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A modified magnetic bottle electron spectrometer for the detection of multiply charged ions in coincidence with all correlated electrons: decay pathways to Xe 3+ above xenon-4d ionization threshold I.

A modified magnetic bottle electron spectrometer for the detection of multiply charged ions in coincidence with all correlated electrons: Decay pathways to Xe 3+ above xenon-4d ionization threshold.

Introduction

The photoelectric effect [1][2][3][4] is one of the cornerstones of modern physics, which is the origin of analytical methods such as X-ray photoelectron spectroscopy (XPS) [5][6][7] in chemistry and surface science. To this end, high-resolution electron spectrometers have been developed, allowing also high-resolution Auger electron spectroscopy (AES) after inner-shell ionization. At first order approximation, the independent electron model and Koopmans' theorem 8 are sufficient to understand the main lines resulting from inner-shell ionization in the photoelectron spectra. However, in addition to these main lines, satellite peaks corresponding to inner-shell ionization with simultaneous excitation of a valence electron (shake-up) also appear and are a first indication of electron correlations since the absorption of a single photon induces a two-electron process. If the second electron is not simply excited but ionized, shake-up becomes shake-off, i.e., double ionization (DI). Provided the photon energy is sufficient to reach multiple ionization thresholds, electron correlations make possible multiple ionization by absorption of a single photon. Conversely, multiple ionization studies provide a direct probe of electron correlations that can be accounted for at various levels of theory beyond the independent electron model with higher and higher accuracy. When the ionization process involves a deep inner-shell, cascade Auger decay becomes the dominant decay pathway leading to multiply charged ions due to the successive creation of shallower inner-shell vacancies 9,10 . The first important information for multiple ionization processes are the absolute cross-sections. For valence multiple ionization, these cross-sections typically decrease by one order of magnitude from n to the next n + 1 ionization levels. They can be determined by ion spectroscopy by analyzing the different charge states (e.g., Li 3+ 11 ), but this provides little, if any, information on the pathways and mechanisms leading to multiple ionization. When inner-shell ionization is involved, a similar decrease by one order of magnitude is observed between single, double and multiple Auger decay and is again a direct result of electron correlations in the intermediate coreionized states.

Experimental approaches

The deep understanding of the mechanisms of multiple ionization relies experimentally on the detection of all the electrons in coincidence. This has been a very active field for double ion-J o u r n a l N a me , [ y e a r ] , [ v o l . ] , ization of the simplest systems such as He and H 2 in the past decades [12][13][14][15] . Fully differential cross sections were obtained with reaction microscopes 16 or related techniques and were well interpreted by sophisticated theoretical models [17][18][19] . For higher ionization levels (triple, quadruple...), complete angular correlation between all electrons becomes experimentally unattainable, although it remains possible, for instance, to determine the angular correlation between two electron out of three (for example, between two Auger electrons in double Auger decay 20 ). Nevertheless, energy correlation (without angular correlation) between many electrons remains possible in most cases.

The Magnetic bottle

Since 2003 21 , experiments using magnetic bottle time-of-flight electron spectrometers 22,23 have allowed the study of multiple ionization processes with good energy resolution and have shown a very high sensitivity, able to reveal weak processes such as twosite double core hole ionization (K -1 K -1 ) which is only ∼ 10 -5 fraction of the prominent K -1 ionization channel (see ref. 24 and references therein). Many multiple ionization channels have been revealed by this technique. For triple ionization, different channels have been observed and identified. Below the 2p inner-shell ionization threshold for Ar 25 and the 1s for Ne 26 , and in core valence-valence triple ionization of Ne 27 , a complete energy correlation between 3 electrons was obtained. For Kr and Xe, triple ionization occurs with 3d and 4d inner-shell ionization and results from the double Auger decay after Kr 3d 28,29 or Xe 4d ionization 30 or from a single Auger decay following core (3d, 4d) valence (4l, 5l) double ionization 31,32 . These last two processes have comparable cross-sections both resulting from correlations between two or three electrons in the Kr + (3d -1 ) or Xe + (4d -1 ) intermediate state, allowing double Auger decay, or in the initial Kr or Xe neutral state, allowing core-valence double ionization followed by single Auger decay.

The strength of the magnetic bottle spectrometer lies in its very high detection efficiency. The magnetic mirror configuration, that results from the strong inhomogeneous magnetic field of a permanent magnet (or electromagnet) that decreases rapidly with r as (L/r) 3 (L is a characteristic dimension of the magnet ∼ 1 cm, typically: Bmax ∼ 1 T, (∂ B/∂ z) ∼0.1 T/mm), collects the electrons in almost the entire 4π solid angle for energies from 0 to ∼ 200 eV. In a distance of a few mm-cm, the electrons produced in the strong field region become almost aligned with the B-field because B 1/2 /sinΘ (Θ is the angle between the electron velocity and the B-field line) is conserved in the adiabatic approximation 22 (which assumes that ∂ B/∂ Bz is small in one cyclotron gyration of the electron). At higher energies, the collection angle progressively decreases (∼30% at 1 keV) as the adiabatic approximation fails and fast electrons are no longer confined on their initial Bfield line. Once the electrons trajectories are parallelized, the homogeneous weak magnetic field (∼ 1 mT) of a long solenoid (∼ 2 m) guides the electrons towards a microchannel plates (MCPs) assembly (Z-stack) detector.

The electron detection efficiency of MCPs, which is mainly determined by the open area ratio (OAR), is about 60% for standard MCPs, but can be ∼ 90% higher for tapered MCPs [33][34][35] . For the detection in coincidence of 4 electrons (2 PE, 2 Auger) in the K -2 process, an overall efficiency of ∼20% was obtained 36 . With a 2 m time-of-flight tube, the energy resolution ∆E/E is about 1.5-2%. This resolution is generally better than that of a reaction microscope, and the absolute energy resolution can be further improved by slowing down the electrons, but at the cost of losing low-energy electrons. The major limitation of the MB-TOF is the loss of any angular information, since it is no longer possible to reconstruct the trajectories from the detector back to a zone of highly inhomogeneous B-field where the electrons are generated. However, if 3 or more electrons are emitted, this angular information and the complete angular correlation between 3 electrons are no longer experimentally achievable (even with reaction microscopes).

Electron Multi-coincidences:

In order to identify and unambiguously characterize the different multiple ionization processes, the n electrons emitted during nionization must be detected in coincidence with good energy resolution. Since the detection efficiency, even as high as possible, is never 100%, there is a contamination of the n-ionization signal by higher order ionization processes where one or more electrons are not detected. If the dominant process is single ionization or single Auger decay after inner-shell ionization, this remains a minor problem because this contribution from the n + 1 ionization levels is about one order of magnitude lower than the signal for n ionization. However, for deep inner-shell ionization, there is a dominant cascade decay channel leading to the most likely charge state N+, which may also be contaminated by higher ionization processes (N + i)+. The dominant N+ ionization channel may also strongly contaminate the lower ionization channels (Ni)+. However, this contamination can be accurately estimated and often appears in a different energy range when the energy balance is considered. A more acute problem is due to parasitic processes 37 that can cause "unexpected" false coincidence events for higher order ionization channels. One of these processes results from collisions of fast electrons on surfaces that can produce low energy electrons in a (1e → ne) process. This leads to contamination of the nth-order ionization signal by a lower mth-order signal and can be significantly high. In addition, when an excited ion encounters a surface, electrons can be emitted (as in the case of Penning ionization by He + * ions) that are time-delayed due to the drift of the ions (which prohibits time to energy conversion for these electrons) and produce a false coincidence signal at any time (resulting in a spurious signal mostly at low energy after time to energy conversion). To obtain accurate results for multiple ionization channels, the true coincidence signal should not be heavily contaminated by either random coincidences (which are only statistical) nor by false coincidences when parasitic electrons are produced. Although an estimation of "pure" random coincidences is possible (roughly, by raising to the power n the 1D signal and scaling it), it can be tedious. [38][39][40] . Subtracting these random coincidences from an n-dimension data set (n-dimension matrix with sparse events) is not straightforward and relies on an algorithm to handle (multidimensional) "images". Often, these random coincidences appear in regions of n-dimensional space that do not overlap with the n-ionization signal due to the energy difference between the different n-ionization levels. In this case, there is no need to subtract the signal of the random coincidence. However, it becomes more difficult when a minor ionization channel produces electrons that overlap in a n-dimension energy region with a prominent process (the minor channel must be, at least, higher than the statistical fluctuations of the dominant channel). The "undesirable" false coincidences (due to secondary electron processes) may be more problematic, since they may depend nonlinearly on the signal due to threshold or saturation effects. Our goal here is not to explicitly develop a method for removing this background, since many different situations can arise, but to show that we can essentially get rid of it by detecting the specific charged ion in coincidence with the associated electrons.

Electrons-ion coincidences

A very stringent method to filter out coincident events for nionization is to detect n-electrons in coincidence with the associated X n+ ion. This drastically reduces the contribution of false coincidences from lower ionization levels. If we assume that the main contribution to the random coincidences at level n+1 comes from ionization level n with one random electron or from level n -1 plus two random electrons, we can eliminate such contributions by detecting the n charged ion in coincidence with n electrons. This also works if only n electrons among (n + 1) are detected with an X (n+1)+ ion. By selecting n electron coincidence events and detecting an X n+ ion in coincidence, we are able to detect the true n ionization events and also accurately estimate the random coincidences where a different ion charge state is detected. This method has shown its efficiency in the past 41,42 but there were some limitations that we have tentatively reduced in the present work to meet our specific requirements. In this paper, we describe the prototypical simple experimental setup that was built and validated. We show how this setup was used to reveal minor processes in the triple ionization of xenon. Below, we summarize some of the methods that have been used to detect electrons and ions in coincidence with a magnetic bottle spectrometer and compare their respective advantages and possible weakness. Only magnetic bottle experiments are discussed here and not "reaction microscopes" in which the detection of electrons and ions is the "normal" mode of operation. In the experiments of ref 41,42 , the magnetic bottle spectrometer uses a simple conical permanent magnet. To detect ions in coincidence with electrons, their option was to detect ions on the same detector as electrons.

To do this, a high pulsed potential V ∼4 kV is applied to the magnet (after some delay after the ionizing light pulse or, eventually, after the detection of the faster electron) to accelerate the ions to give them enough energy to be detected by the MCPs, which are polarized for electron detection. The time of flight of ions (a few tens of µs) is much longer than that of the electrons. This method is efficient and does not result in a loss in energy resolution for the electrons. However, it is not the best option for ion resolution (a much shorter ion TOF tube with Wiley McLaren geometry provides better q/M resolution), nor for detection efficiency for fragmenting molecules 42 , since ions with too high initial transverse momentum are lost. Another possible drawback is the power dissipation for the pulsed field, which varies with fV 2 (f is the pulse frequency). Without a high-power, high-voltage supply, it may be difficult to pulse the extraction field at more than a few kHz. In single-bunch operation of synchrotron sources, the light pulse repetition rate is typically 1 MHz, and with the light chopper we use, it is 80 kHz 43 . Extraction of ions with a pulsed field at this frequency is easier with a lower voltage (∼100 V) and is also better to limit inductive signals on the detector during the steep (∼10ns) rising and falling edges of the HV pulse (although this parasitic signal can be vetoed). A second possibility is to extract the ion perpendicular to the MB axis through a pulsed electric field ( the ions trajectories being little disturbed by the B field), with the detector located upstream of the inlet of the target gas 44 . Although the geometry of the electrodes used to extract the ions might appear to be a perturbation for the electrons, this is not a major problem. However, for us, this was not an option because, for metallic vapors which we want to investigate further, a cold trap is positioned in front of the oven and it is not possible to insert the ion detector there.

Another solution is to use a ring magnet and to extract the ions in the direction opposite to the electrons. This solution was first developed by Eland et al. 45 and demonstrated its efficiency for ion detection at high repetition rates. The main drawback is that the magnetic field and gradient produced by such a magnet are much lower (B∼0.1T) than for a plain magnet, and the relative energy resolution for electrons is therefore strongly reduced to about 5%. In the work of ref. 46 , a different magnetic field configuration was optimized that produces a strong B field and a steep gradient with a 5 mm diameter hole in the magnet to extract the ions. This system allows very good detection for the ions and high resolution for the electrons (even with a short MB-TOF). Unfortunately, the chosen geometry only allows the installation of a gas inlet needle and prohibits the close approach of an oven for metallic vapors [47][48][49] with a water-cooled shield. For NdBFe permanent magnets, the temperature of the magnet must remain below 80°C, while the oven can be heated up to 800°C (∼ 535°C for Li P=10 -2 Torr 50 ). With SmCo magnets, a temperature of 350°C could be sustainable without cooled shielding. However, the dimensions of the oven are too large (see Fig. 8 in reference 50 ) and prohibit approaching the magnet tip, resulting in a rapid loss of density of the metal vapor target.

Fig. 1 The magnetic field configuration calculated by RADIA software [START_REF] Chubar | RADIA package[END_REF] .

Our solution to circumvent most of these difficulties was to design a first simplest magnet configuration with a drilled soft iron pole magnetized by 12 (4x3) cubic permanent magnets. Using the RADIA package (ESRF) [START_REF] Chubar | RADIA package[END_REF] , we found that the optimal geometry is to mount the magnets in a cross shape with a conical soft iron pole (Fig. 1 ). The magnets magnetization vector lie in the XY plane and point toward the Z-axis, the B field is channeled through the drilled conical soft iron pole in the Z direction. Using cheap commercial (NdFeB) 12 mm cubic magnets (0.5 T at the contact), a field of 0.9 T is measured on the Z-axis at the tip of the soft iron pole piece (as calculated by RADIA simulations). The shape of the permanent magnets and the soft iron pole could certainly be further optimized (although this is not trivial) to increase the field strength [START_REF] Bloch | [END_REF] while maintaining access to the oven and cold trap, but we have chosen the simplest prototype based on readily available, inexpensive permanent magnets that meets all of our requirements. This cross geometry with the conical pole allows the oven exit to be close enough to the magnet axis so that the density in the metal vapor target is sufficient.The hole in the soft iron pole had a diameter of 2 mm. A second version of the cross-shaped magnet assembly, using four 20x20x30 mm magnets (see Fig. 1, with a 4 mm hole in the soft iron pole was built and successfully tested. The magnetic field in the Z-axis is similar in both cases, but the 4 mm hole allows a better detection of ions. A plate with a hole covered by a Mo grid (85% transparency) is placed directly in front of the conical soft iron pole (see Fig. 2). Ion extraction is performed by applying a pulsed +200V potential to a grid located 1 cm from the magnet parallel to the plate. The distance between the magnet tip and the photon beam is 3 mm, so the ions are accelerated to ∼60V as they enter the drilled pole piece. The magnetic field at this distance is about 0.3 T and the B gradient remains high enough to provide good resolution for the electrons (∼2%). At this energy, the ions fly a distance of 15 mm inside the pole piece and are further accelerated to 1 kV by a few electrodes polarized with a resistive divider. Although second-order focusing conditions 53 are not satisfied here, we can distinguish all possible charge states of all xenon isotopes. A 12 cm long TOF tube for ions 54 was used with a flight at 1 kV before accelerating the ions at ∼2 kV on the front of the MCP detector to achieve a good detection efficiency (the MCP signal is extracted on the ground by capacitive decou-pling for sake of simplicity). This acceleration voltage is probably not sufficient to ensure efficient detection of the low Xe charge states 44 and might explain some loss of ions in coincidence with electrons.

Experimental procedure

Using the asynchronous chopper 43 , the selected light pulse passing through is detected at a frequency of 80 kHz by a ceramic channeltron (Dr. Sjuts KBL1010 10x10 mm 2 ) inserted into the photon beam 20 cm after the interaction region. This signal triggers the pulsed field to extract the ions. The pulser is based on a BEHLKE switch (HTS 61-03 GSM), which is triggered by a TTL signal. This switch can in principle commute voltages up to 6 kV, but 100-200V was sufficient for us to extract the ions.

It is worth noting that the setup can also be operated in continuous mode (without pulsed extraction): a constant potential of 3 V is applied to the grid and accelerates electrons and ions in opposite directions and allow to perform electron(s)/ion(s) coincidences. This mode results in a broadening of the electron resolution by about 100mV when the photon beam size is 300µm. For pulsed mode, the typical time delay of the electronics is 300 ns and, during this time, the electrons generated by the photon pulse have already traveled several cm within the MB TOF while the ions remain in the interaction region. To avoid any disturbance of the electrons by the electric field during the pulse, a highly transparent gold mesh (95%) is placed 4 cm away from the interaction region. Regardless of whether the pulser was in operation or not, no difference was observed in the TOF spectrum of the electrons. This ensures that the shielding of the ion extraction voltage pulse by this grid is sufficient for the electrons. The 200 V pulse allows the switch to operate at a frequency of 80 kHz, and the HV power supply doesn't fail. We did not attempt to wait for the detection of a first electron to apply the extraction pulse 41 since the electrons time-of-flight time of 1 to 5 µs could have been too long for the ions to remain in the interaction region. The rising edge of the voltage pulse is about 10 ns and induces transient signals by capacitive (or inductive) coupling to the different detectors. However, it was sufficient to set the thresholds of the constant fraction discriminators (CFD) for the electron, ion and photon detectors, high enough to suppress such parasitic signals, while the actual signal count rate remained almost unchanged (no veto of the signal during the pulse rise or fall was required). Fig. 1 shows the magnetic field configuration modeled with RA-DIA software [START_REF] Chubar | RADIA package[END_REF] . The effect of the magnetic field on the ions is not really significant because their velocity is low and their time of flight for q/m analysis is based only on the electric potentials, as confirmed by the simulation of the SIMION ion trajectories.

Experimental results

The upgraded HERMES experiment was installed at the SEX-TANTS beamline of the synchrotron radiation facility SOLEIL. Our new setup of multi-electron-ion coincidence was used to study multi-ionization processes of xenon atoms, as a proof of principle.
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A photon energy of 136 eV was used, allowing to open 4d -1 single and 4d -1 5l -1 (l=p, s) double ionization (shake-off) thresholds. In particular, we focused on the triple ionization channel of Xe. In our previous work, we investigated the two "main pathways" of Xe 3+ production.

The double Auger decay after 4d inner-shell ionization 30 :

Xe + hν -→ Xe + (4d -1 ) + e - ph1 -→ Xe 3+ (5p -3 ) + e - A1 + e -

A2

The single Auger decay after 4d -1 5p -1 double ionization 48 :

Xe + hν -→ Xe 2+ * (4d -1 5p -1 ) + e - ph1 + e - ph2 -→ Xe 3+ (5p -3 ) + e - A1 ! "! #! $! ! % & ' ( ) ' * & ( + % , - . / . 0 $$ $! 1 2 3 4 %56'%(&7)%68%89&:;(%,<*0 ! " ! #" ! " ! $" ! %"
&'()*$+(!, ( In this work we are more interested by a third 'minor' channel that could not be measured before:

Xe + hν -→ Xe 2+ * (4d -1 5s -1 ) + e - ph1 + e - ph2 -→ Xe 3+ + e -

A1

We measured Xe q+ ions in coincidence with electrons. Fig. 3 shows the electron spectra obtained from all electrons (without filtering by ion coincidence) and in coincidence with one of the Xe q+ ions (q ≤4). The dominant channel is double ionization due to Auger decay after 4d ionization. However, triple ionization is also important, while singly (due to valence ionization) and quadruply charged ions make a minor contribution (the Xe 4+ threshold is about 105 eV 55 and a possible pathway could be shake-off to highly excited doubly ionized 4d -1 5l -2 nl states followed by double Auger decay). Ion time-of-flight Fig. 4 shows the production of Xe q+ ions (q ≤4) ions. Although the ion timeof-flight is not fully optimized for mass resolution, 53 the different xenon isotopes (M=124-136) are almost resolved. However, our goal is only to separate the different charge states.

In Fig. 5 we plot the coincidences between two electrons out of three (with all possible permutations) when exactly three electrons are detected and when a triply charged Xe 3+ ion is detected or not in coincidence with those 3 electrons. The fraction of electrons triplets in coincidence with an Xe 3+ ion is only ∼10% of the total number of three-electron events. This ratio results in part from the efficiency of the MCPs for ion detection , but certainly also from the different source volume seen for electrons and ions. The interaction volume seen by the electron MCP detector can be derived from the magnification of the magnetic bottle B 0 B f ∼ 14 -20 (the field in the interaction region is between 0.2 and 0.4 T and 1 mT in the solenoid). It is therefore ∼ 2-3 mm (with 40 mm MCP) along the photon beam crossing the effusing gas target and larger than the 2 mm hole for ion extraction. With the 4 mm hole magnet, the detection of ions was increased and the electron/ion coincidence is higher.

In Fig. 5, without ion filtering, we see vertical and horizontal stripes resulting from random coincidences with an Auger electron, which is the dominant process. We also see a large increase in random coincidences in the low energy corner. When the 3-electron signal is filtered with the triply charged ion, these false coincidences disappear and the double Auger decay of the 4d hole 30 appears clearly in the low energy corner. Two vertical stripes around E 1 = 25eV remain visible, corresponding to the prominent Auger lines of the 4d -1 5p -1 Xe 2+ decay (they are in coincidence with one of the two photoelectrons sharing ∼45eV).

The two 4d 3/2,5/2 photoelectron lines at respectively ∼66 and 68 eV are associated in this spectra to the double Auger decay that was studied in details at a photon energy of ∼110 eV 30 . The double Auger spectra is exactly equivalent and shows that the electron resolution has not been altered with the hollow magnet allowing ion detection. The double Auger decay gives two Auger electrons sharing less than 5.4 eV kinetic energy. Around ∼49 and 51 eV two lines appear clearly that correspond to 4d shake-up states 56 . Although there are many possible configurations for shake-up states in this region, our limited energy resolution of about 1 eV for 50 eV electrons seems to average the states and shows two main lines corresponding to 4d -1 5p -1 6p with the characteristic 4d 3/2,5/2 fine-structure splitting of 2 eV. Two other weaker lines at ∼45 and 47 eV could also be assigned to 4d -1 5p -1 7p satellites. Just below this energy the shake-off process 4d -1 5p -1 appears as diagonal lines 48 .

We will briefly analyze the double Auger decay associated to 5 Coincidence map shows the energy of the slow electron as a function of the kinetic energy of the fast following core valence double photoionization of Xe atoms at 136 eV photon energy. Top: Coincidence map for events where three electrons were detected in coincidence (without ion filtering). Bottom: Coincidence map for events where three electrons were detected in coincidence with Xe 3+ .
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the main shake-up lines 4d -1 5p -1 6p. These photoelectrons are coincident with two Auger electron sharing less than ∼20 eV and the coincidence between these two Auger electrons appear in the low energy corner as diagonal line corresponding to E 1 +E 2 <22eV that are also more clearly seen in coincidence with Xe 3+ ions. By selecting in the 3 electron/Xe 3+ coincidence event, the events where an electron is a photoelectron due to 4d 3/2,5/2 -1 5p -1 6p satellite (K.E ∼49 and 51 eV), we obtain the two 2D maps of Fig. 6 showing the coincidence between the two Auger electrons toward the final Xe 3+ states. The double Auger decay from satellite states populates not only 5p 3 state but also 5s5p 2 states. Although, the energy resolution is not as good as for very low energy electrons, we can see that the cascade Auger decay is dominant. The identification of the intermediate states in the cascade is more than challenging and will not be done here. If we fo- cus now our attention in the region 20 <E 1 +E 2 < 50 eV, we exclude most of the diagonal lines corresponding to double Auger decay (although double Auger decay from 4d -1 5s -1 nl satellites could also be present). The dominant diagonal line at E 1 +E 2 ∼45 eV corresponds to 4d5p double ionization(shake-off) previously studied 48 , the weaker two line at E 1 +E 2 ∼30 eV are due to 4d5s double ionization. To better show the binding energies of those double ionized states, we plot in Fig. 8 hν-(E 1 +E 2 ) against the energy E 3 of the third (Auger) electron. To facilitate the identification of the process, we compiled in Fig. 7 the relevant energy level data for Xe from literature [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.9)[END_REF] . The horizontal bands between 90 and 95 eV can be attributed to the Xe 2+ 4d -1 5p -1 states and their specific Auger decay is observed 48 . The final Xe 3+ states appear as diagonal lines. In these lines, direct triple ionization partially contributes in addition to the misgrouped electron pairs created by our sorting method. What can be seen now are two stripes at 104-106 eV binding energy. These two lines correspond to 4d -1 5s -1 2 D 5/2,3/2 double ionization, with the 4d 5/2,3/2 2 eV spin-orbit splitting, and are now clearly observed thanks to ion filtering, whereas in our previous work they were not observed 48 because they were obscured by random coincidences. This clearly demonstrates the efficiency of our new ion/electron coincidence technique for studying such low cross-section events, which would otherwise not be possible.

It is also possible to obtain the specific Auger decay of these two states 4d -1 5s -1 2 D 5/2,3/2 . Another presentation of the data , @ , @ ! , @ " !"#$%-1 %) (Fig. 9) can be given by plotting the energy of the intermediate states given by hν-(E 1 +E 2 ) against the energy of the final Xe 3+ states given by hν-(E 1 +E 2 +E 3 ). In this figure the final states appear as vertical lines and the continuous intensity along a line is not only due to direct triple ionization with energy sharing between 3 electrons but also to the two summation (E PE1 +E A ) and (E PE2 +E A ) when the energy of the intermediate state is given by hν-(E PE1 +E PE2 ). By subtracting a background obtained in the region where no intermediate states (horizontal lines) are visible, it is possible to obtain the Auger spectra or (equivalently) the energy of the final states by a projection of an horizontal stripe on the X-axis (Fig. 10). We observe that the decay of the 4d -1 5s -1 states populates mainly the Xe 3+ 5s5p 4 states, the 5s hole remaining spectator. The possible decay toward Xe 3+ 5p 3 final states is much more difficult to interpret. That would need a process involving three 5p electrons with simultaneous filling of 4d and 5s vacancies by two 5p electrons, the third 5p electron taking the energy being the Auger electron. That should be however a weak Auger process (unless a mixing of 5s5p 6 and 5s 2 5p 5 states due to configuration interaction allows such Auger decay by a twoelectron process). The peak going to the Xe 3+ 5p 3 state could also be an artefact coming from the 4d -1 5p -1 for which a combination the sum of two energies (E PE +E A ) coincidences with (E PE1 +E PE2 ) for 4d -1 5s -1 . There is apparently no way to exclude this process since is will be possible at any photon energy.

Nor we can completely rule out the contribution of the double Auger from 4d -1 5s -1 nl states that could populate the Xe 3+ 5p 3 states though cascade Auger decay with successive filling of the 4d and 5s vacancies. This process could be distinguished from double ionization followed by single Auger decay by varying the photon energy. The photon energy difference can be taken by one or two photoelectrons while the Auger energies remain constant. Unfortunately, these weak processes need high statistics to be extracted, meaning long acquisition time, that was not possible for different photon energies. If we go above ∼145 eV photon energy the 4p ionization channel opens and new Auger processes occur [START_REF] Hikosaka | [END_REF] that will make the interpretation of the multi-electron coincidence even more difficult, and will lead to higher charge states.

The present results conclude the previously published results obtained at 120 eV photon energy 48 showing clearly the double auger decay from satellite states and 4d5s double ionization.

Conclusion

We have developed a new powerful setup for electron(s)-ion coincidences. This system offers many advantages. It allows efficient -?/%@ -?/%@AB -?/$@ -?/$@AB Fig. 10 The energy of the final Xe 3+ states obtained by projecting the horizontal stripes corresponding to 4d -1 5s -1 2 D 5/2,3/2 states shown in Fig. 9 onto the X axis. The black dotted lines are the same projections after suppression of the estimated background obtained in the region where there are no intermediate states (horizontal lines).

detection of ions and electrons in coincidence at a high repetition rate of light pulses without compromising the energy resolution of the magnetic bottle for the electrons. In addition, the chosen geometry and magnets allow a flexible design for good access to an oven and cold trap for future experiments with metal vapors. It was also possible to use this setup to disentangle the electron spectra from gas mixtures and is was very easy to obtain the He I (21.21eV) well-known electron spectra of O 2 , N 2 and Ar with air. This could be also important when studying metal vapors in case of the presence of impurities (other alkali metals...).
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Notes and references

Fig. 2

 2 Fig. 2 Schematic of the new magnetic bottle design and ion time-offlight setup. (Left) a photo of the cross-shaped magnet assembly with a hole diameter of 4 mm

Fig. 4

 4 Fig. 4 Ion time-of-flight showing the production of Xe q+ ions (q ≤4)

Fig. 6

 6 Fig. 6 Decay of xenon 4d 5p -1 6p shake states by emission of two Auger electrons. The three electrons are detected in coincidence with Xe +3 ion. The 2D plot of the Auger double electrons are filtered according the satellites photoelectron lines ∼ 49 eV (top) and ∼ 51 eV (bottom).

Fig. 7

 7 Fig. 7 Level diagram of the energy levels relevant for the interpretation of Fig. 8.

Fig. 8 2DFig. 9

 89 Fig. 8 2D map of core valence double photoionization of Xe atoms at 136 eV photon energy presenting the energy of the double ionized states hν-(E 1 +E 2 ) against the energy E 3 of the third (Auger) electron.
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