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Abstract
We describe a gas-phase x-ray scattering experiment capable of capturing molecular motions
with atomic spatial resolution and femtosecond time resolution. X-ray free electron lasers can
deliver intense x-ray pulses of ultrashort duration, making them suitable to study ultrafast
chemical reaction dynamics in an ultraviolet pump, x-ray probe scheme. A cell diffractometer
balances sample flow with gas density and laser focusing conditions to provide adequate
scattering vector resolution with high signal intensity and near-uniform excitation probability.
Images from a pixel-array x-ray detector, spatially and electronically calibrated, allow for
detection of scattering intensity changes below 1%. First experiments on the ring-opening
reaction of 1,3-cyclohexadiene to form 1, 3, 5-hexatriene show a rapid initial reaction on an 80 fs
time scale.

Keywords: femtosecond, x-ray scattering, x-ray free electron lasers, molecular dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

The study of molecules as they interact and transform, a
dominant quest of chemistry for over a century, has led to a
profound understanding of the nature of chemical reactions
and to advanced tools used to create molecules for a myriad
of applications [1–3]. Chemical reactions are accompanied by
changes in molecular structure that pose experimental chal-
lenges related to the scale of the processes: atomic motions
occur on the order of femtoseconds and over distances mea-
sured in ångströms.

To date, most time-resolved studies of chemical reaction
dynamics employ spectroscopic techniques. In probing the
energies and populations of excited states, common methods
are able to follow the flow of energy through molecular
systems [4–9]. Yet with few exceptions [10–14], they remain
incapable of determining molecular structures. Scattering
techniques, which are widely used to probe chemical

structures in static systems, can be extended to perform on
ultrafast timescales as well, thereby connecting spectroscopic
information describing the energy flow within molecules to a
structural description of the nuclear motions.

Electron scattering, the most commonly employed
method for gaseous systems, has recently been extended to
the ultrafast time regime with great success [15–21]. The
short wavelength of electrons offers superior spatial resolu-
tion in the real space of molecular structure. Challenges to the
time resolution stem from the velocity difference of the
electrons compared to the excitation laser pulse that initiates
the reaction in a pump–probe experiment, the mutual space-
charge repulsion of electrons within a single bunch, and the
timing jitter from the initial electron speeds near the cathode.
Creative solutions to these issues have been advanced: rela-
tivistic electrons approach the speed of light, so that the
velocity spread might not limit the time resolution [22];
recognizing that space-charge broadened pulses have almost
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perfect chirp, they can be compressed [21, 23]; or, minimiz-
ing the number of electrons per pulse can avoid space-charge
broadening in the first place [24]. Taking advantage of these
advances, compressed electron pulses have been used to
investigate the ultrafast dynamics of gold [25], to investigate
the molecular dynamics of diarylethene [26], and to produce
single-shot scattering patterns of aluminum [20] and gold
foils [21]. For gaseous samples, while promising early studies
illustrate the potential of the technique [27, 28], progress has
been hampered by the small sample densities, the unfavorable
scaling of scattering signals at large angles and the extended
sizes of interaction regions required to reach adequate signal
levels.

In the gas phase, the internal dynamics of molecular
motions can be isolated as reactions proceed without the
interference of nearby molecules. Therefore, gas-phase
molecular dynamics are an important source of reference data
and fundamental studies that compare experiments to detailed
theoretical calculations. The advent of x-ray free electron
lasers (XFELs) that deliver ultrashort x-ray pulses synchro-
nized to pulsed lasers [29] presents an opportunity to observe
scattering patterns even for low density gases of small organic
molecules. By sidestepping many of the challenges posed by
electron scattering, ultrafast x-ray scattering can examine the
chemical reaction dynamics of isolated molecules.

The total elastic scattering cross-section for 1,3-cyclo-
hexadiene, a well-known model system for chemical
dynamics studies, is 7.8×10−24 cm2 [30] for 20 keV x-rays.
Depending on the scattering vector, this is about a factor of
105 smaller than comparable electron scattering cross-
sections. To make up for the small cross sections, it is
necessary to use an x-ray source with a very high photon flux.
This is now possible through the advent of fourth generation
XFELs: the linac coherent light source (LCLS) is capable of
generating tunable x-rays with pulse lengths down to 2 fs and
up to 1012 photons per pulse [31]. LCLS already has enabled
novel structural studies with single x-ray pulses on macro-
molecules such as mimivirus particles [32] and proteins [33–
35], which require a high photon flux to image structures
before they are destroyed, as well as ultrafast temporal studies
of nucleobase thymine via Auger spectroscopy [36].

X-ray elastic scattering maps molecular structure in
amorphous (non-crystalline) samples by measuring the atom–

atom pair distributions. As x-rays pass through matter some
of them scatter, resulting in a momentum transfer q that is
related to the scattering angle 2θ as q ,4 sin= p q

l
where λ is the

x-ray wavelength. In the independent-atom model, the rota-
tionally averaged elastic scattering is defined as the sum of
atomic and molecular contributions [37]

I q

I
f q f q f q

qr
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with well-known elastic scattering atomic form factors fi(q)
[38]. Here, the rij are the inter-nuclear distances and I0 is the
intensity of the incident x-ray. For molecular samples
deliberately aligned or preferentially selected by a polarized
excitation laser, the scattering signals additionally depend on

the relative orientations of the detection vector and the laser
geometry [39, 40]. The time-evolving structures of molecules
undergoing a chemical reaction can be followed by measuring
the scattering pattern as a function of delay time between an
excitation pulse and the x-ray probe pulse. In 1,3-cyclohex-
adiene, the concept of a well-defined structure throughout the
ring-opening is justified, since the molecule travels ballisti-
cally down the excited state surfaces [41, 42], a point to
which we will return later.

The necessity of balancing opposing demands, in part-
icular a high signal-to-noise ratio and an absence of spurious
background signals, required the development of a novel
diffractometer and associated experimental protocol. We
present here the design of such an apparatus and discuss the
methods critical to the calibration and analysis needed to
produce ultrafast molecular movies using x-rays. The appa-
ratus was successfully implemented to study the time-
resolved ring-opening reaction of 1,3-cyclohexadiene
[43, 44], a system for which detailed insights from the scat-
tering experiments are discussed.

2. Methods

2.1. The pump–probe scheme

To measure time-evolving molecular structures, a pump–
probe scheme is used where a laser pulse initiates the reaction
and a variably delayed x-ray probe pulse maps the molecular
structure at different delay times. Assuming that the optical
excitation leads to deterministic dynamics, a movie is created
by collaging the individual structural snapshots.

In our experimental implementation, we paired an ultra-
violet excitation pulse (267 nm, 65 fs, 100 μm FWHM focus)
with a variably timed x-ray probe pulse, each operating at
120 Hz. The pulses are coupled together 18 cm upstream
through a mirror oriented at 45° such that they arrive at the
sample region collinearly (figure 1). Scattering patterns were
taken with both fundamental (8.3 keV, 0.1494 nm, 30 fs, 1012

photons/pulse, 30 μm FWHM focus) and 3ω (20.1 keV,
0.0617 nm, 30 fs, 1010 photons/pulse, 30 μm FWHM focus)
wavelengths of the LCLS x-ray source. For a diffractometer
with fixed angular limits, the higher-energy 3ω x-ray photon
provides a larger range in q-space, but at the cost of 100 times
fewer photons per x-ray pulse.

2.1.1. Determination of temporal overlap. While the exact
time zero is determined as part of the data analysis, an
experimental measurement of time zero is important so that
data is acquired in the proper time range. With the chemical
reactions of interest often proceeding within less than 1 ps
(10−12 s), it is imperative that the proper time window is set
before conducting an experiment.

At the LCLS XPP hutch [29, 45], where these
experiments were carried out, coarse timing between the
laser and x-rays was achieved by inserting an metal–
semiconductor–metal (MSM) diode downstream of the
interaction region. These diodes have a fast time response
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for both the x-rays and ultraviolet laser pulses. Waveforms
from the detector were measured on a remotely controlled
18 GHz oscilloscope, thus allowing coarse temporal overlap
at the 10 ps level. More precise timing (<250 fs) was found
using a bismuth (1, 1, 1) crystal inserted near the interaction
point [46]. A similar MSM diode, positioned at the Bragg
condition of bismuth at 8.3 keV (or 20.1 keV), was used to
monitor the reflection of the optical laser off the bismuth

target. As the relative time delay, t t t ,X ray UVD = -- crossed
from positive to negative, the optical reflection of the bismuth
is altered, revealing the machine-limited jitter of the temporal
overlap at the interaction region in our scattering cell.

2.1.2. Jitter correction. The timing of the x-ray and optical
lasers at LCLS is RF-controlled [47], but due to electrical
noise there is an unpredictable shot-to-shot jitter of >250 fs

Figure 1. Cross-section of the diffractometer and vacuum chamber. The x-ray pluses are coupled into the vacuum chamber from (A), while
the UV enters perpendicularly from (B). Both are superimposed through a mirror with a 500 μm hole (C) located about 18 cm upstream from
the scattering cell (D).

Figure 2. Experimental distribution of x-ray arrival times. Nominal time points shown are 0, 200, 400, and 600 fs.
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FWHM (figure 2). For experiments where femtosecond time
resolution is important, this may be longer than the dynamics
of interest. To determine the relative arrival times of the UV
and x-ray photon pulses more accurately, a spectral encoding
time-tool was employed that reduces this uncertainty to less
than about 10 fs [48]. Operating on a fraction of optical laser
light picked off by a beamsplitter upstream from the
diffractometer, white light continuum (WLC) is generated in
a sapphire substrate. The WLC is spectrally chirped and
transmitted through a thin film of silicon nitride (Si3N4).
When the film absorbs the arriving x-ray photon, the material
undergoes an index of refraction change for the optical pulse,
creating a change in the transmitted spectrum and a clear
measure of the relative arrival of the optical and x-ray pulses.
In this way, the time-delay for each collected frame of
scattering pattern can be corrected, allowing images to be
sorted into time-bins as small as 25 fs.

2.2. The diffractometer

High demands are placed on the design and construction of
the diffractometer cell: any unwanted scattering of the phe-
nomenally intense x-ray beam by apparatus components such
as windows, apertures, beam blocks, x-ray beamline compo-
nents, or even passage through air, can easily overwhelm the
weak scattering signals from the low-density target gas.
Moreover, since the scattering signals change upon optical
excitation by a mere 1%, any background signal could pro-
duce shot noise large enough to mask the pump–probe
signals.

To address these challenges, we developed a windowless
scattering cell where the low-pressure sample gas streams into
a vacuum through a small orifice through which both the laser
and the x-ray pulses enter. Here we define ‘windowless’ in
terms of the upstream side of the cell, as it is important to
ensure that the primary x-ray beam does not scatter onto the
detector from sources other than the sample itself. Impor-
tantly, the cell is designed such that any x-rays scattered by
the entrance aperture are blocked from directly hitting the
detector. Similarly, x-rays scattered from propagation of the
primary x-ray beam through air cannot reach the detector
pixels.

In order to maximize the scattering signal, one wishes to
maximize the sample pressure. However, large pressures of
strongly absorbing samples cause attenuation of the laser,
limiting the amount of sample. Consequently, a compromise
must be struck as is discussed in more detail below. In our
experiments using the x-ray fundamental, the sample region
pressure was regulated to a constant 3–4 Torr
(∼1017 molecules cm−3), which implies for the selected x-ray
diameters and interaction lengths a total of ∼8×1012

molecules in the interaction region. For the 3ω x-ray experi-
ments, where 100 times fewer photons were available, we
used sample pressures up to 40–50 Torr. The latter conditions
were not used for pump–probe experiments.

2.2.1. Sample cell. The sample cell comprises two adjacent
cylinders (10 mm×19.2 mm radius, 8.3 mm×3.2 mm

radius) and permits scattering into 13°–70° scattering angles
(figure 3). This corresponds to 1.0–4.8 Å−1 with 8.3 keV
photons and 2.3–11.7 Å−1 with 20.1 keV photons. In practice,
the signals at each end of the range are weak and their utility
limited by noise, which is a function of the number of
scatterers and thus path length of gas exposed at each angle.

2.2.2. Gas turnover. Because of the windowless design of
the cell, there is a constant flow of gas. This has the advantage
that, at any time, the sample probed in the cell does not
contain a significant number of previously exposed
molecules. The gas sample is continuously replenished by a
feed line perpendicular to the incoming beams while the
molecules in the sample region continuously escape into the
upstream vacuum chamber through the 200 μm aperture. The
resulting average distance traveled between pump–probe pairs
in our experiment is thus found to be 2 mm. Since this is
significantly larger than the width of the interaction region,
which is 30 μm in diameter, the proportion of molecules
probed multiple times in the experiment is negligible.

2.2.3. Scattering from apparatus components. Since gas-
phase hydrocarbons are weak scatterers, it is vital to ensure
that scattering of x-rays from the primary beam by any other
source is eliminated. This also includes solid apparatus
structures such as apertures and mirrors upstream of the
diffractometer. The UV and x-ray photons are coupled into
the diffractometer’s sample region using a 200 μm aperture,

Figure 3. Close-up cross-section of the diffractometer. The x-rays
enter the gas cell (G) from the vacuum side through a 200 μm
aperture (A) and exit through a sapphire window (D), from where on
they travel in air but are surrounded by lead shielding (E). Photons
scattered from the aperture are blocked by the upper scatter limit (B)
and the lower scatter limit (C), while photons scattered from the gas
pass through the beryllium window (H).
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which separates the sample region from the vacuum-chamber
that houses the in-coupling mirror. This aperture blocks
transmission of x-rays scattered upstream of the in-coupling
mirror and any residual gas, while permitting the transmission
of the primary beam. Scattering of the primary x-ray beam by
this aperture itself is blocked by a much larger-diameter
aperture (upper scatter limit) within the sample region as well
as by a beam-blocking washer (lower scatter limit) upstream
from the beryllium window (figure 3). By judiciously
selecting aperture sizes it is possible to largely prevent
x-rays scattered from the 200 μm aperture from reaching the
detector.

We note that x-rays scattered from the exit window,
made from a thin piece of sapphire (figure 3), are prevented
from reaching the detector by a lead shield. The same shield
prevents x-rays scattered by air from reaching the detector.
Finally we note that a 500 μm thick beryllium window
(figure 3) is not in the path of the primary x-ray beam. While
this window is traversed by x-rays scattered from the gas
sample, the secondary scattering of those x-rays is negligible.

2.2.4. Focal parameters. In order to limit multi-photon
processes that might place the molecule on highly excited
surfaces or even ionize the molecules, the UV excitation laser
was only weakly focused onto the sample such that it causes
less than—but not much less than—10% excitation. Given the
dual-aperture design described above, where the upstream
region of the sample volume scatters onto low-q regions of
the detector and the downstream region of the sample volume
scatters onto high-q regions of the detector, the laser pulse
may experience significant attenuation by the scattering
molecules. To maintain the fraction of excited molecules
along the length of probed molecules near 10%, we balanced
the attenuation with the focal parameters of the excitation
pulse.

The absorption of the UV pump beam follows the Beer–
Lambert law, 10 ,I

I
lN

0
= s- where I0 is the initial UV intensity,

I is the intensity remaining after the beam propagates through
the path length l, N is the number of scatterers in the path, and
σ is the absorption cross section of the sample. Over the path
length, strong absorbers significantly attenuate the intensity of
the UV beam, which could result in a decreased fraction of
excited scatterers toward the end of the path. To counteract
this effect, the UV beam was focused at the downstream end
of the sample cell, so that its beam diameter decreases as it
traverses the sample cell. Fits of the theoretical calculations to
the experimental data validated the results of this calculation.

2.3. Detection of scattered photons

The pattern of scattered x-ray photons is collected by a 2.3
megapixel Cornell-SLAC Pixel Array Detector (CSPAD)
[49, 50] positioned approximately 4 cm from the scattering
region. The scattering patterns were radially averaged to
produce two-dimensional patterns, since the structural data is
encoded in a nearly radially-symmetric signal. In order to
interpret the results of the scattering experiments, a careful
calibration of the instrumentation was necessary. Particularly

important is the determination of the distance and the position
of the CSPAD relative to the scattering cell.

2.3.1. Instrument calibration. Correction of gain differences
between pixels, and calibration of the diffractometer
geometry, were performed with scattering patterns collected
from an atomic scatterer, Xenon. To determine a precise
position of internal components, such as the vented screw and
apertures, the difference between the collected and theoretical
patterns was minimized. The Xenon pattern provides a
correction factor, g, as a function of q,

g q
I q

I q
. 2Xe

theoretical

experimental
( ) ( )

( )
( )=

In order to compare experimental to the theoretical scattering
patterns, this factor was applied to all experimental scattering
patterns.

2.3.2. Centering of the detector. Since the CSPAD is
perpendicular to the primary x-ray beam, accurate radial
and angular integrations of the scattering images requires
calibration of the center of the image on the detector [51].
Since the transverse positional stability of the x-ray beam is
better than 10 μm [31], a single determination of the center
position is sufficient for all frames. To find the optimal
Cartesian coordinates of the center of the image on the
detector, the difference signal between pumped and
unpumped 1,3-cyclohexadiene was examined and
coordinates of the detector center were chosen that produce
the largest intensity difference between the radial pattern’s
local maxima and local minima near 1.9 Å−1 and 3.0 Å−1,
respectively (figure 4). The difference pattern was smoothed
to eliminate local minima due to noise. This was the only

Figure 4. Experimental difference between pumped (+2 ps) and
unpumped (−2 ps) CHD scattering patterns at 8.3 keV. Regions used
to determine the center are highlighted.
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instance of data smoothing; no smoothed data was used for
any purpose other than finding the detector center.

2.3.3. Calibration of detector distance. To ensure that the
conversion from pixel coordinates to momentum transfer is
properly performed, the distance between the diffractometer
and the detector has to be determined. For this, sulfur
hexafluoride (SF6) was used as a model molecular scatterer,
since its structure is well-known, including interatomic
vibrational terms at room temperature [52], which modify
the molecular scattering portion of equation (1) according to
[53, 54]

I q f q f q l q
qr

qr
exp

1

2

sin
, 3

i j

N

i j
ij

ij
m m

2 2
atom

( ) ( ) ( ) ( )åµ -
¹

⎜ ⎟⎛
⎝

⎞
⎠

where lm
2 is the mean vibrational amplitude of the associated

interatomic distance.
The detector distance was found using a least-squares

minimization of the percent difference between the radially-
averaged theoretical and experimental patterns after the
instrument function and center calibration corrections have
been applied (figure 5). With this calibration, the detector
distance was found to be 38.90 mm from the beryllium
window in 8.3 keV experiments and 32.71 mm in 20.1 keV
experiments, as shown in figure 5.

2.3.4. Photon counting. Raw images from the CSPAD are
processed using a combination of techniques. First the dark
image (also known as a ‘pedestal’), collected during each data
set, is subtracted on a per-pixel basis. Subsequently, the
‘common mode’ noise is removed from each tile individually
using either of two techniques. In the first technique, used
with 20.1 keV experiments, the mean value of all pixels with
a value within 30 ADU above or below the pedestal is treated
as the common mode noise value and subtracted from the
value read from all other pixels on that tile. In the second
technique, used with 8.3 keV experiments, the common mode
value was calculated from a series of unbonded pixels on each

ASIC, which experience common mode noise but are
physically unable to provide a reading for the detection of a
photon.

Because random and common-mode fluctuations over a
large number of pixels risk dominating the number of photons
scattered onto the detector, a hybrid photon-counting method
was used wherein a lower limit was set for values to be
recorded as non-zero. This number was set as 110 ADU for
20.1 keV photon experiments where the value for single
photon detection was approximately 150 ADU. For the
8.3 keV photon experiments, when the value for a single
photon was only 30 ADU, the lower threshold for photon
counting was 2σ where the distribution of values in dark
frames for each pixel was modeled as a Gaussian distribution.
Above this threshold, the value of each pixel was retained
(not converted into a number of photons) so that inter-pixel
charge sharing of a single photon event would not be lost.

Several masking filters were applied to images to remove
pixels that did not respond properly to photon absorption. In
20.1 keV experiments, pixels with extreme pedestal values
(less than 1000 ADU or greater than 2000 ADU) were
masked. This was only necessary for CSPAD version 1.3 and
was therefore not used for 8.3 keV experiments, which were
performed after CSPAD version 1.5 upgrades [55]. A mask
was also made to ignore pixels with high photon counts,
determined by the number of counts during vacuum-only
exposures. These counts come from non-vapor sources and
therefore the corresponding pixels are not suitable for lower-
intensity gas scattering. Finally, a mask of ‘dead’ pixels,
defined as pixels that never recorded photons during any
exposure to gas samples of CHD, was applied.

Experiments using 20.1 keV x-ray photons also experi-
enced larger gain differences (pixel-dependent responses in
ADU per photon) because they also used the older, less
consistent CSPAD version 1.3, so a gain map was made to
normalize the single-photon peak of each pixel to 150 ADU
using Xenon exposures. This was not necessary in 8.3 keV
experiments, which used a more consistent CSPAD ver-
sion 1.5.

2.4. Data treatment

Before the experimental scattering patterns are compared to
theoretical patterns, the data is corrected for many effects
unrelated to the molecular dynamics. These are discussed
below.

2.4.1. Theoretical scattering patterns. In certain cases, it is
necessary to produce absolute scattering patterns of gases,
particularly of unreactive species such as xenon and sulfur
hexafluoride. These heavier gases require more advanced
modeling of their scattering intensities, because a dispersion
correction has to be applied and the x-ray polarization has to
be considered. Both terms are wavelength-dependent. The
dispersion correction for forward scattering has both a real
and an imaginary part, which transforms the atomic scattering

Figure 5. SF6 scattering pattern with detector distance optimized for
both 8.3 (fundamental) and 20.1 keV (3ω) experiments.
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form factor to the form

f f f i f . 40 ( )= + D ¢ + D 

The necessary factors can be approximated from tabulated
values at similar x-ray wavelengths [38, 56].

Because the x-ray source is horizontally polarized,
photons are preferentially scattered in the vertical direction.
Scattering images are corrected by a factor of
(sin cos cos 2 ,2 2 2 )j j q+ where 2θ is the scattering angle
and j is the azimuthal angle as measured from the plane of
polarization [57].

2.4.2. Difference scattering patterns. The changing
scattering patterns in time-resolved experiments are best
represented by difference patterns between the pattern of the
ground-state molecule, derived either from patterns collected
before time-zero or from frames where the UV pulse has been
blocked, and the instantaneous scattering pattern, taken at a
specific delay time after excitation. The difference patterns are
particularly advantageous in cases where recording of an
instrumental calibration with an atomic scatterer such as
Xenon would be cumbersome, since they factor out a number
of effects, including pixel-dependent gain differences. It is
moreover convenient to express the difference pattern as a
percentage

I t q
I t q

I q
% , , 100

, ,
, 5

off
( ) ( )

( )
( )*g

g
D =

D

where γ is the fraction of excited molecules and ΔI(t, q, γ) is
the ‘laser on’-‘laser off’ difference signal

I t q I t q I q, , , , . 6on off( ) ( ) ( ) ( )g gD = -

In using percentage differences, many signal contributions
that do not change upon UV excitation cancel out, such as the
magnitude of scattering intensity as a function of q (a result of
the diffractometer’s internal shape) and the atomic scattering
signal. This results in scattering patterns that are independent
of many experimental complications, and emphasizes the
changing molecular scattering signal by eliminating the
unchanging atomic scattering. Additionally, this representa-
tion improves the visualization of pattern elements at large q-
values, where absolute differences would show only small
changes.

2.4.3. Data acquisition. Datasets were collected in runs of
approximately 1000 frames per time point, including frames
with neither x-ray nor UV laser exposure (‘dark’), frames
with x-ray exposure only, and frames with both UV and x-ray
exposure. To ensure consistency in x-ray performance, frames
were collected in a 17:17:1 ratio of UV-on: UV-off: dark
frames while time points were collected in randomized order,
minimizing the effect of systematic drifts in x-ray or UV
performance.

2.4.4. Scaling. Since the number of x-ray photons per pulse
can vary up to 100% shot-to-shot [25], the scattering patterns
have to be carefully scaled. The most accurate method found
to determine the relative number of photons in each shot is to

integrate the number of photons collected by the detector.
Consequently, the scattering patterns were scaled by the
detector’s total integrated intensity after radial averaging.
Although one might expect that time-evolving structures
might exhibit different sums in the observed scattering region,
the low percentage of excited molecules suggests that this
fluctuation is minimal. Moreover, for our data analysis we
used the same scaling method in computing the expected
theoretical patterns, so that any such errors should have no
impact on the derived molecular structures.

2.4.5. Attenuation. Since the scattered x-ray photons travel
through several components prior to the detector, the images
are adjusted to account for attenuation by these materials.

In all scattering patterns, beryllium is the largest but most
consistent attenuator of scattered photons. At a thickness of
500 μm, this window transmits 91.8% of 8.3 keV photons and
98.3% of 20.1 keV photons [58]. However, since the scattered
photons do not traverse the window perpendicularly, photons
scattered to large q-values experience a longer path length
through beryllium (up to 1366 μm). Consequently, a q-
dependent scaling factor has to be applied to the scattering
intensity. A similar factor has to be applied to account for the
attenuation by the air between the scattering cell and the
detector. The attenuation by air at standard conditions for the
relevant path lengths (between 4 and 12 cm) is 4.0%–11.6%
for 8.3 keV x-rays and 0.3%–1.0 % for 20.1 keV x-rays [58].

Within the chamber itself, the attenuation depends on the
sample gas, through which scattered x-ray photons traverse
up to 22.5 mm. This gives a significant effect in Xenon, where
the 8.3 keV x-rays are attenuated by up to 4.5% at 10 Torr and
293 K, whereas the 20.1 keV photons are only attenuated by
up to 0.4% under the same conditions. In SF6 the effect is
small, with attenuations of up to 2.3% for 8.3 keV photons at
45 Torr and 293 K but only up to 0.17% of 20.1 keV photons
[58]. The attenuation of scattered x-ray photons by 1,3-
cyclohexadiene was negligible at the pressure of our studies,
3–4 Torr [58].

2.4.6. Detector planarity. To eliminate another source of
instrument-specific effects on the scattering patterns, the
scattering angle dependence of the distance of the detector
from the sample cell is accounted for. The scattering intensity
decays as ,

R

1
2 where R is the distance between the scattering

center and the detector. In the far-field limit this factor is
uniform for every point on the detector. However, in our
experiment, where the detector is less than 40 mm from the
sample cell, R ranges from 60 to 120 mm. To account for this,
the recorded intensity after radial integration is multiplied by
R2 to normalize intensities across the detector.

Similarly, the scattering patterns were corrected to
replace the nominal pixel size (110 μm×110 μm) with an
‘effective’ pixel size, defined as the projection of the pixel
area normal to the scattering center for that pixel.

2.4.7. Matching theoretical predictions to experimental
observation. In order to analyze the scattering data, we use
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an optimization procedure to match theoretically predicted
scattering patterns to the observed time-resolved signal.
Inversion procedures that yield nuclear density distributions
exist for diatomic [59, 60] and polyatomic [60, 61] molecules,
but the limited q-range in the present measurements render
these approaches infeasible. Instead, we use state-of-the-art
ab initio nonadiabatic quantum molecular dynamics
simulations [43, 44] to restrict the available configuration
space in an accurate manner. A large number of trajectories,
each representing a feasible reaction path for the CHD ring-
opening reaction, are used to fit the observed experimental
signal

I t q w I t q, , , 7
k

k k
2( ) ( ) ( )å=

where I t q,( ) is the predicted signal, wk
2 are the weights for

the ensemble of trajectories, with w 1,k k
2å = and I t q,k ( ) is

the scattering signal for each trajectory, calculated using the
Debye formula in equation (1) with additional corrections for
inelastic scattering. The approximations inherent in this
approach, and further details regarding the simulations and
the optimization procedure, are discussed elsewhere
[43, 44, 62, 63]. We focus here on how the signal in
equation (7) is processed for comparison to the experimental
signal. As seen in section 2.4.2, the experimental signal is
represented by a percentage ‘laser on’-‘laser off’ signal. If the
‘laser on’ signal is

I t q I t q I q, , , 1 , 8on exc off( ) ( ) ( ) ( ) ( )g g g= + -

where g is the excitation fraction, I t q,exc ( ) the signal
from the excited molecules, and I qoff ( ) is the ‘laser off’
signal, then the difference signal becomes I t q, ,( )gD =

I t q I q, .exc off( ( ) ( ))g - However, this expression is only
valid if the x-ray pulse intensity is the same for both the
‘on’ and the ‘off’ signals. In the XFEL measurements, the
intensity of the x-ray pulses fluctuates significantly, and we
therefore scale the ‘on’ signal with respect to the total
detected intensity of the ‘off’ signal

I t q
Q

Q t
I t q I q, ,

,
, , , 9off

on
on off( )

( )
( ) ( ) ( )g

g
gD = -

where Qoff is the integrated intensity on the detector for the
‘off’ signal, and Q t,on ( )g is the integrated intensity for the
‘on’ signal. It is straightforward to modify the difference
signal in equation (9) to account for q-dependent excitation
fraction, in the case of a long interaction region in the
experiment. Finally, since the experimental signal tapers off
for larger values of q, it is better to use a percentage difference
signal

I t q
I t q

I q
% , , 100

, ,
. 10

off
( ) ( )

( )
( )g

g
D = ´

D

The predicted signal must also be convoluted to match the
duration of the pump and probe pulses, and, finally, the
theoretical signal is time-shifted relative the experimental
signal to optimize the fit to the experiment. The optimization
procedure therefore scans the trajectory weights, w ,k

2 the
excitation fraction ,g and the exact time zero within the
experimental limits.

3. Results and discussion

The low signal level associated with gas-phase x-ray scat-
tering experiments was overcome by higher pressure, longer
path length, and use of the hybrid photon counting method.
Careful consideration and implementation of all these tech-
niques has made it possible to produce high quality scattering
patterns with a very small number of scattering molecules.
With a long column of reacting molecules, loss of resolution
arises from the number of different scattering angles visible to
each point on the detector. The upper and lower scatter limits
reduce this loss of resolution, however, by limiting the length
of gas exposed that is visible to each pixel. Although the
overall length of scattering gas is 13.5 mm, in this double-
aperture design only 5–6 mm is visible to any point on the
detector, giving a resolution of around 0.25 Å−1 and 0.50 Å−1

over all regions for 8.3 keV and 20.1 keV x-ray photons
respectively (figure 6). To ensure that this does not introduce
errors into the theoretically-fit models, simulated scattering
patterns are convoluted by the range of scattering vector
visible to each nominal q value.

After radial averaging, the scattering patterns are cor-
rected by the number of visible scatterers as a function of
scattering vector, q. At 3.7 Torr, the majority of the detector is
exposed to 2×10−12 molecules (figure 6).

The use of two separate laser systems for the pump- and
probe-pulses produced some variability in their co-timing.
Beyond the determination of time-zero, high time resolution
was achieved through the use of a spectral time-tool [48].

Figure 6. (Top) Number of gas molecules exposed to each position
on the detector at 3.7 Torr for 8.3 keV photons. (Bottom)
Experimental resolution at 8.3 and 20.1 keV x-ray, limited by the
difference between maximum and minimum scattering vector visible
to each nominal scattering vector.
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Shown in figure 2 are the time-delays determined for four sets
of nominal (intended) time points, showing that data can be
collected with a time resolution that exceeds the jitter of the
LCLS source. The background scattering levels were mini-
mized by the use of apertures, which were designed such that
scattering of the primary x-ray beam by any source upstream
of the sample gas would be attenuated by a thick metallic
surface and scattering from any source downstream of the
sample gas would be attenuated by a lead foil positioned prior
to the detector (figure 3). The result of this was very low-
noise CHD diffraction patterns, as shown in figure 7.

4. Summary

We demonstrated a windowless cell diffractometer for ultra-
fast gas phase x-ray scattering experiments that can be used
for a range of hard x-ray wavelengths. This diffractometer
offers several benefits over molecular beams or nozzle setups,
including a higher number of scatterers (to overcome the low
scattering cross-section of small hydrocarbons) and the
necessary apertures to prevent upstream scattering from
reaching the detector.

This experimental design has been demonstrated to pro-
vide adequate scattering patterns for low-pressure gases with
sufficient resolution to perform time-resolved dynamical
studies, and is intended to work for a large number of
molecular systems. It has successfully generated patterns for
1,3-cyclohexadiene, sulfur hexafluoride, and xenon at pres-
sures ranging from 3 to 50 Torr, and we anticipate this design
to be useful for a number of other molecules in future studies.

Future studies will utilize a simplified diffractometer
geometry wherein the sample cell will exhibit a reduced

reaction path length, thereby relaxing the high focusing
parameter requirements of a long path. The simplification of
the diffractometer may also permit scattering at much larger
angles and therefore obtain a wider range of q, increasing the
experimental resolution and possibly eliminating the techni-
que’s substantial reliance on sophisticated quantum calcula-
tions. Such experiments would be possible in the CXI hutch
at LCLS. Future experiments could also improve the spatial
resolution of the molecular target by employing molecular
alignment techniques.
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