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Relativistic laser-field-drift suppression of nonsequential multiple ionization
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We have studied the multiple ionization of Xe with intense laser pulses. For the highest intensities, and,
concomitantly, the highest ionic charge states, there is only evidence of sequential and not of simultaneous
multiple ionization. The multiple-ionization rate below saturation is greatly reduced, compared to the theoret-
ical predictions based on nonrelativistic multiple-ionization models. Since simultaneous multiple ionization
requires the return of the first ionized electron to its parent atom, our results show suppression of this return.
This suppression is expected to occur due to the relativistic photon momentum imparted by the laser field, as
seen in simulations of relativistic classical trajectories.
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Atomic ionization dynamics at laser intensities belo
1016 W/cm2 with laser pulses in the femtosecond regime h
been extensively investigated over the past years~see, for
example,@1#!. A single active electron-tunneling formula de
scribes very well the single electron ionization process@2#.
The strong doubly and multiply charged ion yields measu
for atomic systems in strong laser fields below the satura
intensity result from a nonsequential ionization proce
which is by orders of magnitude larger than the sequen
one @3#. The experimental data are fairly well understood
terms of a rescattering model@4#, which provides an intuitive
qualitative picture of the ionization mechanism: the fi
electron, set free by tunnel ionization under the influence
the external harmonic field, returns to the core to knock
the second electron. More recently, very detailed differen
measurements on the momentum distribution of the ions@5#
have been explained as well on the basis of this model@6#.

At low laser intensity, and for laser wavelength long co
pared to the typical dimensions of the atomic system,
usually can use the dipole approximation in the descript
of the laser-atom interaction. This approximation amounts
neglecting the spatial variation of the laser field, and con
quently its magnetic-field component plays no role.

The engineering of short pulse lasers with powers as h
as 100 TW and intensities of over 1019 W/cm2, allows for
the study of ionization dynamics in a new regime@7–9#.
When the particles are accelerated to relativistic speed,
magnetic-field component of the laser is no longer ne
gible, causing an average drift momentum of the photoe
tron in the propagation direction. In the context of hig
frequency adiabatic stabilization, this drift has be
discussed in theoretical investigations to lead to the even
suppression of stabilization at high laser intensities@10#. In
the context of multiple ionization, this drift can lead to
reduced nonsequential ionization probability simply due
the fact that the rescattered electron misses the core. S
larly, in the context of harmonic generation@11#, the har-
monic yield is reduced due to the same reason. No meas
ments giving evidence of this relativistic suppression ha
been presented yet, to our knowledge, but there have b
first ion yield measurements in Ar at relativistic laser inte
sities @9#.
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By observing the ejection angle of electrons obtain
through ionization of Ne up to 81 and Kr up to 111, this
drift has been measured@12#. It was seen that the electron
are ejected preferentially at an angle smaller than 90 ° w
the laser propagation direction; this angle was smaller
larger ionic charge states and laser intensities. The res
could be modeled quantitatively on the basis of simple cl
sical trajectories.

In the present Rapid Communication, we give indire
evidence of this relativistic forward drift of the ionized ele
trons, by a measurement of the multiple-ionization yield
very high charge states of Xe at intensities well below sa
ration of the multiple ionization.

The measurements have been performed with laser l
from the MBI high intensity laser facility. This light is
guided through vacuum tubings into the target UHV cha
ber. The UHV vacuum chamber with a background press
of about 531029 mbar is separated from the beam gui
vacuum tubings by a 0.5-mm thick quartz plate. The lig
beam, 5 cm in diameter, is focused by means of an f/
off-axis parabola between two field plates, 1 cm apart. M
tiply charged ions are extracted through an opening in
field plate by applying a constant electric field of a few hu
dred volts per centimeter. The ions are accelerated towar
multichannel plate detector and are mass and charge sele
by their time of flight ~TOF mass spectrometer!. The spec-
trometer is operated in the ion counting mode. The atom
target is provided by filling the chamber with Xe gas to
given pressure. To reduce the detected effective interac
volume, we have the possibility to move a slit with a wid
of 0.3 mm over the opening in the field plate. The light ex
the chamber through a glass port and is further analyzed
respect to pulse energy and pulse duration. The latter on
performed using a background free autocorrelator. Typ
laser beam parameters are about 600-mJ pulse energy,
pulse duration, and an estimated focus spot sizew0 of
12 mm, which gives a maximum intensity of about
31018 W/cm2 in the focus.

In Fig. 1 we show a TOF spectrum giving the differe
ionization stages of Xe at a pressure of 731028 mbar after
irradiation with a laser pulse of about 1018 W/cm2. Data
have been collected over 1024 shots. The spectrum has
been corrected for detection efficiency, which is expected
©2001 The American Physical Society02-1
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FIG. 1. Xe ion yield differen-
tiated into charge states by TOF
The inset shows the complet
spectrum, ranging from Xe21

down to Xe211, leftmost.
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change noticeably between highest and lowest charge st
but not significantly between the charge states 14 and
The five most abundant isotopes of Xe for each charge s
are clearly resolved. Drops can be observed in the ion yie
between the charge states 8 and 9, and between 18 an
These drops are due to electronic shell closing@13#, namely
main quantum number 5 at charge 8 and the 4d subshe
charge 18, causing a large increase in binding potential~see
also Table I below!. The highest charge state clearly visib
in this spectrum is Xe201; the ion yield cuts off at Xe211 and
no Xe221 is visible. From this we obtain immediately
rather accurate idea of the laser intensity, assuming tha
laser intensity corresponds to the classical-field-ionizat
threshold of the highest observed charge state Xe201. By rule
of thumb, ionization of a species bound with energyE in a
Coulomb field of nuclear chargeZ, appears around the criti
cal ~barrier suppression! field strengthFC5E2/4Z ~in atomic
units, a.u.!. For ionization of Xe191, we obtain FC
55.74 a.u., corresponding to a laser intensity of 1

TABLE I. Ionization stages of Xe. Eion : ionization energy to
reach charge state,n1 from the initial charge state (n21)1. FC

5Eion
2 /4Z, where Z5n: critical field for this ionization~namely

from charge stagen21 to n). Dp52/a5Eion
3/4/A21/2Z: momentum

width of the resulting ionized wave packet.pi : transverse initial
momentum leading to a trajectory returning to the origin, for st
phase 9 °.

n1 Eion FC Dp 2pi

15 13.2 2.88 1.50 4.3
16 14.3 3.21 1.55 5.3
17 15.5 3.52 1.59 6.2
18 16.6 3.83 1.63 7.3
19 20.2 5.36 1.84 13.3
20 21.4 5.74 1.87 14.9
21 22.7 6.14 1.91 16.8
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31018 W/cm2. Consequently, the ion yield of Xe201 is close
to saturation, within the focal volume of highest intensitie

In Fig. 2 we compare the integral ionic charge state yie
with the results from two different theoretical calculation
For these calculations, we solve rate equations connec
the various charge states. The laser pulse duration and
intensity distribution in the focused laser beam are taken
account@14#. In the calculations, the single electron ioniz
tion rates for the processes Xen1→Xe(n11)1 are estimated
using the Ammosov-Delone-Krainov~ADK ! tunneling for-
mula @2#. The results labeled ‘‘sequential’’ are computed u
ing only these rates. The ‘‘simultaneous’’ results include a
ditionally nonsequential rates. As a simple approximati

FIG. 2. Multiply charged ion yield for Xe at a laser intensity o
about 1018 W/cm2. The solid black circles give the experiment
results~the uncertainty in y direction is smaller than the circle r
dius, even for the 211 result!. The lighter circles connected b
lines give the results from numerical simulations using rate eq
tions, at peak intensity 1.5731018 W/cm2. The ‘‘simultaneous’’ re-
sults include nonsequential multiple-ionization rates, the ‘‘sequ
tial’’ ones do not.
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we have chosen an empirical formula@14,15#, which has
been found to be valid over a wide range of intensities
charge states up to Xe101 @16#. We do not require a high
accuracy of the formula: the only requirement is that
nonsequential probability strongly exceeds the sequen
one for charge states whose ionization is not saturated.
experimental points are normalized to the theoretical Xe141

yield, set arbitrarily to 1. All three sets of results are in go
agreement up to and including charge state 20. An excep
is state 18, for which the calculation overestimates the
perimental result: the enhancement is due to the 4d s
closing~see above!, and the discrepancy may originate in a
inadequacy of the ADK rates used@17#, which manifests
particularly for closed shell ionization.

That there is hardly any difference between the ‘‘sequ
tial’’ and the ‘‘simultaneous’’ results is simply due to satur
tion: the dramatic difference between the two multiple io
ization pathways~usually several orders of magnitude! is
only apparent when the lower charge state is not comple
ionized @3#. Thus, the additional simultaneous rates enha
the yields of Xe201 and Xe211, and consequently reduc
slightly the final yield of Xe191. Our principal result, how-
ever, is the one for the highest charge state, Xe211. Here, the
experimental results clearly point towards the sequen
rather than the simultaneous results, indicating the supp
sion of nonsequential multiple ionization.

In order to quantify relativistic effects, we perform a cla
sical relativistic trajectory calculation for the ionized ele
trons in the combined presence of the laser field and
Coulombic field of the core. Consider an electron set free
tunnel ionization at timet5t0 and at positionx5x0 , y
5y0 , z5z0 with initial velocity vx0 , vy0 , vz0. It is then
accelerated by a plane-wave harmonic laser field w
y-component vector potentialA(x,t)5A0sin(v(t2x/c)2f),
so that the electric field isE(x,t)5E0 cos(v(t2x/c)2f). The
wave is polarized in they direction and the propagation o
the field is in x direction. Furthermore, we also include
static Coulomb potential, with chargeZ. It turns out that for
the Xe201 results, the Coulomb potential refocusing@18#
plays no important role since we consider only the first
turn. Typical trajectories are depicted in Fig. 3. T
quantum-mechanical wave packet released by the field f
the atom has a position width and concomitant momen
spread, and we model the initial conditions by a correspo
ing classical ensemble.

The initial distribution of positions and momenta of th
wave packet is determined by tunneling@2,18,19#. Thus, we
choosey0 around the end of the classical tunnel,y05yT
5uEu/F and x0 around 0. The spatial 1/e-half-width a in
direction transversal to the E-field direction of the probab
ity flux emerging around the end of the classical tunne
given bya25\2k/(mF). Here\ andm are the usual quan
tities (51 in a.u.!, F is the ~static! field strength, andk
5A2muEu/\, with E the~unshifted! binding energy. The mo-
mentum distribution in the transverse direction is the~2D!
Fourier transform of the spatial wave function, and theref
half of the 1/e width in transverse momentum is equal to 1/a.
It is this transverse momentum spread that leads to
spreading of the wave packet, during its excursion.
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In accord with the rescattering model@4,18#, we then cal-
culate the fraction of electrons from this initial ensemble th
returns close to the core, within a given radiusr 0, in order to
strongly interact with one of the remaining electrons to ca
double ionization, within one field period. The radiusr 0 is
determined by the typical binding radius of the outer co
electrons and, to a lesser extent, by the energy-depen
e-2e scattering cross section@20#. This leads to a range o
initial conditions,x0 , y0 , z0 , vx0 , vy0 , vz0, all depending
on the initial timet0 ~or the corresponding initial phasef of
the laser field!. Just as for the nonrelativistic case, ifvy0
50, only trajectories with initial time such that the fiel
phase att0 is between 0,f,p/2 can return to the core
Since the radiusr 0 is very small, the range of initial condi
tions that allows return is very narrow. The results from t
trajectory calculation for an electron ionized from Xe191 are
depicted in Fig. 4.

Since the field strength att0 determines the first electron’
tunnel ionization probability, this cuts off the allowed initia
times exponentially around approximately 30 °. Since
particle must return to the origin with sufficient energy, t
return energy~not shown! suppresses the probabilities clo
to phase 0. The main point is now that the starting mom
tum in direction opposite to the laser propagation direct
must be between 1 and 0.4 times its peak value over
range of start times allowed. The peak value of this init
momentum, required to balance the relativistically induc
drift momentum, is 17.7 a.u. for the case of Xe191 consid-
ered in Fig. 4. The momentum width of the initial electron
wave packet set free from Xe191 is, however, 1/a
5@(21.4)1/2/5.7# (21/2)50.94 a.u. Comparing with the result
of Fig. 4, we find that the required initial momentum for th
electron to return close to the core is about a factor of
larger than the 1/e-half-width of the momentum distribution
Thus the return probability is suppressed by several order
magnitude compared to a nonrelativistic calculation witho
the magnetic-field drift.

FIG. 3. Representative classical relativistic trajectories for
electron in the field of a Xe201 nucleus (Z520) and a plane-wave
field of peak strengthF55.7 a.u. ~intensity 1.231018 W/cm2),
wavelength 800 nm. The initial position is (x,y)5(0,22) and the
initial velocity is vy50 andvx given by the numbers next to th
trajectories. The trajectories are shown over approximately ha
period of the laser field and the initial timet0 is such that the
particle is set free at a phase of the fieldf518 °.
2-3
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Table I gives an overview of the typical parameters
Xen1 charge states fromn515 to n521. For each charge
state, the ionization energy from the previous (n21) charge
state is given, together with its critical field strength and
resulting tunnel ionized wave packet’s tranverse momen
spread. The momentum required to balance the relativ
drift is given aspi , computed for start time at phase 9°
the field, giving 95% of the maximum momentum, as sho
in Fig. 4. Due to the different scaling ofDp and2pi with n,

FIG. 4. Classical trajectory calculation results for ionizati
Xe191→Xe201 and return to the Xe201 core. Solid line: required
initial momentum2mvy0 in the field propagation direction, as
function of the initial phase of the field at ionization timet0. Dashed
line: tunnel ionization probability. The curves have been scaled
at their peak values.
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the shell jump fromn518 to n519 boosts their ratio by
almost a factor of two, making the relativistic suppression
return probability apparent. It must be noted that the veloc
of the electron at the field strengths presented here n
becomes strongly relativistic, staying below 0.75 °C. T
drift effect is a consequence of the magnetic componen
the laser field.

Concluding, we have obtained indirect evidence for t
suppression of nonsequential multiple ionization in very
tense laser fields. This suppression appears for~i! sufficiently
intense fields and~ii ! sufficiently highly charged ionic spe
cies. The highly charged ions can survive to experience
high laser fields and their ionization must be well below t
saturation in order to exhibit the nonsequential ionizat
effects. In our case, this has been observed in the ioniza
yield of Xe for the charge state 211. In fact, it is hard to
disentangle this relativistic drift suppression from other fa
tors such as change in ionization rates with laser intensity
ionic charge state. In order to observe the reduction in n
sequential multiple ionization, it is important to measure t
ion yields at laser intensities below saturation of the ioni
tion. The suppression of nonsequential ionization is int
preted in terms of the relativistic drift acquired by the io
ized electrons from the laser. Further experiments will
performed to extend the data to a range of intensities
further charge states.

We are grateful to Wilhelm Becker for helpful discussio
and we thank M. Kalashnikov and V. Karpov for running th
laser system. This work was supported by the Deutsche
schungsgemeinschaft.
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