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lonization of many-electron atoms by ultrafast laser pulses with peak intensities
greater than 10'° W/cm?
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We report on the superstrong field ionization of complex rare ga@g®n, krypton, and argdmy 800-nm,
10-Hz laser pulses of 25-fs duration with a peak intensity greater th&\W@n?, whose electric field well
exceeds the Coulombic binding field in strength. We observed charge states as higff'askx®", and
Ar*®" which correspond to Ni-like Xe, Cl-like Kr and He-like Ar, respectively. We compared integral ionic
charge state yields of these atoms with those results from the Ammosov-Delone-Krainov model. We found that
ionization at a given intensity depends on the atomic species in the fully relativistic field for the first time to our
knowledge.
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Production of highly charged ions via laser-matter inter-relativistic laser-atom interactions has been carried out, a fur-
actions has been a subject of great interest ever since higher study of the interaction of radiation at the intensity of
power laser sources became available. Over the last two dever 13° W/cn? with various complex atoms provides a
cades a number of groups has studied the interaction &nowledge of fundamental properties of atoms and ions un-
strong laser fields with atoms in the regime from multiphotonder such extreme conditions, as well as solutions to control
to tunneling ionizatior{1]. In the tunneling regime, ioniza- these new physical effects for potential applications, such as
tion of atoms exposed to the strong laser fields has beetie generation of Larmor radiatid®], ultrahigh-order har-
investigated extensively for many atomic gases in the intenmonic generatiofil0], particle acceleratiofill], and optical
sities ranging from 1% to 10'® W/cn? [2-5]. Nowadays, field ionization x-ray laserf12].
the evolution of reliable, ultrafast, chirped-pulse- In this paper we report on optical field ionizations of com-
amplification (CPA) technologies has allowed systems to plex rare gas atoms exposed to super-intense 800-nm, 10-Hz
produce 10-fs-range, multiple-terawatt peak power pulsefaser pulses of 25-fs duration. We have studied multiple ion-
[6]. Such lasers can access to focused peak intensities fations of three rare gasé€Xe, Kr, and Ap and observed
107° W/en? at 36 000 shots per hour. These intensities corcharge-states as high as®e, Kr'®", and A" at a laser
respond to 60 times the field binding the ground state eledntensity of up to~3x 10" W/cn? in vacuum. We have
tron in the hydrogen atom, and inner shell electrons forcompared integral ionic charge state yields of these atoms
heavy(high z) atoms cannot be held within the atomic cen- with those results from the ADK modgl3]. We found that
ter. At such intensities the electron velocity in the laser fieldthe ionization of many-electron atoms is dependent both on
also becomes relativistic. Thus the free electrons move &he ionization potential and on the atomic species in the fully
close to the speed of light and their mass changes dramatielativistic field. It is suggested that the nonrelativistic ADK
cally compared to their rest mass. Consequentially, it is nowunneling ionization theory is still valid to describe the bulk
possible to study the ionization dynamics of the atoms inof the ion yields of various complex atoms even in the rela-
entirely new regimes. tivistic regime.

Recently, the ionizations of rare gas atoms were studied in To perform an ultrahigh-field atomic phtoionization ex-
a laser intensity range from ¥0to 10'° W/cn? at different  periment, we used a state-of-the-art 100-TW, 20-fs, 10-Hz
laboratories. Chowdhurgt al. have compared the measured Ti:sapphire CPA laser system which is capable of producing
ion yields for A°®*-Ar1®" with the results form the nonrel- focused laser intensity up to ¥ow/cn? [14]. In this experi-
ativistic Schalinger equation, WKB and ADKAmmosov- ment, the maximum energy and the pulse duration were mea-
Delone-Krainoy tunneling ionization modelg7]. They con-  sured to be 530 mJ and 25 fs, respectively. The diameter of
cluded that the observed ionization rates are in goodhe focal point of the attenuated laser beam was analyzed by
agreement with the calculated ones using these three ratemn objective lens associated with a CCD camera. Using an
Dammaschet al. have obtained indirect evidence for sup- off-axis parabolic mirror with a focal length of 161 mm, we
pression of nonsequential multiple ionization of Xe in theobtain a spot diameter of 1&m at 1£% with 53% of full
relativistic laser field 8]. It was expected to occur due to the energy, which corresponds to the estimated peak intensity of
relativistic forward drift of the ionized electron, and there- 2.6x 10'° W/cn?. The intensity calibration measured with
fore the electron loses the parent ion and no rescattering withe photoionization of helium was also performed. The dis-
occur. Since a very small number of experimental studies ofrepancy in the values of the intensities between them is less

than +15%. A signal-to-background intensity contrast ratio
was also measured to be approximately 4@t a time scale
*Email address: yamakawa@apr.jaeri.go.jp of =2 ns. 500 and 75-1 molecular turbo pumps in series are
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— ok T o T 'Xem 'xgv" ] tunneling regime. In the nonrelativistic tunneling regime, the
% xe'”* ADK model provides a relatively fit to sequential ionization
2 30F \ Xe'™ . rates of atoms. In order to clarify the ionization dynamics of
3 sok . / | the different atomic species in the fully relativistic laser field,
T X we first compare the integral ionic charge state yields of Xe,
.c%’ 10k . Kr, and Ar with those results from the ADK model. Although
< no attempt was made to evaluate the ADK model to apply to
=0 the various complex atoms into the relativistic regime, our

6 10 M 12N b 14 y experimental data will provide an important step towards
ass Number (m/z) improving our understanding of the superstrong field ioniza-
tions of the atoms.
X | In order to compare between the experimental and theo-
retical charge ion vyields, we will follow Chowdhurst al.,
- who characterized the degree of agreement between them for
highly charged argon ionf7]. We calculate the minimum
sum of square differences between the experimental values
xe 4 obtained at the intensity of 2610'° W/cn? and the calcu-
h S;J lated yields at the various intensities betweenxi10'® and
2 ‘ L 3.0x 10" W/cn? for Xe, Kr, and Ar, respectively. In the
5.0 5.5 6.0 6.5 7.0 calculation, we assume that the focused laser beam is a
Mass Number (m/z) Gaussian spatial profile with a squared hyperbolic-secant
FIG. 1. Time-of-flight ion mass spectrum of xenon at the Iasertlr.ne. envelope. Smcg all the ions discussed here produce
intensity of 2.6¢<101° W/cn?. The gas pressure was below 1 within the _sl|t tha_t mitigates the volume effects at the larger
x 10~7 Torr. The appearance of &f is due to the result of mixed f'ind Iower-lnt_ensny regions, thes_e effects were already taken
gases in order to determine the relative laser intensities among tHBto _account in the ADK Cal(_:u'at'on' . .
gases. Figure 2 shows the experimental and calculated ion yields
in the case of best agreements, far Xel’* to Xe?®*, (b)
used to evacuate the ionization chamber to a backgroundr’®*" to Kr®", and(c) Ar®* to Ar'®", respectively. No
pressure below 810 ° Torr. Rare gases such as Xe, Kr, Xe?*", Arl®" and At>" are observable due to the presence
and Ar were introduced into the chamber with a precisionof O°**, O**, and G&* from residual ionized KO in the
leak valve. Gas pressures in the chamber were controlledacuum chamber. Large differences between the experiments
typically below 1x10 7 Torr in order to reduce space and calculations for A" and Krf®" may be due to the in-
charge and collective effects. The ion species are separatadequacy of the ADK rates since binding potentials between
with a 1-m time-of-flight(TOF) mass spectrometer and de- the charge states 8 and 9, and 18 and 19 are so large. As
tected with dual microchannel plat@dCP9. The spectrom- shown in Fig. 2, the best agreement between the experimen-
eter was designed to resolve the isotope structure of neutrédl and theoretical yields occurs at the theoretical laser inten-
Xe. An adjustable slit with a width of 30@m was placed sities of 3.5< 10, 4.1x 108, and 1.3< 10'° W/cn? for Xe,
between the acceleration grids and the MCP detector on thi€r, and Ar, respectively. The calculated intensity disagrees
central axis of the flight tube in order to detect the ionswith the experimental one for Ar by a factor of 2, while a
produced in the highest intensity focal region while eliminat-comparison between the theoretical intensities from the ADK
ing the lower charged ions and embarrassing noise produceatodel and the experimental ones for Kr and Xe shows rather
by ionizing contaminants in the large focal volume and low-poor agreement. As a result, the model derived the peak in-
intensity region. Each data run consists of 3000 laser shotgnsities vary by a factor of 3.7. We emphasize that we re-
with the laser energy-fluctuations of less than 5%, which wapeated the measurements for several times and saw no dis-
not accessible by using the large-scale, single-shot per houternible changes in the relative intensities between all these
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high-intensity Nd:glass CPA lasers. atoms, which means that the disagreements are due to some
Figure 1 shows the typical TOF mass spectrum of Xe ionghysical differences in the ionization processes.
produced at the laser intensity of up to 2.60*° W/cn?. As In 1989, Augstt al. found that the appearance intensity is

shown in Fig. 1, the charge states up to*®Xe which corre-  dependent both on the ionization potential and on the atomic
sponds to Ni-like Xe have been observed. The appearance epecied3]. The appearance intensity is defined as the inten-
Ar®* is due to the result of mixed gases in order to determinesity at which a small number of ions are produced on a
the relative laser intensities among the gases. As for Kr angarticular charge state. It was observed that there was sys-
Ar, the charge states have also been detected as high astE®natic lowering of the appearance intensity with increasing
and 16, which corresponds to Cl-like Kr and He-like Ar, atomic number. Considering the situation of our results, we
respectively. These are the highest charge states produced fist predicted the saturation intensities on each charge state
the collisionless ionization of these atoms to our knowledgeof the three rare gases by the ADK model. The saturation
It should be noted that all the charge states were produced intensity is where the growth in the ion-yield curve levels off
the regime ofy<1 (Keldysh y parameter[15], which indi-  to a 3/2 power law in intensity. We use the saturation inten-
cated that we performed the experiment exclusively in thesity instead of the appearance intensity, since the saturation
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FIG. 3. Calculated saturation intensity vs ionization potential for
three rare gas atoms.

threshold is independent of the gas pressures and therefore
eliminates an experimental uncertainty somewhat. Figure 3
shows a plot of the calculated saturation intensities for the
each charge state of ions of the three rare gases versus the

: - ionization potential. The saturation intensities of Xe, Kr, and
10" ' Experiment Kr . . Ar shown in Fig. 3 separate into a group of curves. The

i i curves of smaller atomic numbers lie above those of larger
atomic numbers. This ordering means that the laser fields
remove electrons from higher valence shells more easily than

—o- ADK (sequential)

Relative lon Yield Kr™/Kr'>*

10%F 4.1x10" W/em* E from lower valence shells for a fixed ionization potential.
F L Loy ] Because the ion yields of X&, Kr'®" and Af>" are close
13 14 15 16 17 18 19 to or above saturations at the highest laser intensities, the
lonic Charge State saturation intensities of these charge states were calculated to

be 3.2x10'8, 5.0x 10, and 1.0< 10'° W/cn?, respectively.
1 T T T T T T 1 Across all the three rare gases the calculated peak intensities
E is differ by a factor of 3.1, indicating a validation of relative
agreement between the experimental data and the calculated
yields as shown in Fig. 2.

The ADK model is based on a quasi-classical ac-tunneling
theory. The rate of tunneling ionization of the complex atoms
in a linearly polarized field with the effective principal quan-
tum numbem*, the orbital quantum numbéry and the mag-
netic quantum numben is given by[14]
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FIG. 2. Multiply charged ion yields fofa) xenon,(b) krypton,
and(c) argon obtained at a laser intensity of 2.60'° W/cn?. The ~ wherew, is the atomic unit of frequency¥, is the electric
closed and open circles are the experimental and calculated resulfigld of the laser in atomic unitE; is the atomic ionization
respectively. The laser intensities obtained from the numerical calpotential, and the effective principal quantum numbér,
culation based on the Ammosov-Delone-KraindDK) model, in and the factord andC are given by
which the best fits to the experimental data, by calculating the mini-
mum sum of squares differences, are also indicated. The experimen- 7
tal points shown in each figure are normalized to the calculated * =
Arlt Kri%* and Xé%" yields, respectively. n (2E)M* @
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21+ 1) (1+|m))! currently underway to measure a forward electron momen-
f(l,m)= 2T Ty 1 (1 — )T (3 tum due to the relativistic quiver motion and kinetic energy
' ' of electrons[16] and relativistic high-order harmoni¢40]
and in a superstrong laser field. Although our calculations ignore
. nonsequential ionization procesg&s17—-19, more detailed

[ 2e . 1 investigations are also in progress by measuring the ion

Crw= n*) (2mn*)12 (4) yields as a function of laser intensity and comparing these

results with the ADK model.
whereZ is the charge of the ion. It is known form E€f) In conclusion, we have studied tunneling ionization of

that the species dependence of the ionization rates to be @mplex rare gas atontXe, Kr, and Aj by using a 100-TW,
dependence on the effective principal quantum numbeof  20-fs, 10-Hz Ti:sapphire laser system. Highly charged ions
the valence shell from which the electrqn is _removed. Thisyg high as X&*, Kr'%, and A% have been observed at a
dependence on the quantum numbg&rarises in the com-  |5ser intensity up to 22610 W/cn?. We have found that
plex atoms because the rate at which an atom or ion 10niz€g,¢ jonization of many electron atoms at a given intensity is

in the model depends not only on the ionization energy of th%ependent both on the ionization potential and on the atomic

gclnencsfir;gn?%\t/itﬁli%roenx tgﬁﬁ'{gﬂil sc,iﬁtae glfthtgj (halsvce}rggl. Iéo'ﬁg,pecies in the fully relativistic field for the first time to our
) Ith our experime ’ 9 y CC knowledge. Furthermore, laser peak intensities can be rea-
sider tunneling ionization in the frame of nonrelativistic

guantum mechanics. It is therefore suggested that the nonre onably determined by using a nonrelativistic ADK model

ativistic ADK tunneling ionization theorv is still valid to de- €VE" in the relativistic field. The experimental data presented
. 9 : y here will provide an important step towards improving our
scribe the bulk of the ion yields of various complex atoms

even in the relativistic regime. Though our result shows tha nderstanding of the atoms and ions exposed to relativistic
L e gime.. gh our re ; aser fields. The study presented in this paper should also
the initial ionization process is nonrelativistic even in the

relativistic field, an ejected electron should obtain the rela—Iead to a better understanding of relativistic plasmas of at-

S - | . . oms, molecules, and clusters in all of their complex interac-

tivistic energy in the final continuum state that is on the order. .
; : tions for future studies.

of its rest energync®. For example, the ponderomotive en-

ergy of the free electron is on the order of 1 MeV at a laser The authors acknowledge T. Utsumi for his computational

intensity of over X 10*° W/cn?, and therefore the electron support and T. Kimura, T. Tajima, and Y. Kato for their en-

velocity becomes fully relativistic. Further experiments arecouragement.
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