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system, pump-probe measurements using an
InSb sample were conducted in a cross-beam
geometry (19, 20) with the optical pump pulse
incident at an angle with respect to the x-ray
probe pulse. In this way, a temporal sweep is
created along the crystal surface that trans-
forms temporal information into spatial in-
formation as a result of the difference in
propagation times across the sample surface.
By imaging the diffracted x-ray spot with a
charge-coupled device (CCD) camera, we
obtained the complete time history around
t 0 0 in a single shot.

Typical single-shot images are shown in
Fig. 1. The top image shows x-rays diffracted
from the unperturbed sample. The bottom
image is obtained when the pump and probe
pulses overlap in space and time on the
sample. The sharp edge in the bottom image
indicates time zero. To the left of this edge, x-
rays scatter from the unperturbed sample
before the optical excitation pulse arrives. To
the right, x-rays probe the optically induced
liquid state, resulting in a strong decrease in the
diffracted intensity. Our temporal resolution is
set by the pulse duration of the x-ray probe and
the accuracy with which we can image the
surface topography; we estimated this to be
e130 fs for the (111) reflection and e80 fs for
the (220) reflection by imaging the sharp edge
of a razor blade placed on the sample surface.

The measured time-dependent intensity
values, I(Q,t) (where Q is the reciprocal lattice
vector for the reflection probed), for both the
(111) and (220) reflections were averaged over
10 single-shot images (Fig. 2) (21). The x-ray
incidence angle was kept constant at 0.4- for
both reflections by rotating an asymmetrically

cut crystal about its surface normal (the same
crystal is used for both reflections). In this
way, the x-ray probe depth was fixed at 50 nm
(comparable to the laser excitation depth), and
the laser spot size was unchanged when
switching between different x-ray reflections.
Thus, the experiments probed the dynamical
behavior for the two reflections under identical
conditions. Figure 2 shows (111) and (220) data
fit to both exponential and Gaussian decays.

We observe first that, for times after
excitation, the diffracted intensity is nonexpo-
nential and well-fit by a Gaussian with peak
centered at the excitation time. Moreover, the
(220) reflection decays with a time constant
qualitatively faster than that for the (111). The
times for the intensity to fall from 90% to 10%
of its initial value for the (111) and (220)
reflections are 430 and 280 fs, respectively,
with ratio t111/t220 0 1.5 T 0.2. This value is
equal (within experimental error) to the ratio
of the magnitude of the reciprocal lattice
vectors for the two reflections (
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p

).
This inverse Q-dependent scaling and

Gaussian time dependence strongly implies
statistical atomic motion and suggests that
the data can be described with use of a time-
dependent Debye-Waller (DW) model,
which relates the time-dependent decrease
in scattered intensity to a time-dependent
root mean square (RMS) displacement:

I!Q; t" 0 ej2W 0 ejQ2Gu2!t"9=3 !1"

Here, W is the standard DW factor and
Gu2(t)9 is the time-dependent mean-square
displacement of the photoexcited atoms
averaged spatially over the sample. This

model makes physical sense if the disorder-
ing process can be described as an effective
amplification of the RMS displacements
characteristic of a room temperature thermal
distribution, preserving Gu9 0 0. The time-
averaged assumption that is usually made in
the derivation of the DW factor may then be
replaced by a spatial average over all excited
atoms (22). A time-dependent increase in the
RMS displacement is indeed what one would
expect given the strong optically induced modi-
fication of the potential surface. After an im-
pulsive softening of the interatomic potential
and for short times afterward (to first order in
time), the atoms continue to move with veloc-
ities set by initial conditions, i.e., inertially,
following Newton_s Third Law. To first order in
time, with Gu2(t)91/2 0 vrmst, the time-resolved
diffracted intensity I(Q,t) is then expected to
decay as I!t" È ejQ2v2rmst

2=3, i.e., Gaussian in
both Q and t with a time constant that varies
inversely with Q, exactly as observed.

The validity of this model was checked in
three different ways: (i) comparison of the
extracted RMS displacements for the (111)
and (220) reflections, (ii) comparison of the
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Fig. 1. (Top) A single-shot image of
scattered x-rays from unperturbed
sample above a single-shot image
of perturbed sample. Dashed curves
show region excited by laser pulse.
(Bottom) Experimental setup show-
ing cross-beam topography tech-
nique. By crossing the pump and
probe beams on the sample and
imaging the diffracted x-rays, we
mapped temporal information into
spatial information, enabling collec-
tion of the complete time history
around time zero in a single shot.
Time runs from left to right. The
time window shown is È8 ps.

Fig. 2. Time-dependent diffracted intensity for
(111) (top) and (220) (bottom) reflections,
measured under identical excitation conditions.
Red curves are Gaussian fits to the data,
corresponding to 10 to 90% fall times of 430
fs and 280 fs. Blue curve is an exponential fit.
(Inset) Fluence dependence of 10 to 90 time
constants for (111) data. Error bars reflect the
standard deviation of the mean, determined
from the scatter in the individual measurements.
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e130 fs for the (111) reflection and e80 fs for
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10 single-shot images (Fig. 2) (21). The x-ray
incidence angle was kept constant at 0.4- for
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cut crystal about its surface normal (the same
crystal is used for both reflections). In this
way, the x-ray probe depth was fixed at 50 nm
(comparable to the laser excitation depth), and
the laser spot size was unchanged when
switching between different x-ray reflections.
Thus, the experiments probed the dynamical
behavior for the two reflections under identical
conditions. Figure 2 shows (111) and (220) data
fit to both exponential and Gaussian decays.

We observe first that, for times after
excitation, the diffracted intensity is nonexpo-
nential and well-fit by a Gaussian with peak
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Here, W is the standard DW factor and
Gu2(t)9 is the time-dependent mean-square
displacement of the photoexcited atoms
averaged spatially over the sample. This

model makes physical sense if the disorder-
ing process can be described as an effective
amplification of the RMS displacements
characteristic of a room temperature thermal
distribution, preserving Gu9 0 0. The time-
averaged assumption that is usually made in
the derivation of the DW factor may then be
replaced by a spatial average over all excited
atoms (22). A time-dependent increase in the
RMS displacement is indeed what one would
expect given the strong optically induced modi-
fication of the potential surface. After an im-
pulsive softening of the interatomic potential
and for short times afterward (to first order in
time), the atoms continue to move with veloc-
ities set by initial conditions, i.e., inertially,
following Newton_s Third Law. To first order in
time, with Gu2(t)91/2 0 vrmst, the time-resolved
diffracted intensity I(Q,t) is then expected to
decay as I!t" È ejQ2v2rmst

2=3, i.e., Gaussian in
both Q and t with a time constant that varies
inversely with Q, exactly as observed.

The validity of this model was checked in
three different ways: (i) comparison of the
extracted RMS displacements for the (111)
and (220) reflections, (ii) comparison of the
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Fig. 1. (Top) A single-shot image of
scattered x-rays from unperturbed
sample above a single-shot image
of perturbed sample. Dashed curves
show region excited by laser pulse.
(Bottom) Experimental setup show-
ing cross-beam topography tech-
nique. By crossing the pump and
probe beams on the sample and
imaging the diffracted x-rays, we
mapped temporal information into
spatial information, enabling collec-
tion of the complete time history
around time zero in a single shot.
Time runs from left to right. The
time window shown is È8 ps.

Fig. 2. Time-dependent diffracted intensity for
(111) (top) and (220) (bottom) reflections,
measured under identical excitation conditions.
Red curves are Gaussian fits to the data,
corresponding to 10 to 90% fall times of 430
fs and 280 fs. Blue curve is an exponential fit.
(Inset) Fluence dependence of 10 to 90 time
constants for (111) data. Error bars reflect the
standard deviation of the mean, determined
from the scatter in the individual measurements.
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image is obtained when the pump and probe
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both reflections by rotating an asymmetrically

cut crystal about its surface normal (the same
crystal is used for both reflections). In this
way, the x-ray probe depth was fixed at 50 nm
(comparable to the laser excitation depth), and
the laser spot size was unchanged when
switching between different x-ray reflections.
Thus, the experiments probed the dynamical
behavior for the two reflections under identical
conditions. Figure 2 shows (111) and (220) data
fit to both exponential and Gaussian decays.

We observe first that, for times after
excitation, the diffracted intensity is nonexpo-
nential and well-fit by a Gaussian with peak
centered at the excitation time. Moreover, the
(220) reflection decays with a time constant
qualitatively faster than that for the (111). The
times for the intensity to fall from 90% to 10%
of its initial value for the (111) and (220)
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with ratio t111/t220 0 1.5 T 0.2. This value is
equal (within experimental error) to the ratio
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Here, W is the standard DW factor and
Gu2(t)9 is the time-dependent mean-square
displacement of the photoexcited atoms
averaged spatially over the sample. This

model makes physical sense if the disorder-
ing process can be described as an effective
amplification of the RMS displacements
characteristic of a room temperature thermal
distribution, preserving Gu9 0 0. The time-
averaged assumption that is usually made in
the derivation of the DW factor may then be
replaced by a spatial average over all excited
atoms (22). A time-dependent increase in the
RMS displacement is indeed what one would
expect given the strong optically induced modi-
fication of the potential surface. After an im-
pulsive softening of the interatomic potential
and for short times afterward (to first order in
time), the atoms continue to move with veloc-
ities set by initial conditions, i.e., inertially,
following Newton_s Third Law. To first order in
time, with Gu2(t)91/2 0 vrmst, the time-resolved
diffracted intensity I(Q,t) is then expected to
decay as I!t" È ejQ2v2rmst

2=3, i.e., Gaussian in
both Q and t with a time constant that varies
inversely with Q, exactly as observed.

The validity of this model was checked in
three different ways: (i) comparison of the
extracted RMS displacements for the (111)
and (220) reflections, (ii) comparison of the

x-rays

laser

imaging detector

t<0
t>0

Fig. 1. (Top) A single-shot image of
scattered x-rays from unperturbed
sample above a single-shot image
of perturbed sample. Dashed curves
show region excited by laser pulse.
(Bottom) Experimental setup show-
ing cross-beam topography tech-
nique. By crossing the pump and
probe beams on the sample and
imaging the diffracted x-rays, we
mapped temporal information into
spatial information, enabling collec-
tion of the complete time history
around time zero in a single shot.
Time runs from left to right. The
time window shown is È8 ps.

Fig. 2. Time-dependent diffracted intensity for
(111) (top) and (220) (bottom) reflections,
measured under identical excitation conditions.
Red curves are Gaussian fits to the data,
corresponding to 10 to 90% fall times of 430
fs and 280 fs. Blue curve is an exponential fit.
(Inset) Fluence dependence of 10 to 90 time
constants for (111) data. Error bars reflect the
standard deviation of the mean, determined
from the scatter in the individual measurements.
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averaged spatially over the sample. This

model makes physical sense if the disorder-
ing process can be described as an effective
amplification of the RMS displacements
characteristic of a room temperature thermal
distribution, preserving Gu9 0 0. The time-
averaged assumption that is usually made in
the derivation of the DW factor may then be
replaced by a spatial average over all excited
atoms (22). A time-dependent increase in the
RMS displacement is indeed what one would
expect given the strong optically induced modi-
fication of the potential surface. After an im-
pulsive softening of the interatomic potential
and for short times afterward (to first order in
time), the atoms continue to move with veloc-
ities set by initial conditions, i.e., inertially,
following Newton_s Third Law. To first order in
time, with Gu2(t)91/2 0 vrmst, the time-resolved
diffracted intensity I(Q,t) is then expected to
decay as I!t" È ejQ2v2rmst

2=3, i.e., Gaussian in
both Q and t with a time constant that varies
inversely with Q, exactly as observed.

The validity of this model was checked in
three different ways: (i) comparison of the
extracted RMS displacements for the (111)
and (220) reflections, (ii) comparison of the
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Fig. 1. (Top) A single-shot image of
scattered x-rays from unperturbed
sample above a single-shot image
of perturbed sample. Dashed curves
show region excited by laser pulse.
(Bottom) Experimental setup show-
ing cross-beam topography tech-
nique. By crossing the pump and
probe beams on the sample and
imaging the diffracted x-rays, we
mapped temporal information into
spatial information, enabling collec-
tion of the complete time history
around time zero in a single shot.
Time runs from left to right. The
time window shown is È8 ps.

Fig. 2. Time-dependent diffracted intensity for
(111) (top) and (220) (bottom) reflections,
measured under identical excitation conditions.
Red curves are Gaussian fits to the data,
corresponding to 10 to 90% fall times of 430
fs and 280 fs. Blue curve is an exponential fit.
(Inset) Fluence dependence of 10 to 90 time
constants for (111) data. Error bars reflect the
standard deviation of the mean, determined
from the scatter in the individual measurements.
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The short-term timing jitter at SPPS is approximately
200 fs. There are also long-term drifts, associated with the
rf reference to which the laser oscillator is phase-locked
and with the fiber laser transport system. Most pump-probe
experiments, which require accumulation of data over
multiple shots, would have their time resolution limited
by these long-term drifts, which can be as great as 30 ps at
SPPS. Electron bunch measurements made using EOS
could be used to identify and compensate for the sources
of drift. Therefore, a continuous set of indirect x-ray pulse
measurements can be collected and used to improve the
time resolution of an SPPS x-ray pump-probe experiment
from 30 ps to 60 fs or less.

Ultrafast research at linear-accelerator-based sources
requires knowledge of the x-ray pulse arrival time with
respect to a pump laser with femtosecond precision. This
Letter introduces the first technique that specifically ad-
dresses this problem. By measuring the electron bunch
timing, sub-100 fs precision in the x-ray arrival time was
demonstrated. The time resolution for experiments at SPPS
has been improved to 60 fs rms, nearing the resolution limit
imposed by the x-ray pulse duration. Relative timing in-
formation from spatially resolved EO measurements could
probably be extended to 5 fs, matching the projected
performance of XFELs into the foreseeable future
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FIG. 4 (color). (a) Shot-by-shot comparison of pulse arrival
times determined from EOS measurements (blue), and from
ultrafast laser-pump-x-ray-probe measurements (red). Both mea-
surement techniques show a shot-to-shot jitter of 200 fs.
(b) Correlation plot of the data shown in (a). The relative jitter
between the two techniques is 60 fs.

PRL 94, 114801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MARCH 2005

114801-4

A. Cavalieri et al., PRL 94, 114801 (2005) 
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SwissFEL

SwissFEL	  key	  parameters
Wavelength	  range	  	  	  	  	  	  1	  Å	  -‐	  70	  Å
Pulse	  dura5on	  	   1	  fs	  -‐	  20	  fs
e-‐	  	  Energy	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5.8	  GeV
e-‐	  Bunch	  charge	  	  	  	  	  	  	  	  	  	  	  10-‐200	  pC
Repe55on	  rate	  	  	  	  	  	  	  	  	  	  	  	  100	  Hz	  

R. Ganter (ed.), PSI-Bericht 10-04 (2010)



Rasmus Ischebeck

SwissFEL
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Requirements

• Transparent detector
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Double Ionization Continuum

P. Juranic, SwissFEL Seminar, 2011
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Time of Flight Spectrometer

Stephens (1952)
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Light Field Streak Camera

XUV	  pulse

Atoms

Electrons

Electron	  energy	  
detector

IR	  light	  field

Uiberacker, M. et al., Laser Phys. 15, 195–204 (2005)
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Light Field Streak Camera

R. Kienberger et al., Nature 427, 817 (2004).
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Frühling et al., Nature Photonics 3, 523 (2009)
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Experiment at FLASH
95

Multilagenspiegel, f = 2m

XUV-Strahl

THz-Strahl

Elektronen-Spektrometer

Edelgas Aluminium-Filter
Parabolspiegel

Polarisator
Bandpass-Filter

A
bbildung

3:
E

xperim
enteller

A
ufbau.

Frühling, DESY-Thesis 09-032 (2009) 



Rasmus Ischebeck

Suggested Setup

Synchronization 
System

SwissFEL

TiSa

IR / THz
Generation

Arrival
Time

Measurement

Sample



Rasmus Ischebeck

Suggested Setup

Synchronization 
System

SwissFEL

TiSa

IR / THz
Generation

Arrival
Time

Measurement

Sample



Rasmus Ischebeck

Summary

• We need to synchronize the FEL 
with a pump laser

• Transparent detector based on 
photoelectron spectroscopy

• Photoelectrons streaked by 
radiation from the pump laser

system, pump-probe measurements using an
InSb sample were conducted in a cross-beam
geometry (19, 20) with the optical pump pulse
incident at an angle with respect to the x-ray
probe pulse. In this way, a temporal sweep is
created along the crystal surface that trans-
forms temporal information into spatial in-
formation as a result of the difference in
propagation times across the sample surface.
By imaging the diffracted x-ray spot with a
charge-coupled device (CCD) camera, we
obtained the complete time history around
t 0 0 in a single shot.

Typical single-shot images are shown in
Fig. 1. The top image shows x-rays diffracted
from the unperturbed sample. The bottom
image is obtained when the pump and probe
pulses overlap in space and time on the
sample. The sharp edge in the bottom image
indicates time zero. To the left of this edge, x-
rays scatter from the unperturbed sample
before the optical excitation pulse arrives. To
the right, x-rays probe the optically induced
liquid state, resulting in a strong decrease in the
diffracted intensity. Our temporal resolution is
set by the pulse duration of the x-ray probe and
the accuracy with which we can image the
surface topography; we estimated this to be
e130 fs for the (111) reflection and e80 fs for
the (220) reflection by imaging the sharp edge
of a razor blade placed on the sample surface.

The measured time-dependent intensity
values, I(Q,t) (where Q is the reciprocal lattice
vector for the reflection probed), for both the
(111) and (220) reflections were averaged over
10 single-shot images (Fig. 2) (21). The x-ray
incidence angle was kept constant at 0.4- for
both reflections by rotating an asymmetrically

cut crystal about its surface normal (the same
crystal is used for both reflections). In this
way, the x-ray probe depth was fixed at 50 nm
(comparable to the laser excitation depth), and
the laser spot size was unchanged when
switching between different x-ray reflections.
Thus, the experiments probed the dynamical
behavior for the two reflections under identical
conditions. Figure 2 shows (111) and (220) data
fit to both exponential and Gaussian decays.

We observe first that, for times after
excitation, the diffracted intensity is nonexpo-
nential and well-fit by a Gaussian with peak
centered at the excitation time. Moreover, the
(220) reflection decays with a time constant
qualitatively faster than that for the (111). The
times for the intensity to fall from 90% to 10%
of its initial value for the (111) and (220)
reflections are 430 and 280 fs, respectively,
with ratio t111/t220 0 1.5 T 0.2. This value is
equal (within experimental error) to the ratio
of the magnitude of the reciprocal lattice
vectors for the two reflections (

!!!!!!!!

8=3
p

).
This inverse Q-dependent scaling and

Gaussian time dependence strongly implies
statistical atomic motion and suggests that
the data can be described with use of a time-
dependent Debye-Waller (DW) model,
which relates the time-dependent decrease
in scattered intensity to a time-dependent
root mean square (RMS) displacement:

I!Q; t" 0 ej2W 0 ejQ2Gu2!t"9=3 !1"

Here, W is the standard DW factor and
Gu2(t)9 is the time-dependent mean-square
displacement of the photoexcited atoms
averaged spatially over the sample. This

model makes physical sense if the disorder-
ing process can be described as an effective
amplification of the RMS displacements
characteristic of a room temperature thermal
distribution, preserving Gu9 0 0. The time-
averaged assumption that is usually made in
the derivation of the DW factor may then be
replaced by a spatial average over all excited
atoms (22). A time-dependent increase in the
RMS displacement is indeed what one would
expect given the strong optically induced modi-
fication of the potential surface. After an im-
pulsive softening of the interatomic potential
and for short times afterward (to first order in
time), the atoms continue to move with veloc-
ities set by initial conditions, i.e., inertially,
following Newton_s Third Law. To first order in
time, with Gu2(t)91/2 0 vrmst, the time-resolved
diffracted intensity I(Q,t) is then expected to
decay as I!t" È ejQ2v2rmst

2=3, i.e., Gaussian in
both Q and t with a time constant that varies
inversely with Q, exactly as observed.

The validity of this model was checked in
three different ways: (i) comparison of the
extracted RMS displacements for the (111)
and (220) reflections, (ii) comparison of the

x-rays

laser

imaging detector

t<0
t>0

Fig. 1. (Top) A single-shot image of
scattered x-rays from unperturbed
sample above a single-shot image
of perturbed sample. Dashed curves
show region excited by laser pulse.
(Bottom) Experimental setup show-
ing cross-beam topography tech-
nique. By crossing the pump and
probe beams on the sample and
imaging the diffracted x-rays, we
mapped temporal information into
spatial information, enabling collec-
tion of the complete time history
around time zero in a single shot.
Time runs from left to right. The
time window shown is È8 ps.

Fig. 2. Time-dependent diffracted intensity for
(111) (top) and (220) (bottom) reflections,
measured under identical excitation conditions.
Red curves are Gaussian fits to the data,
corresponding to 10 to 90% fall times of 430
fs and 280 fs. Blue curve is an exponential fit.
(Inset) Fluence dependence of 10 to 90 time
constants for (111) data. Error bars reflect the
standard deviation of the mean, determined
from the scatter in the individual measurements.
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Outlook – Chirp Measurement? 37
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Ungestörtes
Spektrum

XUV-Puls

Abbildung 3.4: Lichtfeldgetriebene Streak-Kamera für einen XUV-Puls mit
linearem Chirp (als Farbverlauf dargestellt). Die Verbreiterung des Photo-
elektronenspektrums hängt von der Richtung des Streak-Feldes ab. Im obe-
ren Fall werden die höherenergetischen Elektronen, die vom Kopf des XUV-
Pulses erzeugt wurden, vom Streak-Feld noch zusätzlich beschleunigt und
die niederenergetischen Elektronen, die vom Ende des Pulses erzeugt wur-
den, werden noch weiter abgebremst. Dadurch wird das Streak-Spektrum
sehr breit. Im unteren Fall ist es umgekehrt und das Streak-Spektrum wird
schmaler.

Frühling, DESY-Thesis 09-032 (2009) 
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Outlook – Beam Position Measurement?
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> accuracy in the !m-range

> improved via retardation

Determination of Beam Position

Viefhaus, SwissFEL Seminar, 2010 
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Outlook – Polarization Measurement?

Viefhaus, SwissFEL Seminar, 2010 

DESYJens Viefhaus  |  Paul-Scherrer-Institut, Villigen/Schweiz  |  November 9, 2010  |  page 18

! = !m = 54.7°

! = 0°

! = 90°

E" = 0" = 1

" = 2
" = –1

2 31

• Take e.g. Helium 1s as reference line

h#

(–1 $ " $ 2)

> Online monitoring of flux, h#, %h#, polarization
via photo-ionization / angle-resolved PES

Diagnostics via Angle-Resolved Electron Spectroscopy
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Arrival Time Measurement for 
Pump-Probe Experiments at SwissFEL
Rasmus Ischebeck, for the PSI Diagnostics Group

• Special Thanks To

• Adrian Cavalieri (DESY)

• Aaron Lindenberg (SLAC)

• Ulrike Frühling (DESY)

• Jens Viefhaus (DESY)

• Pavle Juranic (PSI*)

* soon

© 2010 Paul Scherrer Institut

http://people.web.psi.ch/ischebeck


