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Abstract
Themultiple ionisation of atomicMn, excited at (photon energy: 52.1 eV) and above (photon energy:
61.1 eV) the discrete giant p d3 3– resonance, was studied using high irradiation free-electron-laser soft
x-ray pulses from the BL2 beamline of FLASH,DESY,Hamburg. In particular, the impact of the giant
resonance on the ionisationmechanismwas investigated. Ionmass-over-charge spectrawere obtained
bymeans of ion time-of-flight spectrometry. For the two photon energies, the yield of the different
ionic charge statesMn q+ (q=0–7)was determined as a function of the irradiance of the soft x-ray
pulses. Themaximumcharge state observedwasMn6+ for resonant excitation at 52.1 eV andMn7+

for non-resonant excitation at 61.1 eV at amaximum irradiation of W3 10 cm13 2´ - .

1. Introduction

Since the discovery of the photoelectric effect byHertz [1] and its explanation by Einstein [2] it has been used
extensively to study the interaction between light andmatter. In the standard quantummechanical formulation,
one photon interacts with one electron of a given atomic shell.With the upcoming lasers in the 1960s, the
ionisation of atomswith optical light viamulti-photon absorption became possible [3]using an optical ruby
laserwith awavelength of 694.3 nm (photon energy: 1.78 eV). The nonlinearmulti-photon photoionisationwas
afterwards an activefield in the 1970s and 1980s [4–8], but limited to the optical regime because only optical
lasers were able to generate sufficiently high electromagnetic fields [9, 10]. The vacuumultra-violet (VUV)
regime between 10 and 200 nm (photon energy: 6–124 eV)was reached 12 years ago [11–15] using higher
harmonic generation schemes (see e.g. [7, 16])while thefirst light source generating pulses in the soft x-ray
regimewith sufficient photon densities [17] formulti-photon excitationwas the free electron laser (FEL) FLASH
(formerly TTF [18]) built byDESY [19–21]. Using short pulses of about 100 fs pulse length at 13 eV photon
energy and peak irradiances of the order of1 10 W cm13 2´ - , themultiple outer shell ionisation of rare gases
was demonstrated [22, 23]. Later, thework ofmulti-photon ionisation on rare gases was extended up to 39 eV
photon energy [24–26]. At theVUV-FEL facility SCSS in Japan, themulti-photonmultiple ionisation of argon
was reported at 20 eV and 2 10 W cm14 2´ - [27].

First inner shell excitation using soft x-ray FEL pulses with a duration in the order of a few tenths of
femtosecondswas reported for a photon energy of 90 eV and irradiance up to 1 10 W cm16 2´ - onXe [28]. A
charge state up toXe21+was reachedwhich requires in totalmore than 57 photons to be absorbedwithin the
duration of the single pulse. Later, at the x-ray FEL facility LCLS, the complete stripping of the ten electrons of
Ne [29] and charge states up to 36+ onXe [30]were observed at photon energies in the keV regime explained by
cycles of core excitations with subsequent Auger decay and resonance enhanced photoabsorption.
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The physics driving the high degree of ionisation of Xe in the soft x-ray regime is, however, still under debate
[31–33]. Especially, the ‘giant’ resonance caused by the transition from d4 to fe around 90 eV is considered to
enhance the absorption ofmany photons in contrast to the lighter noble gases [34, 35]where no such resonance
exists. Using photoelectron spectroscopy it was proven that two x-ray photons can indeed be absorbed
simultaneously in the ‘giant’ resonance of Xe [36, 37].Moreover it has been shown that the ionising behaviour of
Xe strongly depends on the pulse duration [38]. The latter work demonstrates the differentmechanisms of
multi-photon excitation and ionisation including sequential processes via decaying resonances.

Similar to Xe, the spectrumofMn atoms displays a giant resonance in theVUV regime spanning the photon
energy range 49–53 eV [39, 40]. In contrast to the Xe d f4 e– continuumgiant resonance located above the d4
ionisation threshold, the p d3 3– resonance of the open shellMn atoms is discrete, i.e. it lies below the p3
ionisation thresholds. The p3 absorption spectrum and the p3 ionisation thresholds of neutralmanganese are
shown infigure 1.

The p d3 3– resonance was studied in the past using absorption spectroscopy for neutralmanganese [41, 42]
aswell as forMn1+ toMn3+ [41, 43–49]. In case of the singly chargedMn1+ ion the absolute value of the cross
section has been determined [50]. The electronicmultiplet structure ofMn, on the other hand, was studied using
photoelectron spectroscopy [39, 51–58]. Various theoretical concepts were developed to describe the cross
section behaviour of the p3 – d3 transition: generalised Fano theory [59–63], (‘spin-polarised’) randomphase
approximationwith exchange (SP)PRAE [64–73], Compton scattering [74], and the Breit–PauliR-matrix
formalism [75, 76], as well as potential barrier effects like inXe [77]. Comprehensive reviews can be found in
[40, 78]. Since the d3 shell of neutralMn and theMn ions is partially filled,many p d3 3 n5 1+ states are accessible
after the p3 excitation [41]. They are strongly coupled to the p d p f3 3 n6 1 e- ( ) super Coster–Kronig continua
[41, 79, 80] decayingwithin sub femtoseconds [81]. Thus, high photon intensities allow for fast excitation into
high ionic charge states via p d3 3– excitation/de-excitation cycles until all d3 electrons are removed. In any case,
as has been shown for Xe, (giant) resonances can significantly enhance themulti-photon ionisation of atomic
systems at high irradiance. Since the resonances inXe andMn are of very different character, asmentioned
above, the goal of the present study is to clarify the contribution of a discrete giant resonance, i.e. theMn p d3 3–
resonance, tomulti-photonmultiple ionisation. For this purpose,metal vapours of open-shellMn atomswere
investigated at high evaporation temperature.

2.Methods

For the preparation of an effusive atomic beam,Mnwas evaporated under vacuum conditions. The base
pressure of our experimental chamber was in the order of 5 10 hPa9´ - tominimise residual gas. To achieve a
partial pressure ofMn atoms of the order of1 10 3´ - –1 10 hPa2´ - in the interaction region, required for the
experiments, a temperature in the oven between 1100 and 1300 Khad to be applied [82]whichwas achieved by
using a resistive wire oven [40]. The aperture of the crucible had a diameter of 5 mmproducing an effusive beam
ofmanganese vapour. The vapourwas crossedwith the pulsed focused photon beam fromFLASH in the

Figure 1.Absorption cross section of neutralmanganese atoms (MnI, black line) data taken fromfigure 2 and adaptedwith permission
from [41] (copyrighted by theAmerican Physical Society).Marked are the energies of the exciting photons in the present study. The
shades indicate the FLASHbandwidth at BL2 of about 1%. Red: resonant excitationwith 52.1 eV photon energy. Blue: non-resonant
excitationwith 61.1 eV photon energy. The p3 ionisation thresholds are p d s P3 3 45 5 2 7

4,3,2 at 57.0 , 57.6, and 57.9 eV [39, 40].
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interaction region of themass-spectrometer (figure 2). The temperature of the ovenwas strictly controlled to
keep the chamber pressure lower than 5 10 hPa7´ - during themeasurements. For the excitation of theMn
atoms, soft x-ray pulses from the beamline BL2 at FLASHwere used. The beamline delivers photon pulses with a
typical energy bandwidth of one percent of the photon energy [20, 86] and a pulse duration in the order of

100 10t = ( ) fs (FWHM). The latter was estimated bymeasuring a single-shot spectral intensity profile at the
PG2 beamline of FLASHbefore and after the experiment aswell as by online determination of the length of the
electron bunch [87]. Twodifferent photon energies were chosen. Photons of 52.1 eVphoton energy excite the
Mn atomswithin the giant p d3 3– resonancewhereas of 61.1 eV photon energy can ionise the p3 shell (see
figure 1) [41, 43, 44]. These photon energies and the corresponding bandwidths aremarked infigure 1.

The radiationwas distributed among 10 pulse trains per second. Each trainwas filledwith 80 pulses
separated by 4 μs [20, 84, 86]. The photon beamwas focused by the BL2 ellipsoidalmirror [84] down to (20±5)
μm in the diameter (FWHM)withRayleigh length of about 13 mm. The focused beam characteristics were
determined using the atomic gas photoionisation techniques [88], amethod based an ablation of solids [89], and
with the help of awave front sensor [90–92]. Due to the self-amplified spontaneous emission process in the
FLASH accelerator, the photon pulse energy varies statistically and significantly from shot to shot [20, 93]. This
enabled us to study the ionisation scalingwith pulse energy ofMn atoms in the range from1 to 9 μJ while
keeping the focal spot area constant from shot to shot. The pulse energy for each single pulse wasmeasured on-
line in a non-destructive way using the gasmonitor detector (GMD) installed in front of the first optical element
of the FLASHbeamline [83, 84]. The absoluteGMDpulse energies could be determinedwith an uncertainty of
about 10%.

ForMn ions, created upon photoionisation of the neutralMn atoms, themass-over-charge ratiowas
determined by aWiley–McLaren-type time-of-flight spectrometer (iToF) [85, 94]. It was equippedwith a
V-stack ofMCPs and had an acceptance length along the photon beamof 10 mm.

Separately for the two different photon energies, the raw spectrawere sorted according to the energy of the
FLASHpulse determined by theGMD.All spectra lyingwithin an energy interval of 0.6 μJ for resonant
excitation and 0.25 μJ for non-resonant excitation around the the selected energy were summed (binned). Two
different energy intervals for the binningwere chosen because bothmeasurements were performed at two
different days during the beamtime and hence the FEL operationwas not the same for both. The energy intervals
chosen guaranteed comparable statistics for both plots. In order to correct for the varying vapour density and the
different number of spectra summed up for one bin, these spectra were normalised to the total number of ions
detected and the number of spectra per bin.

3. Results

Plotting the ion intensity versus themass-to-charge ratio after the binning process, ion spectra as shown in
figure 3were obtained. The upper panels depict spectra excitedwith a photon energy of 52.1 eV, the lower panels
depict spectra excitedwith a photon energy of 61.1 eV. In each panel, the spectra with red triangles are excited
with FEL pulses of 3 μJ pulse energy and the onewith black boxes are excitedwith pulses of 9 μJ. The irradiance I

Figure 2. Scheme of the experimental setup. The soft x-ray pulses (blue arrow) are produced by the FLASH accelerator and analysed
according to their pulse power by the FLASH gasmonitor detector (GMD) [83, 84]. To evaporateMn from its solid state, a resistive
wire oven [40] ismounted below the x-ray beam. The vapour beam crosses the interaction volume between the x-ray pulses and the
Wiley–McLaren ion time-of-flightmass spectrometer (iToF) [85]. The valuesmeasured by theGMDand the iToF are recorded by fast
transient recorders by the FLASHdata acquisition (DAQ) system and stored to disk.
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of the pulses, which represents a key quantity of the radiationfield to describemulti-photon processes, was
calculated according to [28]:

I
W

A
, 1

t
=

·
( )

whereW is the FEL pulse energy,A is the focal spot area, and τ is the pulse duration. For the four spectra in
figure 3, one obtains I 52.1 eV, 3 J 9.6 10 W cm12 2m = ´ -( ) , I 52.1 eV, 9 J 2.9 10 W cm13 2m = ´ -( ) ,
I 61.1 eV, 3 J 9.6 10 W cm12 2m = ´ -( ) , and I 61.1 eV, 9 J 2.9 10 W cm13 2m = ´ -( ) . The absolute value of
the irradiance has an uncertainty of 30%. Themain contributions to this uncertainty are due to the difficulties
encountered in the exact determination of the focal spot areaA and the pulse length τ. The error bars, however,
for the irradiance axis given infigure 4 reflect the shot-to-shot variation of the pulse energymeasured by the
GMDof 10%. The position of the different charged ionic states aremarked by grey dashed lines. During the
experiment wewere able tomeasure ions fromMn1+up toMn7+ depending on the irradiance and on the
exciting photon energy. The intensity of an ion species was determined by integrating the area beneath a
respective ionic peak by fitting the peakwith one ormultipleGaussian functions depending on overlapping
residual gas peaks nearby. The uncertainty of the results is smaller for isolated than for overlapping peaks. For
theworst case, theMn4+ peak at 13.75 u overlapping the N1+ peak at 14 u, the numerical uncertainty rises to a
maximumof 20%. The different statistics for each bin, as discussed above, adds amaximumuncertainty of 3%.
This uncertainty is based on the fact that aminimumof 1000 spectra have been summed for each bin. A further
uncertainty is caused by the correction for the varying density of theMn vapour in the interaction volume, as
described above. The total uncertainty for the ion yield, given by the error bars infigure 4, was obtained by an
propagation of uncertainty calculation taking all above uncertainties for the ion yield into account. Plotting the
determined values over the irradiance, one gets plots as presented infigure 4. The ion yields for 52.1 eV photon
excitation are plotted in the upper panel (a) offigure 4, the ion yields for 61.1 eVphoton excitation are plotted in
the lower panel (b), respectively. Same colours and symbols infigure 4mark the same ionic state ofMn q+

(q=1–7). Note that the ion yield is given in logarithmic scale. The spectra for the different ions, overmost of the

Figure 3. Ion spectra ofmanganese at two different FEL pulse energies. Red triangles: 3 μJ. Black boxes: 9 μJ. The spectra in the upper
panel showMn excited at a photon energy of 52.1 eV (resonant excitation). The spectra in the lower panel showMn excited at 61.1 eV
(non-resonant excitation). Depending on the energy and FEL pulse irradiance (I 52.1 eV, 3 J 9.6 10 W cm12 2m = ´ -( ) ,
I 52.1 eV, 9 J 2.9 10 W cm13 2m = ´ -( ) , I 61.1 eV, 3 J 9.6 10 W cm12 2m = ´ -( ) , and I 61.1 eV, 9 J 2.9 10 W cm13 2m = ´ -( ) )
ion states up toMn7+ can be seen. Peaks which have not been specifically labelled correspond to signals from residual gases,mainly
N2,O2, andC ions. The intensity scale is linear. The panels within the grey box show a zoomof themass-over-charge axis between 0
and 16 u to enlarge higherMn q+ (q=4–7) charge states spectrum.Here, the intensity scale is logarithmic. The resolving power of the
ion time-of-flight spectrometer is in the order of m m 100D » and hence sufficient to distinguish theMn4+ peak from the N1+ peak,
but not theMn8+ peak from N2+. The solid green shadedGaussian fit indicates theMn4+ peak in themass spectra for both excitation
energies taken at a photon pulse energy of 3 μJ.
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irradiance range covered, can be approximated by a straight line, corresponding to the power law introduced by
[98, 99] for the description of themulti-photon process:

N

N
I , 2

q n~ ( )

whereNq is the ion yield of the charge state q,N the number of atomic targets, I the irradiance , and n the number
of photons needed to reach the charge state q. By normalising the data to the sumof allMn q+ yields which
should be dominated by single photon processes (n 1» ), one obtains:

N

N
nlog 1 3

q

q qå
~ -

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ ( ) ( )

i.e., the number of photons n needed to populate a certainMn q+ ion can be determined by fitting the slope
k n 1» - on a logarithmic scale. Single photon excitation n 1»( ) results, hence, in a constant linewith k=0.
For high irradiance, however, lower charged ions likeMn1+ get depleted resulting in a negative slope infigure 4.
Here, equation 3 is not valid anymore, but still useful as it indicates this saturation effect. The results are listed in
table 1. For both photon energies, the k values for the charge states up to q=4 are smaller than 1 or even
negative indicating the depletion of the ionic species. In contrast to this, the curves forMn charge states q=5 to
q=7 excited by 61.1 eV display amarkedly steeper slopewith k values in the order of 2 forMn5+,Mn6+, and
larger than 3 forMn7+. For 52.1 eV photon energy, only the k value forMn6+ exceeds 1. ForMn1+ toMn4+, for
both photon energies, the ion yields dropwith increasing charge state but all yields lie within an order of
magnitude. This significantly changes for the step fromMn4+ toMn5+. At low irradiance, the yield forMn5+ is
more than an order ofmagnitude lower than that ofMn4+. For 52.1 eV the difference is almost constant, at all
irradiance values, whereas for 61.1 eV theMn5+ yield is only by approximately a factor of 2 lower than theMn4+

Figure 4. Ion yield of differentMn q+ (q=1–7) charge states depending on the irradiance of the FEL pulses of FLASH.Upper panel
(a): excitation of theMn ionic charge states with photons of 52.1 eV. Lower panel (b): excitation of theMn ionic charge states with
photons of 61.1 eV.Dotted lines: fit of the data pointwith equation (3). The curves werefitted by using the Levenberg–Marquardt
algorithm [95, 96] in its representation in theGNUScientific Library [97].
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yield at the highest irradiance. This is reflected by the significantly different k values. For 52.1 eV the k values for
Mn4+ andMn5+ are almost the same, whereas for 61.1 eV the k value increases from0.6 forMn4+ to 1.7 for
Mn5+. For 52.1 eV, theMn5+ yield, over thewhole irradiance range, can bewell approximated by a straight line.
This is not the case for 61.1 eV, where the slope decreasesmarkedly for higher irradiance. For both photon
energies, the yield drops fromMn5+ toMn6+ by an order ofmagnitude. This also holds for the step fromMn6+

toMn7+which could only be generated by 61.1 eVphotons at an irradiance above 1 10 W cm13 2´ - .

4.Discussion

The above resultsmake it clear that the n values cannot simply be related to the number of photons involved in
the excitation like for a two level system. The reason for this rests with the sequential ionisation process bywhich
ion states up to q=4 are generated. A low n value indicates that the corresponding ionisation step is close to
saturation.

Table 2 gives the electron configurations and the ionisation energies of theMn q+ (q=0–7) ground states
[100]. Successively stripping the s4 and d3 valence electrons ionic states up toMn4+ can be reached by single-
photon ionisation. For the generation ofMn5+,Mn6+, andMn7+more than one photon is required for each
ionisation step. However, for photon energies close to the p3 threshold, the direct s4 ionisation is negligible
[101]. For 52.1 eV, within the giant p d3 3– resonance, discrete p d s p d s3 3 4 3 3 46 5 2 5 6 2 excitation followed
by the ultrafast super Coster–Kronig decay to p d s3 3 46 4 2 eℓ dominates the ionisation step. At 61.1 eV, above
the p3 ionisation threshold, direct d3 ionisation and to a lesser extent p3 ionisation give rise to thefirst step. At
this energy, the cross section d3s is approximately four times larger than the cross section p3s [52]. The p3 hole

will dominantly decay via super Coster–Kronig decay to p d s3 3 46 3 2.

Table 1.Values for the slopes k obtained by fitting the curves in figure 4 by
equation (3) using the Levenberg–Marquardt algorithm [95, 96] in its
representation in theGNUScientific Library [97]. The numerical error of
all values is in the order of 0.3. For the discussion of the values refer to
the text.

Slope k for

Ionic state

q+
52.1 eV photon

excitation

61.1 eV photon

excitation

Mn1+ −0.25 −0.3

Mn2+ 0.03 −0.1

Mn3+ 0.2 0.4

Mn4+ 0.4 0.6

Mn5+ 0.5 1.7

Mn6+ 1.3 2.2

Mn7+ 3.5

Table 2.Electron configurations and ionisation energies of theMn q+ (q=0–7) ground charged
states according toNISTAtomic SpectraDatabase [100]. The givenmulti-step ionisation energy is
needed to excite the respective ionic state from the neutral ground state. The number of photons
given are needed to excite the next ionic state. For example, to reach the highest ionic stateMn7+ by
sequential ionisation from the neutral ground state in total 11 photons of 52.1 eVor 10 photons of
61.1 eV are required. For the directmulti-photonMn toMn7+ ionisation 8 respectively 7 photons
would do.

(Ionic)Atomic ground
Single-step Multi-step

No. of photons needed

per step

state configuration Ionisation energy For 52.1 eV For 61.1 eV

Mn p d s S3 3 46 5 2 6
5 2( ) 7.43 eV 7.43 eV 1 1

Mn1+ p d s S3 3 46 5 7
3( ) 15.64 eV 23.07 eV 1 1

Mn2+ p d S3 36 5 6
5 2( ) 33.67 eV 56.74 eV 1 1

Mn3+ p d D3 36 4 5
0( ) 51.20 eV 107.94 eV 1 1

Mn4+ p d F3 36 3 4
3 2( ) 72.40 eV 180.34 eV 2 2

Mn5+ p d F3 36 2 3
2( ) 95.60 eV 275.94 eV 2 2

Mn6+ p d D3 36 2
3 2( ) 119.20 eV 395.14 eV 3 2

Mn7+ p S3 6 1
0( ) 195.50 eV 590.64 eV
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In order to gain insight into the processes involved reaching higher charge states up toMn4+with single
photon absorption, we performed calculations with theCowanCode [102] calculating the resonances of the
differentMn q+ (q=1–7) ionic states. Especially, the photon-energy needed to excite the p d3 3 transition
in theMn q+ (q=1–7) ions and to create the 3p−1 hole for a subsequent super-Coster–Kronig Auger decay is
calculated. The results are shown infigure 5 as an excitation energy scheme. The levels of the neutralMn atom
are taken from literature [40, 55, 62]. The green lines infigure 5 indicate possible p d3 3– excitation resonances
obtainedwith theCowanCode [102]. The dark green lines are considered to be strong resonances having a
weighted oscillator strength of gf 0.1> as obtained directly from theCowanCode, the light green ones have
weighted oscillator strengths of gf 0.1< . A short explanation of gf can be found in [103]. The ground state
configurations fromwhich the d3 electrons are removed via a p d3 3– excitation and a subsequent superCoster–
Kronig Auger decay areMnII p d s D3 3 46 4 2 5 ,MnIII p d s F3 3 46 3 2 4 ,MnIV p d s F3 3 46 2 2 3 ,MnV p d s D3 3 46 2 2 ,
MnVI p s S3 46 2 1 ,MnVII p s S3 46 2 andMnVIII p S3 6 1

0. The yellow lines forMn5+ andMn6+ are the s np4 –
Rydberg series for the configurationMn p s3 45 6 2+ andMn p s3 46 6+ , respectively, indicating the ionisation
threshold needed to excite a valence s4 electron into the continuumwhen the d3 shell is empty. The value for
Mn p s3 45 6 2+ is (65±1) eV and forMn p s3 46 6+ it is (79±1) eV.

The black levels indicate thefirst ionisation threshold in respect to each ionic ground state according to
table 2 [100]. The red and blue lines indicate the exciting photon energy. The lower onesmark the one-photon
threshold for the resonant excitation energy at 52.1 eV (red) and non-resonant excitation energy at 61.1 eV
(blue). The upper onesmark the two-photon threshold at twice the photon energy, respectively.

Figure 5 shows that the p d s p d s3 3 4 3 3 4n n6 2 5 1 2+– (n=1–4) resonances largely cover the range of the two
exciting photon energies. The p d s3 3 4n5 1 2+ core resonances are strongly coupled to the p d s3 3 4n6 1 2 e- ℓ
ionisation continua as has been shown for neutralMn,which results in a considerable broadening and energy
shift of the resonances. The discrete resonancesmerge into the giant p d3 3– resonance shown infigure 1 and one
may expect similar effects for theMn p d s3 3 4q n5 2+ (q=1–3, n=2–4) ions. In addition to the superCoster–
Kronig decay p d s p d s3 3 4 3 3 4n n5 1 2 6 1 2 e+ - ℓ– , also theCoster–Kronig decay p d s p d s3 3 4 3 3 4n n5 1 2 6 e+ ℓ–
contributes to the decay of the 3p−1 core hole. This is consistent with the ionisation threshold for
d s d s3 4 3 4n n2 1 2 e- ℓ– of 46.2 eV forMn2+ and for d s d s3 4 3 4n n2 eℓ– of 37.4 eV calculated in single
configuration calculations with theCowanCode [102]. Fullfledged calculations of the complex level structure,
the transition probabilities and the decay rates, taking themany electron interaction into account, are very
demanding and have only been performed for neutralMn (see i.e. review [40, 78]).

In spite of the above caveats, it is well justified to describe the observed generation of the ionsMn q+

(q=1–3)mainly to the sequential p d3 3– photoexcitation followed by the ultrafast super Coster–Kronig decay.
For the step fromMn3+ toMn4+ theweaker Coster–Kronig decay of the p d3 3– resonance has to be invoked.
The interpretation of the results by this resonant p d3 3– excitation ultrafast Auger decay cycle is consistent with

Figure 5.Energy level scheme for the excitation ofMn q+ (q=0–7). The zero indicates the energy of the ground state of the neutral
Mn.Green lines: resonant p d3 3 excitation states for each ion charge. The resonancesmarkedwith dark green lines have a higher
probability of becoming populated compared to thosemarked by light green lines. Black lines: ionisation threshold of each ionic
ground state according to table 2 [100]. Yellow lines: s np4 – Rydberg series forMn5+ andMn6+ taking a empty d3 shell into account.
The 4s2 and s4 excitation threshold, respectively, is indicated. Red and blue lines: exciting energy for one (dotted lines)photon
processes at 52.1 eV (red) and 61.1 eV (blue) and doubled values for (dashed lines) two-photon processes, respectively. The data for
MnI have been taken from literature [40, 55, 62]. Levels forMn q+ (q=1–7) have been calculatedwith theCowanCode [102]. The
shades of the red and blue lines indicate the FLASHbandwidth at BL2 of about 1%of the photon energy. The light green dotted
vertical lines separates the ionic states where the ultrafast super Coster–Kronig (sCK)Auger decay dominates the population of higher
charge states from the ionic states wheremulti-photon excitation or theCoster–Kronig decay (CK) is dominant.
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the ion yields for theMn q+ (q=1–4). Via this cyclemainly the Mn p d s3 3 44 6 2+ and p d s3 3 46 2 configurations
are populated.

At 52.1 eV exciting photon energy, the slope k of theMn5+ yield is almost the same as the slope for theMn4+

yield (see figure 4 and table 1), but the ion yield forMn5+ drops by almost an order ofmagnitude.One photon is
not sufficient anymore to exciteMn4+ into an excited statewhich has enough energy to autoionise, because for
the ionisation fromMn4+ toMn5+ 72.4 eV are needed (see table 2 [100])which exceeds the energy of our chosen
photon energies.Mn5+ can only be reached via a two-photon process which causes the drop in the ion yield.
Excitations of the p d s p d s3 3 4 3 3 46 1 2 5 2 2 or p d s p d s3 3 4 3 3 46 2 5 3 resonances predicted close to
52.1 eVprobably dominate the first step. ForMn6+ only a few data points could be determined, precluding any
interpretation.

For 61.1 eVphoton excitation energy, there is no corresponding p d3 3– resonance. Therefore the step from
Mn4+ toMn5+ is driven by single photon s4 ionisation or a two-photon d3 ionisation. The same processes will
also contribute to the step fromMn5+ toMn6+. The step fromMn6+ toMn7+ can only proceed viamulti-
photon s4 ionisation requiring 79.5 eV. This tentative interpretation is consistent with the experimental k values
(see table 1) rising from1.7 forMn5+ to 2.2 forMn6+ and 3.5 forMn7+. The drop of the ion yield by a factor of 10
for each of those steps supports these conclusions. To reach even higher charge states within the single FEL pulse,
the remaining d3 and s4 electrons have to be removed from the respective ion until the process stops atMn6+

andMn7+ for the photon energy of 52.1 eV and 61.1 eV, respectively. The production of ionswith charge states
higher thanMn7+ requires the excitation of the, now, valence p3 electrons and the respective photon energy of at
least 195.5 eV (see table 2 [100]). In the present experiment, this excitation energy can be reached by three-
photon processes only. Charge states aboveMn7+ have, however, not been observed. Because theMn8+ peak is
buried under the strong residual gas N2+ peak and all higherMn charge states are tooweak at the irradiance level
reached.

5. Conclusion

To summarise, we have studied the ionisation behaviour ofMn after excitationwith intense soft x-ray pulses
from the FEL FLASH inHamburg at photon energies of 52.1eV and 61.1 eV and irradiances between
3 10 W cm12 2´ - and 3 10 W cm13 2´ - . Up toMn4+, cycles of (giant) discrete p d3 3– excitations followed by
(super)Coster–Kronig decays can be regarded as themain ionisation routes close to saturation. For higher
charges,more than one photon per step is involved. The behaviour is in analogy toXe between 90 eV and 100 eV
photon energy where the generation of charge states up to 5+ is dominated by cycles of (giant) continuum
d f4 e– excitations followed byAuger decay [38] andmultiphoton steps up to 8+. The generation of even higher
Mn charges by giant collective excitation/ionisation processes as discussed for Xe is scheduled for future
investigations at even higher irradiances.
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