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Abstract We have analyzed transient structures in deuterated acetylene isomerized
by 10 fs 400 eV X-rays, and probed by coulomb explosion with a second delayed
X-ray pulse. Structural changes are revealed through fragment kinetic energy
release.

X-ray induced isomerization experiments in several molecules were carried out by
the AMO75113 collaboration1 using X-ray pulse pairs from the newly commis-
sioned soft X-ray split and delay at the LCLS X-ray free electron laser [1]. We have
analyzed X-ray-induced fragmentation energies in deuterated acetylene data in the
linear DCCD isomer and the vinylidene CCD2 form to show how kinetic energy
release correlates with isomerization.

The acetylene isomerization transition is a model for hydrogen migration in
organic molecules. Relatively little is known about isomerization induced by
photoionization of the 1 s shell. X rays above the carbon K-edge can induce core
shell ionization followed by Auger relaxation, leading to the production of a
molecular dication. Experiments at X-ray synchrotrons have shown strong evidence
for X-ray dication formation accompanied by proton migration from the initial
HCCH2+ configuration to the CCH22+ vinylidene metastable isomer [2]. These
studies cannot resolve the motion of the protons within the molecule prior to
dissociation. Photoelectron-photoion coincidence measurements at synchrotrons
can clock proton migration times, and have concluded that they are faster than 60 fs
[3]. This is at odds with the *2 eV isomerization barrier between acetylene and
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vinylidene in the ground state of the dication, which suggests a longer isomerization
time [4, 5].

Our studies used 10 fs, 400 eV X-ray pulse pairs. The first X-ray pulse ionizes a
core electron and initiates the dynamics. The cation undergoes Auger relaxation in
approximately 6 fs [5]. Deuteron migration dynamics is probed by a second X-ray
pulse, which ionizes another core electron, leading to further Auger relaxation. The
resulting tetracation is unstable, and dissociates promptly into several fragments.
The three-layer delay-line anode detector can sort and resolve the position and
arrival time of each ion fragment for up to 16 independent ions, therefore measuring
the full momentum vectors. The pump and probe X-ray pulses were delayed by
from 0 to 100 fs. The target gas density was maintained to a level where on the
order of one molecule per shot was excited by two X-ray pulses (Fig. 1).

Data in this study include events where four charged dissociation products were
produced from the same molecule. We found that an effective filter to eliminate
backgrounds with false coincidences was to require that the four particles be singly
charged, two deuterons and two carbon ions, and that the total vector sum of the
momenta of all fragments was approximately 0, to within 10 % of the peak
momentum. Figure 2 shows how this works in the case of only two fragments,
where the display is simpler. We applied this to the four-dimensional product space
of four particle coincidences.

The deuteron migration from acetylene to vinylidene can be detected by ana-
lyzing the individual ion momenta. For example, in this analysis we have used the
following protocol: The four momentum vectors are pC1, pC2, pH1, and pH2.. Our
event selection filter ensures that the vector sum of all momenta is zero:
pC1 þ pC2 þ pH1 þ pH2 ¼ 0. We then define the molecular axis in the lab frame as
the unit vector Â ¼ pC1 � pC2ð Þ= pC1 � pC2j j. Finally, we look at the projection of

Fig. 1 Momentum correlation may be used to find coincidences corresponding to the
isomerization pathway after the X-ray photon absorption. Here, coincidences of C+ and CD2

+

are found. For true coincidences the conservation of the momentum (along the time of flight axis in
this case) results in the data lying on a line as shown above. In the study reported here, similar
constraints were placed on four-particle coincidences that correspond to full dissociation of
acetylene
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the deuteron momenta on Â. If the dot products Â � pH1 and Â � pH2 have different
signs, then we identify that detected event as a molecule that has not undergone
isomerization (the acetylene channel “A” or opposite-side deprotonation channel
“P”). If, on the other hand, Â � pH1 and Â � pH2 have the same sign, then one
deuteron has migrated to the other side of the molecule. This is the “V” channel that
also includes the same-side deprotonation.

We find some striking physical features of the data sorted in this way. First the
collection of A- and P-channel events have a total kinetic energy (KER) release
distribution that is approximately 10 eV larger than V-channel events. This dif-
ference is so large that KER may be used as a method to separate non-isomerizing
events from V-type events.

The ratio of V-type to non-isomerizing events is a strong function of the time
delay between the pulses. The time-dependence is consistent with the LCLS X-ray
autocorrelation time, and suggests that deuteron migration initiates on a time scale
of approximately 20 fs or less following X-ray ionization.
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Fig. 2 Dependence of the kinetic energy released (KER) on the ejection angle of the deuteron.
Angles below π/2 correspond to V-type structures. These have significantly lower average energy
and a sharper energy distribution than the A-type dissociations
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