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Deconvoluting ultrafast structural dynamics: temporal
resolution beyond the pulse length of synchrotron radiation
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100 picosecond X-ray snapshots visualizing the structural dynamics of macromolecular systems are

now routinely available at synchrotron sources. A wealth of fundamental processes in

photochemistry, condensed matter physics and biology, however, occur on considerably faster time

scales. Standard experimental protocols at synchrotron sources cannot provide structural information

with faster temporal resolution as these are limited by the duration of the electron bunch within the

synchrotron ring. By walking the timing of femtosecond laser photolysis through a (much longer)

X-ray pulse in steps of a few picoseconds, structural information on ultrafast dynamics may be

retrieved from a set of X-ray scattering images, initially through deconvolution and subsequently

through re®nement. This experimental protocol promises immediate improvements in the temporal

resolution available at synchrotron sources, facilitating the study of a number of rapid complex

photochemical processes. Combined with techniques which reshape the X-ray probe pulse, the

accessible temporal domain could further be extended to near-picosecond resolution.
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1. Current technology

Experimental development of techniques in picosecond/

femtosecond laser spectroscopy have opened powerful

windows onto a wealth of photochemical processes which

lie in the ultrafast temporal domain. Alkene photo-

isomerization both within solution (Courtney & Fleming,

1983) and within a protein (Gia et al., 1998); the envir-

onment's in¯uence on the chemical dynamics of photo-

dissociation and geminate recombination of molecules in

solution (Harris et al., 1987); the photodetachment of

ligands from ligand-binding haem proteins (Franzen et al.,

1995); structural phase transitions within crystals (Dough-

erty et al., 1992); or the rapid transfer of heat to a semi-

conductor lattice (Tom et al., 1988), list but a few of the

systems for which ultrafast spectroscopy studies have

provided an empirical basis for theoretical modelling.

All these phenomena invariably induce speci®c struc-

tural rearrangements of both the chromophore of interest

and the surrounding environment. While spectroscopic

techniques probe the electronic and vibrational transitions

of the photoactivated sample, any structural rearrange-

ments must be inferred from spectroscopic observations

and therefore require a detailed theoretical understanding

of the energy surfaces of the excited system. X-ray scat-

tering and diffraction techniques, in contrast, provide a

direct probe of the geometry of molecules at atomic reso-

lution. An extension of existing time-resolved X-ray

diffraction techniques into the ultrafast regime, in combi-

nation with femtosecond laser photolysis, would undoubt-

edly yield new understanding of the most rapid structural

changes.

Momentum towards picosecond/subpicosecond struc-

tural studies has been provided by a number of techniques:

Rischel et al. (1997) used a pulsed laser plasma X-ray

source to track the heating of an organic ®lm; Schoenlein et

al. (1996) used 90� Thompson scattering from a relativistic

electron bunch to shift the frequency of a femtosecond

laser pulse into the X-ray realm; Zholents & Zolotorev

(1996) have proposed other schemes for interacting a

femtosecond light pulse with an electron bunch; Larsson et

al. (1998) melted two X-ray mirrors in rapid succession and

the recorded X-ray intensities were correlated with their

relative delay. All successful experiments to date, however,

share one feature in common: all recorded X-ray scattering

from a single diffraction spot. High-temporal-resolution

detectors, such as X-ray streak cameras (Shepherd et al.,

1995), are also intrinsically one-dimensional in nature and

suffer from a low quantum ef®ciency (�1%). Near-pico-

second-resolution studies have also been performed using

electron scattering from photodissociated molecules within

a molecular beam (Williamson et al., 1997). The extremely

high cross sections of electrons relative to X-rays, however,

cause insurmountable problems should one wish to move

away from a vacuum sample environment.

It is therefore apparent that if three-dimensional struc-

tural information is desired from more complicated systems

such as macromolecules, inorganic crystals with medium
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unit-cell dimensions, or diffuse scattering from photo-

chemical systems in solution, techniques which utilize the

brightest available light sources and which are compatible

with existing two-dimensional X-ray detectors are required.

Synchrotron radiation provides the most brilliant source of

X-rays available within current technology. Its application

to time-resolved macromolecular crystallography yields

excellent-quality diffraction data, with a number of atomic

resolution structures of protein reaction intermediates

having been reported (e.g. Williams et al., 1997; Genick et

al., 1998; KaÈck et al., 1998). A drive towards visualizing

extremely rapid structural dynamics has isolated 100 ps

X-ray pulses from an individual electron bunch within the

synchrotron ring, from which Srajer et al. (1996) and

Perman et al. (1998) have recorded interpretable Laue

(white X-ray beam) diffraction images from short-lived

protein photointermediates.

In spite of the current availability of femtosecond laser

facilities online at synchrotron sources (Schoenlein et al.,

1996; Wulff et al., 1997; Larsson et al., 1998), standard

experimental protocols are limited in their temporal reso-

lution by the duration of the X-ray pulse (�100 ps), too

slow to visualize the transient dynamics of most of those

processes listed above. In this article we describe a theo-

retical basis for analysing synchrotron-based pump±probe

experiments with two-dimensional detectors. This leads us

to propose a scheme of combined deconvolution and

re®nement which would push the temporal resolution

beyond current limitations. By providing a methodology

which enables X-ray scattering to be recorded on two-

dimensional X-ray detectors, a broad range of problems

become accessible on the ultrafast time scale which cannot

be approached using the successful one-dimensional pico-

second-resolution X-ray methodologies reported to date

(Rischel et al., 1997; Larsson et al., 1998).

2. Deconvolution protocol

Suppose any photoactive sample (i.e. not necessarily crys-

talline) is exposed to an X-ray pulse with a time-dependent

intensity P�t�. Typically, single-bunch pulses at a synchro-

tron source have a duration T' 100 ps. De®ne ti as the time

delay between the arrival of the X-ray (probe) pulse peak

(t = 0) relative to sample triggering by a femtosecond laser

pulse. As laser photolysis can be achieved more than an

order of magnitude faster than the time resolution

discussed here, it is suf®cient to treat photoactivation as

instantaneous. This differs from a standard pump±probe

spectroscopy experiment, where both pump and probe light

pulses are typically of a similar duration. Following

photoactivation the sample may be described by a time-

dependent electron density ��t � ti� with density peaks

centred at the atomic positions xj�t � ti�. X-ray scattering

factors for the photoactivated sample at time t are

therefore

Fh�t � ti� �
P

j

fj exp i �2�=��h � xj�t � ti�
� �

; �1�

where j ranges over all atoms in the sample; for all � � 0,

Fh��� = F0
h represents scattering from the unexcited sample;

we have absorbed all constant scaling coef®cients (e.g. r2
e

and X-ray polarization factors) in our de®nition of the

atomic scattering factors fj; and h lies in reciprocal space.

For crystalline samples the components of h (expressed

relative to the crystal's reciprocal lattice) take only integer

values, whereas scattering from amorphous substances

produces a continuous scattering distribution (James,

1948). Had the X-ray and laser pulses been of similar

duration, an additional integral over the laser pulse pro®le

would have been required in equation (1), considerably

complicating the extraction of useful data in any experi-

ment.

At each instant the X-ray scattering intensity is propor-

tional to the product of the X-ray pulse intensity, P�t�, with

jFh�t � ti�j2. A standard two-dimensional X-ray detector

without time resolution (e.g. a CCD) integrates the

instantaneous scattering intensity (each pixel of the

detector mapping to a vector in reciprocal space) over time,

such that (Neutze & Hajdu, 1997)

Ih�ti� �
R1
ÿ1

P�t� Fh�t � ti�
�� ��2 dt; �2�

with every recorded image containing information on the

structural dynamics of the system over a time domain

de®ned by the X-ray pulse duration. By recording X-ray

scattering images with one speci®c time delay ti, the stan-

dard experimental protocol, one cannot recover dynamical

information on a faster time scale. Upon the substitution

t! u � ÿt and writing the temporal pro®le of the X-ray

pulse as a sum of its symmetric and antisymmetric

components, however, equation (2) may be recognized as a

convolution,

Ih�ti� �
R1
ÿ1

Ps�u� ÿ Pa�u�
� �

Fh�ti ÿ u��� ��2 du

� Ps�ti� ÿ Pa�ti�
� �
 Fh�ti�

�� ��2: �3�
This suggests that, with appropriate sampling, the temporal

pro®le of the X-ray probe pulse can be deconvolved.

An experimental protocol would be to collect a series of

X-ray scattering images Ih�ti�, i = 1 to N, for which the delay

of the X-ray pulse peak, ti, relative to the moment of

sample photolysis is walked, in steps of duration �t � T,

entirely through P�t�: from the photoexcitation pulse

arriving at time T following the X-ray pulse's maximum (so

that essentially no photoactivation is caught in the X-ray

image); arriving simultaneously with the peak in the X-ray

pulse (when the maximum contribution from the initially

photoactivated sample can be expected); to arriving at time

T in advance of the X-ray peak (the entire X-ray pulse

thereby yielding information on processes following

photoactivation). For one complete experiment, N > T=�t

images would need to be recorded, and the entire data set
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can initially be deconvoluted and subsequently re®ned so

as to obtain signi®cant improvements in the temporal

resolution available at synchrotron sources.

The deconvolution problem is well known and has been

studied extensively. Ideally one could recover jFh�ti�j2 for

each time point directly by taking the Fourier transform of

equation (3), dividing through byF Ps�ti� ÿ Pa�ti�
� �

= P��
�
(� denotes complex conjugate), and evaluating the inverse

Fourier transform. In practice, however, signi®cant limita-

tions usually apply. In this case a number of intrinsic

advantages arise which will assist the analysis of experi-

mental data. By recording X-ray scattering on a two-

dimensional detector, literally thousands of correlated

observations are made simultaneously. This redundancy

enables minimization algorithms to be utilized which

decreases the sensitivity to errors in any one measurement.

The time scales of the system of study can be characterized

through ultrafast spectroscopy, and this additional infor-

mation should be incorporated within algorithms re®ning

(with time as an additional variable) the structural

dynamics of the system. In contrast to optical pump±probe

experiments, photoexcitation is effectively instantaneous

which side-steps the problem of an additional convolution

with the pump pro®le. Furthermore, the X-ray source itself

is unusually stable and the pulse shape is asymmetric when

the current is large. As such, the spectral domain of the

pulse contains stronger high-frequency components which

increases con®dence in the deconvolution results. These

factors combined make it likely that interpretable scat-

tering-factor amplitudes can be retrieved after deconvolu-

tion.

3. Experimental considerations

Two features of this methodology should be appreciated:

the technological infrastructure required for such experi-

ments is now available at synchrotron sources (Wulff et al.,

1997; Larsson et al., 1998); and numerical deconvolution

may be implemented with standard algorithms (e.g. Press et

al., 1988). The success of any such experiment, however, is

very dependent on the parameters of the synchrotron

source, synchronization electronics and detector ef®ciency.

Experiments performed at the Advanced Light Source

(ALS) and the European Synchrotron Radiation Facility

(ESRF) provide suitable comparisons with which to judge

the potential of a deconvolution approach. Current tech-

nical developments at other third-generation synchrotron

facilities shall also make available dedicated beamlines for

time-resolved experiments.

X-ray ¯ux requirements and detector technology have

been proven experimentally, with Srajer et al. (1996) having

recorded interpretable Laue diffraction images from crys-

tals of myoglobin upon integrating only three 100 ps X-ray

pulses prior to reading the low-noise CCD detector. With

stroboscopic data-collection techniques facilitating photo-

excitation and X-ray exposure cycling rates of �1 kHz

(Wulff et al., 1997), the photon ¯ux and detector perfor-

mance available at the ESRF will certainly enable X-ray

scattering images to be interpreted from a wide variety of

reversible photosystems.

Electronic jitter in the ®ring of the femtosecond laser

relative to the X-ray pulse is typically �3 ps. This causes a

broadening of the X-ray pulse's temporal pro®le by a few

percent when averaging over a large number of exposures.

Measurements of the X-ray pulse's temporal pro®le using

streak cameras have been performed at both the ALS

(Larsson et al., 1997) and the ESRF (Scheidt & Naylor,

1998). As femtosecond laser pulses were used to trigger

these cameras, the resulting pro®les already contain

broadening due to electronic jitter. Provided a suf®ciently

large number of X-ray exposures are averaged prior to

reading the X-ray detector, there is no reason to expect that

jitter will pose any greater limitation in a deconvolution

approach than it does in streak camera measurements.

Ultrafast experiments performed to date have isolated

X-ray pulses generated by the same electron bunch within

the storage ring, either through using a chopper (Wulff et

al., 1997) or electronically (Larsson et al., 1998). Even so,

resonances and instabilities can cause small variations of

the pulse shape on a short time scale, and veri®cation of the

stability of the pulse shape over longer periods of time (e.g.

through streak camera measurements) is necessary. At the

ESRF the full width at half-maximum of the X-ray single

bunch becomes longer as the synchrotron current is

increased (Wulff et al., 1997), and streak camera measure-

ments have shown that when the current is high the X-ray

pulse pro®le is not symmetric but rises considerably more

rapidly than it falls (Scheidt & Naylor, 1998). Fig. 1(a)

shows an approximate X-ray pulse pro®le which was used

to simulate the potential of this deconvolution approach.

At the ESRF the monochromatic X-ray ¯ux is

� 106 photons per pulse, which was averaged over

100 pulses in generating Fig. 1(a).

As an example, suppose that the maximum change in

X-ray scattering intensity from a photoactivated sample

occurs immediately after photolysis and then decays

exponentially. Using equation (2) to predict the measured

intensity, taking the intrinsic experimental noise of any

measurement as a Gaussian distribution with � being 5% of

�Imax, and applying a frequency ®lter prior to deconvolu-

tion, yields the predictions of Figs. 1(b) and 1(c). Each

®gure shows numerical predictions obtained both through a

deconvolution analysis (solid line) and assuming an idea-

lized measurement (dashed line) for which a hypothetical

X-ray probe of in®nitesimal duration is used. The time

scales for these exponential decays are � = 90 ps and � =

30 ps, respectively. At this level of noise the deconvolution

results shown in Figs. 1(b) and 1(c) are quite tolerant of

errors of a few percent in the X-ray pulse pro®le.

All observed time scales may be corroborated via pico-

second spectroscopy or, in turn, picosecond spectroscopy

results may be used to aid the extraction of dynamical

structural data. From a knowledge of the initial structure

and phases for the unperturbed sample, F0
h , difference
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electron density maps can be calculated for each time point

ti , providing a ®rst estimate for the time-dependent atomic

positions of the photoexcited sample, xj�ÿti�. Re®nement

algorithms would then proceed by simultaneously mini-

mizing jIcalc
h �ti�1=2 ÿ Iobs

h �ti�1=2j for all N time points ti ,

combining equations (1) and (2) to calculate Icalc
h �ti� from

the modelled atomic positions xj�ÿti�.
A second example may be found in the form of a recent

experiment performed at the ALS. Larsson et al. (1998)

examined the rapid transfer of heat to crystals of InSb

following femtosecond laser photolysis. The timing of the

femtosecond laser relative to their X-ray pulse was changed

in steps of �30 ps, and the intensity of a single Bragg

scattering spot was recorded. On this time scale the X-ray

scattering factor for this single spot could be approximated

by a step function, H�t�. Substituting jF�t � ti�j2 � H�t � ti�
into equation (2) and differentiating with respect to ti [note

dH�t � ti�=dti � ��t � ti�], then integrating with respect to t,

gives

dIh�ti�
dti

� P�ti�;

which reproduces their experimental result, as Larsson et

al. (1998) obtained the ALS X-ray pulse pro®le when

differentiating their experimental intensities with respect to

the laser timing. This provides experimental proof of the

basic theoretical framework presented here.

Larsson et al. (1998) then extended the recovered

temporal resolution by melting two crystals in succession.

The principle bene®t of their protocol has a simple inter-

pretation within our analysis. By melting of the ®rst crystal,

a rapidly falling edge was induced in the temporal pro®le of

the scattered X-ray pulse, thereby extending its domain in

frequency space. This scattered pulse was then used as the

probe X-ray pulse for the second crystal, thereby

strengthening the higher-frequency components of the

(reshaped) X-ray probe, P�
�, making it possible to resolve

rapid dynamical events with greater con®dence. While

Larsson et al. (1998) did not describe their experiment in

terms of a deconvolution analysis, an extension of their

approximately 2 ps resolution experiment to more

complicated systems could very naturally be achieved by

replacing their second crystal with an arbitrary sample and

recording the scattered X-rays on a two-dimensional

detector as described above.

4. Conclusion

Recent technical developments make available femto-

second laser facilities online at synchrotron sources. As

synchrotron radiation is by far the most brilliant X-ray

source currently available, the deconvolution protocol

presented here provides a methodology for probing the

picosecond time-scale structural dynamics of a variety of

systems which require the use of two-dimensional X-ray

detectors. The photodissociation of simple molecules in

solution show relaxations over a range of time scales from

picoseconds to nanoseconds, which could be visualized

using diffuse X-ray scattering; phase transitions in inor-

ganic materials could be structurally probed using the

Figure 1
Illustration of a deconvolution approach using a realistic X-ray
pulse pro®le. (a) The X-ray pulse pro®le used for these
simulations, which approximates the measured single-bunch pulse
pro®le of the ESRF (courtesy of K. Scheidt and G. Naylor). (b) A
comparison between the measurement of an exponential decay,
�I�t� / exp�ÿt=��, after deconvolution (solid line) with an
idealized measurement (dashed line). Experimental noise was
taken to obey a Gaussian distribution with standard deviation � =
5% of �Imax, 100 steps of �t = 18 ps were taken, and the
deconvoluted signal was numerically ®ltered. (c) A comparison
between two further simulations with the decay constant � = 30 ps,
where 100 steps of �t = 12 ps were taken. Deconvoluted
intensities as a function of time, in combination with a spectro-
scopic characterization of the time scales of interest, would
provide a starting point from which to build and re®ne the
sample's rapid structural dynamics. Intensity units are arbitrary.
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technique of powder diffraction; and, while a protein

sample would almost certainly not survive a large number

of complete data sets, it would be possible to record a series

of temporally distinct Laue diffraction images from a

single-crystal orientation, thereby extracting considerably

more dynamical information than would be available from

a streak camera experiment monitoring a single diffraction

spot.
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