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Theoretical interpretation of multiphoton ionization of neon by soft-x-ray intense radiation
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We present an attempt at the theoretical interpretation of recent experimental results on multiphoton ioniza-
tion of neon by photons of energies 38.4 and 42.8 eV at the free electron laser facility [A. A. Sorokin et al.,
Phys. Rev. A 75, 051402(R) (2007)]. Although, given the photon energies, the intensities employed place the
process within the regime of perturbation theory, effects such as the pulsed nature of the field and expansion of
the interaction volume need to be and are taken into consideration. The values of some of the cross sections are
obtained through scaling and given the semiquantitative nature of the calculations, overall reasonable agree-
ment with the experimental data is found, although some issues pertaining to details remain as questions.
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I. INTRODUCTION

The first experiments on multiphoton ionization under the
new free electron laser (FEL) xuv sources have produced
results with photons in the energy range between about 10
and 100 eV [1-3]. The intensities have so far been below
10'*W/cm? which places the process of ionization well
within the regime of lowest order perturbation theory
(LOPT). Since multiple ionization has been observed in the
rare gases, it is expected to be sequential, an established term
implying the sequential stripping of electrons from succes-
sive ionic species. Depending on the photon energy, this
stripping may begin with electrons from the valence or sub-
valence shells.

In multiphoton multiple ionization experiments under in-
frared and optical lasers over the last 30 years or so (Ref. [4],
and references therein), the stripping has involved only va-
lence electrons, no matter how large the laser intensity was.
Even under conditions, namely, sufficiently intense pulses
of short (subpicosecond) duration, where nonsequential
double ionization has been observed, it is valence electrons
that were ejected. This is due to the long wavelength
(~780-800 nm) of the radiation employed in those experi-
ments. It is well known that subvalence electrons are
screened by the outer ones, especially in closed-shell atoms
such as the rare gases. As a result, radiation of infrared and
optical wavelengths cannot “penetrate” below the valence
shell, and that is why even extremely strong infrared radia-
tion, possessing more than sufficient energy to eject electrons
from inner subshells, never does. It is only after the outer
shell has been opened by the ejection of one or more elec-
trons that it may become possible to excite an electron from
the shell just below, namely, ns? in a rare gas with outer shell
np®. A case in point can be found in Ref. [5].

This situation is expected to be entirely different when the
wavelength becomes sufficiently short to reach subvalence
shells directly. For example, in the atom of xenon, with an
ionization potential of about 12 eV, under radiation of photon
energy around 90-100 eV, the stripping would be expected to
begin with electrons predominantly from the 4d shell. This
process should continue more or less until an ionic species of
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4d ionization threshold more than 100 eV is reached, which
for the case of xenon would be Xe**. From there on, the
stripping will continue with electrons removed from the
outer shell of the successive ions. In fact, a preliminary
analysis of recent experiments [6] along those lines appears
to provide the first indication of such a process of stripping
from the inside. Needless to say, as photons of even higher
energy become available, the stripping will begin with elec-
trons from even lower shells. A very important point to be
kept in mind is the following: If perturbation theory is valid
for the ejection of the first electron, it will be even more so
for all subsequent species as they are increasingly more
strongly bound (higher ionization potentials).

Whether the stripping begins from the inside or the out-
side, as is the case in the problem and conditions under con-
sideration in this paper, the process can be described in terms
of differential equations governing the evolution of ionic
species during the laser pulse. Two pieces of theoretical in-
formation are needed in this description: (a) The relevant
single-photon or multiphoton ionization cross sections, and
(b) a reasonably realistic model for the temporal evolution of
the pulse; including, if deemed necessary, its spatial distribu-
tion in the interaction region.

This type of approach has a long history and has been
found useful in a variety of contexts [4,5,7]. In the infrared
and optical spectral range, the relevant cross sections, mostly
of relatively low order (say up to 5), had over the years been
calculated for a variety of atomic and in some cases molecu-
lar species. With the exception of atomic hydrogen, however,
it is rather impractical to attempt the calculation of higher
order cross sections. Fortunately, that is not really necessary,
especially in so far as semiquantitative theory is concerned.
As shown in Ref. [4], some time ago, higher order multipho-
ton cross sections exhibit, in general, a rather smooth depen-
dence on photon energy. Moreover, due to the relatively
broad bandwidth of short pulses, such as those found in the
short wavelength FEL sources, even if the central frequency
happens to be in resonance with some intermediate state, the
effective cross section is smoothed out. As a result, one can
employ a procedure of scaling which takes into consideration
the ionization potential and the size of the species. The de-
tails of this procedure, as well as some early applications,

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.77.023401

M. G. MAKRIS AND P. LAMBROPOULOS

3+

Ne

2+ L“x
Ne R

Ne

a b ¢

FIG. 1. Pathways for (multiple) ionization of Ne in the photon
energy range under consideration up to Ne**: (a) Single-photon
ionization of Ne, (b) single-photon single and double ionization of
Ne (harmonic), (c) two-photon double ionization of Ne, (d) single-
photon single ionization of Ne™, (e) two-photon single ionization of
Ne*, (f) single-photon single ionization of Ne* (harmonic), (g) two-
photon single ionization of Ne?*, and (h) single-photon single ion-
ization of Ne?* (harmonic).

can be found in Ref. [4]. Eventually, as experimental data are
refined, some realistic calculations of multiphoton cross sec-
tions must be made. At this early stage of the field, however,
it is worthwhile to explore some basic features of these pro-
cesses using the scaling approach, which is the purpose of
this paper. We have chosen the photon energies 38.4 eV and
42.8 eV, for which some first experimental results are already
available [1].

II. THEORETICAL FORMULATION

Although, in principle, the initial neutral atom can be
stripped of all of its electrons, in reality only a certain num-
ber of ionic species will be produced in a quantity significant
enough to be included in the calculation. This of course de-
pends on the intensity and pulse duration and the decision on
how many should be included must be made in the process
of the calculation. For the range of intensity and duration
under consideration in this paper it suffices to include species
up to Ne**. On the same grounds, we include in our frame-
work low-order processes, first and second order with the
fundamental of the FEL (unless the ionization requires ex-
plicitly higher order) and only first order for the harmonic of
the FEL due to its substantially lower intensity. Processes
under consideration leading to the production of up to Ne**
are shown in Fig. 1; subsequent ionization of Ne** is pos-
sible only by three-photon absorption of the FEL fundamen-
tal in the energy range (~40 eV) under consideration. One
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could raise the question as to whether ionization pathways
involving excited ions (Ne** and Ne?**) should also be con-
sidered. A careful analysis, however, reveals that these chan-
nels are of no importance. Thus, we are led to the following
set of rate equations for the different species of Ne:

No=— 0 F(t)Ny - aig FX(t)No — o F'(1)Ny — oy F'(1)Ny,

N, = 0 F()Ny - A\YF()N, - 6 JF2(t)N; + o FH ()N,
- oW F (0N,

N> = 6 JFX ()N, + \YF()N, + 0 ) F2(t)N, — e JFX ()N,
+ G WY (0N, + oty F'(1)Ny - 035 F'(1)N,,

Ny = 0 DF(t)N,y - 0 F3(t)N5 + aS) F (1),

N4 = O'gz)F3(t)N3,

where Ny and N;_, ; 3 4 represent the population of neutral Ne
and the first four ionized species, F(t) and F")(r) represent
the photon flux of the FEL pulse and its second harmonic,
respectively, and o represents the cross sections for the re-
spective processes. The superscript in the cross sections de-
notes the order of the process and the subscript stands for the
initial and final species. The term 0'(112)F ()N, that couples N,
and N, with one photon transition is absent for photon en-
ergy 38.4 eV, i.e., below the ionization threshold of 40.96 eV
of Ne*. This is essentially the only difference in the physical
description of the ionization process between the above two
photon energies under consideration.

Concerning now the FEL pulse, we opt to leave aside for
the moment small scale temporal structure of intensity, by
considering a Gaussian pulse of full width at half-maximum
of 25 fs. The ever present second harmonic of the FEL beam
is also taken into account assuming the same time depen-
dence as the fundamental. A space average of the species
production is essential for the intensity range under consid-
eration and is thus included by employing a space profile of
the intensity at the focus of the FEL resembling the one in
Ref. [8], with a weak intensity dependence along the propa-
gation axes in the detector window of =1 mm).

The cross sections needed in this case are, to our knowl-
edge, only partly known; in the photon energy range of in-
terest here, (TE)I]) =8 Mb at 40 eV, 0'81])25 Mb at 80 eV (e.g.,
see Refs. [9,10]), o)) =0.2 Mb [11,12], and o') =5 Mb [13].
The rest of the cross sections are estimated by scaling these
cross sections or the respective cross sections of He for simi-
lar processes, in the spirit of Ref. [4]. We must note, how-
ever, that due to the low order of the cross sections we intend
to obtain by scaling, some modifications on the approach of
Ref. [4] are in order. In particular, we can no longer assume
an average value for the energy denominator in the expres-
sion for the cross section [Eq. (8) of Ref. [4]] which is a
good approximation only for high-order processes. In fact,
this issue does not arise for single-photon processes. For the
two- and three-photon processes we must scale, it so happens
that there are no nearby resonances for both He and Ne, with
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TABLE I. Experimental cross sections available for Ne and their corresponding theoretical estimates. The
values depicted in the third column (Estimate 1) have been obtained by scaling Ne cross sections, whereas the
values of the fourth column (Estimate II) are theoretical estimates based on the cross sections for He
presented in the last column. For the first six rows the photon energy is =40 eV and for the last four rows
=80 eV, respectively. Respective processes: (a) He+%w— He* (Refs. [18-20]), (b) He+2Aw— He* (Ref.
[15]), (c) He+2fiw—He** (Ref. [16]), (d) He+3%fiw— He* (Ref. [14]), (e) He+/hiw—He?* (Ref. [12]), (f)
Ne+#Aw— Ne* (Refs. [9,10,12]), (2) Ne*+hw— Ne?* (Ref. [13]).

He
Cross section Expt. Estimate | Estimate 11 Expt./theory
ab)(em?) 8 X 10718 (f)° 2.5%107'8 (a)
0(112)(crn) 5%107'8 (g)* 610718 (f) 2231077 6.8X107"8 (a)
002 (cm s) g% 10-5! 2 8% 107 (c)
0(122)(cm s) 210751 @ 8X 10752 (c)
o (cm? s) 1x107502 11075 (b)
0'34(cm s?) 151078 % 5X107% (d)
b)) (em?) 5% 10718 (f)
02)(cm 02X 10718 (f)* 0.1x 10718 11070 (e)
a\)(em?) 5% 10718 (g)*P 8% 10718 (f) 6.4X 10718 2% 10718 (a)
a‘z?(cnﬁ) 8X 10718 (f)/ 7x 10718 () 16X 10718 5% 10718 (a)

The cross sections employed in the calculations.
bExtrapolated.

the exceptions of two-photon single ionization of Ne* and
three-photon single ionization of He which we address later
on. This allows us to neglect the scaling of the cross section
due to the different ionization potentials of the Ne and He
species. Moreover, the radii of the first few species of Ne do
not change appreciably (=25% from Ne to Ne**), so the
change of the cross section due to the variation of the size of
the atom can safely be neglected. We thus arrive at a simpli-
fied version of the scaling procedure, where in the case we
employ Ne cross sections, we scale only the photon energy
and in the case we employ He cross sections we also take
into account the different size of the two atoms through the
ratio of ot/ ate as obtained from experimental data. Due to
the relative proximity of the photon energies under consider-
ation, the cross sections we end up with are essentially the
same.

Let us look at an example of how scaling is applied in
calculating 0'02) for a harmonic photon energy of 80 eV as an
indication of the approximation level we expect. a’o2 should
be scaled to the double ionization potential of He leading to
a corresponding photon energy of 80% =100eV, for which
the single-photon double ionization of He is O'E)Z =10 Kb
(Ref. [12]). To convert it to a Ne cross section, it should be
multiplied by (o7 /apy)? since this is a transition involving
two electrons. The cross section we arrive at is 0.1 Mb which
compares well with the experimental value of 0.2 Mb, since
a factor of 2 is more than adequate for our purposes. Follow-
ing the same approach, o'(l) and o'23 are scaled to the single-
photon single ionization of He and Ne, and 0'(122), 0'(2? are
scaled to the two-photon double ionization of He, with re-
sults shown in Table 1.

A note is worthwhile for 0';? since the scaled photon en-
ergies for three-photon single ionization of He are about 9.7

and 10.8 eV, falling around a resonance as depicted in Fig. 2
of Ref. [14]. Since there is no nearby resonance in the Ne**
three-photon ionization, we must use the background cross
section of He in this energy region leaving aside the contri-
bution of the nearby resonances. We thus estimate the
smooth background cross section to be around 5
X 1078 cm 52 leadlng to a cross section of Ne of 1.5
X 10783 cm® s2

Also we must be careful in the scaling procedure for 0(122)
which is somewhat more complicated. First, there are bound
states of the He atom in the energy range of the scaled pho-
ton energies, i.e., 23.0 and 25.7 eV. We can nevertheless es-
timate the smooth background of the cross section to be
around 2X 1072 cm* s (see Fig. 4 of Ref. [15]). There are
some intermediate bound states in the two-photon single ion-
ization of Ne* for the 38.4 eV photon, with the closest one
(25%2p*4s at 38.2 eV) falling well inside the reported Ref. [1]
bandwidth (0.4 eV) of the laser pulse, the laser bandwidth
which is of the same order as the detuning. The width of the
nearby states, however, are expected to be much smaller than
that, as a result of which, one would not expect a significant
enhancement due to the nearby states. A possible exception
to this expectation might result from either a strong Rabi
oscillation between the initial and intermediate states, or
from large ionization width (of the order of the laser band-
width) of the intermediate state. In a different language, this
would occur if either the bound-bound or bound-free transi-
tion is saturated. In that event, the intensity dependence of
the Ne?* signal should deviate perceptively from the ex-
pected I? dependence, for which there is no hint in the rather
limited intensity range of the experimental data. In addition,
as is evident in Fig. 2, such a deviation would be masked by
the volume expansion effect which sets in below
103 W/cm?. Nevertheless, this is an issue that may require
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FIG. 2. (Color online) Ionization yield of Ne species with (solid
lines) and without (dashed lines) space average, for Ne*, Ne?*,
Ne?*, and Ne** (blue, red, green, and black, respectively). In (a) and
(b) photon energy is just below and above the single-photon ioniza-
tion threshold of Ne* (38.4 and 42.8 eV, respectively). Space aver-
age is normalized on the Ne* production at low intensities and the
intensity of the second harmonic of the FEL has been taken as 107
of the fundamental.

closer inspection when more extensive data become
available.

III. RESULTS

In Fig. 2 we present the predicted ion signals of Ne, for
the photon energies under consideration, above and below
the Ne* single-photon ionization threshold and for intensities
in the range of 10'? to 10" W/cm?. Including the space
average in the calculation proves to be essential even for
intensities lower than 10'3W/cm?. The different intensity
dependence of the species production is both evident and
expected, with the abundance of all species being influenced
in this intensity range by the bottleneck of two-photon ion-
ization of Ne* for photon energy below the threshold of
single-photon ionization. This bottleneck effectively leads to
a time window inside the pulse where Ne?* is mainly pro-
duced. Approximately the same time window is open for
Ne3+ and a shorter one for Ne**, since it is accessible only
via a three-photon process. This effectively leads to a con-
gestion of species production at higher intensities, and alters
their respective abundances. Even for intensities as high as
10" W/cm? the most abundant species is Ne* (space aver-
aged) in this case, whereas for photon energy above the Ne*
ionization threshold the most abundant species are Ne?* and
Ne*.

The relative importance of each separate pathway in the
production or depletion of the various Ne species can be
tracked down by solving, in parallel with the set of the dif-
ferential equations for the populations, the differential equa-
tion for each pathway separately. For instance, the contribu-
tion of pathway (b) of Fig. 1 in Ne?* production is derived

from the solution of N2!b=0322)F 2(f)N,. In general, the exact
intensity range where different processes dominate in the
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FIG. 3. (Color online) Space averaged Ne?* population pro-
duced or annihilated by the different channels depicted in Fig. 1.
The intensity of the harmonic is 1072 of the FEL intensity and the
photon energy in the left- and right-hand graphs is 38.4 eV and 42.8
eV, respectively.

production or depletion of each species depends on the val-
ues of the cross sections and the relative intensity of the
harmonic of the FEL. Nevertheless, the important features
are present and as an example we consider the Ne?* since it
is sensitive to the difference of the photon energies under
consideration. In Fig. 3, the contributions of all different
channels in the production and depletion of Ne?* are de-
picted, showing a clear qualitative difference. Above the
threshold for one-photon ionization of Ne*, Ne?* is predomi-
nantly produced throughout the intensity range of 10'! to
10" W/cm? by single-photon single ionization of Ne*, with
the rest of the pathways having a contribution more than one
order of magnitude smaller. On the other hand, below the
threshold the dominant pathways are intensity dependent.
For low intensities, single-photon double ionization of Ne by
the harmonic of the FEL dominates and as the intensity in-
creases it is eventually taken over at about 10'>W/cm? by
two-photon double ionization of neutral Ne and single-
photon ionization of Ne* by the harmonic. For intensities
higher than 10'* W/cm?, Ne?* is predominantly produced via
two-photon double ionization of Ne* by the fundamental.
The dominant pathway, however, is very sensitive to the val-
ues of the cross sections employed. A factor of 2 or 3 can
make a difference as to which channel dominates and the
exact intensity range it does so, especially for processes of
the same order. This would not be a quantitative change only,
but a qualitative one and here we offer insight on the relative
weight of different pathways. A further refinement would
require the quantitative calculation of the few photon cross
sections involved, which would be more meaningful when
more extensive experimental data become available.

The ratios of the different Ne species are shown in Fig. 4
with the second harmonic of the FEL intensity varied up to
1072 of the fundamental. In Fig. 4(a) the unknown cross sec-
tions are obtained by scaling, and do not reproduce the slope
reported in the experiment. This happens because in the in-
tensity range of the experiment, Ne?* is produced via two-
photon double ionization of neutral Ne and single-photon
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FIG. 4. (Color online) Space averaged ratios of Ne species employing the scaled cross sections [(a) and (c)] and cross sections to fit the
experimental data (b). Ne?*/Ne*, Ne3*/Ne>*, Ne**/Ne3* depicted in orange, blue, and green, respectively. The intensity of the harmonic
is 1072, 1073, and 0 of the FEL intensity for the solid, dashed, and dotted curves, respectively. The cases where harmonic intensity does not
influence the species ratio is not shown so as to avoid congesting the figure. For panel (c) only, the orange dotted curve is obtained with

(1) _

0,5, =12 Mb. Heavy dashed lines represent the respective experimental data of Ref. [1]. In (a) and (b) the photon energy is 38.4 eV and in

(c) 42.8 eV, respectively.

jonization of Ne* with the harmonic, so the ratio Ne?*/Ne*
appears in our calculations with a slope of 1. For a slope
comparable to 2 to appear, we must lower the 05)22) to a fifth
of the value suggested in Table I and keep the intensity of the
harmonic below 1073 of the FEL intensity. Since the ratio is
then displaced downwards upon these modifications of the
cross sections, we also must consider a o7, 15 times higher
than predicted, so as to finally arrive at a ratio with slope and
magnitude [Fig. 4(b)] compatible with the data of Ref. [1].
This is a rather large value for a two-photon cross section for
an atom such as neon. Whether the presence of a nearby
resonance could have played a role is rather debatable, in
view of the substantial bandwidth of the FEL.

For the 42.8 eV photon, the ratio NeZ*/Ne* above thresh-
old is insensitive to the presence of the harmonic, since both
species are predominantly produced by single-photon pro-
cesses with the FEL fundamental, i.e., channels (a) and (d) of
Fig. 1. The ratio we arrive at is smaller by a factor of about
2 compared to the experiment of [1], with the latter fitted
with a value of 0'(112)=12 Mb, with Uéll)=8 Mb [Fig. 4(b), red
dotted curve]. We must note here that the important cross
sections employed in our calculations are known from pre-
vious experiments [9,10,13], so a factor of about 2 is an
important difference, since as far as these two species are
concerned our calculations can be considered quantitative
and not qualitative. Finally, the change of slope at higher
intensities (above a few times 10'> W/cm?) does not appear
in our calculations. In fact we were unable to find reasonable
values of the cross sections that would reproduce such an
effect.

On the other hand, for the same photon energy there is
very good agreement with the experiment for the ratio
Ne**/Ne?* provided that the intensity of the second har-
monic is not higher than 1073 of the fundamental. We note
here that the cross sections we obtain by scaling fit the ex-
perimental data well in this case, although our scaled value
for 0'(2? (1X107° cm?s) is different from the one suggested
in Ref. [1] (4.5X 107! cm* s). This could be attributed either
to the fact that our approach, in which rate equations are
explicitly solved, takes into account the time dependence of
the various species production more accurately, or perhaps to
pure coincidence since the cross sections we obtain by scal-
ing do not represent an exact calculation.

IV. CONCLUSIONS

Our purpose in this paper was to obtain certain theoretical
predictions pertaining to recent and ongoing experiments on
multiple ionization of neon under soft-x-ray radiation of rela-
tively high intensity and short pulse duration. At this initial
stage of the field, no attempt at highly quantitative results
was made. The theory was based on cross sections obtained
mostly through scaling which could be viewed as the weak-
est aspect of the theory. Otherwise, the differential equations
governing the evolution of the species during the pulse and
the spatiotemporal dependence of the radiation employed in
the calculations are well justified. The most reliable quanti-
ties for making contact with the experimental data should be
the ratios of various ionic species as a function of radiation
intensity and frequency, as they require no absolute calibra-
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tion. Our findings are in reasonable accord with the reported
data, given the present state of both theory and experiment.
The expectation that, given the photon energies and intensi-
ties in the experiments, the outcome should be dominated by
sequential stripping of electrons from the outer shell appears
to be confirmed. Some discrepancies in detail between theory
and experiment are not too surprising at this stage, providing
at the same time focal points for further refinement of both.
For theory, the next step should be the quantitative calcula-
tion of some few-photon ionization generalized cross sec-
tions, to serve as reference points for the more reliable ex-
trapolation to higher-order processes, which can only be
expected to be obtained through scaling. Nevertheless, even
at this level of theory physical insight has been possible. For
example, we have been able to pinpoint a rather sensitive
dependence of the dominant pathway for the production of
Ne?* on the relative magnitude of the relevant cross sections.
This suggests the need for a more detailed examination, both
experimentally and theoretically, of the pathways involved.
The possible role of resonance or near resonance with inter-
mediate states needs to be examined further. It is safe to say
that given the bandwidth of the source, one would not expect
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major resonant enhancement of any of the ionic species and
there has not been any clear evidence for that in the data
available to us. Presumably future data may bring out such
features, in which case a more detailed analysis employing a
density matrix formulation might be in order. Finally, the
temporal intensity fluctuations during the pulse might have
played a role. Assuming, as it appears to be the case, that
such fluctuations are indeed random, the source would prob-
ably correspond to a chaotic state of the field, in which case
the yield of N-photon ionization is enhanced by a factor of N
(Ref. [17]). Given, however, the low order of the processes
involved in this work, this would mean an apparent enhance-
ment of the relevant cross sections by factors of 2 or 6
which, in view of the semiquantitative character of the analy-
sis and uncertainties in the magnitude of the intensity, would
not make much difference at this point. Their effect can be
easily included in a more quantitative study.
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