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Ultrastrong Field Ionization of Nen� �n � 8�: Rescattering and the Role of the Magnetic Field
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Ne� to Ne8� ionization yields in 1014 W=cm2 to 1018 W=cm2 laser fields are reported over a 109

dynamic range. A 3D relativistic rescattering model incorporating �e; 2e� and �e; 3e� electron impact
ionization, single- and double-excitation is compared to the data. For double ionization the agreement is
excellent; however, for higher charge states the model accounts for only 15% of multielectron non-
sequential ionization. Rescattering is not affected by the laser magnetic field until 1017 W=cm2.
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Atomic ionization and radiation processes in strong
fields have remained at the forefront of time resolved
dynamics and laser science for the past 15 years. Recent
interest has focused on quantum [1] and classical mecha-
nisms [2] behind multielectron, multiphoton ionization and
the new area of attosecond science [3,4]. These studies,
which often address multielectron nonsequential ionization
(NSI) [5] and high harmonic generation (HHG) [6], in-
volve a field driven rescattering mechanism. As the field
increases, higher charge states, relativistic effects, and the
laser magnetic field (Blaser) will affect NSI, HHG, and
rescattering physics. This Letter begins to address these
topics with a precision, ultrahigh field ionization experi-
ment and relativistic, semiclassical ionization and rescat-
tering model.

Rescattering [7] occurs when a photoelectron, which is
oscillating in the continuum with the laser electric field
(Elaser), is driven back toward the parent ion. For laser
intensities from 1013 W=cm2 to 1015 W=cm2, inelastic
rescattering between the photoelectron and the parent ion
may result in collisional ionization (NSI) or radiation
(HHG). Two-electron NSI has been observed [8] to exceed
by 105 the expected doubly ionized species from a sequen-
tial ionization (SI) mechanism, in which the laser field
ionizes the atom one electron at a time. Recent theoretical
[9–12] and experimental efforts have made significant
progress towards understanding two-electron NSI mecha-
nisms including resonantly enhanced multiphoton ioniza-
tion [13,14] and rescattering impact excitation and
ionization [15].

Beyond two-electron NSI of the neutral atom, multi-
electron NSI has been reported [16] but is not well under-
stood at this time. Fully differential rates for the
multiphoton ionization of ground state Ne [17], correlated
electron emission measurements for multiphoton double
ionization [18], and ion momentum measurements [19]
indicate rescattering is likely to become a dominant NSI
mechanism in ultrahigh fields with high charge states.
Chowdhury [20] and Dammasch [21] measured multielec-
tron ionization from 1015 W=cm2 to >1017 W=cm2 and
found NSI decreased at higher intensities. Diminished NSI
was at first believed to result from a reduction in rescatter-
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ing due to the Lorentz force on the photoelectron. In the
‘‘Lorentz force paradigm,’’ Blaser and the significant photo-
electron velocity force the rescattering into the laser propa-
gation direction (k̂ � v̂� B̂) and away from the parent
ion. As we will show, Blaser does not play as large of a role
as previously expected and there are outstanding questions
on the mechanisms behind rescattering and ionization in
the ultrahigh intensity regime.

This Letter presents experimental and theoretical results
on Ne ionization in the nonrelativistic strong field (v=c �

0 and ~p � ~k � 0 for the photoelectron) and ultrastrong field
regime (v=c � 0 and ~p � ~k � 0). The division between
these two regimes occurs at about one atomic unit for the
laser field (3� 1016 W=cm2). Though our model and data
agree for Ne double ionization, a discrepancy with high
charge states indicates an additional mechanism is present
involving doubly excited states. We show the Lorentz force
is important only as the intensity reaches 1017 W=cm2.

The experimental apparatus consisted of a chirped pulse
regenerative amplifier, a terawatt multipass amplifier and a
time-of-flight ion spectrometer. A regenerative amplifier
gave a 5.5 mJ output with 1.6% energy fluctuations at a
repetition rate from 10 to 1000 Hz [22] and created in-
tensities up to 1017 W=cm2. The terawatt multipass ampli-
fier (10 Hz) created intensities up to 1018 W=cm2 and
produced 250 mJ with 4.5% energy fluctuations. The laser
pulse was 40	 5 fs in duration, had a center wavelength of
780 nm and a TEM00 [23] spatial mode. A f=2 off-axis
parabola in vacuum focused the laser into an effusive Ne
beam. The ion spectrometer analyzed the ions every shot.
The intensity dependent ionization of the Ne valence shell
is shown in Fig. 1. The data is averaged into 10% intensity
bins; typically each data point represents three indepen-
dent, million shot collections. The laser intensity is cali-
brated to an accuracy of 50% with linearity better than
20%. The ion signal error bars are estimated to be a factor
of 2. Fluctuations in the ion yield between collections are
shown in Fig. 1 for several data points.

The SI component of the yield is calculated here using a
tunneling ionization model by Ammosov, Delone and
Krainov (ADK) [24]. Briefly, ADK is the nonrelativistic
field ionization rate of the outermost electron in an atom or
3-1  2005 The American Physical Society



PRL 94, 243003 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
24 JUNE 2005
ion by tunneling through the Coulomb barrier suppressed
by Elaser. The SI yield, obtained by spatially and tempo-
rally integrating the ADK rate over the experimental pulse,
is shown in Fig. 1. ADK and our measurements agree for
yields from 104 ions=�shot torr� to 108 ions=�shot torr�.
For Ne7� and Ne8� the data agrees with ADK over the
full experimental dynamic range. Small fluctuations in the
curves above ionization saturation—i.e., Ne3� and Ne8�

yields >106 ions=�shot torr�—are within the measure-
ment uncertainty. Ionization yields for Ne5� are measured
with 22Ne5� to avoid 16O4� from the water vacuum back-
ground. Prominent NSI for Ne2�, Ne3�, Ne4�, and Ne5� is
apparent in Fig. 1 by the deviation from the SI yield for ion
yields <104 ions=�shot torr�. One may see from the yield
of Ne4�, NSI exceeds not only the SI yield of the final
species, i.e., Ne4�, but also of the preceding charge state
Ne3�. Furthermore, at 2� 1015 W=cm2, well below the
saturation intensity of Ne2�, NSI is prominent in Ne3� and
Ne4�. In these studies, electron processes beyond simple
�e; 2e� impact ionization or impact excitation of a singly
FIG. 1 (color online). Experimental (circles) Ne� to Ne8� (left
to right) yields with ADK (dashed line) and our calculation
(solid line). Data fluctuations (bars) and calculated extremes
(shaded) are shown for Ne3�, Ne5�, and Ne7�. Extremes are
only slightly larger than the line width for Ne3� and Ne7�.
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excited state must be involved since the NSI is correlated
with SI of the prior two charge states.

To calculate NSI, we have used a semiclassical 3D
relativistic, rescattering model. In the model we treat the
first ‘‘step’’ of the ionization nonrelativistically using
ADK. The second rescattering step uses a 3D ensemble
of 
103 classical trajectories to model the photoelectron in
the continuum whenever the ADK rate is significant. The
initial trajectory ensemble coordinates are the outer point
of the tunneling barrier with a transverse probability dis-
tribution matched to the ADK rate. The ensemble is also
given a transverse momentum [25] (�p?

2 � Elaser=
����������
2VIP

p

in atomic units where VIP is the parent ion ionization
potential) so the ensemble spreads in time as expected
for a quantum photoelectron. The trajectories are calcu-
lated by numerically solving the relativistic equation of
motion with the force given by F � q�Elaser � Eion� �
qv�Blaser, where Eion is the field from a central, soft-

core ion potential with charge Z, Vion�r� �

Z=
�������������������������������
r2 � �Z=2VIP�

2
p

.
Figure 2(a) is a trajectory ensemble for the photoioniza-

tion of Ne7� at 1017 W=cm2. (Only 
50 trajectories are
shown projected onto the plane containing Elaser (x axis)
and the propagation direction k (z axis).) In Fig. 2(b) the
trajectories are binned to illustrate how the classical tra-
jectory ensemble generates a rescattering flux comparable
to a quantum photoelectron. The role of the Lorentz force
on the rescattering photoelectron can be seen in Figs. 2(a)
and 2(b) when the photoelectron returns to the parent ion
(t � 96 a:u: in the figure) and has been deflected by
150 a.u. along z. Despite this, the large wave function
spread (also of order 150 a.u. in Fig. 2(b)] allows some
rescattering to still occur.

The rescattering flux is used with the field free electron
impact cross sections to quantify the impact ionization and
FIG. 2 (color online). Ne7� photoionization trajectory
ensemble (a) and flux for t � 25 au (d), 75 au (c), and
96 au (b) after ionization.
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excitation. We have reduced the available data by fitting to
a Lotz’s cross section [26] � � a ln�E=VIP��
�1 b exp�c�E=VIP  1���EVIP�

1 where a, b, and c
are fit parameters. The impact ionization cross sections
used in this work are given in Figs. 3(a) and 3(b). For
Ne2�, Ne3�, Ne4�, where �e; 3e� cross sections are not
known, we scaled available �e; 3e� cross section data from
isoelectronic species [27,28] using �Ne � f�E=VIP;iso��
�VIP;iso=VIP;Ne�

2, where �Ne is the scaled cross section for
Ne with a threshold of VIP;Ne and f�E=VIP;iso� is the cross
section of an isoelectronic ion with its energy dependence
E scaled to its threshold VIP;iso [29,30]. Because scaled
isoelectronic �e; 3e� cross sections are within 25% of the
measured cross sections for Ne�, Ne5�, and Ne6� we
believe the scaled Ne2�, Ne3�, and Ne4� cross sections
have a similar accuracy [31–34]. Representative error bars
are shown in Fig. 3 for several of the cross sections. Use of
field free �e; ne� impact ionization cross sections is ex-
pected to give an error of less than 20% when compared to
cross sections in a strong laser field [35]. Impact excitation
cross sections [Figs. 3(c) and 3(d)] used in this study were
taken from data for Ne4�, Ne6�, and Ne7� [32]. Ne�,
Ne2�, Ne3� and Ne5� excitation cross sections were ob-
tained by scaling isoelectronic cross sections of nearby
species O, P, C, N, and Al [32,36–38]. The largest excita-
tion cross sections from the ion ground states were in-
cluded in this study: Ne� (2s12p62S, 2s22p43s2P, and
4P), Ne2� (2s12p53P and 2s22p33s3S, 2p6), Ne3�
FIG. 3 (color online). Impact cross sections for �e; 2e� (a) and
�e; 3e� (b) ionization along with single-excitation (c) and double-
excitation (d). Initial states are [top to bottom in panel (a)] Ne2�

(black), Ne3� (blue), Ne4� (light blue), Ne5� (yellow), Ne6�

(dark yellow), Ne7� (brown), and Ne8� (gray).
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(2s12p44P, 2s22p23s4P, and 2p52P), Ne4� (2s2p33P and
3S, 2p43P), Ne5� (2s2p22P and 2D, 2s23d2D, 2p32D, and
2P), Ne6� (2s2p1P, 2s3d1P, and 2p21D), and Ne7� (2p2P,
3d2D). Excitation is included in the model under the
assumption it leads to prompt ionization.

Our calculated total ionization yield, including SI and
rescattering NSI, is shown in Fig. 1. For the double ion-
ization of Ne, the model accounts for the observed NSI and
SI (Fig. 1). This result can be compared to studies of He
[15] where a similar physical model has been able to
reproduce NSI. For higher ionization processes Ne3� and
Ne4� our model accounts for 15% of the measured NSI,
i.e., a seven-fold under representation of NSI from 2�
1015 W=cm2 to 3� 1015 W=cm2. For higher charge states,
�e; 3e� and doubly excited states give rise to a larger
component of NSI than �e; 2e� ionization and one-electron
excitation processes. Because NSI for Ne3� and Ne4�

follows the Ne� and Ne2� yields, respectively, the most
probable explanation requires an additional doubly excited
state mechanism, such as rescattering ionization of an atom
with trapped population in Rydberg states [39] (Ne�
n %h! ! Ne�� � e � n0 %h! ! Ne�3 � 3e where Ne��

is excited state Ne�), or ‘‘chain’’ rescattering of NSI (Ne �
n %h! ! Ne� � e � n0 %h! ! Ne�2 � 2e � n00 %h! !
Ne�3 � 3e), which are not included in our model.

For Ne5�, the difference between experiment and theory
varies and the agreement is good for NSI yields near
1 ion=shot torr in Fig. 1. NSI of Ne5� and Ne6� is near
the transition point (
 3� 1016 W=cm2) between the
strong and ultrastrong field and additional dynamics in-
volving Blaser may play a role. As the intensity is increased,
NSI may be at the edge of the experimental sensitivity for
Ne6�. NSI is not observed in Ne7� or Ne8�. In our calcu-
lations, NSI in Ne8� is 109 of the SI yield at saturation.

The lack of measured cross sections and uncertainties
among existing data makes it more difficult to accurately
model Ne than, for example, He. The maximum and mini-
mum extreme yield from the calculation due to cross
section uncertainties and experimental fluctuations are
shown in Fig. 1 as a shaded region for Ne3�, Ne5�, and
Ne7�. The maximum was calculated using a 60 fs pulse
and the largest cross section allowed by the error bars
(Fig. 2). The minimum was calculated using a 25 fs pulse
and the smallest cross section allowed. The discrepancies
between the model and NSI in Ne3�, Ne4�, and Ne5�

cannot be explained by these uncertainties.
One of the outstanding questions in ultrastrong fields is,

‘‘When is Blaser a significant part of the excitation or
ionization physics?’’ Fig. 4(b) presents the results of our
calculation with and without Blaser. One can conclude from
Fig. 4 that NSI for Ne7� and Ne8� will be overestimated if
one ignores Blaser. Above 1017 W=cm2, the difference due
to the magnetic field is expected to be an order of magni-
tude for Ne8�. However, the calculated Ne6� yields at 2�
1016 W=cm2 with or without Blaser are equivalent. This
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FIG. 4 (color online). Ne� to Ne7� rescattering fluence (a) and
Ne3� to Ne8� yields (b) calculated with (solid line) and without
(dashed line) Blaser.
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means the decrease in the NSI due to rescattering observed
in Fig. 1 below 1016 W=cm2 is due primarily to the de-
crease in the collision cross sections shown in Fig. 3 and
not Blaser.

The decrease of �e; ne� NSI at 1017 W=cm2 due to Blaser

is the result of the Lorentz deflection of the rescattering.
Figure 4(a) shows the decrease in the rescattering flux at
the parent ion nucleus (origin) as a function of intensity in
absolute units. The calculation was done at the saturation
intensity for the Ne charge states. In Fig. 4(a), the rescat-
tering flux significantly drops above 3� 1016 W=cm2.
This decrease in rescattering should also become apparent
in HHG beyond 3� 1016 W=cm2.

In conclusion, as one moves from the strong field into
the ultrastrong field regime the NSI in Ne decreases by 104.
The yields of Ne� and Ne2� are well represented by a
model using an ADK ionization rate for SI and impact
ionization and excitation cross sections for NSI. Ne3�,
Ne4�, and Ne5� ionization yields require interactions be-
yond �e; 2e�, �e; 3e� and impact excitation of primary
single- and double-excited states. An additional doubly
excited state or chain NSI rescattering mechanism is re-
quired to explain the increased yields of NSI in Ne3� and
Ne4�. The experimental yields of Ne7� and Ne8� agree
with a sequential ADK model over the dynamic range. The
decrease in the NSI yield from Ne2� to Ne8� is primarily
the result of smaller impact cross sections for higher
charged ion states. Our calculations indicate the Lorentz
deflection of the photoelectron will begin to suppress
rescattering at intensities of 1017 W=cm2.

This material is based upon work supported by the
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