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Abstract: We built a two-mirror based X-ray split and delay (XRSD) 
device for soft X-rays at the Linac Coherent Light Source free electron laser 
facility. The instrument is based on an edge-polished mirror design 
covering an energy range of 250 eV-1800 eV and producing a delay 
between the two split pulses variable up to 400 femtoseconds with a sub-
100 attosecond resolution. We present experimental and simulation results 
regarding molecular dissociation dynamics in CH3I and CO probed by the 
XRSD device. We observed ion kinetic energy and branching ratio 
dependence on the delay times which were reliably produced by the XRSD 
instrument. 
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1. Introduction 

Free electron lasers around the world with unprecedented vuv or x-ray peak power such as 
FLASH in Hamburg, Germany [1], the Linac Coherent Light source (LCLS) at SLAC 
National Laboratory in the United States [2], FERMI@ Elletra in Trieste, Italy [3] and the 
Spring-8 SACLA in Japan [4], make possible novel femtosecond dynamic investigations in 
atoms, molecules, liquids and solids as well as in biological specimens. These dynamic 
experiments rely on pump-probe techniques similar to the ones used with table-top lasers. The 
first mirror-based instrument that allowed pump-probe experiment in the extreme uv range 
was built and commissioned at the FLASH FEL [5]. 

Several methods to study molecular dynamics using pump-probe techniques have been 
used at the LCLS [6,7] since 2009 when the facility opened to users. These schemes were 
complemented by a novel accelerator-based method in 2012 whereby two x-ray pulses 
separated in time were produced by means of a slotted foil [8]. The independent production of 
FEL radiation from two portions of the electron bunch that pass through the slots in the foil 
leads to two ultrafast x-ray pulses. In this case, however, the FEL self-amplified spontaneous 
emission (SASE) pulses cannot provide assurances that both pulses will have consistent 
amplitudes or pulse energies in each of the two pulses. Nevertheless, this scheme works well 
for several types of experiments. 

Another scheme which can be used for the study of molecular dynamics is to split the 
incoming x-ray pulse into two parts and delay one of them. This method has been used in the 
vacuum ultraviolet (vuv) wavelength regime using multiple mirrors at the FLASH vuv/soft x-
ray FEL [5, 9, 10]. One of the devices was built on the plane grating monochromator 
beamline PG2 at the FLASH facility. This tool is comprised of eight mirrors; four mirrors 
which split, steer and recombine the incoming photon beam into two beams, while the other 
four mirrors provide the delay by means of a movable mounting, changing the optical path 
length. The strength of the eight mirrors device is that it can achieve a wide range of delays 
which in this case are between −5.1 and + 5.1 ps with an uncertainty in the temporal accuracy 
of 210 as [5]. Another device generates xuv-pump-probe pulses, using a split-mirror [10] 
which was installed at beamline BL 3 of FLASH. This device consists of a spherical 
multilayer mirror that is cut into two identical half-mirrors with a reflectivity of 40%, 
optimized at 38 eV. Only one half-mirror is movable along the FEL beam axis by means of a 
high-precision stage to determine the time delay for a range of ± 2.5 ps at a resolution of 
about 1 fs [10]. A more recent split and delay unit (SDU) at FLASH consists of extreme 
ultraviolet (xuv) pump–xuv probe implemented for beamline BL2. This is the second SDU at 
FLASH which is located at beamline BL2. Although the design of this device is different 
compared to the one at beamline PG2 [5], it is also an eight mirrors system as in [5]. This new 
SDU tool divides geometrically the beam into two paths which can be delayed from −3 to + 
15 ps with respect to each other. Almost the whole FLASH photon energy range is covered 
by this new SDU [9]. 
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We have designed, built and successfully utilized an x-ray split and delay (XRSD) device 
that consists of two mirrors. The advantage of this design is that it is compact, removable, 
relatively low cost and simpler than previously described split and delay devices [5,9] as well 
as transportable to other beamlines. Its limitation is that it does not extend into the picosecond 
range, but achieves the maximum of 400 fs delays. This XRSD instrument is located 
immediately after the Kirkpatrick-Baez mirrors situated at the Atomic and Molecular (AMO) 
beamline. This system can also be used at the soft x-ray (SXR) beamline. The two x-ray 
pulses are separated by up to 400 fs with a sub-fs time resolution and the device functions 
over the full soft x-ray photon energy range of LCLS which is 250-1800 eV. Although the 
soft x-ray beamline reaches 2000 eV, the photon energy’s upper limit is due to the KB mirror 
coating, which results in a cut-off of reflectivity at 1800 eV. This device has been used 
successfully in an x-ray probe x-ray pump experiment regarding ultrafast isomerization of 
acetylene initiated by x-ray core ionization [11]. 

2. Design and working principle of the XRSD instrument

The XRSD device consists of two plane mirrors that intercept the x-ray beam between the 
Kirkpatrick-Baez (KB) focusing optics and the experimental chamber [12]. The KB optics 
focus the beam at the interaction region of the chamber. The XRSD device is situated 
between the focus of the beam and the KB optics, so that the distance between the KB optics 
and the XRSD device is 1m while the distance between the XRSD device and the chamber is 
1.5 m. In such a layout, the photon density on the XRSD optics is only about a factor of four 
higher than on the KB mirrors and is not more damaging for the XRSD device than for the 
KB mirrors. Furthermore, the XRSD optics are not coated in order to avoid radiation damage. 

Fig. 1. The principle of the XRSD device. SP: sample position (focal spot with two beams 
overlapped). SE: shadow’s edge position (back edge of the beam on M2, which is formed by 
the cut off by M1). TE: trailing edge (front edge of the beam on M1, which is formed by the 
mirror edge). α, β are the tilt angles of M1 and M2.d0: distance from the trailing edge TE on M1 
to SP. d1: distance TE and SE. d2: distance from SE on M2 to SP. 

Figure 1 shows the schematic of the XRSD device. As shown in Fig. 1, the vertical 
portion below the highest point of mirror 1 (M1) (the trailing edge TE) is reflected by M1 and 
the part of the beam passing over TE illuminates mirror 2 (M2) after passing over a shadowed 
region, starting from the shadow’s edge (SE) position. The intercept angles of the mirrors are 
adjustable together with the vertical positions of their optical surfaces, which allows control 
of the intensity ratio and overlap of the split beam. 

The beam focused by the KB mirrors upstream is thus split into two portions following 
different optical paths starting from the trailing edge (TE) position. The first beam reaches the 
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sample position (SP) along d0 and is intercepted by the second beam following the path d1, d2 
as shown in Fig. 1. The time delay tΔ  between the pulses is: 

1 2 0( )d d d
t

c

+ −
Δ = (1)

where c is the speed of light. From the vertical positions of the SP by M1 and M2, one finds 
the path 2d  in terms of 0d  and the angles α, and β in the following way: 

1 0 0
2

2 2

: sin 2 sin 2
: sin 2 sin 2

foc

foc

M y d d
d

M y d

α α
β β

=
 =

=
(2)

For a desired delay time tΔ , the following relation between the angles and distances is 
obtained: 

0

0 1

d

c t d d

αβ =
Δ + −

 (3)

In order to find d1, we use the trigonometric relationship and we use Eq. (2) for the path d2, 
which allowed us to obtain: 

1 0

sin 2
cos 2

tan 2
d d

αα
β

 = − 
 

(4)

We then plug Eq. (4) into Eq. (3) to obtain the following relationship for the angle β: 

0

1
sin 2

1 cos 2
tan 2

c t

d

β α αα
β

=
Δ + − +

(5)

Equation (5) has no exact analytical solution for the angle β as a function of (Δt), but by 
developing the cosine function into Taylor series, we obtained: 

( )21
2

sin 2 sin 2 cos 2
cos 2 1 (2 )

tan 2 sin 2

α α β α αβ β
β β β β

= ≈ ≈ −  (6)

By plugging Eq. (6) into Eq. (5), we obtain the angle β associated with mirror M2 in terms of 
the angle and distance, and we obtain α and d0 associated with mirror M1: 

0

1 cos 2

2

c t

d
α

β
α

Δ + −
≈ (7)

For any desired delay time tΔ , one first needs to calculate the tilt angle β  of M2 at the given 

tilt angle α  of M1 and the distance d0. The required distance d1 can then be calculated using 
Eq. (4). Zero delay is achieved when the two mirror surfaces are coplanar: 

2 (4)

1

1 cos 2 1 2
0

2 2
d

α αβ α
α α

− +≈ ≈ =  =  (8)

Further simplification of Eq. (7) connecting the pitch angle of the mirrors and the time 
delay tΔ , based on the small angles approximation, gives the following result: 

02 /t d cα αΔ = Δ   (9) 
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where Δα = β – α. 
When comparing to the exact result given by Eq. (5), we found this formula to be accurate 

to the fourth significant digit in the range of angles and delays possible with the XRSD 
system. 

Moreover, the αΔ  quantity is the exact pitch angle one needs to apply to the mirror 2 
with respect to the original 0 fs delay configuration to change the delay, which makes the use 
of this formula even more practical. 

The outline of the compact, practical design is given in Fig. 2 and a more detailed 
rendering of the 3D model drawing is in Fig. 3. The mirrors are fabricated from uncoated Si 
and the length of the optical surfaces are 150 mm for M1 and 400 mm for M2. A particularly 
critical design issue was obtaining a clean separation of the beams over the trailing edge TE 
of M1; this was achieved by lapping a chamfer in the last step of the overall manufacturing 
and polishing process. The mirrors are mounted on pivot mounts where the pivot axes are 397 
mm lower than the optical surfaces. 

The actual control of the mirror motors does not allow for the direct change of the 
d1parameter but rather the height of the mirror that in turn affects d1. It is thus more practical 
to use the following formula that gives this height shift, “h”, as a function of the 

αΔ established by Eq. (9): 

0h d α= Δ (10)

To take into account the vertical “parasitic motion” of the M2 mirror during the rotation, 
due to the position of the pivot point, the resulting Eq. (10) can be improved by including one 
more term as in: 

2
0 ( ) / 2h d Rα α= Δ + Δ   (11) 

Where R is the 397 mm distance from the pivot point to the mirror surface. This second order 
correction, however, is still less than 1% and only becomes measurable at highest delays. 

Another useful result can be obtained by expressing a simplified formula for d1 in terms of 
the above directly controllable parameters: 

1 0 / ( )d d α α α= Δ + Δ (12)

Since 1d  is limited by the length of the M2 mirror, inverting Eq. (4) and substituting it into 

Eq. (9) provides the upper limit on the highest possible delay. 
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Fig. 2. Outline of the compact design of the XRSD instrument, showing two tilt settings. CP 
refers to the middle point of the M2 optical surface. 

3. Technical realization of the XRSD instrument

The tilt and vertical position of both M1 and M2 can be adjusted independently. Pivoting is 
achieved by operating on the base of the mounts by two tilt actuators. Both mounts are also 
equipped with vertical actuators operating on pivot points along the y-direction. In addition, 
the entire mirror mounting assembly including the actuators can be precision aligned relative 
to its mounting frame. This alignment is done during the pre-experiment survey and allows to 
(i) set the XRSD instrument to a specific distance from the sample position (d0) and (ii) to put 
both mirrors at a pre-set common tilt angle chα  that then needs to be accounted for in 

calculating the delay parameters. 
The changes in the positions of the mirrors can be read by the encoders of the four 

actuators. In addition, an even more accurate determination of the relative positions is 
provided by two Renishaw RLD10-X3DI differential interferometers which measure the 
distances between two pairs of retroreflectors attached to the two mirror mounts as shown in 
Figs. 2 and 3. One retroreflector of each pair is mounted directly on the baseplate of M2 and 
their opposites are mounted on an extension arm attached to the M1 mount, extending 
alongside the M2 baseplate. Distance measurements from the two pairs thus allow 
recalculation of the relative heights and angles of the two mirrors. 
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Fig. 3. Rendering of the XRSD device design drawing showing the main alignment features. 
The frame and the vacuum chamber’s top part are removed. TAn and VAn (n = 1, 2 for mirror 
M1 and M2 respectively) refer to the tilt and vertical actuators, respectively, and RRa,b mark the 
two pairs of retroreflectors. 

4. Setting delays and verifying motion interdependencies of the XRSD instrument 

Prior to the commissioning experiment, the XRSD instrument chamber survey set d1 to be 
1.2495 m and the angle of the mirror mounting assembly at chα  = 11 mrad relative to the 

incoming x-ray beam axis. It can be shown (see Eqs. (12) and (9)) that at this value of chα and 

400 mm length of M2 the obtainable delay can be greater than 400 fs. During the 
commissioning of the instrument, the tilt angle of M1 was left unchanged, no additional tilt 
was introduced by the actuator, and thus chα α= . Adjustment of the height of M1 determines 

the ratio of the flux illuminating the M1 and M2 surfaces. During the commissioning of the 
instrument,TE was positioned at approximately the middle of the beam’s vertical profile, 
splitting the beam into two equal half, as verified by a YAG crystal mounted in front of M2. 
Then, M2 was set to a coplanar position with both roll and height adjusted to give a well-
focused single spot at SP from the two reflections. This zero-delay position was then used as 
a reference for subsequent settings and its actuator encoder as well as interferometer readings 
were recorded. 

For each delay setting, the required values of αΔ  and h were first calculated from Eqs. 
(9) and (11), using the given chα α=  and 0d . Then the necessary change in the M2 tilt and M2 

height actuator positions was calculated by referring to the coordinates of the relevant 
mechanical points. These obtained actuator movements were added to the reference values at 
the zero-delay settings and then the actuators were operated to run to the desired absolute 
values. In practice, a worksheet was used, with the desired delay as an input and the final 
actuator readings as output. At small angles the dependencies are linear and for the particular 
α  and 0d values they were: 

 2 2Δ ( ) 0.00365 Δ ( ) ;   Δ ( ) 0.01316 Δ ( ) tilt liftM mm t fs M mm t fs= = −   

At the new settings, the operator adjusted either one of the M2 actuators to check for the 
best overlap of the split beams at SP. High charge states in Argon mass spectrum were used, 

#262243 Received 1 Apr 2016; revised 16 May 2016; accepted 16 May 2016; published 20 May 2016 
© 2016 OSA 30 May 2016 | Vol. 24, No. 11 | DOI:10.1364/OE.24.011768 | OPTICS EXPRESS 11775 



since they are created by multiphoton absorption and thus their relative intensity is very 
sensitive to the photon density at SP, allowing the determination to find the best overlap of 
two beams. 

The operator-adjusted pairs of 2 2.Δ  Δtilt liftvM Ms   were found for many delay settings and 

are displayed in Fig. 4, showing two run sequences. The graph demonstrates that the device is 
mechanically stable and the settings are reproducible – both runs follow closely the same 
linear curve with the slope of −3.72, which agrees with the calculated value of −3.19 based on 
mirror positions. The cause of this discrepancy is not yet known. Amongst the possibilities 
are: the actual distance 0d  was different than assumed (a 5 mm difference accounts for the 

discrepancy); the encoder readings vs. actual distances need recalibrations; there was an error 
in the dimensions of the drawing. The graph also shows that for the M1 tilt angle of 11 mrad, 
usable delay settings as high as Δ 200 t fs>  were found. In fact, the upper delay limit is 400 

fs for photon energies from 280 eV-1500 eV. The usable delay time drops to 200 fs between 
1600 and 1800 eV. 

 

Fig. 4. M2 actuator positions for overlapping beams at various delays. The zero-delay positions 
are taken as reference. 

5. Experimental results and discussions regarding the XRSD instrument performance 

5.1 X-ray pump and probe dissociation of methyl iodide molecules 

We used methyl iodide (CH3I) as the test case molecule for the commissioning of the XRSD 
device. This molecule has been extensively studied before using XFEL pulses from both 
LCLS [13] and SACLA [14]. Our experiment showed strong delay-dependent effects that 
could be represented by a simple model. We recorded the ion time-of-flight (TOF) spectra of 
the fragments originating from single-molecule targets exposed to the maximum intensity of 
1600 eV x-ray pulses of 50 fs duration, varying the delay settings of the XRSD device as 
shown in Fig. 5. The choice of the photon energy enables a site specific ionization of iodine 
in the CH3I molecule, since the iodine atom has a much higher photoionization cross-section 
than the atoms in the methyl group at this x-ray energy. Also, at the pulse fluences obtainable 
at the LCLS, sequential multiphoton absorption processes are prevalent. A simplified 
description of events [13] is 1) Inner shell electrons of the iodine atom in CH3I are emitted by 
x-ray ionization, creating positive charge in iodine. 2) Fast charge transfer occurs as electrons 
from the methyl group fill the vacancies in iodine. 3) Auger cascades multiply the positive 
charge and are also an efficient mechanism of charge transfer across the molecule. 4) Once 
the methyl group obtains sufficient positive charge, the molecule undergoes Coulomb 
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explosion producing atomic ions. 5) Photoionization and charging up of the atomic iodine 
continues after the molecular bonds are broken. However, efficient charge transfer from the 
iodine atom is possible only in the molecular environment. 

This ionization scenario results in a wide range of In+, Cm+ and H+ fragments that can be 
detected by an ion TOF spectrometer as shown in Fig. 5 spectra. The kinetic energy release 
(KER) and energies of the individual fragments not only depends on the final charge states of 
the ions, but also on the time of the charge creation with respect to the progress of the 
molecular fragmentation. Using a single 50 fs pulse, the majority of the charge is created at 
interatomic distances that are still relatively close to the initial equilibrium ones. Therefore, 
the conversion of deposited energy into the kinetic energy of the ions by Coulomb repulsion 
is efficient, resulting in highly energetic fragments. 

In a two-pulse scheme, the first pulse duration of 50 fs is long enough so that all 
molecular bonds can be considered broken by the end of the pulse. Since the number of 
photons in each pulse is now about 1/4 of that in a single-pulse experiment, the total charge 
created after the first pulse is, on average¸ also a quarter of that in the single-pulse 
experiment. Part of this charge is distributed also to the methyl group. The KER that is 
dependent on the charge state, is significantly lower after the first pulse than in a single pulse 
experiment. 

 

Fig. 5. TOF spectra at various pump-probe delay times. The spectra are normalized to match 
the dip position for I13+

- I
16+ for comparison of the peak shapes. Data were taken at 1600 eV 

and a total pulse energy of 1.4 mJ (nominal value measured upstream. At the interaction 
region, the pulse energy is ~25% of the nominal value, due to optical transport loss [15, 16]). 

The second pulse, arriving after the delay ΔT, continues to ionize the iodine atom, which 
has already separated from the molecular ion. Larger distances mean that (i) the C and H do 
not obtain additional charge during the second pulse and that (ii) the additional KER due to 
the increased charge is small compared to the initial KER. 

The expectation is thus that the kinetic energy of the fragments should be strongly 
dependent on the delay times. As an observable effect, Fig. 5 shows clearly the TOF peak’s 
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different shapes of the ion charge states which are sharper for long delay times (Δt = 150 fs-
200 fs) and wider for short delay time (Δt = 70 fs-0 fs). The connection between these 
changes and the changes in the kinetic energy of the fragments is explained below. 

Figure 6 shows peaks in the measured ion TOF spectra of the fragments from the 
dissociation of CH3I, induced either by a single 50 fs XFEL pulse or by split pulses with a 
200 fs delay. The TOF peak shape of the low charge fragment I2

+ in Fig. 6(a) is completely 
insensitive to the introduction of the delay. This is because such low charge states are most 
likely a result of single photon absorption in either the first or second pulse, effectively 
reducing the split-pulse (two-pulses) measurement to the single-pulse one. In contrast, the 
highly charged fragment I15+ in Fig. 6(b) has a TOF line shape that is strongly dependent on 
whether the ionization is by single or split pulse, since it clearly exhibits a much narrower 
shape with split-pulse ionization. Line widths in this type of ion TOF spectroscopy are 
indicative of the kinetic energy of the ions: higher initial kinetic energy of the ions tends to 
alter the ion flight times slightly either increasing or decreasing them (depending upon the 
initial time-of-flight direction), thus broadening the spectral shapes. This effect can be 
reproduced quantitatively by Monte-Carlo simulations, tracking the path of the ions through 
the modeled electric fields of the given spectrometer. Figure 6(c) shows such simulated I15+ 
peak shapes based on the spectrometer’s dimensions and voltages used in our experiment. In 
order to recreate the TOF peak shapes that most closely fit the observations, the ions are 
randomly created in the Monte-Carlo simulation according to a certain statistical initial 
kinetic energy distribution; the TOF lineshape is then derived from many individual 
trajectories and reflects the distribution of the calculated TOFs. The maximum and width of 
the energy distribution are the adjustable parameters in the simulations, thus allowing us to 
derive quantitative estimates for the actual observation. In the present simulations, the initial 
kinetic energies were chosen from a Gaussian distribution (truncated at zero). The best 
agreement with the single-pulse experiment (red dotted curve in Fig. 6 (b)) was obtained with 
the distribution having the maximum at 16 eV and the width of 7 eV full width half maximum 
(FWHM). The split-pulse experiment at 200 fs delay (blue curve in Fig. 6(b)) corresponds to 
the energy distribution with the maximum at 7 eV and the width of 11 eV. Thus the 
narrowing of the line shape corresponds to more than double the decrease of the kinetic 
energy. 

 

Fig. 6. Ion TOF spectra of CH3I ionized by 1600 eV, 50 fs pulses. Red dotted curves: zero 
delay time. Blue solid curves: split pulses with 200 fs delay. a) I2+ peak (experimental data), b) 
I15+ peak (experimental data) and c) I15+ peak, Monte Carlo simulated. All peaks are normalized 
to equal height. 
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The test experiment demonstrates that the ion KEs of iodine high charge states are indeed 
sensitive indicators of the second pulse’s delay time, as predicted. Long delays, when about 
50% of the photons interact with well-separated atomic fragments, create iodine ions with 
significantly lower energy than at the zero delay, even if the same final charge state is 
reached. It also appears from the simulation that although the average kinetic energy is less at 
the long delay, the distribution is broader. This could be understood on statistical grounds: 
since the number of photons absorbed per pulse is low, the fluctuations of charge created in 
the first vs. the second pulse are significant, directly translating into variations in kinetic 
energy. Alternatively, at shorter delays, the dissociating molecular ions experience less time 
gaining KEs on various intermediate potential surfaces that may lead to a broad KE 
distribution even for the same charge state. Therefore, shorter delays result in a KE 
distribution of a smaller FWHM. 

The objective of this experiment was not to carry out a dynamic experiment but to test that 
the XRSD instrument works as intended. We verified however that the observed kinetic 
energies and their change are also in quantitative accord with model predictions of Coulomb 
explosion. The model used is a point charge Coulomb explosion model, described in detail 
elsewhere [14]. It uses a few empirical parameters to describe the charge build-up and 
transfer dynamics. We chose a set of parameters that produced the same kinetic energy (16 
eV) in the I15+ fragment compared to the experiment. Then modeling with the same 
parameters produced I15+ with 8 eV kinetic energy when the pulse was split into two 
components with the 200 fs delay. Taking into account the experimental uncertainties, 
particularly of the pulse length and the portion of pulse energy between the first and second 
pulses, the simplified model is in reasonable agreement with the experimental results. Our 
experiment gave a verification that the XRSD device operates as intended and demonstrated 
that it is a valuable experimental tool for probing into femtosecond scale the dynamics of 
molecules. We recently re-commissioned this XRSD tool to make it more user friendly 
regarding spatial and temporal overlap of the two pulses at the interaction region by 
tabulating the positions of the mirrors. 

5.2 Commissioning of the XRSD instrument in the water window wavelength range 

The experiment with CH3I described above was performed at 1600 eV, where as we 
explained above, iodine absorption dominates over that of carbon. For many applications it is 
of interest to use the split-and-delay apparatus in the water window (280 - 530 eV). In this 
wavelength range carbon absorption is significant and a different molecular effect is needed 
for verifying the spatial overlap between the two x-ray pulses. Below we describe a technique 
that can be used for this purpose when the x-ray wavelength lies in the water window and 
utilizing the showcase molecule CO to illustrate spatial overlap determination in the water 
window. 

The cross section for 1s ionization of C between 280 and 530 eV is approximately an 
order of magnitude larger than the cross section for valence ionization of O and the O 1s 
ionization channel is closed. The experiment was performed at 400 eV, with ~50 fs long x-ray 
pulses of the approximate intensity 200 μJ (nominal value) in each pulse. Using a three-layer 
delay line anode detector (Hexanode by RoentDeck Handels GmbH) capable of momentum-
resolved ion-ion coincidence detection, we monitored the yield of different dissociation 
channels at two time delays, 0 fs and 150 fs. The CO sample was delivered in a pulsed 
molecular beam with 2.2 bar backing pressure propagating perpendicularly to the direction of 
the propagation of the x-ray beam. Ion fragments were extracted toward the detector using 
electric fields perpendicular to both the molecular beam and x-ray beam, with the 
spectrometer operating in the flat-field regime [11]. The detector permits detection of all three 
components of the ion fragment momenta [11]. This detection scheme allows for momentum 
conservation to be used to identify true coincidences. 
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The predominant ionization mechanism here is also multiphoton ionization of CO leading 
to its fragmentation and resulting in highly charged states of the C and O fragments. Figure 7 
displays O2+ ion fragments detected in coincidence with C3+ and C2+ ions at 0 fs, Fig. 7(a), 
and 150 fs delay time between the two x-ray pulses, Fig. 7(b). In each case a sharp diagonal 
feature formed by the ions satisfying the momentum conservation pCn+ + pOm+ ≤ δ, where δ 
≈0, can be seen on top of a broad feature formed by accidental coincidences. In order to look 
into the charge sharing between the two fragments, we look at the relative yield of the true 
coincidences (δ = 11 a.u., 20 a.u., and 65 a.u. in the direction of time of flight, molecular 
beam and x-ray beam, respectively) in two channels, C3+/O2+ and C2+/O2+, plotted in Fig. 7(c) 
and (d), respectively. The ion yield in each channel was normalized to that of the C+/O+ 
channel. We see that the relative yield of the C3+/O2+ channel decreases with time delay, while 
the relative yield of the C2+/O2+ does not change between 0 and 150 fs within the error of the 
measurement. 

 

Fig. 7. The yield of O2+ ion fragments detected in coincidence with C3+ and C2+ ions at 0 fs (a) 
and 150 fs time delay (b), shown as a function of the arrival time of both ions. The yields of 
the C3+ + O2+ and C2+ + O2+ channels, both normalized to that of the C+/O+ channel are shown 
in c and d, respectively. 

We explain the observed effect by a dissimilar charge sharing in the states involved in the 
dissociation paths leading to the two outcomes. We propose that ions detected in the C2+/O2+ 
dissociation channel began their evolution in one of the several bound states of CO2+ 
converging to the C+/O+ limit, which are populated via 1s core ionization of the carbon 
followed by Auger relaxation. When the second x-ray pulse arrives, carbon in CO2+ is ionized 
again and an Auger relaxation leads to the formation of CO4+ that dissociates toward the 
C2+/O2+ limit. As the CO2+ molecular ion produced by the pump pulse remains bound at 150 
fs delay, charge sharing is allowed at both 0 and 150 fs time delay, resulting in similar ion 
branching ratio at both delay times, as seen in Fig. 7(d). On the other hand, the ions detected 
in the C3+/O2+ channel can originate from several different channels initiated by the pump 
pulse, some of which involve evolution on repulsive potential energy curves, i.e., dissociative 
curves. The increase of the internuclear distance leads to dependence of KER on the delay 
time during which the molecular ions dissociate. The total charge of 5 + can be reached by a 
shake off in addition to core ionization and the subsequent Auger relaxation. The shake off 
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can occur in either of the two ionization steps, but the two cases lead to different outcomes, as 
we will discuss below. If the shake off accompanies the first ionization step, CO3+ is formed 
as an intermediate charge state. It is known that the dissociation toward the C2+/O+ limit is a 
dominant channel for the dissociation of CO3+ compared to that of the C+/O2+ limit [11]. 
Hence, a certain time later CO3+ ions dissociate preferentially toward the C2+/O+ limit 
compared with toward the C+/O2+ limit. At zero time delay, the two photoionization events 
occur at similar internuclear distance before the molecular ions break apart. This allows 
charge sharing between C and O atoms also for both ionization steps by the pump and the 
probe pulses. At 150 fs only the C+/O2+ intermediate step can lead to the formation of the 
C3+/O2+ pair. As C+/O2+ intermediate is a minor dissociation channel compared to C2+/O+, the 
overall effect is a decrease in the yield of the C3+/O2+ channel at 150 fs compared to that of 
the zero time delay, which is visible in Fig. 7(c). When the shake off accompanies the second 
core ionization step, the intermediary ions begin evolution in one of the bound CO2+ states, 
where charge sharing is possible at either of the time delays considered here. These fragments 
comprise a time-independent signal in our measurement. This is in agreement with the 
observation that the yield in the C3+/O2+ channel, although diminishes, does not vanish 
completely at 150 fs. 

Dissimilar interatomic charge sharing in different states of molecular ions of CO can thus 
exhibit distinct time-dependent signatures in yields of different molecular fragmentation 
channels. With the example of C3+ + O2+ and C2+ + O2+ channels, monitored with ion-ion 
coincident detection, we demonstrated how this effect can be used to verify spatial overlap 
between the two x-ray pulses with the XRSD instrument [11]. Because the technique can be 
used below the oxygen K edge, it is well suited for the water window wavelength x-ray range, 
where significant crystallography and spectroscopy applications are relevant for biology and 
material sciences. 

6. Conclusion and perspectives 

We have described the design and operation of a compact, relatively low cost two mirrors x-
ray split and delay device for use with the two soft x- ray beamlines (AMO and SXR) at the 
LCLS [12, 17, 18]. The device splits the incoming FEL pulse with an edge polished mirror, 
delays the remaining portion of the pulse and recombines them in the interaction region of the 
experimental end-station. The performance of the instrument was demonstrated in a 
subsequent experiment [11] to the commissioning of the tool. The XRSD instrument has 
added x-ray pump/x-ray probe capability at the LCLS allowing a large variety of experiments 
to be conducted in the future in atomic and molecular science, chemical physics, nanoscience, 
condensed matter physics and imaging of biological systems. 

We foresee that this tool could be built and used at other FEL facilities, especially due to 
its relative low cost. It could also be expanded to a much wider span of photon energies and 
delay time with the new generation of x-ray FELs around the world. These tools will be 
widely available and expanded to be used at any wavelength, any location along the beam, 
and will become a necessary device for any beamline. 
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