structure
spans from 1018 W=cm2 down to the saturation intensity of
C4� (7� 1015 W=cm2). Several processes may contribute
to this increased production including ionization [25]
through resonant excitation, field driven rescattering ion-
ization, and molecular mechanisms [Figs. 1(b) and 1(c)]. In
CP fields, photoelectrons are driven away from the parent
ion and mechanisms involving rescattering are greatly
attenuated. Likewise, resonant excitations (though less
likely to exist in ultrastrong fields) are affected by the laser
polarization. CE, on the other hand, does not exhibit drastic
sensitivity to the laser polarization since field ionization
[Figs. 1(a) and 1(b)] is a function of the field magnitude.

To discern between possible ionization processes, we
measured the carbon yields from methane in a CP field
(Fig. 3). For comparison, the data in Fig. 2 are shown in
Fig. 3 shifted by a factor of 1.4 to compensate for the lower
peak field with CP. Ignoring the intensity shift, the C2� and
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FIG. 2 (color online). C2� (�), C3� (�), C4� (�), and C5�

(�) fragments with error bars from methane in LP light with
calculated ADK (dashed lines) and total yields (solid lines) (a).
Photoelectron collection intensities are noted (*). Inset (b) is the
C3�=C2� production ratio (5).
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FIG. 3 (color online). C2� (�), C3� (�), C4� (�) C5� (�)
from methane in CP light with the ADK model (dashed lines)
and Fig. 2 LP yields (solid lines) of C2� (blue), C3� (light blue),
C4� (yellow), and C5� (dark yellow).

PRL 100, 183001 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
9 MAY 2008

183001-2



C3� yields for both polarizations are essentially the
same—eliminating rescattering ionization or resonant ex-
citation as a primary mechanism in the production of C2�

and C3�. Progressing to C4�, below 10 ion=shot-torr in
Fig. 3 the yield still exhibits structure indicating an ioniza-
tion mechanism that is not entirely rescattering. Closer
examination shows C4� from 1� 1015 W=cm2 to 5�
1015 W=cm2 is suppressed by a factor of 5 with CP when
compared to LP. This partial attenuation with CP indicates
the knee production of C4� is due to two processes: re-
scattering and a collective excitation molecular mecha-
nism, i.e., CE. Finally, for C5� the evidence of a second
rate giving rise to the knee structure is completely sup-
pressed production CP light down to the 50 ions=shot-torr
experimental limit. Within this limitation, the second com-
ponent in the LP C5� yield below 2� 1018 W=cm2 is
suppressed by a factor of at least 50 with CP light, impli-
cating the rescattering process.

Further insight on the interaction can be obtained from
the photoelectrons. Figures 4(a) and 4(b) show the mea-
sured photoelectron spectra from methane at 8�
1015 W=cm2 and 7� 1018 W=cm2 for LP light. The de-
crease in the lower energy part of the spectra is partly due
to the experimental collection. For Fig. 4(a) the collection
below 200 eV is attenuated by stray magnetic fields and in
Fig. 4(b) below 40 keV is limited by an aluminum filter
before the detector. We note the 8� 1015 W=cm2 collec-
tion is nonrelativistic and along E, 90� from the laser k
vector, while at 7� 1018 W=cm2 the interaction is relativ-
istic and collected 65� from k toward E.

To better understand the production of fragmental ions
from methane, we model field ionization, rescattering, and
the photoelectron spectra using a semiclassical 3D relativ-

istic model, described elsewhere [4]. Briefly, with the laser
and focus parameters from the experiment, the model
calculates field ionization using the tunneling ionization
rate of Ammosov, Delone, and Krainov (ADK) [15] while
approximating the carbon within methane as a free atom.
As we will show, this approximation works well for higher
charge states of carbon but does not address observations
for C� or C2� [26]. Following ionization, we use a trajec-
tory ensemble to simulate the tunneling photoionization
current, continuum dynamics, and rescattering of the pho-
toelectron. The calculated photoionization current from a
trajectory ensemble is shown in Fig. 5(a) as an example of
the evolution and Lorentz deflection at 1017 W=cm2 along
the laser propagation direction (z) as a function of the time
(t) after ionization until rescattering with the parent ion.
Despite the 2 nm deflection away from the parent ion
shown, the photoionization wave packet spread of
�8 nm still allows rescattering to occur.

The impact ionization cross sections used to calculate
rescattering are given in Figs. 5(b) and 5(c). These cross
sections, when multiplied by the rescattering flux from the
photoionization current, give our calculated �e; ne� rate.
�e; 2e� and �e; 3e� cross sections were obtained from ex-
periments [27] and the Born-Bethe scaling law [4].
Excitation cross sections [27] were included for C3� and
C4� assuming they lead to prompt ionization. We note
while �e; ne� cross sections for methane ions have not
been measured, the cross section for neutral methane to
form C� is�20% of the C to C� cross section [28]. Since
the molecular bond influence on carbon is minimized for
tightly bound electrons, the atomic rescattering approxi-
mation is expected to be most valid for C4� and C5� with
impact energies above 100 eV.

The calculated total yields with LP, obtained by integrat-
ing the ionization rates over the laser pulse duration and
laser focal volume, are plotted with the data in Fig. 2. As
one can see in Fig. 2, the C3�, C4�, and C5� yields from
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FIG. 4 (color online). Photoelectron spectra (�) at 8�
1015 W=cm2 (a) and 7� 1018 W=cm2 (b) with the atomic theory
(line) and error.

FIG. 5 (color online). Photoelectron current (C4� at
1017 W=cm2) from ionization (0.2 fs) to rescattering (1.5 fs),
an arrow indicates Lorentz deflection (a). Cross sections with
error bars for �e; 2e� (b) and �e; 3e� (c) in C� (blue), C2� (light
blue), C3� (yellow), and C4� (dark yellow) and excitation (b) in
C3� (black) and C4� ( gray).
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methane agree well with the atomic carbon ADK near
saturation. The deviation between the theory and the
experiment for C2� near and above saturation
(> 104 ions=shot-torr) is due to the fact that this ioniza-
tion proceeds by molecular tunneling [22–24]. The struc-
ture in the intensity dependent ion yields and deviations
from the tunneling rate below saturation requires rates
orders of magnitude greater than field ionization to begin
to compare with the observed yields. With regard to this
‘‘nontunneling’’ yield below 103 ions=shot-torr, the
atomic model accounts for between 1% and 2% of the
measured C2�, C3� and C4� from methane in a LP field,
which is consistent with the ionization for these species
tied primarily to molecular mechanisms. On the other
hand, where the C5� cross-shell ionization extends from
the valence L shell to inner shell K electrons, the model
accounts for 60% (9� 1015 W=cm2) to 15% (1:5�
1018 W=cm2) of the observed yields. Agreement of the
rescattering ionization model with measured C5� ion
yields, coupled with the CP suppression, indicates C5�

ionization is atomic tunneling near saturation and involves
cross-shell rescattering ionization [4] below saturation. As
shown in Fig. 2, C5� appears at 7� 1015 W=cm2 where
the fragmental ion yields of C3� and C4� above saturation
are in agreement with ADK.

A final analysis of the photoelectron spectra corrobo-
rates the ionization findings. Calculated photoelectron
spectra with relativistically correct photoelectron propaga-
tion [29] are in excellent agreement [Fig. 4(b)] with our
ultrastrong field experiments up to the rest mass of the
electron. The dip at 150 keV not observed in the experi-
ment may be attributed in part to the limited experimental
energy resolution (�E=E � 0:3), an oversimplification of
the ADK model, or a deviation of the laser spatial mode
from a perfect focus [29]. Overall the agreement between
the data and atomic model, which essentially represents the
ionization of C5� in Fig. 4(b), substantiates the production
of highly charged C5� fragmentation with an atomiclike
response rather than molecular. For completeness, we show
in Fig. 4(a) the model results at lower intensities. The lack
of agreement is most obvious for the keV energy photo-
electrons in the experiment but lacking in the theory.
Though one may suspect the intensity calibration, the
disagreement is beyond the expected 50% uncertainty
from the intensity calibration and the upper limit has al-
ready been used in the calculations. Some disagreement
between the atomic carbon model and experiment is not
unexpected since the formation of C4� involves both mo-
lecular and atomic mechanisms.

In conclusion, we address how ionization proceeds for
molecules in strong, nonrelativistic and ultrastrong, rela-
tivistic fields. We show C2� ion from methane is produced
through a molecular response; however, as one proceeds to
C3� and C4� ions and the removal of the last two valence

electrons, the ionization evolves from molecular mecha-
nisms to an atomic response. Finally, for the ionization of
the inner shell, the C5� ions from methane are produced
from an atomiclike response in an ultraintense field, in-
cluding cross-shell rescattering ionization and a photoelec-
tron spectrum in agreement with an atomic model. These
results show atomic processes play a significant role in the
production of highly charged fragmental ions beyond CE.
Additional studies are underway to understand how this
may be generalized to larger, nonsymmetric molecules.
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