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Abstract

®

CrossMark

New information demonstrating the importance of both sequential and simultaneous (or direct)
multiphoton ionization of inner shell electrons from neon is discussed in this paper. Ne was
irradiated with intense 93 eV free electron laser (FEL) pulses at FLASH and studied with the
aid of photoelectron spectrometry. This resulted in two and three photon, single and double
ionization of neon, removing electrons from 2s and 2p subshells of the neutral Ne atom in
multiple different pathways. The spectral features of the photoelectrons were identified through
comparison with the NIST database and field averaged time-dependent density matrix theory.
The calculations show the direct multiphoton ionization processes to be extremely sensitive to

the focused FEL intensity.

Keywords: multiphoton ionisation, free electron laser, photoelectron spectroscopy

1. Introduction

Atomic photoionization has been an active field for spectro-
scopic investigations since the first observation of the photo-
electric effect by Hertz in 1887 [1] and the subsequent explan-
ation by Einstein in 1905 [2]. In that case, it was observed
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ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

that in order to liberate an electron, the energy of the incom-
ing photon was simply required to be greater than the work
function of the material under investigation. Subsequently, the
pioneering theoretical work of Goppert-Mayer [3] showed that
a two-photon absorption process was also possible, resulting in
photoionization provided that the sum of the photon energies
exceeded the ionization threshold. However, for a two-photon
process to occur, the brightness of the light source should be
sufficiently high.

Inner-shell and core level atomic, single-photon ionization
has been exhaustively studied at synchrotron facilities, over
the last several decades for atoms, molecules and their cor-
responding ions [4-9]. Over the course of time, technological
progress resulted in the development of so-called free electron
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lasers (FELs) [10-16]. In contrast to the third-generation
synchrotrons [17], FELs exhibit high enough brightness to
induce nonlinear processes such as multi-photon ionization
in the Extreme-UV (EUV) and x-ray photon energy region
[18], thus setting a landmark. The very nature of these exper-
iments is fundamental, thereby providing information regard-
ing the electronic structure in atoms and molecules. As x-ray
FELs start to produce pulses down to the attosecond timescale
[19] it becomes possible to follow the process on inherent
atomic timescales (e.g. [20]). In addition, a deep understand-
ing of photoionization can also pave the way to unveiling the
mechanisms underlying interaction of light with more com-
plex molecular systems (e.g. [21-23]).

Early experiments on nonlinear photoionization processes
were performed at the FLASH FEL in Hamburg where
Wabnitz et al [24] observed the sequential multiphoton ion-
ization of Xe and Ar irradiated by FEL pulses tuned to a
wavelength of 98 nm. Similarly, Sorokin et al [25] stud-
ied direct, sequential and resonant N-photon ionizations of
Ne, using photon energies of 38.4 and 42.8 eV (N = 2-4).
The Heidelberg reaction microscope (REMI) was used by
Moshammer et al [26] to investigate the nonsequential ion-
ization of Ne and Ar, irradiated by photons at 39 eV, delivered
by the FLASH FEL. The ionization of Xe in the region of the
4d-¢f giant resonance using photons at 93 eV, was examined
at the same FEL facility, resulting in a high degree of ion-
ization up to a charge state of Xe?'* [27]. This finding was
further confirmed by a subsequent study, where ionization of
Kr, Xe, Ne and Ar was induced by FEL photons also tuned to
an energy of 93 eV. In this case a significantly higher degree
of ionization was observed for Xenon compared to the other
rare gases [28]. In all these campaigns the so-called ion time-
of-flight (TOF) technique was applied to record the yields
of the ion products. Ion TOF measurements were also per-
formed at other FEL facilities including LCLS [29] using a
higher photon energy (ca. 1100 eV) and SCSS using a lower
photon energy (ca. 20 eV) [30]. Recently a sequential three
vacuum-UV photon absorption process has been invoked to
explain the results of an experiment on charge transfer in argon
dimers [31].

In order to complement the ion measurements, experiments
involving photoelectron spectroscopy have been performed.
Photoelectrons, carry valuable information associated on the
electronic structure of atoms and molecules. For example elec-
tron spectroscopy has been used to make observations of dir-
ect two photon ionization of atoms [32, 33] while theoretical
efforts on such direct two photon EUV processes continue
[34]. Double core holes leading to ‘hollow ions’ with empty
1s subshells are another example of the product of non-linear
interactions of intense and short x-ray FEL pulses with atoms
and molecules [35-37]. Some experiments have combined
ion and electron spectroscopy to track the respective roles of
photo- and Auger—Meitner ionization processes as they led
to very high charges states in atoms exposed to intense x-
ray FEL fields [38]. In addition, angle resolved measurements
have been reported in the literature [39-41], with one such
experiment particularly relevant here as it reported both two
photon double ionization and three photon triple ionization

[42]. What differentiates it from our work is that both path-
ways were exclusively sequential with electrons produced at
correspondingly much lower kinetic energies than here.

Experiments on atoms exposed to intense bichromatic
fields, where focused FEL pulses have been used in combin-
ation with near infrared laser fields to investigate two-colour
ionization, have also been reported [32, 43, 44]. Further details
of developments and work at EUV and x-ray FELs can be
found in many review articles and special issues [18, 45-53].
In the interests of completeness, we note also that two EUV
photon double ionization of Ne using a high brightness high
harmonic light source has been reported in the literature [54].

We report here some archival electron spectroscopic meas-
urements on Ne irradiated by tightly focused FLASH FEL
pulses tuned to a photon energy of 93 eV, recorded during a
campaign on Xe photoionization [33]. The relook at the Ne
data, and new efforts to elucidate it theoretically, are motivated
by the high peak intensity afforded by the very short pulses
(ca. 20 fs) and tight focus (ca. 3 pm) available at that time. By
comparing the results of field averaged time-dependent dens-
ity matrix theory [55] with the experimental results it was pos-
sible to identify a number of pathways leading to two-photon
single and three-photon double ionization of neon.

2. Materials and methods

2.1. Experiment

This experiment was performed at the BL3 beamline of the
FLASH (now designated FLASH1) FEL [11]. The experi-
mental setup is described in [33], thus only a brief description
is given here. The FEL was operated in single-bunch mode
at a repetition rate of 5 Hz and at a central photon energy
of 93 £1 eV. The FEL pulse energy varied between 10 pJ
and 45 pJ and was monitored by means of the Gas Monitor
Detector (GMD) to track any shot-to-shot fluctuations [56].
The FEL beam was focused down to a spot of diameter 3 yum
using a spherical Mo/Si multilayer mirror [57] with a reflect-
ance of around 65%. The peak intensity at the focus was of
the order of 10'® W cm~2 allowing for observation of multi-
photon ionization, both direct and sequential. The base pres-
sure was 2 X 1078 mbar and the operating pressure during the
measurements was 1 x 10~ mbar.

Photoelectron spectra were acquired using a magnetic
bottle electron spectrometer [58, 59] installed at BL3. The
optimum achievable energy resolution of the spectrometer was
estimated to be around 5% of the measured kinetic energy. In
order to discriminate against the low kinetic energy photoelec-
trons, a retardation voltage was applied to the entrance aper-
ture to the TOF. The photoelectron signal due to the unfocused
FEL beam (several mm diameter) was observed by placing a
beam block in front of the mirror. By doing so, it was also pos-
sible to take into account the weak contributions of the second
harmonic of the FEL beam. Furthermore, background signals
(i.e. in the absence of Ne gas) were recorded and subtracted
from the experimental spectra. Each spectrum presented in
this work corresponds to an average of 100 single-shot spec-
tra to minimize the effect of pulse-to-pulse fluctuations. The
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Figure 1. Experimental setup: a magnetic bottle type electron
spectrometer was used to record electron kinetic energy
distributions. Focusing of the 93 eV FEL beam was achieved by
means of a spherical Mo-Si multilayer mirror. Spectra were taken
with both unfocused, and focused FEL beams. Unfocused beams
were made available in the chamber by inserting a beam block into
the beam, between the TOF and the spherical mirror [33, 60].
Reprinted figure with permission from [33], Copyright (2010) by
the American Physical Society.
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Figure 2. Electron energy spectrum produced by the interaction of
Ne gas with an unfocused FLASH beam tuned to a photon energy of
93 eV (intensity ~ 10" W cm 2, smooth curve). Red sticks
represent the calculated transitions, and the dashed curve shows a
convolution of Gaussian profiles with the theoretical calculations,
representing the linewidth of the FEL beam and the spectrometer
resolution. Labels indicate the post-ionisation electron configuration
of the Ne™ ions [60].

TOF traces were recorded with the aid of a fast digital oscillo-
scope (LeCroy Wavemaster 8600A). A schematic diagram of
the experimental setup is shown in figure 1.

Figure 2 shows the photoelectron spectrum in the 30-50 eV
region corresponding to the average of the 100 single-shot
spectra at the lowest FEL intensity, obtained with the beam
block in place. Additionally, the calibration of the micro-
channel plate (MCP) is ensured by the energies and relative
intensities of the visible peaks which agree with previously
reported synchrotron experiments [61, 62].
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Figure 3. Electron energy spectrum produced by the multiphoton
interaction of Ne with a 93 eV FEL field, using the focused beam
(of the order of 10'® W cm~2) at FLASH (smooth curve). The peak
labels (a)—(d) are explained in the main text. The sticks represent the
calculated transitions and are coloured to match the pathways
depicted in figure 4. The theoretical curve (dashed line) is formed
by convolving the transitions with two Gaussian curves representing
the FEL linewidth and the spectrometer resolution. The inset figure
shows the signal from the focused FEL beam in Ne (black, i), the
focused beam in residual gases (red, ii), the unfocused beam in Ne
(blue, iii) and the unfocused beam in residual gases (green, iv). The
lack of structure in trace (iii) indicates that the second harmonic
contributes little to the overall signal.

Figure 3 shows the experimental spectrum in the 120-
175 eV photon energy region, obtained for a higher FEL
intensity on the order of 10'® W cm~2 (focused FEL beam).
In this case a —90 V retarding field was applied to the MBES
entrance aperture in order to reject low-energy photoelec-
trons associated with single-photon ionization of Ne. Hence,
the spectrum is dominated by features originating from two-
photon double ionization of the neutral atom and the singly
charged ion, as will be explained later. The widths of the
spectral features are determined by a combination of FEL
bandwidth and the resolution of the electron spectrometer.
Accounting for the —90 V retardation voltage and assuming
that the broadening due to the MBES is representable by a
Gaussian profile, the 2p~! line experiences an instrumental
broadening of ca. 3.5 eV while the value for the 25! line in
the vicinity of 140 eV is closer to 2.5 eV. The effect of the
additional 1 eV due to the FEL bandwidth on the lines is quite
small (post convolving the two Gaussian functions) but is nev-
ertheless included for these features.

2.2. Time-dependent density matrix equations in the FEL
field

We simulate the photoionization processes via a dens-
ity matrix formalism which facilitates the elimination of
non-essential states leading to a reduced set of equations
of motion (EOMs) for the dynamics of the neon ground
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state INe;0), and the continua of interest associated
with the singly-ionised neon states |Net;i),i=1-35
(Net(1s°25°2p°), Ne't(1s°2s'2p%), Net(1s°25°2p*[°P]3p),
Net(1s°2s°2p*[!D)3p), Net(1s°25°2p*['S13p)) as well as
the three doubly ionised states, INe>*;i), i = 6-8 (Ne?T
(]s22s22p4[3P], (1522s22p4[1D]), (Is22s22p4[IS]). The former
i =1 — 5 continua are reached via two-photon absorption pro-
cesses from the Neon ground state while the i = 6 — 8 con-
tinua are accessed via a three-photon sequential double ion-
isation process, namely one photon from Ne to Ne™ and two-
photons from Ne™ to Ne?* (|Ne;0) +w —|Net;1) + 2w —
|Ne?*;i), i =6 —8). In the present case of w =93 eV, the
dominant channel is one-photon absorption, the dynamics
of which is governed by the corresponding total ionisation

widths 7,5”, where a = Ne, Ne™. On the other hand, the sim-
ulated photoelectron spectrum, is dominated by two-photon
absorption processes from the Ne and Ne™ ground states

and is accordingly represented by the corresponding partial

@)

. . . . 2 . .
ionisation widths «y,./, where i represents the corresponding

a
continuum channel.

Given the above clarifications, and following a standard
procedure within a time-dependent perturbative approach, the
EOMs for the neon density matrix elements are derived start-
ing off with the Liouville equation [63]. Within this proced-
ure a rotating-wave-approximation (RWA) takes place which
leads to a set of EOMs parametrised in terms of slowly vary-
ing matrix elements and ionisation widths connecting to the
respective continua.

Further to this, the solution of the EOMs considers that the
FEL radiation field is a partially coherent field, i.e. it exhibits
amplitude and phase fluctuations. In this case, the FEL radi-
ation field £ (¢) is modelled via its coherence functions. Here
we take (€ (1)) =0, while for the field’s and intensity’s first
order coherence functions we have assumed:

_X’2+X*1/2 (17,/)2

5 —x

EMEWN=Ee 0 e 27

where the brackets represent ensemble averages of the FEL
radiation; 7, characterises the duration of the averaged time-
profile of the intensity, x =1 —i/ V/3; 7. is the field’s charac-

teristic coherence time. From the above equations, the mean

2

field intensity is given by (I(r)) =&Ze 7 and (P (1)) =
2(I(1))*. A field with these properties (satisfying Gaussian
statistics), regarded as a sufficiently good model, has been
studied from the viewpoint of a shot-noise random field res-
ulting in a random intensity with an exponential probability
distribution law and a Gamma-like distribution of its fluctuat-
ing energy, close to the characteristic of an actual FEL field
[55]. The main parameters which characterise the fluctuations
are their strength (&) and coherence time (7.). The latter time
effectively defines an extra characteristic dynamic time scale.
We considered these fluctuations by (ensemble) averaging the
EOMs of the density matrix elements over the FEL pulses
leading to the following set of equations:

d

e (0) == (W) +8 (D)) (ome (),

& oner (0) == (R0 1D+ 92 (7)) (ones () + (e ()

The above set of equations describe the evolution of the
Ne and Ne™ ensemble-averaged populations (represented by
(one) and (one+ ), respectively) by taking into account only the
total one- and two-photon absorption processes via the corres-
ponding total ionisation widths. On the other hand, the photo-
electron spectrum for the energy range of interest is dependent
on the population of the neon species and on the partial ion-
isation widths as seen from the following equation:

d
a (0ee (1))

2
(2)
’dNe;i

(2)
INe+

2 P (one (1))
1 [6_(E0+2w—E,-)]2+(7§2C?,->2< > N

5
i=

2
(2)
et

©)
[e — (E1 +2w — E)]* + (WW;;[)

8
+ Z’Yﬁfe{r 2 <12> <0'NeJr (t)> .
i=6

In the above (o (#)) represents the ensemble-averaged
population dynamics of the continuum states, generated by
two-photon absorption from the Ne (first term) and Ne™
(second term) ground states. E; represents the energies of the
neon ionisation species involved in the calculation.

The pulse duration (7p,) can be evaluated from the expres-
sion, 7pp = 0.7 X M x 7, where M is the number of modes
and 7.is the coherence time [64]. We can estimate the number
of modes present in the beam from M ~ 1.4 X Ny, where
Nypect = 5 is the mean number of spikes present in the SASE
FEL spectrum [64]. For the operational mode of FLASH at
the time of the experiment the coherence time was determ-
ined by the measurement of the field gain length to be about
4 fs [11], which is in good agreement with FEL beam dynam-
ics simulations using the FAST code [65]. Thus, a pulse dura-
tionof 0.7 x M x 7, = 20 fs was deduced for the present case.
This, along with the fact that non-resonant ionisation takes
place with the 93 eV pulse, suggests that the experimental data
can be described with sufficient accuracy based on the aver-
aged intensity moments (/" (¢)), n = 1,2 and the one and two
photon ionisation widths -,;. The latter requires for the valid-
ity of the averaged EOMs that the field intensity should not
reach ionisation saturation conditions within the time scale of
the coherence time.

The EOMs were solved using a pulse of peak intensity of
8 x 10" W cm~2 and mean pulse duration of 20 fs.

We have also considered a volume integration of the
signal to take into account the one-photon saturation of
the ionization yield. The field was modelled to radially
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Figure 4. Partial Grotian diagram indicating the different ionization pathways responsible for the spectral features labelled in figure 4: (a)
red, two photon ionization of a 2p electron from neutral Ne; (b) blue, two photon ionization of a 2s electron from neutral Ne; (c) green, two
photon ionization of a 2p electron from ground state Ne leaving the Ne™ ion in a manifold of excited satellite (shake up) states; (d) orange,
one photon ionization of Ne followed by two photon ionization of a 2p electron from the ground state Ne™, resulting in 2s22p4 [X] states of
Ne?*where X =3P 'D, 's. X corresponds to the same terms in case (c).

Table 1. LS-coupling is assumed for the spectroscopic designation of the states; also n; =

Eo+ 2w—E,~,i:1—5and

ni = E;+2w —E;, i =6 — 8. Each state is labelled as the path it contributes to in the multi-photon spectrum (figure 4). The two-photon
cross sections have been calculated based on a scaling approach and a simple consideration of the ratios of the grand-parentage

configuration scheme.

i State PHLE@V)  eieV)  ei@V) oy (Mb) o, (x1072ems) o), (x1072cm*s)  Path
0 25°2p° Is 0 — — — — — —

1 2s%2p° ’p 21.6 71.4 164.4 3.1 1.36 — a

2 2s2p° s 48.48 442 13752 0.87 0.272 — b

3 2820 PP13p %P 53.1 39.9 132.9 0.12 0.048 — ¢

4 220" 'D13p %P 55.85 37.15 130.15  0.15 0.045 — ¢

5 259207 ['S13p %P 59.47 33.53 126.53  0.028 0.009 — s

6 25°2p* ip 62.6 52 145 — — 0.045 d

7 25%2p* 'D 65.7 48.9 141.9 — — 0.056 dy

8 25°2p? Is 69.44 45.16 138.16 — — 0.013 ds

decay as a Gaussian away from its centre and we have
ignored any spatial variations along the FELs propagation
axis.

In figure 4 we show the partial energy diagram that allows
for identification of the spectral features, present in the FEL
electron spectrum at high kinetic energies (corresponding to
two and three photon processes). This energy diagram was
constructed using the energy levels for Ne and Ne* tabulated
in the NIST database [66]. The electron spectrum resulting
from one photon absorption is shown in figure 2, where fea-
tures due to 2s-subshell ionization and 2p*nl satellite states
are labelled. The electron spectrum resulting from multi-
photon ionization is shown in figure 3 where the coloured bars

correspond to computed transitions shown as coloured arrows
in figure 4.

The states of Neon included in the theoretical calculations
are those indicated in figure 4 and listed in table 1, along with
the values for the one- and two-photon cross sections for the
individual pathways from the Ne and Ne™ ground states. The
relationship between the ionisation widths and the correspond-
ing generalised cross sections is fyg) = a‘(l:\i’) (i)N, N=1.2in
SI units.

The O'I(\I]e) and 01(\1?;1 values used were taken from the experi-

mental measurements [24, 26]. For the JI(\I? estimation a scal-

ing approach was followed as described in [67]. Finally for
the partial ionisation cross sectionstoi =3 —5andi =6 —8§,
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the ratios based on the grand parentage configurations for the
3P, D, 'S are also in approximate agreement with the experi-
mental data reported in [60].

3. Discussion

It is observed that the spectrum presented in figure 2 is
dominated by features associated with the process of single
photon ionization of Ne. This spectrum is used as a bench-
mark for the energy calibration of the spectrometer. The fea-
tures observed in this region are identified as follows: the
peak around 44 eV is due to 25—/ (25'2p®2S) photoioniza-
tion of the neutral atom and the features in the region below
40 eV are due to the 2p?ni satellites in Ne™. Specifically, the
2p*3p[?P] 2P peak is discernible within the resolution of the
experiment whereas the other satellites could not be resolved.
However, these peaks have been observed and reported in the
literature [62].

The observed spectral width of the 25! feature just below
45 eV in figure 2 can be predominantly attributed to a combin-
ation of the spectral bandwidth of the FEL (approx. 1 eV) with
the resolution of the magnetic bottle electron spectrometer (ca.
5% of the pass energy). Here a retardation voltage of 20 volts
was applied and so the pass energy was reduced by the corres-
ponding amount. The natural linewidth, calculated as approx-
imately 0.15 eV, is much narrower and so is dominated by the
experimental widths. Likewise in the case of the satellite lines,
their natural widths were convolved with the MBES instru-
ment function and FEL bandwidth which results in the broad
and unresolved features observed at lower kinetic energies in
the figure. Overall, the theoretical main and satellite line pos-
itions and thus the overall predicted electron spectrum is in
very good agreement with the experimental data.

The broad feature centred on 164 eV in figure 3 is asso-
ciated with the direct two-photon ionisation of a 2p electron
from the neutral atom. This channel results in a photoelectron
with energy of:

2x(93+1)—21.6=164+2¢eV

in agreement with the observed position of the peak (a) and
supported by the calculations.

The peak labelled as (b) in figure 3 (blue transition) results
from the direct two-photon ionisation of a 2s electron from
neutral neon. The expected energy for this photoelectron chan-
nel is:

2% (93+1)—48.48 = 138+2 eV

in agreement with the position of the peak (b) observed in
figure 3 and supported by the calculations. Thus both peaks
can be easily identified due to their close agreement with the
theoretically calculated energies.

The weak feature (labelled as (c), green transitions) is due
to 2s%2p*nl satellite states in Ne™, specifically the 2p?3p states
that were also observed in the single photon case, as shown in

figure 2. The calculations result in similar intensities in this
region. As satellite peaks, they have much smaller probabilit-
ies than the 25! photoelectron line.

The remaining peak (d) is attributed to sequential one
photon ionization of neutral Ne with two photon double ion-
isation of Ne™. There are multiple thresholds which can be
easily accessed, that result in further ionization of Ne%t via
a two-photon process in the second step [66]. These energy
thresholds and the corresponding electron configurations are
listed in table 1 (i = 6 — 8). Two-photon ionization of singly
charged Ne leaving doubly charged neon in these states yields
a series of lines with kinetic energies ranging between 138
and 145 eV. This range corresponds with structure (d) and the
orange transitions in figure 3, suggesting it is at least partly due
to electrons emitted by sequential three-photon double ionisa-
tion of neon, where the first photon leaves Ne™ in its ground
electronic state.

The theoretical and calculated spectra agree quite closely,
in particular for the strong 1-photon 2s~' and 2p~! peaks
that are well reproduced in both electron energy and trans-
ition intensity. The discrepancies between the experimental
and calculated spectra in the 2-photon spectrum may be attrib-
uted to the stochastic features and strength of the FEL radiation
as well as the approximate values used for the cross-sections
[68]. For example, the uncertainty regarding the number of
FEL modes that contribute to the observed spectrum would
lead to differing probabilities. Moreover, the high peak value
of the intensity saturates the first step of the ionization process
which in turn makes the calculation of the two-photon ion-
ization peaks, originating from the singly ionized neon, very
sensitive to the exact value of the intensity.

Alternative pathways to produce these spectra from the
ones described above can be ruled out by semi-quantitative
analysis and previously identified energy levels. Specifically,
two photon ionisation of a 2s electron from Ne™ would result
in photoelectrons with kinetic energy less than 120 eV, due to
the binding energy of approximately 66.2 eV in this case [66].
Therefore, this pathway cannot be responsible for features in
the spectrum shown in figure 4. Similarly, photoelectrons emit-
ted from 2s and 2p subshells of Ne?* or higher charge states
would also have kinetic energies below 120 eV.

In pathway (d), the Ne™ intermediate is produced upon
single photon absorption from neutral neon in the first step.
Theoretically, the two-photon pathway (a) could also be
responsible for this first step, but the probabilities of these ions
interacting with two additional photons is very low and can be
ignored. K-shell electrons can obviously be ignored, as their
high binding energies would require at least 10 photons to eject
an electron from even the neutral neon [69], a scale far beyond
the realistic reach of the intensities used in this experiment.
Thus, the pathways (a)—(d) described previously are the only
plausible explanation for the observed spectrum.

The modulation in the figure 3 around 150 eV along with
the asymmetric profile of the 2p~! line manifest on its low
energy side are indicators of unresolved structure between
features labelled (a) and (d). At this point we do not have
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plausible designations for these features and so we must leave
this region unassigned for now.

4. Conclusions

Two photon single ionization and 1 + 2 (three photon) double
ionization of Ne has been observed in an experiment at the
FLASH FEL where intense pulses, tuned to a photon energy
of 93 eV, were used to irradiate a low density atomic beam.
Spectral signatures of four different photoionization channels
have been observed in the photoelectron spectra. These chan-
nels have been identified with the aid of data available in the
NIST database and theoretical calculations. The calculations
show that the multiphoton spectra are very sensitive to FEL
intensity and are measurable when the irradiance approaches
values close to 10'© W cm™—2. Structure in the electron spec-
trum in the kinetic energy region around 150 eV cannot, as yet,
be plausibly assigned.
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