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Comparison of soft-x-ray spectra from optical-field-ionized plasmas generated with linearly
and elliptically polarized femtosecond laser pulses
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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 investigatedN,, O,, and CH) 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 discusseflS1063-651X97)05108-9

PACS numbgs): 52.50.Jm, 32.30.Rj, 42.65.Re

[. INTRODUCTION arises from the refractive index gradient due to a varying
degree of ionization across the befh3,14.
At intensities above 18 W/cn? multiply charged ions Because of these complications a difference in the x-ray

are generated directly by the optical field and not by electrorspectra under illumination with linear and elliptical polariza-
collisions as in usual laser plasmas. This effect, known asion has, to our knowledge, not been observed. From theo-
optical-field ionization(OFI), has been under intense inves- retical considerations, however, the x-ray spectra generated
tigation during recent years. The interaction is governed bynder these two conditions should show significantly differ-
the Keldysh parameté] ent features resulting from the different electron tempera-
tures after field ionization: According to the model of Cor-
kum, Burnett, and BrunglIL5], electrons are generated with a
very low velocity after tunneling and thus linear polarization
2002 . should result in a low electron temperature due to the phase
a charge statg—1, Up,=E%/4w" is the ponderomotive po-d shift of #/2 between the field and electron velocity. On the

tential of the electrons oscillating in the light field, an o o . )
Eandw are the field strength and the light frequency, respecpther hand, for elliptical polarization there is a field compo-

tively. Atomic units are used for all quantities. Fgr 1 one nent.pe'rpendicular to the component e?(tracting the electron
has ionization in the tunneling regime and OFI can be dethat is in phase with the electroq velocity and therefore the'
scribed quasistatically using Ammosov-Delone-Krainay generated electrons should_acqwre an energy given approxi-
(ADK) or barrier suppression ionizati¢8,4] (BSl) models. ~Mately by the ponderomotive potential. The possibility to
The observed experimental parameters, in particular theontrol the electron temperature of the plasma by changing
generated ionic states, are, in general, quite well predicted bifpe ellipticity of the optical pulse has important conse-
theory[3,5,6]. The simplest theoretical description, the BSI quences for OFI x-ray lasers using recombination or electron
model, asserts that ionization into a charge stateccurs  collisional pumping16—-21].
instantaneously if a threshold intensity

y=(Uq2Up)*, @

whereUy, is the ionization potential of the atom or ion with

X-ray CCD

lin=Ug/16q° 2 slitand
transmission
is exceeded. grating
Experiments extracting ions from the interaction volume
are carried out at very low pressure and thus plasma effect:slit
are irrelevant. The situation is quite different for experiments (150 km x 3 mm)
in which x rays from OFI plasmas are recorded, since a high
enough signal is usually only obtained at gas densities ex-
ceeding 18° cm 3and therefore high-density effects such as
heating of the electrons by inverse bremsstrahlung or stimu-
lated Raman scattering considerably alter the plasma condi
tions after the initial ionization. In addition, many of the |
experiments detecting x rays are carried out by focusing the
optical pulses into gas jets, resulting in effects due to clus- FIG. 1. Experimental setup for recording x-ray spectra from
tering[7—-12. A further complication, ionization defocusing, low-density OFI plasmas.

differential pumping sector

f/ 10 lens
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FIG. 2. Measured x-ray spectra of a helium plasma produced by FIG. 4. Soft-x-ray spectra from optical-field-ionized oxygen for
optical-field ionization by elliptically and linearly polarized 250-fs e'L'E“Cm and “nei‘i polarization 3351 mbar sz-o'\ﬂfln lines: (a)
laser pulses focused into 1 mbar of He. O™ 2p-5d, (b) O™ 2p-4d, (¢) O°" 2p-5d, (d) O™ 2p-3d, (¢)

0% 2p-4d, and(f) 0% 2p-3d.

IIl. EXPERIMENT (CCD) as the detector. A 0.1sm beryllium filter transmitted

In this paper we demonstrate that x-ray spectra from lowSOft X rays and rejected visible stray light.

density OFI plasmas are distinctly different for linear and To gelnerate e!lipticaII%/ pglgrized Iri?hli a Iow-orlderlretar-
o N - ation plate consisting of a 0.2-mm-thick quartz platelet was
elliptical light polarization, as expected from the d'fference'pserted into the beam. The maximum ellipticigefined as

in the electron temperatures. Results showing spectra of n he ratio of minimum to maximum electric-field amplit)de
trogen only have been reported elsewH&d. In the experi- induced by the plate was 0.65.

ment soft-x-ray spectra from OFI plasmas are recorded at gas Time-integrated spectra obtained for the gases investi-

densities considerably lower than those used previously. Th&ated, using linear and elliptical polarization, are shown in

experimental arrangement is shown in Fig. 1. Ti:sapphiretigs 2_5. To get a sufficiently high number of counts 6000
laser pulse200 mJ in 250 fs at 10 Hz, 790 nmwere fo-  ghots were accumulated on the CCD. The spectra are cor-
cused into a cell containing the gas under investigatié®,  rected for the transmission of the beryllium filter and of the
N, O, and CH)at various pressures around 1 mbar. Angas between the laser plasma and the detector, a small cor-
intensity of 3x 10 W/cn? was obtained in the focal region. rection in all cases.
With such an intensity the BSI model predicts fully stripped  As expected from the BSI model, the spectra exhibit lines
helium as well as heliumlike nitrogen and carbon to be genemitted from H-like He, Li- and Be-like N and C, and Be-
erated. For oxygen ionization stages up to Be-like are eXand B-like O ions. The effect of the ellipticity of the laser
pected. pulse is quite significant, with the majority of the lines show-
To avoid absorption of the generated X rays in the residughg considerably higher intensity with elliptical than with
gas a differential pumping section was used between the gaigear polarization. This demonstrates, using x rays, that el-
cell and the spectrometer. The spectrometer consisted of |gtical polarization results in a higher electron temperature

transmission grating5000 lines/mmwith a 50um slit par-  and hence in a more efficient excitation than the linear po-
allel to the grating lines and an x-ray charge coupled devicgarization.
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FIG. 3. Soft-x-ray spectra from optical-field-ionized nitrogen for ~ FIG. 5. Soft-x-ray spectra from optical-field-ionized Clfor
elliptical and linear polarization at 1 mbar o, NMain Li-like lines elliptical and linear polarization at 1 mbar. All labeled lines are
(N*"): (@ 2s-5p, (b) 2s-4p, (c) 2p-5d, (d) 2p-4d, (¢)  from Li-like C®": (a) 2s-5p, (b) 2s-4p, (c) 2p-5d, (d) 2p-4d, ()
2s-3p, and (f) 2p-3d. Other significant lines are from Be-like 2s-3p, and(f) 2p-3d. Arrows mark the peak of the emission for
ions (N3%). elliptical polarization.
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(@) N 4+, 2p-3d e densities .the observed_ spectra are optica!ly thin excitation
1000 / spectra since under this condition the excited-state popula-
1 —@— elliptic R tions are proportional to ion density times electron density. A
] — I — linear / spectrum arising from three-body recombination would re-
"Q / sult in a third power density dependence. Radiative recom-
/ / bination can also be ruled out since its rate is much too low
to be of significance at the densities in question.
T / For linear polarization the dependence of the emission on
/

CCD counts

. | __.»-""'~° pressure is somewhat below a quadratic one. This indicates
1004 .7 | that at the low electron temperatures involved effects other
1 than electron collisions come into play for generating excited
177 speciegsee the discussion at the end of Seg. lll
' ' An unexpected anomaly was observed for linear polariza-
tion, viz., several transitions originating from high-energy
levels show a stronger emission with linear than with ellip-
(b) N 4+, 2p-4d tical polarization. This applies in particular to the Jjne of
o /l He" and to 2-4d and 2p-5d in Li-like carbon and nitro-
1 —®— eliptic R |/.~‘ gen (see Figs. 2, 3, and)5This feature was found to be
-I= I'ne,?.r. I/ independent of the orientation of the linear polarization vec-
/./ tor with respect to the direction of observation. From Fig. 6
/ / it can be seen that the anomalous emission is most pro-
nounced at the lowest pressu®&3 mbay. It gradually dis-
/ appears at pressures above 2 mbar.

CCD counts

1 IIl. SIMULATIONS

10 4= . T T —— Simulations of the experiments were carried out for he-
0.2 0.4 0.6 0.8 1 lium and nitrogen using a collisional radiative code that takes
p [mbar] into account levels of relevant ionization stages. The code
o ) o _ calculates time-dependent level populations and spectra
FIG. 6. Li-like nitrogen soft-x-ray emission as a function of gmitted from a plasma specified by a particular initial condi-
pressure in the gas Ef”' The diagram (ﬁmpares linear with ellipticay Hydrodynamic expansion is taken into account by
polarization for(a) N*" 2p-3d and (b) N™* 2p-4d. means of a self-similar modéR4]. The initial conditions
(electron temperature, electron density, and ionic abun-
We note that the ratio of intensities at the lines emitteddance$ were calculated by integrating ADK rates of the
from different ionization stage®.g., Li-like vs Be-like lines  various ionization stages over a%pulse with a full width at
in nitrogen and carboris not indicative of the electron tem- half maximum of 250 fs. The electron temperatures were
perature as in collisionally dominated plasmas, but reflectspatially averaged over the plasma volume, a procedure jus-
essentially the relative volume in which the intensity is ap-tified by the short thermal diffusion times at low electron
propriate to generate the relevant ionization stage. In factlensity. Electron temperatures of 24 and 124 eV were calcu-
at the densities of our experiments recombination andated for helium in the case of linear and elliptical polariza-
ionization rates are so low that the different ionic stagegions. The corresponding temperatures for nitrogen were 15
evolve essentially independently from each other. This isand 85 eV. Note that the definition of temperature is an ap-
true for linear as well as elliptical polarization, as can beproximation since the initial electron energy distributions are
quantified by evaluating, for example, the ionization ratenon-Maxwellian and electron-electron relaxation times are of
from Be-like to Li-like nitrogen. The rate coefficients for the order of 100 ps.
ionization, interpolated from data tabulated by L{23], are From the temperatures quoted above one can readily see
2.12x10°° cn/s at an electron temperature of 85 eV andthat the x-ray line emission for both materials should be
1.9x10 1 cm’/s at 15 eM(these are the initial electron tem- significantly higher for elliptical data than for linear polar-
peratures obtained from the simulations; see Sec. Ill below ization. For the main ionic emitters the electron temperatures
At an electron density around>210'” cm 2 (correspond-  for linear polarization are below the energy of the first reso-
ing approximately to the conditions for our spectra at 1 mbamnance level, whereas for elliptical polarization they are con-
of N,) this results in ionization rates of 40° and siderably above that value. Consider the,lgmission of
3.8x10° s for the two cases. Recombination rates are orhydrogenic helium: Compilations of experimental and theo-
ders of magnitude lower. Thus the time to reach ionizatiorretical data for the 4-2p excitation (which dominates the
equilibrium by electron collisions is much too long to be of 1-2 excitation show that the collision strength increases al-
significance in our experiment. most linearly with increasing impact electron energy, result-
The pressure dependence of selected emission lines ofg in an excitation cross section that is fairly independent of
nitrogen is displayed in Fig. 6. It is shown that for the mainthe electron energy up to at least 200 5,26. Multiply-
N** resonance lines the dependence on pressure is approsig the cross section by the electron velocity and integrating
mately quadratic up to 1 mbar. This proves that at thesever a Maxwellian distribution results in excitation rate co-
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. L FIG. 8. Time-resolved emission op23dof Li-like nitrogen for
FIG. 7. Simulated time-integrated soft-x-ray spectra from elliptical and linear polarizations obtained from the simulations.

optical-field-ionized nitrogen under conditions of elliptically and
. - : The temporal dependence of the electron temperature under the two
linearly polarized laser pulses. The line labels correspond to those

in Fig. 3. For details on the simulations see the text. conditions is also plotted.
the experimental one. Other features of the experimental re-

efficients that increase monotonically with electron temperasults are also verified by the simulations, specifically the
ture. Specifically, the 4-2p excitation rate coefficient is quadratic increase of the generated line intensities with pres-
1.4x10 8 cn?/s at 24 eV and 1210 7 cm¥s at 124 eV sure for elliptical polarization. Similar agreement with ex-
and thus the excitation rate is significantly higher for ellipti- periments is obtained for the helium simulations.
cal than for linear polarization. Note that the values of these The code results can be used to establish the time depen-
coefficients cannot be directly related to the liptensities  dence of the emission. Figure 8 shows the simulated tempo-
in the spectra since the electron temperatures quoted aboval dependence of the emission on the-2d line of Li-like
represent only the initial conditions for the plasma evolution.nitrogen for linear and elliptical polarization. The corre-
Both the electron density and temperature decrease rapidiponding time-dependent electron temperatures are also plot-
after the initial ionization. ted into the figure. It is obvious that the rise times of the

For nitrogen the situation is similar, except that the colli-emission under the two conditions are quite similar and are
sion strength increases somewhat more slowly with increaggiven essentially to be the radiative decay time of the 3
ing electron energy. We use the data of R&f] (which are  level (24 p3. The decay times of the emission, however, are
given for 8<Z<92) and extrapolate them slightly t8  different since they reflect the decay of the collisional exci-
=7. Taking the strong Bs/,-3ds, excitation as an example, tation rate due to adiabatic cooling of the electron gas. The
the collision strength is 1.64 at 53.2 d¥@lose to threshold  higher electron temperature at elliptical polarization results
and 2.18 at an electron energy of 90 eV. The correspondinn a faster expansion and thus in a higher cooling rate than
cross sections are 9210 ¥ cn? and 7.2<10 8 cn?, re-  for linear polarization.
spectively. Evaluation of excitation rate coefficients for a  For both helium and nitrogen the simulations fail to agree
Maxwellian distribution yields a temperature dependencewith experiment for the lines originating from higher princi-
that is still dominated by the exponential factor in the inte-pal quantum numbers since they do not reproduce the sig-
gral, in spite of the slight falloff of the cross section at highernificantly stronger emission with linear polarization on those
electron energies. Specific values fgps2-3ds, excitation  lines. The origin of this effect is not clear at the moment. An
are 2.7%10°° and 4.8<10 8 cm/s at electron tempera- opacity effect can be ruled out since in this case the3l
tures of 15 and 85 eV. We note again that these values repine should show a quite different density dependence from
resent only the initial conditions immediately after optical- the 2p-4d line. The same applies to an explanation invoking
field ionization. an enhanced three-body recombination rate resulting from

Figure 7 shows simulated spectra for nitrogen, which arehe non-Maxwellian electron energy distribution, which
temporally and spatially integrated. The entire radiating vol-would result in an increase of the emission with the third
ume is included in the simulated emission. For linear polarpower of the density. A charge-exchange reaction into ex-
ization the volume in which ions are Li-like is somewhat cited states has been discussed in a previous paper dealing
larger than for elliptical one due to the higher peak value ofwith nitrogen only[22]. However, in the case of helium such
the field and the strong nonlinearity of the ionization rate asan explanation is not feasible since charge transfer from neu-
a function of the electric-field strength. The spectra are caltral helium into bare nuclei to form an excited hydrogenic
culated as being optically thin, an assumption justified by thestate would be strongly endothermic and thus has a low cross
increase in the effective ion temperature due to a Coulomkection.
explosion[28-3(0. In comparing the results for linear and A hint of a possible mechanism is given by the fact that
elliptical polarization one sees that the simulations, with nathe time-resolved helium emission was reported to exhibit an
adjustable parameters, predict a ratio of Li-like-3d emis- initial spike [31]. This observation had been tentatively at-
sions for the two cases approximately as experimentally obtributed to an initial excited-state population in helium after
served. The absolute number of the emitted photons prdield ionization. Excited-state populations after short-pulse
dicted by the simulations is within an order of magnitude ofmultiphoton ionization have been observed previously in xe-
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20—+ tial. The exact value of that temperature was found to be not

3 critical. It is seen that the agreement with experiment is con-
100 N, 1mbar siderably improved, but thef24d to 2p-3d ratio is still not
linear polarization as high as the experimental one. Arbitrarily reducing the ini-
800 |- tial population in 3 would result in even better agreement,

—————  experiment but is hard to justify theoretically. Further experimental and

6o - ————  simulafion theoretical studies are required to clarify the mechanism in-
| volved.

CCD counts

IV. CONCLUSION

200 |-
I k We have shown that x-ray spectra from low-density
. ! . ) . . - optical-field-ionized plasmas exhibit features characteristic
12 W e 18 0 2 24 2 of the ellipticity of the pulse generating the plasma. For a
Wavelength [nm] variety of ions the x-ray spectra obtained with elliptically
_ _ polarized optical pulses are considerably more intense than
FIG. 9. Attempt to improve the agreement between experimenthe ones with linearly polarized pulses. This observation is in
tal and simulated nitrogen spectra for linear polarization by mOd"keeping with the theoretical expectation of a considerably
fying the initial excitation temperature of the ions. An excitation higher electron temperature at elliptical polarization taking
temperature of 600 eV is assumed for the initial Li-like nitrogeninto account that a pure excitation spectrum is observed at
population. To allow a better comparison the spectra are normalizeﬁ1e low densities used in the experiment. Simulations of the
at the Li-like 2p-4d emission. The simulated spectrum is laterally . ) - - ’ .
displaced by 0.2 nm for clarity of presentation. experiment assuming initial cond|t|on§ obtained by ADK
theory agree with many of the experimental features. An
anomaly is seen in the spectra with linear polarization, viz.,
transitions originating from high principal qguantum number
states are enhanced. This effect is not reproduced by the
simulations. The fact that the anomaly is also observed in

comes less pronounced at higher density is consistent witﬂe"“’.“ exclude.s.an _explanauon qukmg a charge-exchange
this explanation since the probability of the electron to returr{ action. A clarification of the effect is expected from future
to the nucleus is reduced. Note that this effect results in 4'Vestigations.
linear dependence of the emission on pressure.

An attempt to use the concept of initially excited states for
improving the match between simulated and experimental G.P. was supported by the European Union “TMR” pro-
spectra for linear polarization is shown in Fig. 9. For gener-gram (Contract No. ERB4001GT9505p5This work was
ating this spectrum the initial condition of the OFI plasmasupported in part by the Commission of the European Com-
was altered by assuming for the initial Li-like ion population munities within the framework of the Association Euratom—
an excitation temperature equal to the ponderomotive poterMax-Planck-Institut fu Plasmaphysik.

non [32]. The population of excited states during field ion-
ization is conceivable by collisions of the electrons with the
original nucleug 33,34}, an effect that is only possible for

linear polarization. The observation that the anomaly be
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