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X-ray–optical pump–probe experiments at the Linac Coherent Light Source (LCLS) have so far

been limited to a time resolution of 280 fs fwhm due to timing jitter between the accelerator-based

free-electron laser (FEL) and optical lasers. We have implemented a single-shot cross-correlator

for femtosecond x-ray and infrared pulses. A reference experiment relying only on the pulse arrival

time information from the cross-correlator shows a time resolution better than 50 fs fwhm (22 fs

rms) and also yields a direct measurement of the maximal x-ray pulse length. The improved time

resolution enables ultrafast pump–probe experiments with x-ray pulses from LCLS and other FEL

sources.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3695163]

Femtosecond x-ray pulses from free-electron laser

(FEL) sources such as the Linac Coherent Light Source

(LCLS)1 hold great promise for investigating the dynamics

of chemical reactions and materials. They allow the applica-

tion of x-ray based tools for element-specific spectroscopy as

well as imaging with atomic resolution in a time-resolved

manner. In these experiments, typically a system is pumped

with an optical laser and its time evolution is probed with the

fs x-ray pulses.

The synchronization between the particle accelerator

based FEL and the optical laser poses a major challenge. The

arrival times of the electron bunches exhibit a jitter with

respect to the accelerator radio frequency, making perfect

synchronization of both lasers virtually impossible. To over-

come the jitter, there exist two general strategies. In the first

one, the arrival times of the electron bunches are measured

by either electro-optical sampling2 or phase cavities3 and the

data is corrected with the timing information. While the elec-

tron arrival time can be measured with few ten fs precision,

other timing uncertainties are introduced by the large dis-

tance between the electron arrival time measurement and the

experiment. The best resolution so far achieved at LCLS

with this approach is on the order of 280 fs full-width-at-

half-maximum (fwhm).3

The other strategy is to directly measure the relative ar-

rival time of both laser pulses at the experiment. The techni-

ques for cross-correlation of an x-ray and optical laser pulse,

however, are much less mature and still a topic of active

research. So far, great progress has been made with intense

short-wavelength pulses in the extreme vacuum ultraviolet

spectral regime from the FLASH FEL.4 First experiments

have utilized sidebands from two-photon above threshold

ionization of atomic targets to characterize the temporal jitter

between the FEL and optical pulses.5,6 For the hard x-ray re-

gime strong field ionization of atomic targets opening reso-

nant absorption channels has been proposed as x-ray–optical

cross correlation technique.7 Alternative approaches to two-

color ionization of atomic targets are to measure ultrafast

x-ray induced changes in surface reflectivity8 or transient

changes in the optical transmission of a membrane via spec-

tral encoding.9 Based on the tilted wavefront technique,10

the reflectivity method has been further developed into a

single-shot measurement of the relative timing between short

wavelength pulses from the FLASH free electron and an

external optical laser.11

We have implemented an optical–x-ray cross-correlator

based on surface reflectivity changes at the Atomic, Molecu-

lar, and Optical (AMO) physics endstation12 of the LCLS.

The cross-correlator is mounted downstream of the main

experiment preserving the full x-ray beam for thin-target

experiments in the interaction region, as opposed to an

upstream setup at the soft x-ray and materials science (SXR)

beamline optimized for solid sample experiments.13 Using

only the timing information from the cross-correlator, we

demonstrate a time resolution in a x-ray pump–optical probe

reference experiment of better than 50 fs fwhm or 22 fs root-

mean-square (rms). The experimental setup is depicted in

Fig. 1. The FEL beam is focussed in the interaction region of

the CAMP endstation14 for the timing reference experiment

and the x-ray–optical cross-correlator is mounted down-

stream. An 800 nm near-infrared (NIR) beam is split and

sent to both, the cross-correlator and the reference experi-

ment. The two NIR laser pulses are separately compressed to

a)Author to whom correspondence should be addressed. Electronic mail:

bostedt@slac.stanford.edu.
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a pulse length of 50 fs and their relative timing is adjusted

with a delay stage. In the cross-correlator, the relative timing

between the NIR and x-ray pulses is measured on a shot-by-

shot basis. The 800 nm laser beam is reflected off a 100 nm

Si3N4 film on a Si substrate under an angle of 40� to the sur-

face normal. The spot of the NIR pulse is imaged with a

long-distance microscope on a CCD camera. The x-rays

come in normal to the surface and are overlapped with the

NIR beam. The relative timing of the laser pulses is encoded

in the spatial position of the x-ray induced reflectivity change

of the surface.

The timing information from the cross-correlator is ref-

erenced to the NIR induced dissociation of x-ray produced

doubly charged nitrogen molecules3 measured in an inde-

pendent experiment running simultaneously in the FEL focus

upstream of the cross-correlator. In the reference experiment,

the NIR is propagated collinearly to the x-ray beam and both

foci are overlapped above the entrance slit of a time-of-flight

(tof) ion spectrometer. The FEL pulse parameters are a pho-

ton energy of 1.7 keV with an average pulse energy of 2 mJ

and an electron bunch length of 95 fs. All data are acquired

on a shot-by-shot basis and correlated to the beam

parameters.

The regions of interest of four typical cross-correlator

single-shot images are shown in the top panels of Fig. 2. All

images are normalized with an averaged NIR-only reference.

The onset of the x-ray induced reflectivity change can be

clearly seen as an edge which moves as a function of relative

delay. The structure in the four images stems from intensity

variations in the FEL beam profile. The edge exhibits a 4�

angle with respect to the horizontal due to a slight rotation of

the CCD camera. The bottom of Fig. 2 shows the projections

of the images onto a line perpendicular to the edge of the

reflectivity change, i.e., taking into account this 4� angle.

The data show a strong increase of the reflectivity of roughly

40%. The Si3N4 thin film acts akin an anti-reflective coating

leading to destructive interference between the NIR beams

reflected from the front and back of the film. The refractive

index n of the Si3N4 determines the phase relation between

the two NIR beams and even slight variations in n stemming

from the x-ray induced carrier dynamics lead to the observed

increase in reflectivity. The relative timing of the NIR and

x-ray laser pulses has been obtained from the projections of

the edge using a constant fraction type algorithm. It is inter-

esting to note that the projection slightly smears out the rise

time of the edge due to the variations in the FEL beam pro-

file but leads to more reliable edge finding results without

jeopardizing the timing information. Single line-outs exhibit

a rise time of �65 fs which is similar to the x-ray pulse

length as discussed below. This indicates that the x-ray

induced carrier dynamics responsible for the change in re-

fractive index happen on the femtosecond time scale.15

FIG. 1. (Color online) Right: Setup of the nitrogen ionization reference

experiment. The FEL and NIR beam are focussed over the entrance aperture

of a tof spectrometer. Left: Cross-correlator downstream of the reference

experiment. The FEL comes in normal to the Si3N4 surface with a footprint

of 1.3mm. An iris in the NIR beam is imaged onto the surface and over-

lapped with the x-ray spot. The reflection is imaged via a long distance

microscope onto a CCD camera.

FIG. 2. (Color online) Top: Region of interest

of four single shot images recorded by the

CCD camera in the cross-correlator. The onset

of the x-ray induced reflectivity change moves

with the varying relative arrival times. Bottom:

Projections of the above images along the

edge. The arrows indicate the relative pulse ar-

rival time determined by the constant fraction

type algorithm. All data are normalized with

an averaged NIR-only signal Ro.

121107-2 Schorb et al. Appl. Phys. Lett. 100, 121107 (2012)
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The nitrogen reference data recorded with a chamber

backfilled to approximately 10�6 mbar N2 is shown in the

top panel of Fig. 3. Doubly charged Nþþ
2 molecules can be

created by the x-ray pulse through core-ionization and subse-

quent Auger decay with a lifetime of 6.4 fs.16 The quasi-

bound states of Nþþ
2 can then be dissociated by the intense

NIR laser pulse,17 yielding a reliable method to determine

whether the NIR arrived before or after the x-ray pulse.3

Comparing the spectra taken with the NIR 300 fs before and

after the x-ray pulse mainly a depletion of the Nþþ
2 with a

simultaneous increase of N2þ is observed, indicating a disso-

ciation into a doubly charged and neutral nitrogen atom.

In the bottom panel of Fig. 3, the intensity ratios of Nþþ
2

to N2þ is plotted, using only the relative pulse arrival time

information from the cross-correlator. Each of the curves has

been acquired by collecting data with the natural jitter of the

FEL at three different electronic delays of DT¼ 250 fs. The

data are then sorted in the post-analysis according to the

edge positions in the cross-correlator. Additionally, the delay

stage between both NIR arms has been moved by 40 lm

(264 fs) in order to calibrate the setup (6.75 fs per pixel) and

to measure the x-ray–NIR delay on two different surface

spots. The blue curve in Fig. 3 exhibiting better statistics can

be fit with an integrated Gaussian (error function) to

�836 11 fs fwhm.

The width of the fitted error function is a convolution

of the temporal profiles of the x-ray pulse, the NIR pulse,

and the intrinsic resolution of the cross-correlator. The time

constant of creation and dissociation of the Nþþ
2 molecule is

much shorter than the laser pulse lengths and therefore is

neglected in the following discussion. Considering that the

NIR pulse is 50 fs, the current measurement directly shows

that the x-ray pulse is significantly shorter than the electron

bunch length of 95 fs, in agreement with the predictions

from the first experiments at LCLS.18 A recent combined ex-

perimental and theoretical study shows the x-ray pulse length

to be about 68% of electron bunch length,19 translating to a

65 fs x-ray pulse for the current experiment. The time

constants of the rising edges in Fig. 3 are well described by

the convolution of the temporal profiles of both lasers

ðTedge ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

652 þ 502
p

¼ 82 fsÞ, assuming Gaussian envelope

functions for the laser pulses. Therefore, the current

measurement is predominantly limited by the pulse lengths

of both lasers and it sets an upper limit for the time

resolution to the error of the fits in Fig. 3 to

Tresolution <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð83þ 11Þ2 � 652 � 502
q

� 50 fs.

In Fig. 4(a), the correlation between the edge position

derived from two different areas of the x-ray spot is shown.

The deviation of the points from the diagonal is a measure

for the uncertainty of the edge finding due to the spatial in-

tensity profile of the x-ray beam. Fig. 4(b) shows the projec-

tion of different regions of this correlation plot along the

diagonal. Over the whole measurement range of 1000 fs, this

FIG. 3. (Color online) Top: Nþþ
2 and N2þ contributions of the tof spectrum

for NIR before x-ray and NIR after x-ray pulse. Bottom: Nþþ
2 =N2þ signal

plotted vs. the relative arrival times of the x-ray and NIR pulses obtained

from the cross-correlator. The two curves are measured for different delay

stage settings and the upper curve is shifted in x for better visibility. The

curves have been independently fitted with the integral of a Gaussian (error

function).

FIG. 4. (Color online) (a) Correlation plot for

the edge positions from two different areas on

the x-ray spot. (b) Projection of (a) along the di-

agonal for the full measurement range (red tri-

angles), 35 pixels (green diamonds), and 5 pixel

(blue circles) corresponding to the full graph,

the big box, and the small box in the left panel,

respectively.
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uncertainty accounts for an error of 32 fs fwhm in timing the

x-ray and NIR pulses. The edge finding variation becomes

smaller when the measurement is limited to a smaller area

on the substrate, i.e., when a more constant spatial intensity

profile of the x-ray beam is used. With these restrictions, it

can be as low as 10 fs fwhm for a 34 fs (five pixel) window.

Thus, in order to perform ultra-high time resolution experi-

ments, the data collection scheme would need to be changed

so that the delay stage between both laser pulses is moved

and always the same area within the x-ray spot is used for

the cross correlation.

In conclusion, we have measured the relative arrival

times of femtosecond optical and keV x-ray pulses on a shot-

by-shot basis by means of x-ray induced surface reflectivity

changes. The temporal response of the Si3N4 surface is com-

parable to the x-ray pulse length. An independent reference

experiment relying only on the time information from the

cross-correlator demonstrates a time resolution of better than

50 fs fwhm (22 fs rms) and yields a direct measurement of

the maximal x-ray pulse length. This dramatically improved

time resolution will allow investigating optically induced

ultrafast processes with x-ray free-electron sources.

This research was carried out at the Linac Coherent

Light Source (LCLS) at SLAC National Accelerator Labora-

tory. LCLS is an Office of Science User Facility operated for

the U.S. Department of Energy Office of Science by Stanford

University.
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