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Comparison of soft-x-ray spectra from optical-field-ionized plasmas generated with linearly
and elliptically polarized femtosecond laser pulses

Georg Pretzler and Ernst E. Fill
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany

~Received 20 March 1997!

We compare x-ray spectra from optical-field-ionized plasmas generated by linearly and elliptically polarized
250-fs Ti:sapphire laser pulses. The experiment demonstrates the difference in the spectra resulting from the
different electron temperatures under these two conditions. To avoid high-density effects such as electron
heating, collisional ionization, or ionization defocusing the plasmas are generated under well-controlled con-
ditions in a low-pressure gas cell. For the gases investigated~He, N2,O2, and CH4) a significantly higher x-ray
intensity is observed for elliptically than for linearly polarized light on the majority of lines. This finding is in
accord with general theoretical expectations and with the result of simulations. However, for linear polariza-
tion, anomalies occur in the relative line intensities of several lines. Possible mechanisms responsible for this
effect are discussed.@S1063-651X~97!05108-8#

PACS number~s!: 52.50.Jm, 32.30.Rj, 42.65.Re
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I. INTRODUCTION

At intensities above 1015 W/cm2 multiply charged ions
are generated directly by the optical field and not by elect
collisions as in usual laser plasmas. This effect, known
optical-field ionization~OFI!, has been under intense inve
tigation during recent years. The interaction is governed
the Keldysh parameter@1#

g5~Uq/2Up!1/2, ~1!

whereUq is the ionization potential of the atom or ion wit
a charge stateq21, Up5E2/4v2 is the ponderomotive po
tential of the electrons oscillating in the light field, an
Eandv are the field strength and the light frequency, resp
tively. Atomic units are used for all quantities. Forg,1 one
has ionization in the tunneling regime and OFI can be
scribed quasistatically using Ammosov-Delone-Krainov@2#
~ADK ! or barrier suppression ionization@3,4# ~BSI! models.

The observed experimental parameters, in particular
generated ionic states, are, in general, quite well predicte
theory @3,5,6#. The simplest theoretical description, the B
model, asserts that ionization into a charge stateq occurs
instantaneously if a threshold intensity

I th5Uq
4/16q2 ~2!

is exceeded.
Experiments extracting ions from the interaction volum

are carried out at very low pressure and thus plasma eff
are irrelevant. The situation is quite different for experime
in which x rays from OFI plasmas are recorded, since a h
enough signal is usually only obtained at gas densities
ceeding 1018 cm23and therefore high-density effects such
heating of the electrons by inverse bremsstrahlung or sti
lated Raman scattering considerably alter the plasma co
tions after the initial ionization. In addition, many of th
experiments detecting x rays are carried out by focusing
optical pulses into gas jets, resulting in effects due to cl
tering @7–12#. A further complication, ionization defocusing
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n
s

y

-

-

e
by

ts
s
h
x-

u-
di-

e
-

arises from the refractive index gradient due to a vary
degree of ionization across the beam@13,14#.

Because of these complications a difference in the x-
spectra under illumination with linear and elliptical polariz
tion has, to our knowledge, not been observed. From th
retical considerations, however, the x-ray spectra gener
under these two conditions should show significantly diff
ent features resulting from the different electron tempe
tures after field ionization: According to the model of Co
kum, Burnett, and Brunel@15#, electrons are generated with
very low velocity after tunneling and thus linear polarizatio
should result in a low electron temperature due to the ph
shift of p/2 between the field and electron velocity. On t
other hand, for elliptical polarization there is a field comp
nent perpendicular to the component extracting the elec
that is in phase with the electron velocity and therefore
generated electrons should acquire an energy given app
mately by the ponderomotive potential. The possibility
control the electron temperature of the plasma by chang
the ellipticity of the optical pulse has important cons
quences for OFI x-ray lasers using recombination or elect
collisional pumping@16–21#.

FIG. 1. Experimental setup for recording x-ray spectra fro
low-density OFI plasmas.
2112 © 1997 The American Physical Society
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II. EXPERIMENT

In this paper we demonstrate that x-ray spectra from lo
density OFI plasmas are distinctly different for linear a
elliptical light polarization, as expected from the differen
in the electron temperatures. Results showing spectra o
trogen only have been reported elsewhere@22#. In the experi-
ment soft-x-ray spectra from OFI plasmas are recorded at
densities considerably lower than those used previously.
experimental arrangement is shown in Fig. 1. Ti:sapph
laser pulses~200 mJ in 250 fs at 10 Hz, 790 nm! were fo-
cused into a cell containing the gas under investigation~He,
N2, O2, and CH4)at various pressures around 1 mbar. A
intensity of 331016 W/cm2 was obtained in the focal region
With such an intensity the BSI model predicts fully stripp
helium as well as heliumlike nitrogen and carbon to be g
erated. For oxygen ionization stages up to Be-like are
pected.

To avoid absorption of the generated x rays in the resid
gas a differential pumping section was used between the
cell and the spectrometer. The spectrometer consisted
transmission grating~5000 lines/mm! with a 50-mm slit par-
allel to the grating lines and an x-ray charge coupled dev

FIG. 2. Measured x-ray spectra of a helium plasma produced
optical-field ionization by elliptically and linearly polarized 250-
laser pulses focused into 1 mbar of He.

FIG. 3. Soft-x-ray spectra from optical-field-ionized nitrogen f
elliptical and linear polarization at 1 mbar of N2. Main Li-like lines
(N41): ~a! 2s-5p, ~b! 2s-4p, ~c! 2p-5d, ~d! 2p-4d, ~e!
2s-3p, and ~f! 2p-3d. Other significant lines are from Be-like
ions ~N31).
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~CCD! as the detector. A 0.1-mm beryllium filter transmitted
soft x rays and rejected visible stray light.

To generate elliptically polarized light a low-order reta
dation plate consisting of a 0.2-mm-thick quartz platelet w
inserted into the beam. The maximum ellipticity~defined as
the ratio of minimum to maximum electric-field amplitude!
induced by the plate was 0.65.

Time-integrated spectra obtained for the gases inve
gated, using linear and elliptical polarization, are shown
Figs. 2–5. To get a sufficiently high number of counts 60
shots were accumulated on the CCD. The spectra are
rected for the transmission of the beryllium filter and of t
gas between the laser plasma and the detector, a small
rection in all cases.

As expected from the BSI model, the spectra exhibit lin
emitted from H-like He, Li- and Be-like N and C, and Be
and B-like O ions. The effect of the ellipticity of the lase
pulse is quite significant, with the majority of the lines sho
ing considerably higher intensity with elliptical than wit
linear polarization. This demonstrates, using x rays, that
liptical polarization results in a higher electron temperatu
and hence in a more efficient excitation than the linear
larization.

y FIG. 4. Soft-x-ray spectra from optical-field-ionized oxygen f
elliptical and linear polarization at 1 mbar of O2. Main lines: ~a!
O41 2p-5d, ~b! O41 2p-4d, ~c! O31 2p-5d, ~d! O41 2p-3d, ~e!
O31 2p-4d, and~f! O31 2p-3d.

FIG. 5. Soft-x-ray spectra from optical-field-ionized CH4 for
elliptical and linear polarization at 1 mbar. All labeled lines a
from Li-like C31: ~a! 2s-5p, ~b! 2s-4p, ~c! 2p-5d, ~d! 2p-4d, ~e!
2s-3p, and ~f! 2p-3d. Arrows mark the peak of the emission fo
elliptical polarization.
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We note that the ratio of intensities at the lines emit
from different ionization stages~e.g., Li-like vs Be-like lines
in nitrogen and carbon! is not indicative of the electron tem
perature as in collisionally dominated plasmas, but refle
essentially the relative volume in which the intensity is a
propriate to generate the relevant ionization stage. In f
at the densities of our experiments recombination a
ionization rates are so low that the different ionic stag
evolve essentially independently from each other. This
true for linear as well as elliptical polarization, as can
quantified by evaluating, for example, the ionization ra
from Be-like to Li-like nitrogen. The rate coefficients fo
ionization, interpolated from data tabulated by Lotz@23#, are
2.1231029 cm3/s at an electron temperature of 85 eV a
1.9310211 cm3/s at 15 eV~these are the initial electron tem
peratures obtained from the simulations; see Sec. III belo!.
At an electron density around 231017 cm23 ~correspond-
ing approximately to the conditions for our spectra at 1 m
of N2) this results in ionization rates of 4.23108 and
3.83106 s21 for the two cases. Recombination rates are
ders of magnitude lower. Thus the time to reach ionizat
equilibrium by electron collisions is much too long to be
significance in our experiment.

The pressure dependence of selected emission line
nitrogen is displayed in Fig. 6. It is shown that for the ma
N41 resonance lines the dependence on pressure is app
mately quadratic up to 1 mbar. This proves that at th

FIG. 6. Li-like nitrogen soft-x-ray emission as a function
pressure in the gas cell. The diagram compares linear with ellip
polarization for~a! N41 2p-3d and ~b! N41 2p-4d.
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densities the observed spectra are optically thin excita
spectra since under this condition the excited-state pop
tions are proportional to ion density times electron density
spectrum arising from three-body recombination would
sult in a third power density dependence. Radiative reco
bination can also be ruled out since its rate is much too
to be of significance at the densities in question.

For linear polarization the dependence of the emission
pressure is somewhat below a quadratic one. This indic
that at the low electron temperatures involved effects ot
than electron collisions come into play for generating exci
species~see the discussion at the end of Sec. III!.

An unexpected anomaly was observed for linear polari
tion, viz., several transitions originating from high-ener
levels show a stronger emission with linear than with ell
tical polarization. This applies in particular to the Lyb line of
He1 and to 2p-4d and 2p-5d in Li-like carbon and nitro-
gen ~see Figs. 2, 3, and 5!. This feature was found to be
independent of the orientation of the linear polarization v
tor with respect to the direction of observation. From Fig
it can be seen that the anomalous emission is most
nounced at the lowest pressure~0.3 mbar!. It gradually dis-
appears at pressures above 2 mbar.

III. SIMULATIONS

Simulations of the experiments were carried out for h
lium and nitrogen using a collisional radiative code that tak
into account levels of relevant ionization stages. The co
calculates time-dependent level populations and spe
emitted from a plasma specified by a particular initial con
tion. Hydrodynamic expansion is taken into account
means of a self-similar model@24#. The initial conditions
~electron temperature, electron density, and ionic ab
dances! were calculated by integrating ADK rates of th
various ionization stages over a sin2 pulse with a full width at
half maximum of 250 fs. The electron temperatures w
spatially averaged over the plasma volume, a procedure
tified by the short thermal diffusion times at low electro
density. Electron temperatures of 24 and 124 eV were ca
lated for helium in the case of linear and elliptical polariz
tions. The corresponding temperatures for nitrogen were
and 85 eV. Note that the definition of temperature is an
proximation since the initial electron energy distributions a
non-Maxwellian and electron-electron relaxation times are
the order of 100 ps.

From the temperatures quoted above one can readily
that the x-ray line emission for both materials should
significantly higher for elliptical data than for linear pola
ization. For the main ionic emitters the electron temperatu
for linear polarization are below the energy of the first res
nance level, whereas for elliptical polarization they are co
siderably above that value. Consider the Lya emission of
hydrogenic helium: Compilations of experimental and the
retical data for the 1s-2p excitation ~which dominates the
1-2 excitation! show that the collision strength increases
most linearly with increasing impact electron energy, resu
ing in an excitation cross section that is fairly independen
the electron energy up to at least 200 eV@25,26#. Multiply-
ing the cross section by the electron velocity and integrat
over a Maxwellian distribution results in excitation rate c

al



ra

ti-
s

bo
n
id

lli
a

,

in

a
c

te
e

-
re
l-

ar
o
la
at
o
a
a

th
m
d
n

o
pr
o

l re-
he
res-
x-

pen-
po-

e-
plot-
he
are
3
re

ci-
he
lts

han

ee
i-
sig-
se
n

om
ng
rom
h

ird
ex-
aling
h
eu-
ic

ross

at
an
t-
er
lse
xe-

m
d
o

s.
two

56 2115COMPARISON OF SOFT-X-RAY SPECTRA FROM . . .
efficients that increase monotonically with electron tempe
ture. Specifically, the 1s-2p excitation rate coefficient is
1.431028 cm2/s at 24 eV and 1.231027 cm3/s at 124 eV
and thus the excitation rate is significantly higher for ellip
cal than for linear polarization. Note that the values of the
coefficients cannot be directly related to the Lya intensities
in the spectra since the electron temperatures quoted a
represent only the initial conditions for the plasma evolutio
Both the electron density and temperature decrease rap
after the initial ionization.

For nitrogen the situation is similar, except that the co
sion strength increases somewhat more slowly with incre
ing electron energy. We use the data of Ref.@27# ~which are
given for 8<Z<92) and extrapolate them slightly toZ
57. Taking the strong 2p3/2-3d5/2 excitation as an example
the collision strength is 1.64 at 53.2 eV~close to threshold!
and 2.18 at an electron energy of 90 eV. The correspond
cross sections are 9.2310218 cm2 and 7.2310218 cm2, re-
spectively. Evaluation of excitation rate coefficients for
Maxwellian distribution yields a temperature dependen
that is still dominated by the exponential factor in the in
gral, in spite of the slight falloff of the cross section at high
electron energies. Specific values for 2p3/2-3d5/2 excitation
are 2.7731029 and 4.831028 cm2/s at electron tempera
tures of 15 and 85 eV. We note again that these values
resent only the initial conditions immediately after optica
field ionization.

Figure 7 shows simulated spectra for nitrogen, which
temporally and spatially integrated. The entire radiating v
ume is included in the simulated emission. For linear po
ization the volume in which ions are Li-like is somewh
larger than for elliptical one due to the higher peak value
the field and the strong nonlinearity of the ionization rate
a function of the electric-field strength. The spectra are c
culated as being optically thin, an assumption justified by
increase in the effective ion temperature due to a Coulo
explosion@28–30#. In comparing the results for linear an
elliptical polarization one sees that the simulations, with
adjustable parameters, predict a ratio of Li-like 2p-3d emis-
sions for the two cases approximately as experimentally
served. The absolute number of the emitted photons
dicted by the simulations is within an order of magnitude

FIG. 7. Simulated time-integrated soft-x-ray spectra fro
optical-field-ionized nitrogen under conditions of elliptically an
linearly polarized laser pulses. The line labels correspond to th
in Fig. 3. For details on the simulations see the text.
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the experimental one. Other features of the experimenta
sults are also verified by the simulations, specifically t
quadratic increase of the generated line intensities with p
sure for elliptical polarization. Similar agreement with e
periments is obtained for the helium simulations.

The code results can be used to establish the time de
dence of the emission. Figure 8 shows the simulated tem
ral dependence of the emission on the 2p-3d line of Li-like
nitrogen for linear and elliptical polarization. The corr
sponding time-dependent electron temperatures are also
ted into the figure. It is obvious that the rise times of t
emission under the two conditions are quite similar and
given essentially to be the radiative decay time of thed
level ~24 ps!. The decay times of the emission, however, a
different since they reflect the decay of the collisional ex
tation rate due to adiabatic cooling of the electron gas. T
higher electron temperature at elliptical polarization resu
in a faster expansion and thus in a higher cooling rate t
for linear polarization.

For both helium and nitrogen the simulations fail to agr
with experiment for the lines originating from higher princ
pal quantum numbers since they do not reproduce the
nificantly stronger emission with linear polarization on tho
lines. The origin of this effect is not clear at the moment. A
opacity effect can be ruled out since in this case the 2p-3d
line should show a quite different density dependence fr
the 2p-4d line. The same applies to an explanation invoki
an enhanced three-body recombination rate resulting f
the non-Maxwellian electron energy distribution, whic
would result in an increase of the emission with the th
power of the density. A charge-exchange reaction into
cited states has been discussed in a previous paper de
with nitrogen only@22#. However, in the case of helium suc
an explanation is not feasible since charge transfer from n
tral helium into bare nuclei to form an excited hydrogen
state would be strongly endothermic and thus has a low c
section.

A hint of a possible mechanism is given by the fact th
the time-resolved helium emission was reported to exhibit
initial spike @31#. This observation had been tentatively a
tributed to an initial excited-state population in helium aft
field ionization. Excited-state populations after short-pu
multiphoton ionization have been observed previously in

se

FIG. 8. Time-resolved emission on 2p-3dof Li-like nitrogen for
elliptical and linear polarizations obtained from the simulation
The temporal dependence of the electron temperature under the
conditions is also plotted.
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2116 56GEORG PRETZLER AND ERNST E. FILL
non @32#. The population of excited states during field io
ization is conceivable by collisions of the electrons with t
original nucleus@33,34#, an effect that is only possible fo
linear polarization. The observation that the anomaly
comes less pronounced at higher density is consistent
this explanation since the probability of the electron to ret
to the nucleus is reduced. Note that this effect results i
linear dependence of the emission on pressure.

An attempt to use the concept of initially excited states
improving the match between simulated and experime
spectra for linear polarization is shown in Fig. 9. For gen
ating this spectrum the initial condition of the OFI plasm
was altered by assuming for the initial Li-like ion populatio
an excitation temperature equal to the ponderomotive po

FIG. 9. Attempt to improve the agreement between experim
tal and simulated nitrogen spectra for linear polarization by mo
fying the initial excitation temperature of the ions. An excitatio
temperature of 600 eV is assumed for the initial Li-like nitrog
population. To allow a better comparison the spectra are norma
at the Li-like 2p-4d emission. The simulated spectrum is latera
displaced by 0.2 nm for clarity of presentation.
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tial. The exact value of that temperature was found to be
critical. It is seen that the agreement with experiment is c
siderably improved, but the 2p-4d to 2p-3d ratio is still not
as high as the experimental one. Arbitrarily reducing the i
tial population in 3d would result in even better agreemen
but is hard to justify theoretically. Further experimental a
theoretical studies are required to clarify the mechanism
volved.

IV. CONCLUSION

We have shown that x-ray spectra from low-dens
optical-field-ionized plasmas exhibit features characteri
of the ellipticity of the pulse generating the plasma. Fo
variety of ions the x-ray spectra obtained with elliptical
polarized optical pulses are considerably more intense t
the ones with linearly polarized pulses. This observation is
keeping with the theoretical expectation of a considera
higher electron temperature at elliptical polarization taki
into account that a pure excitation spectrum is observe
the low densities used in the experiment. Simulations of
experiment assuming initial conditions obtained by AD
theory agree with many of the experimental features.
anomaly is seen in the spectra with linear polarization, v
transitions originating from high principal quantum numb
states are enhanced. This effect is not reproduced by
simulations. The fact that the anomaly is also observed
helium excludes an explanation invoking a charge-excha
reaction. A clarification of the effect is expected from futu
investigations.
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