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The fragmentation of the hydronium cation H3O+ after photoabsorption at 13.5 nm has been investigated
with a crossed-photon-and-ion-beams experiment making pulsing and trapping techniques available for frag-
ment momentum imaging at the intense Free-electron LASer in Hamburg. The observed photofragmentation
patterns demonstrate that the photolysis of H3O+ proceeds by valence ionization into H3O2+ which subse-
quently fragments to mainly OH+2H+ and H2O++H+ with a branching ratio of up to 0.6:1 and with different
degrees of excitation of the molecular fragment. The cross section for fragmentation into OH+2H+ is found to
be �0.37�0.18��10−18 cm2, while the total photoabsorption cross section is estimated to be greater than
0.95�10−18 cm2. The data suggest that ionization mainly occurs from the 3a1 and 1e valence orbitals and that
initial ionization from 3a1 mainly leads to fragmentation into H2O+�A 2A1�+H+ while initial ionization from
the 1e orbital predominantly populates the H2O+�B 2B2�+H+ and OH�X2��+2H+ channels. The results are of
significance for astrophysical models of gas clouds in the vicinity of hot radiating objects and for models of the
chemistry of planetary and lunar ionospheres under solar irradiation.
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I. INTRODUCTION

The new free-electron laser �FEL� source Free-electron
LASer �FLASH� at DESY in Hamburg �1,2� operates in the
vacuum ultraviolet �vuv� to soft x-ray spectral region with
pulse intensities exceeding any other existing light source in
this regime by several orders of magnitude. With FLASH,
experimental studies of fundamental processes using ex-
tremely dilute targets have become feasible in a new region
of wavelength. This includes in particular the characteriza-
tion of photofragmentation processes of molecular ions and
radicals after valence shell excitation or ionization within a
fast moving ion target.

Previously, we have reported results from a first crossed
beams experiment where intense vuv pulses from FLASH
were used to explore the photodissociation of the diatomic
system HeH+ after electronic excitation �3�. In this paper we
present results on the photofragmentation of the hydronium
molecular ion H3O+ at 13.5 nm �91.8 eV� where the breakup
is initiated by ionization from the valence orbitals of the ion
and we describe an improved experimental arrangement with
fragment momentum resolving detectors for both light �e.g.,
H, H+, H2, and H2

+� as well as for heavy neutral fragments
�e.g., O, OH, and H2O�.

The hydronium ion is of key importance for the chemistry
of water in the liquid phase and it is a central species for the
oxygen chemistry in a wealth of astrophysical environments
�4,5� and in ionospheric regions of planetary atmospheres

�6�. In such environments, high energy radiation in the vuv to
soft x-ray spectral region is frequently present, while on the
other hand the photochemistry of the hydronium ion in this
range is experimentally unexplored and its aspects are not
included in present models beyond rough estimates.

In the electronic ground state, the nuclei of H3O+ form a
pyramidal geometry �C3v� around the central oxygen charac-
terized by an opening angle of �HOH�111.6° and an OH
bond length of �1.84 a.u. �7–10�. The electronic ground
state of the ion is

�1a1�2�2a1�2�1e�4�3a1�2X 1A1, �1�

where essentially 1a1 and 2a1 correspond to the oxygen 1s
and 2s orbitals, the 1e orbitals are located along the O-H
bonds, and the 3a1 orbital constitutes the lone pair. Upon
absorption of a high energy photon ���, H3O+ is further ion-
ized by photoelectron emission from one of its energetically
accessible valence orbitals in a vertical transition that pre-
serves the nuclear conformation

H3O+�v,J� + � → H3O2+�v�,J�� + e−. �2�

Under these circumstances, the dication H3O2+ is presum-
ably formed in a repulsive state including significant vibra-
tional excitation �v�� and modified rotational excitation �J��
depending on the angular momentum carried by the ejected
photoelectron.

We report a characterization of the fragmentation of the
H3O2+ dication formed via photoionization at 91.8 eV show-
ing that the fragmentation channels H2O++H+ and OH
+2H+ are dominant although several other channels are en-
ergetically allowed. The results also indicate that the dication
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is mainly formed by ionization from the 1e and 3a1 orbitals
among the three accessible ones at this photon energy and
that the molecular fragments carry both electronic and vibra-
tional excitations.

In Sec. II we give details on the experimental apparatus
and the momentum imaging technique used to characterize
the photofragments. The experimental findings are presented
in Sec. III and the results are interpreted and discussed in
Sec. IV.

II. EXPERIMENT

The experiment uses the ion infrastructure trapped ion
fragmentation at an FEL �TIFF� installed at the free-electron
laser facility FLASH at DESY, Hamburg, Germany. This ar-
rangement combines fast beam photofragment imaging simi-
lar to previous developments �11,12� with the possibility of
storing keV ion beams in an electrostatic trap �13� and the
accelerator-based intense pulsed vuv and soft x-ray light
source FLASH �1,2�.

As illustrated in Fig. 1, a pulsed mass-selected monoen-
ergetic ion beam at �4.2 keV kinetic energy is crossed at
90° with the FLASH laser pulses in an ion-photon interac-
tion zone kept under ultrahigh-vacuum conditions. The elec-
trical environment in the interaction zone is controllable both
to allow for the variation in the ion energy at the point of
photoabsorption and to enable the unique identification of
mass and charge of the photofragments. The intensities of
both the ion and photon beams are monitored together with
their transverse spatial profiles at the interaction zone, while
emerging photofragments are detected on two position and
time sensitive detectors downstream from the interaction
zone. Data are recorded from events where both ion and
FLASH pulses are present simultaneously in the interaction
zone �signal+background� interlaced with events where only
ion pulses are present �background�, allowing to deduce ab-
solute reaction cross sections. With this imaging detection
method the momenta of the emitted photofragments are de-

termined providing a characterization of the fragmentation
pathways of the excited ion.

As indicated in Fig. 1, the complete ion beam infrastruc-
ture has four major functional regions, being �A� ion beam
preparation, �B� ion trapping and pulsing, �C� ion-photon
interaction, and �D� photofragment detection. Throughout the
beamline, apart from the magnetic mass separation, the ion
beam transport and focusing are achieved with electrostatic
elements. The absolute ion beam current can be monitored at
diagnostic stations located between the ion-optical elements,
where the ion beam intensity and emittance can also be lim-
ited with insertable apertures and pairs of slits. In the follow-
ing sections we describe in more detail the different func-
tional regions of the beamline using H3O+ as an example.

A. Ion beam preparation

The H3O+ ions were produced in a hollow-cathode ion
source of a design previously applied for cold H3

+ ion studies
�11,14�. The source was biased to 4.2 kV in the present ex-
periment and H3O+ ions were obtained in a discharge sup-
plied with pure water vapor. The pressure inside the source
was typically �0.05 mbar and the discharge at 1050 V and
64 mA was sustained between two hollow electrodes of 10
mm inner diameter separated by 10 mm. A fast ion beam was
extracted to ground potential through a 0.4 mm aperture in
the vicinity of the negative glow of the hollow-cathode dis-
charge. The kinetic energy E0 of the extracted ion beam de-
pends both on the high voltage platform potential and on the
potential of the plasma where the ions were created; for the
present experiment this energy was determined in an inde-
pendent measurement to be E0=4245�10 eV �see Sec.
III A 1�.

The extracted monoenergetic ion beam of typically a few
�A was directed through a dipole sector magnet whereby the
different mass components of the beam were analyzed. At
the selected magnetic field a focused current of �200 nA of
H3O+ remained, while smaller currents of other water-related
species, typically H2O+ ��150 nA�, OH+ ��10 nA�, and
O+ ��3 nA�, were observed at nearby magnetic fields.

B. Ion trapping and pulsing

Figure 2 shows a schematic drawing of the linear ion
beam trap integrated collinearly into the ion beamline. The
purposes of this region are both trapping and pulsing of the
mass-selected ion beam. The photofragmentation experiment
requires a pulsed ion beam �3� to suppress background in the
particle detectors. Moreover, storing the ions in a trap for
time scales of milliseconds to seconds after production is
beneficial to allow electronic and vibrational cooling of the
initially excited ions emerging from the source; rotational
cooling to room temperature is often also feasible �15,16�.

The conceptual idea of the ion trap setup follows closely
the design of the first described ion trap of this kind �13�,
consisting of two opposing electrostatic mirrors, each made
of a stack of cylindrically symmetric electrodes. Each mirror
has an inner part �electrodes 1–5 with voltages V1–V5 in Fig.
2� that is used to confine the ion beam longitudinally through
an electrostatic barrier and an outer part �electrode 6 with

FIG. 1. �Color online� Scheme of the ion beam infrastructure
TIFF installed at FLASH. The solid black line shows the dc ion
beam, the thick green �light gray� line shows the optionally trapped
beam, and the dashed red �gray� line shows the ion pulses behind
the ion trap.
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voltage V6� that controls the focusing of the ion beam into
the mirror. The electrical potential of this electrode deter-
mines largely the axial confinement of the ion beam in the
trap and is selected such that trapping stability is ensured in
analogy to an optical resonator �17,18�.

A few major modifications have been made with respect
to the original ion beam trap construction �13� to match the
specific experimental conditions at the FLASH. The outer-
most electrodes �at voltage V1� with short cylindrical protru-
sions pointing toward the trap center are unique to the
present electrostatic mirrors and are used for ion injection
and extraction from the ion trap. Injection of ions into the
trap is done by initially setting electrode 1 on the entrance
side to a potential low enough to allow ions to pass into the
ion trap while all other electrode potentials are kept statically
in a configuration for ion trapping. The entering ion beam is
trapped by switching V1 rapidly �within �30–50 ns� to a
higher level, making the mirror reflecting. The time required
to switch the potential is significantly shorter than the revo-
lution time in the trap of typically a few microseconds �de-
pending on both ion energy and mass�. The actual voltage V1
used during injection is adjusted to match the ion beam focus
to the ion trap acceptance.

On the exit side of the ion trap the corresponding elec-
trode 1 is used to rapidly extract short bunches of ions from
a trapped ion beam. In this operation V1 is first kept at a high
level suitable for ion trapping, then switched to a low level
for a short time �0.5–1 �s�, thereby generating a hole in the
mirror that allows a pulse of ions to exit the trap, and finally
raised to the high level again, leaving the major part of the
ion beam inside the trap. This extraction cycle can be re-
peated to extract multiple short pulses of ions and it is es-
sential in combination with the FLASH light source that de-
livers photon pulses in trains of closely spaced �5 �s� pulses
�see Sec. II C 2�.

The second modification to the original design is the ad-
dition of an Einzel lens �with voltage Vf� and a set of steering
elements �not shown� on the exit side of the ion trap that
allows to optimize the focusing and transport of the extracted
ion pulse.

During storage the ion beam is monitored in two ways.
Ion bunches can be observed with an electrostatic pickup
positioned in the center of the ion trap �19�. Neutral particles
created in collisions with the residual gas and exiting the ion
trap through the exit mirror can be registered with a multi-
channel plate �MCP� detector located at 0° downstream from
the exit mirror �19�.

Optionally, the ion trap assembly can be used as a direct
transfer pulsing facility where electrode 1 on the entrance
side is kept at a low potential continuously while electrode 1
on the exit side is switched between high and low levels to
generate direct pulses from the ion source. This particular
option was applied during the actual measurements on H3O+

mainly because of the limited time available at FLASH for
the present experiment.

The performance of the ion trapping and pulsing facility
is illustrated by the data presented in Fig. 3. The decay of the
H3O+ ion beam during trapping is shown in Fig. 3�a� as
observed using the 0° detector to count neutral particles ex-
iting the ion trap. The initial nonexponential decay is typical
for this type of ion beam trap �18� and can be modified using
somewhat different injection conditions since it is mainly
due to an emittance mismatch between the ion beam and the
trap. The longer storage lifetime of about 6 s is due to beam
loss through residual gas collisions �neutralization and mul-
tiple scattering�. In the present case the residual gas had a
pressure of �6�10−10 mbar and was composed mostly of
H2.

Also shown in Fig. 3 are the intensities of the extracted
pulses for the case of direct transfer from the ion source �b�
and for the case of intermediate ion beam trapping �c�, mea-
sured after transport to the ion-photon interaction region
�Sec. II C� by guiding the pulses into a cup connected to a
charge sensitive amplifier. In this example, the trap is seen to
be empty after six extractions of 1 �s pulses at a frequency
of 100 kHz simulating the photon pulse structure from
FLASH.

The efficiencies of trapping and extraction are deduced
from Fig. 3�d� where the intensities of single extracted ion
pulses after trapping are compared to those for direct trans-
fer. The trapping efficiency is �20% and essentially constant
over the 200 ms time interval displayed, in agreement with
the much longer overall ion beam lifetime in the trap. The
trapping efficiency measured in this way represents a lower
limit since it also depends on the initial beam emittance, and
in fact an efficiency of �100% could be expected with an
ion beam completely matched to the emittance accepted by
the ion trap.

C. Ion-photon interaction

The ion beam and the FLASH photon pulses were made
to cross at 90° inside an interaction region shown schemati-
cally in Fig. 4�a�. The beam crossing angle of 90° was set up

FIG. 2. �Color online� Schematic view of the electrostatic ion beam trap. The thin blue �black� line shows the electrostatic potential
corresponding to the ion energy �E0 /qI� in the trapping mode and the thick red �black� lines show trajectories of a 4.2 keV ion with the
potential configuration �V1 ,V2 ,V3 ,V4 ,V5 ,V6�= �4.8 kV,4.0 kV,3.0 kV,2.0 kV,1.0 kV,3.85 kV�.
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to within 0.3° by passing the two beams through prealigned
apertures on either side of the interaction region in the direc-
tion of both beams. The two beams cross in the middle of a
central electrode with cylindrical bores of 10 mm in both the
ion beam and the photon beam directions.

1. Ion beam and photofragments

Along the ion beam direction the interaction region has
five 3-mm-thick electrodes on both the entrance and exit
sides which all can be individually biased. The four outer-
most electrodes have an inner circular opening of 16 mm
while the fifth electrode has an opening of 12 mm.

The electrical potential of the central electrode Vc deter-
mines the ion beam energy EI at the moment of photoabsorp-
tion through EI=E0−qIVc, where qI is the ion charge and E0
is energy of the oncoming beam. The potentials on the en-
trance and exit sides can be used to affect the incoming ion
beam and the outgoing ionic fragments. In fact, the electrode
system can also be used as an ion trap similar to the one
described in Sec. II B.

In the present experiment, the voltages on the electrodes
along the ion beam direction were set as illustrated by the
potential landscapes shown in Figs. 4�b� and 4�c�. Here, the
central electrode is biased at Vc=+75 V which effectively
lowers the ion energy at the point of interaction and served
fragment identification by time-of-flight methods as de-
scribed in Sec. II D 3, with only small transverse focusing
effects. This potential on the central electrode is small
��2%� relative to the original ion energy and no compensa-
tion of the beam focusing was needed for the incoming ion
beam, i.e., all entrance electrodes were left at ground poten-
tial. On the exit side, the electrodes were biased for two
purposes: to focus light outgoing fragments �H+ and H2

+;
Fig. 4�b�� and to eliminate background from slow ions pro-
duced in the residual gas by the FLASH pulse �Fig. 4�c��.
With a positive potential on the central electrode, a slow
positive ionic fragment resulting from photoionization of a
residual gas molecule would be accelerated toward ground
potential outside the interaction region and could give rise to
an apparent FLASH-induced event on the particle detectors.
Such events can be effectively suppressed by creating a re-
flecting electrostatic barrier slightly higher than the potential
of the central electrode, as illustrated in Fig. 4�c�, where the
trajectory of a slow �2 eV� singly charged ion �H2

+� formed
in the interaction region is shown. On the contrary, an ionic
fragment of mass mF originating from an ion of mass mI in
fast moving beam has a laboratory energy of ��mF /mI�EI
and is not reflected by the shallow electric barrier.

Immediately after the interaction zone, the ion beam can
be bent into a metal cup where the ion intensity can be mea-
sured both as a current for a continuous beam and as a num-
ber of ions under pulsed operation. The equivalent �dc� ion
beam current of the H3O+ pulses let through to the interac-
tion region was typically II=60 nA corresponding to a linear
ion density of nI= II / �vIqI�=1.8�103 mm−1 in a pulse
length of 1 �s.

2. FLASH beam

In the present experiment the FLASH facility �1,2� was
running at 5 Hz, delivering trains of 20 short ��30 fs� pho-
ton pulses at 13.5�0.2 nm separated by 5 �s �200 kHz�.
The typical pulse energy was �15 �J as determined from
FLASH intensity monitors �20� corresponding to �1012 pho-
tons per pulse. The pulse trains from FLASH were passed
through the plane grating monochromator �PG2� beamline
�21� operated with 1200 lines/mm grating in zeroth order to
obtain a high transmitted photon flux and accepting the rela-
tively large bandwidth of �0.2 nm. The estimated transmis-
sion of the PG2 beamline with our operating, including geo-
metrical losses, was 0.40�0.10. Thus, at the ion-photon
interaction region, pulses of ��3–5��1011 photons were de-
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FIG. 3. �Color online� Trapping and pulsing of H3O+ ions with
the electrostatic ion beam trap. �a� Counts on the 0° MCP from
neutral particles exiting the ion trap during trapping. At long times
the decay is well represented by a single exponential function with
a lifetime �1 /e� of 6.2 s. �b� Ion pulses observed on a metal cup for
direct transfer through the ion trap to the interaction region. �c� Ion
pulses for extraction of multiple pulses to the interaction region
after 60 ms of trapping. �d� Intensity of a single extracted ion pulses
relative to that of a directly transferred pulse.
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livered with polarization parallel to the ion beam �horizon-
tal�. The results presented in this paper were obtained during
12 h of FLASH beam delivery including about 4 h of photon
beam guiding through the PG2 beamline.

The FLASH beam, with a typical diameter of 1.5 mm at
the TIFF interaction region, was aligned through and partly
collimated by two 3 mm diameter apertures located about 0.5
m from either side of the interaction zone. Additional shields
were installed on both sides of the interaction region to pre-
vent stray photons from reaching the particle detectors. After
the interaction region, the FLASH beam was dumped on a
negatively biased �−800 V� Cu structure, from which a pho-
toelectric signal related to the FLASH intensity was re-
corded.

3. Ion-photon crossing

From each FLASH train, eight photon pulses were
matched in time by ion pulses using the direct transfer mode
of operation, giving an effective interaction rate of 40 Hz. To
enable subtraction of background, parallel recordings with
only a train of ions in the interaction region were interlaced
between the trains of FLASH pulses.

During short breaks of the measurement, the interaction
region was vertically displaced �y direction in Fig. 4�a�� and
replaced by a diagnostics station for the two crossing beams.
The intensity profiles of the two beams perpendicular to the
crossing plane were recorded by moving a 1-mm-wide slit
positioned at 45° relative to both beams vertically across the

interaction zone and recording the transmitted intensities im-
mediately behind the slit. During this measurement the con-
tinuous �dc� ion beam current was recorded with an ampere
meter while the relative laser pulse intensity was monitored
from the charge release from a negatively biased plate of
stainless steel positioned behind the slit.

The measured beam profiles Gb �b= I ,� for ions and pho-
tons, respectively� can be described as

Gb�y� =� gb�y��s�y − y��dy�, �3�

where gb�y�� represents the actual beam profiles and s�y��
represents the rectangular transmission function of the mov-
able slit. The beam overlap is defined as

F =� gI�y�g��y�dy . �4�

The measured profiles of both the H3O+ ion beam and the
13.5 nm photon pulses were well represented by Gaussian
functions and after deconvolution F was determined to be
F=5.5�1.0 cm−1.

D. Fragment detection

The geometrical arrangement of the fragment detectors is
illustrated in Fig. 4�a� with two 80 mm outer diameter posi-
tion and time sensitive detectors oriented perpendicular to

FIG. 4. �Color online� �a� The ion-photon interaction zone and fragment imaging system �not to scale� indicating the detection of the
fragmentation channel OH+2H+. The inset shows the fragment momentum representation as used in this paper with �� being the photon
polarization �see Sec. II D 3�. �b� Electrical potential surface in the interaction region and related ion trajectories for outgoing fragments after
an H3O+ breakup into H2O++H+ with a total kinetic energy release of 5 eV. �c� The same potential surface demonstrating the rejection of
a slow �2 eV� H2

+ produced by FLASH in the residual gas �red �gray� dot�.
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the ion beam direction and located at L1=263.0 mm and
L2=872.1 mm downstream from the interaction zone. With
the first detector �DET 1�, located at L1, low-mass and ener-
getic fragments are detected: in the present experiment, for
instance, H, H+, H2, and H2

+. The detector has a central 20
mm diameter hole through which the ion beam and heavy
fragments, as well as light fragments of low transverse mo-
mentum, pass, while fragments that separate sufficiently
from the ion beam impinge on the surface of this detector.
With the second detector �DET 2�, located at L2, neutral frag-
ments are detected, while the ion beam and remaining
charged fragments are directed into an ion beam cup.

1. Mechanical and functional setup

The detector for light fragments �DET 1� was developed
in collaboration with RoentDek �22�; its mechanical con-
struction is schematically shown in Fig. 5�a�. The detector is
composed of an MCP stack in chevron configuration
equipped with a specially designed delay-line anode with
three layers of delay lines arranged at 60° relative angles
around the central hole. The outer radius of the active area of
the detector is rD=40 mm and the radius of the hole is rH
=10 mm. To ensure that the ion beam and the ionic frag-
ments move in a field-free environment toward DET 1, a
grounded mesh is located in front of the detector surface and
the whole assembly is mounted on a grounded base plate
facing the interaction region. To ensure that the passing ion
beam and fragments are moving in a field-free region, a thin
insulating tube with a grounded metallic layer on the inside
is positioned in the central hole and extends on the rear side
of the detector into a longer grounded metallic cylinder of
lager diameter. The central hole through the detector also
affects the electric field on the rear side of the MCP stack
where a cloud of low energy electrons emerges in response
to a particle impact on the detector front. To avoid curved
electron trajectories between the rear side of the MCP stack
and the delay-line anode, which would lead to nonlinearities
in the imaging performance of the detector, the insulating
tube was covered with a conducting layer on the outside
extending from the rear of the MCP stack through the delay-
line anode structure. By applying an electrical bias VT to this
layer the emerging electron showers from the rear side of the
MCP stack move on approximately straight trajectories, as
illustrated in the two insets of Fig. 5�b�, showing the com-
parison of electron trajectories with and without the compen-
sating bias.

The so-called hexanode structure of delay lines shown in
Fig. 5�c� is used here to cover a large area of the circular
detector with a central hole rather than to optimize the dead
time properties of delay-line detectors �23�. At least two
delay-line layers �u, v, or w� of the anode have to be acti-
vated by the impacting particle to determine the position of
the impact, and thus this arrangement of three delay lines at
60° around the central hole does not allow imaging detection
in a starlike pattern around the hole where only one layer of
delay lines covers the area of the MCP �see Sec. II D 4�.

The neutral particle detector, DET 2, consists of standard
80 mm �also rD=40 mm� MCPs in chevron configuration
with a two layer delay-line anode arranged at 90° relative

angle �24�. To keep the surrounding chamber field free, this
detector also has a grounded mesh in front of its surface.

The detection method based on the delay-line anode tech-
nology was adapted in the present setup because it allows
precise and independent position and time information of
impacting particles to be obtained at an acquisition rate

FIG. 5. �Color online� The new detector �DET 1� for light par-
ticle detection. �a� Schematic cut of the upper half showing the
surrounding of the MCPs. �b� Trajectories �red �black� lines� of
electrons exiting the rear of the MCP stack and impacting on the
delay-line anode in the absence �VT off� and presence �VT on� of a
compensating potential on the outer conductive coating of the cen-
tral insulating tube. �c� Definition of hexagonal coordinates u, v,
and w and illustration of their relation to the hexanode delay lines.
The coverage of the active MCP area �surrounded by the thick black
line� by the different delay-line layers is indicated with the symbols
uv, uvw, etc.

PEDERSEN et al. PHYSICAL REVIEW A 80, 012707 �2009�

012707-6



matched to the particular FLASH pulse structure. The elec-
tronic pulses generated on the delay lines of either detector
as well as the pulses from one of the MCP faces �front or
rear� were amplified and passed to constant fraction discrimi-
nator stages providing logic pulses with good time reso-
lution; the logic pulses were fed to a time-to-digital converter
with high resolution �25 ps�. With this technique, nonlinear
imaging performance of the detectors is still seen �and cor-
rected for� around the central hole and near the outer detector
rim since the shapes of the electronic pulses generated on the
edges of a delay-line wire plane are different from those in
its middle position.

2. Time and position detection and calibration

For an event i from a particle hitting on a detector �DET 1
or DET 2�, the impact time Td�i� is recorded from the pulse
generated on either one of the faces of the MCP stack. The
corresponding hit on the delay line k �k=u, v, or w for DET
1 and k=x ,y for DET 2� generates electrical pulses traveling
in both directions on the delay-line wire and arriving at the
wire ends at times Tk.1�i� and Tk.2�i�, respectively. The so-
called time sum �k�i�=Tk.1�i�+Tk.2�i�−2Td�i� �with �k
�70–80 ns for DET 1 and �k�60 ns for DET 2� is a con-
stant that depends only on the length of the delay line. How-
ever, due to small variations in the shape of the analog pulses
generated on the delay lines depending on the position of
impact, variations in a few ns are seen in the recorded time
sums when using constant fraction stages to form the logical
timing pulses.

The time difference �k�i�=Tk.1�i�−Tk.2�i� contains the in-
formation on the position 	k�i� of impact on the axis defined
by delay line k. For DET 2, which has two delay lines each
covering the full MCP area, this relation can be written as

	k�i� = 
k��k�i� + �k� �DET 2� , �5�

where 
k�0.5 mm /ns and �k �typically a fraction of a
nanosecond� are experimentally determined parameters of
calibration. The axes of the two delay layers of this anode
form directly a Cartesian coordinate system, with the param-
eter �k accounting for the offsets of the zero points from the
geometrical crossing of the two axes. With the chosen orien-
tation of the detector assembly this system coincides with
vertical and horizontal axes in the laboratory, and the labo-
ratory coordinates are obtained directly as x�i�=	x�i� and
y�i�=	y�i�.

For DET 1, where each delay line covers two rectangular
areas on both sides of the central hole �see Fig. 5�c�� the
corresponding expression takes the form

	k�i� = 
k � 	��k�i� + �k
+� , �k�i� � 0

��k�i� − �k
−� , �k�i�  0 �DET 1� ,



�6�

where 
k�0.3–0.4 mm /ns and where the asymmetry intro-
duced by the two values �k

+ and �k
− �typically close to 20 ns�

reflects the fact that the delay line is not perfectly symmetric
around the central hole. The detector assembly is oriented
such that one of the delay-line axes is collinear with the
vertical laboratory axis while the two others form angles of

60° and 120° with respect to the vertical direction �see Fig.
5�c��.

A pair of coordinates 	��i� with �=uv, uw, or vw �for
instance, 	uv�i�= (	u�i� ,	v�i�)� obtained from either two of
the three hexanode delay lines can be uniquely related to a
set of coordinates in the laboratory frame when additionally
the laboratory coordinates of the crossing point �x� ,y��
��0,0� of the two hexanode axes are specified,

�x�i�
y�i� � = R�	��i� + �x�

y�
� �DET 1� , �7�

where the matrices R� contain the standard transformation
from each of the hexagonal coordinate systems to the or-
thogonal one.

The calibration parameters for DET 1 �Eqs. �6� and �7��
and for DET 2 �Eq. �5�� were determined by recording single
hits on each detector with masks of well known geometry
located directly in front of the detectors. Thus, they were
adjusted in a least-squares fitting routine such that the calcu-
lated distances between the holes in the mask matched the
actual distance between the holes.

3. Fragment momentum determination

The inset of Fig. 4�a� shows the geometrical variables
used to describe the photofragment momenta. To analyze a
photofragmentation event we consider an ion of mass mI,
charge qI, and initial kinetic energy E0 �before entering the
biased region� undergoing photoabsorption in the interaction
zone with the central electrode �see Sec. II C 1� biased to a
potential Vc. At the moment of photoabsorption �t=0� the
laboratory momentum of the incident ion is pI

=2mI�E0−qIVc� and the ion beam is assumed to move
along the laboratory z axis. After the photoabsorption the ion
disintegrates promptly into photofragments, i.e., we neglect
any motion of the fragmenting ion before its breakup.

In the center of mass �c.m.� frame of the ion, a photofrag-
ment of mass mF and charge qF is released with a momentum
�pF in a direction characterized by the spherical angles �F
relative to the laser polarization �� �Fig. 4�a��. This c.m.
momentum ��pF� includes fractions of electronic, vibra-
tional, and rotational energy released by the fragmenting mo-
lecular ion.

The laboratory momentum of a specific fragment F origi-
nating from the initial velocity �vI� of the molecular ion is
pF=mFvI= �mF /mI�pI, giving rise to an overall forward mo-
tion. Hence, immediately after the breakup, the momenta of
the fragment in the laboratory frame oriented parallel � � � and
perpendicular �� � to the initial ion beam direction are

pF
� = �pF cos��F� + pF,

pF
� = �pF sin��F� . �8�

The released fragment then propagates through the electric
fields in the interaction region, reaches the field-free flight
region, and finally impacts on a detector positioned at a dis-
tance L �L1 or L2� from the interaction point at time tF and
radial displacement rF from the ion beam axis. We define the
generalized dimensionless coordinates,
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�F = rF/L ,

�F = tF/�L/vI� . �9�

The trajectory of the released fragment is obviously a func-
tion of the electric fields in the interaction region and the
conversion of the measured coordinates �F and �F to c.m.
parameters �pF and �F requires, in general, numerical inte-
gration in the actual electric fields: thus, for the precise
analysis of the results, the electric fields and fragment trajec-
tories were modeled with the SIMION software �25�.

To illustrate qualitatively the connection between proper-
ties of the fragment trajectories and experimental observ-
ables we consider two limiting cases where analytic expres-
sions can easily be derived. First, when the interaction region
is kept at ground potential �Vc=0� or the released fragments
are neutral, the momentum of a fragment is related to the
measurable coordinates by �F /�F= pF

� / pF and 1 /�F= pF
� / pF,

whereby the relative momentum is obtained as

��pF

pF
�2

= ��F

�F
�2

+ � 1

�F
− 1�2

�Vc = 0� �10�

and the c.m. angle of emission is given by

tan��F� = ��F

�F
�/� 1

�F
− 1� �Vc = 0� . �11�

In another limiting case, the interaction region is approxi-
mated to be infinitely short, i.e., the fragments are assumed
to be accelerated from the potential of the central electrode
Vc to ground potential after the photofragmentation over a
vanishing acceleration distance �lz. For this case, labeled as
�lz=0, we obtain �1 /�F�2= �p� / pF�2+�F, where �F
=2qFmFVc / pF

2 = �qF /mF��mIVc /EI�, and consequently the re-
lations between the c.m. coordinates of a fragment and the
observables ��F ,�F� are

��pF

pF
�2

= ��F

�F
�2

+ �� 1

�F
�2

− �F − 1�2

��lz = 0�

�12�

and

tan��F� = ��F

�F
�/�� 1

�F
�2

− �F − 1� ��lz = 0� .

�13�

These equations illustrate how the potential Vc at the central
electrode, i.e., the potential on which the photofragments are
created, has a significant effect on the correlation of the ob-
servables �F /�F and 1 /�F that depends uniquely on the frag-
ment mass-to-charge ratio mF /qF through �F. Thus, for a
fixed value of �pF, Eq. �12� shows that the observables
�F /�F and 1 /�F will be confined on a half circle of radius
�pF / pF and centered at ��F /�F ,1 /�F�= �0,1+�F�.

Finally, it should be emphasized that for a breakup into
two fragments only, energy and momentum conservation en-
sures a correlation of ��F /�F� and 1 /�F on a half circle with
a distinct radius given by

��pF

pF
�2

=
2�Ek

pF
2 �two body� , �14�

where � is the reduced mass of the two body system and Ek
is the total c.m. kinetic energy release.

4. Geometric detector efficiency

The choice of the detector setup as shown in Fig. 4 and in
particular the coverage of the active MCP area of DET 1 by
the hexagonal delay-line structure displayed in Fig. 5�c� in-
hibits geometrically the detection of a part of the released
photofragments. Light or energetic fragments can be lost
from detection by impacting outside the active detector ar-
eas. Additionally, for DET 1 particles that pass through the
central hole or hit inside the star-shaped region only covered
by one delay-line layer will not be registered with full time
and position information.

In analogy to the dimensionless coordinates in Eq. �9�, we
define the parameters �D=rD /L and �H=rH /L for the outer
radius of the active MCP area and for the radius of the cen-
tral hole, respectively. Evidently, fragments that impact on
the detector at �F��D or at �F�2�H /3 are completely lost
for detection. Additionally, for DET 2 a small part of the
outer rimp is not accessible due to the blocking by DET 1. In
the region 2�H /3�F�2�H where the MCP is only partly
covered by two delay-line layers, an impacting fragment is
lost from detection with a probability proportional to the
angular range covered by one delay line only �the star-
shaped region around the central hole as seen Fig. 5�c��. For
a given �F, this angular range can be expressed as ����F�
=12 arccos��H / �2�F�+3 /21− ��H /�F�2�, and, in total, we
define a detector acceptance function as

Ad��F� =�
0, �F � 2�H/3

1 − ����F�/2� , 2�H/3  �F � 2�H

1, 2�H  �F � �D

0, �F � �D,
�

�15�

where ��H ,�D�= �0.038,0.150� for DET 1 and ��H ,�D�
= �0,0.038� for DET 2. For a photoabsorption process, the
angular distribution of emerging photofragments relative to
the laser polarization �parallel to the laboratory z axis� can be
characterized by the anisotropy parameter � through the re-
lation �26�

F���F�d�F = �1/2��1 + �P2„cos��F�…�d�cos��F�� , �16�

where P2 is the second-order Legendre polynomial. Hence,
for a given type of photofragment, characterized by the rela-
tive momentum release �pF / pF, the geometric efficiency,
i.e., total probability for the particle to impact on the active
part of the detector, is

G���pF

pF
� =� Ad��F�F��cos��F���d cos��F�

d�F
�d�F.

�17�

The explicit form of this distribution depends on the exact
trajectories of the fragments from the interaction point to the
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detectors, i.e., on the exact electrode potentials in the inter-
action region, and it is in general obtained through numerical
simulation. If the interaction region is at ground potential,
Vc=0, valid for the main data sets presented in this work, G�

can be calculated analytically since in this case

cos��F� =

− �F
2 ���pF

pF
�2

�1 + �F
2� − �F

2

��pF

pF
��1 + �F

2�
, �18�

where the equation is valid with plus and minus signs for
�F��0 and �F��0, respectively, with �0
= ��pF / pF� /1− ��pF / pF�2. Figure 6 shows the geometric
efficiency for both DET 1 and DET 2 as a function of the
relative fragment momentum release for �=−1 and �=2,
representing the two limiting cases where the fragment is
emitted preferentially perpendicular and parallel to the laser
polarization, respectively.

III. RESULTS

A. Data analysis

1. Individual events

In the first step of the data analysis the events recorded
with each detector �DET 1 or DET 2� were considered sepa-
rately. The correspondence between signals recorded from an
MCP face �front or rear, see Sec. II D 1� and signals from the
delay lines was identified by requiring consistency with the
known time sum �k and time difference �k for the particular
delay line.

Stray photons from the intense FLASH pulses occasion-
ally generated hits on either detector that formed narrow
well-separated peaks in the time-of-flight distributions mim-
icking the FLASH pulse structure. The precise arrival times
T� of each of the eight used FLASH pulses in a pulse train
were determined by analyzing these events from stray pho-
tons on both detectors and correcting for the photon time of
flight to the detectors, i.e., L1 /c�0.88 ns for DET 1 and
L2 /c�2.91 ns for DET 2.

Each true fragmentation event i was then associated with
a corresponding value for the FLASH pulse time, and the
time of flight to the detector was determined as tF�i�=Td�i�
−T��i�. The impact positions �xF�i�, yF�i�� on either DET 1 or
DET 2 were determined from the time difference �k�i� ac-
cording to the relations given in Sec. II D 2, i.e., in and
around Eqs. �5�–�7�.

The data were grouped in two parts according to whether
the events were recorded with the FLASH pulses present
�signal+background� or absent �background�. The back-
ground origins mostly from fragmentation of ions in the re-
sidual gas; however, a smaller �15%� additional background
is seen on DET 1 when the FLASH pulses are present arising
from ions generated by the laser in the residual gas. By com-
parison between the time-of-flight distributions from these
two groups, the FLASH-induced signal was clearly identified
and the data set was reduced to include only events from
these proper regions of time of flight. The mean position of
photoabsorption events in the interaction region is reflected
in a pair of coordinates �x0 ,y0� on each detector plane and
the radial displacement of an event was calculated as rF�i�
=�xF�i�−x0�2+ �yF�i�−y0�2. The values of the coordinates
�x0 ,y0� were extracted from background subtracted projec-
tions on the horizontal and vertical axes, respectively.

The ion energy E0 was determined by considering the
correlation between the measured mean time of flight �t2� of
neutral �qF=0� fragments to DET 2 and the accurately
known potential Vc at the interaction zone using the relation

�tF� = L2 mI

2�E0 − qIVc�
. �19�

With six recorded points for the potential Vc in the range of
0–400 V, the mean ion energy was determined to be E0
=4245�10 eV from a least-squares fit to Eq. �19�.

In the final step of the analysis of individual events, the
reduced coordinates �F�i� and �F�i� and from those of the
relative fragment momenta �pF�i� / pF and angles �F�i� were
evaluated.

2. Coincidence events

Within the samples of individual events on the two detec-
tors grouped according to the FLASH pulses being present or
absent, a search for coincidence hits originating from the
same ion pulse was performed, both among events on a
given detector and among events on both detectors. Figure 7
shows the map of coincidences between hits on the two de-
tectors resulting from this analysis where also background
subtraction has been performed.

It is evident that most �85%� of the hits on DET 1 are not
coincident with hits on DET 2, and among the events on
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FIG. 6. �Color online� Geometric efficiencies as defined in Eq.
�17� for �a� DET 1 and �b� DET 2 under field-free conditions, Vc

=0, i.e., using Eq. �18�. The curves show the geometric efficiency
for anisotropy parameter �=2 �dashed blue� and �=−1 �solid red�.
The kinetic energy of the fragment can be obtained from EF

=EI�mF /mI���pF / pF�2.
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DET 1 only, the majority �95%� are single hits with just a 5%
contribution of double and much less triple hits. For the
events where a neutral particle impacts on DET 2, about 70%
are without coincidence on DET 1 while 27% and 2% have
one and two coincidences, respectively. The search for coin-
cidences among the events on DET 2 showed no contribution
of double hits.

A complete analysis of the coincidence map shown in Fig.
7 evidently requires a detailed knowledge of the actual
photofragmentation patterns and detector efficiencies ��1
��2�50%�. As illustrated in Fig. 6�a� a fraction of the frag-
ments is lost for detection because of the central hole in DET
1: under the present conditions and with Vc=0,H+ ions with
kinetic energies of �0.4 eV and H2

+ with energies of
�0.8 eV will, for instance, be completely lost from detec-
tion �G�=0 in Fig. 6�a��. As a result of the deflection before
DET 2, heavy charged fragments passing through the central
hole in DET 1 will escape detection. Moreover, a fraction of
light fragments will hit outside the active detector surface
and will not be seen by any detector.

Despite these limitations at the present point of the argu-
ment, the coincidence map in Fig. 7 still demonstrates that
the majority of the single hits on DET 1 do not have a heavy
neutral partner. In consequence, the undetected fragments of
these channels are charged and pass through the central hole
in DET 1 where after they are deflected away before reach-
ing DET 2 �see Fig. 4�a��. We analyze these single photof-
ragmentation events on DET 1 �total of 4358� in Sec. III B.
Moreover, a substantial fraction of the neutral fragments de-
tected with DET 2 �about 30%� is seen with one or two
particles in coincidence on DET 1, and these events �total of
792� are investigated in more detail in Sec. III C.

B. Light, charged, or neutral fragments

The direct correlation between �F /�F and 1 /�F for the
noncoincident events on DET 1 is shown in Fig. 8 both for a
measurement with the interaction region kept at ground po-
tential �Vc=0� and for a measurement where the interaction
region was biased to Vc=75 V. The lines correspond to
Monte Carlo trajectory simulations for H+ and H2

+ fragments
with kinetic energy releases of 5 and 10 eV, respectively. It is
evident that the majority of events in Fig. 8�a� form circular
patterns which shift by the amount predicted for H+ rather

than H2
+ when the interaction region is biased �Fig. 8�b��.

This becomes apparent when comparing the distribution in
Fig. 8�b� to the predictions from the approximate formula
given in Eq. �12�, where an infinitely short interaction zone
was assumed. For H+ fragments this equation predicts �H+

=0.333 with a distribution centered around 1 /�F=1+�H+

=1.155, while for H2
+ it predicts �H2

+ =0.167 with a distri-
bution centered at 1 /�F=1.080: the observed pattern in Fig.
8�b� is clearly consistent with the fragments being H+ rather
than H2

+.
The distinct correlations between ��F /�F�2 and �1 /�F�2,

displayed in Fig. 8�c� and visible as line-shaped features,
identify the corresponding fragmentation to be a breakup
into two particles with different energy releases ��pF / pF�2

given by Eqs. �10� and �14�. Hence, the majority of fragmen-
tations observed with DET 1 result from the process

H3O+ + 13.5 nm → H3O2+ → H2O+ + H+. �20�

The coincidence map in Fig. 7 suggests that this is a strong
channel as the single events on DET 1 represent the largest
contribution.

The correlations shown in Fig. 8�c� can be further ana-
lyzed using Eqs. �10� and �14� to yield the kinetic energy
release Ek for the events attributed to this channel. The cor-

FIG. 7. �Color online� Photofragment coincidence map between
photon induced hits on DET 1 and DET 2 as obtained without bias
on the central electrode �Vc=0�.
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tion. �a� Correlation of �F /�F and 1 /�F obtained with Vc=0. The
dashed line shows the positions expected for H+ fragments released
with a kinetic energy of 5 eV, as obtained from Monte Carlo trajec-
tory simulations. �b� Same as �a� with Vc=75 V. The dashed lines
show the mean position for H+ �black� and H2

+ �red �gray�� frag-
ments released with kinetic energies of 5 and 10 eV, respectively, as
determined from ion trajectory simulations. �c� Linear correlation of
��F /�F�2 and �1 /�F�2 for Vc=0 �cf. Eq. �10��.
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responding spectra are displayed in Figs. 9�a� and 9�b�,
where in Fig. 9�a� the components of the background from
ion fragmentation caused by collisions in the residual gas
�blue middle line� and from ions generated by the FLASH in
the residual gas �black upper line� are also shown. The re-
sulting kinetic energy spectrum after background subtraction
�Fig. 9�b�� exhibits smaller structures at low energies ��1
and �2 eV�, a larger peak around 4.8 eV, and a broader
pattern centered around 7 eV and extending up to �10 eV.
The possible assignment of these structures to H2O+ final
states is indicated in the figure and will be discussed in Sec.
IV A.

For the major peak at Ek=4.0–5.7 eV the distribution of
fragment directions relative to the laser polarization is shown
in Fig. 9�c� and it is seen that this breakup yields fragments

emitted preferentially along the laser polarization axis. We
refrain from evaluating similar angular distributions for the
events in other regions of kinetic energy release based on the
present data because of limited statistics and the partial loss
of the channels from detection for the lowest and highest
energy releases.

C. Coincidences with a heavy neutral fragment

Figures 10�a� and 10�b� present the ��F /�F�-�1 /�F� corre-
lation for events recorded at DET 1 in coincidence with one
neutral fragment on DET 2 for measurements with Vc=0 and
Vc=75 V, respectively. The distributions are broad with the
events scattered evenly over a rather wide area of the
��F /�F�-�1 /�F� plane showing explicitly that the breakup
process associated with these fragments involves more than
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FIG. 9. �Color online� Fragmentation into H2O++H+ as ob-
served with DET 1. �a� Relative momentum release of the H+ frag-
ment and corresponding kinetic energy release Ek for events de-
tected where both the FLASH and ions �red upper line�, only ions
�blue middle line�, and only the FLASH �black lower line� were
present in the interaction region. �b� Kinetic energy spectrum cor-
rected for background. The spectrum has been tentatively assigned
with transitions from H3O2+ �2A1 and 2E� to H2O+ �X 2B1, A 2A1,
and B 2B2�. A statistical error bar is given at ��pH+ / pH+�2=0.013.
The blue lower line shows the expected contribution from the chan-
nel �Eq. �21��; see Sec. III C. �b� Distribution of fragmentation
angles �H+ relative to the FLASH polarization ���� direction for
4.0 eV�Ek�5.7 eV. The dashed line �blue� shows a distribution
corresponding to fragmentation preferentially along the laser polar-
ization axis ��=2�.
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FIG. 10. �Color online� Momentum imaging for OH+2H+ chan-
nel observed with DET 1 after background subtraction. �a� Corre-
lation of �F /�F and 1 /�F at Vc=0 requiring one coincidence with
DET 2 �total of 738�. The dashed line shows the positions expected
for H+ fragments released with a kinetic energy of 5 eV, as obtained
from Monte Carlo trajectory simulations. �b� Same for Vc=75 V
�total of 1265�. The dashed lines show the mean position for H+

�black� and H2
+ �red �gray�� fragments released with kinetic ener-

gies of 5 and 10 eV, respectively, from ion trajectory simulations.
�c� Relative momentum release of H+ fragments at Vc=0 requiring
a coincidence with DET 2. The thick solid �blue� line shows the
distribution observed when a single H+ was detected in coincidence
�total of 738�. The light gray line marks the distribution, amplified
by a factor of 10, when two H+ fragments were detected in coinci-
dence with a hit on DET 2 �total of 2�53�, and the red �gray� line
displays the observed spectrum when two H+ particles were ob-
served without a coincidence on DET 2 �total of 2�232�. The
upper scale shows the corresponding kinetic energy of the H+ frag-
ments, EH+ =EI�mH+ /mI���pH+ / pH+�2.
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two particles for this coincidence condition; a two body
breakup process would have resulted in a distinct
��F /�F�-�1 /�F� correlation as seen from Eq. �14�. By com-
parison to Monte Carlo trajectory simulations �or approxi-
mate formula �12��, the displacement of the observed distri-
bution when applying 75 V bias to the central electrode
identifies the fragments as H+ particles. In particular, it is
evident that the distributions shown in Figs. 10�a� and 10�b�
do not originate from neutral fragments �H, H2�. Based on
these evidences, the process responsible for a large fraction
of the observed fragmentation can be identified as

H3O+ + 13.5 nm → H3O2+ → OH + 2H+. �21�

The detection of all three particles is obtained for about 2%
�total of 53� of the events. A total efficiency for H+ detection
on DET 1 of �15% is indicated by the coincidence map, and
with an MCP efficiency of �1�50% we find a geometric
efficiency of G��30%. As rationalized below, the limited
geometric efficiency �cf. Fig. 6�a�� probably originates from
a large fraction of H+ ions with low energy. Due to this
significant H+ loss and the limited statistics of triple coinci-
dence events �total of 53� we refrain from a further analysis
of the dynamics for the H+ fragments from the channel ac-
cording to Eq. �21�.

Beyond their occurrence where two �total of 738� or three
�total of 53� particles are detected in coincidence on DET 1
and DET 2, the H+ fragments from the process in Eq. �21�
should also contribute to the coincidence map for DET 1
without a coincidence on DET 2 both for single hits �total of
4358�, and where two particles are detected in coincidence
�total of 232�. With an MCP efficiency of DET 2 of �2
�50% about 710 single events are thus expected on DET 1,
and the corresponding contribution to the kinetic energy dis-
tribution for the channel in Eq. �20� is displayed as the blue
lower line in Fig. 9�b� assuming an isotropic fragmentation
��=0, Eq. �16�� and a random energy sharing among the
fragments.

For coincidence detection of two particles on DET 1, only
some 50 of the 232 observed events are expected to originate
from the process in Eq. �21�. Figure 10�c� shows the relative
momentum release and kinetic energy distribution of the H+

fragments from the three regions of the coincidence map
where the process in Eq. �21� is expected to contribute. The
distributions requiring coincident events with DET 2, i.e., the
blue �gray� and light gray lines, have very similar shape,
providing further evidence that these parts of the coincidence
map indeed originate from the same process �Eq. �21��. The
spectrum for events where no coincidence is required on
DET 2, i.e., the red line, has a different form, resembling the
distribution shown in Fig. 9�a�, which gives evidence that the
major part of events with two hits on DET 1 �total of 232�
results from random coincidences of H+ particles from the
process H2O++H+ �Eq. �20��.

In Fig. 11�a� the observed ��F /�F�-�1 /�F� correlation is
illustrated for the FLASH-induced OH hits on DET 2. These
events occupy a relatively small area of the correlation dia-
gram evidencing that they carry a large fraction of the origi-
nal mass. Figure 11�b� shows the relative momentum release
distributions for the observed OH fragments both with and

without coincidence hits on DET 1. The spectra have very
similar shapes, being strongly peaked toward lower momen-
tum releases. This observation, similar to the agreement of
the blue �gray� and light gray lines in Fig. 10�c�, is in com-
plete consistency with the identification of Eq. �21� to be
underlying breakup process.

D. Absolute cross section

Since all OH fragments impinge on DET 2, the absolute
cross section for H3O+ breaking up into OH+2H+ at 13.5 nm
�Eq. �21�� can be estimated from the total counts of the OH
products on this detector. The ion beam was found to be
homogeneous in the longitudinal propagation direction as
seen from the time independence of the neutral background
count rate on DET 2. The longitudinal movement of the ion
pulse during the passage of a FLASH pulse is �5 �m and
hence to a very good approximation, the ion pulse can be
considered frozen during the irradiation. Based on these con-
siderations, the absolute reaction cross section can be de-
duced as

�OH+2H+ =
NOH

�2FTPG2�
�

�n�nI�
�

NOH � qIvI

�2FTPG2N��n���II�
, �22�

where NOH represents the number of observed events and
�2=0.5�0.1 is the detector efficiency of DET 2. The sum
extends over all performed temporal FEL-ion overlaps �N�

=3.52�105� in this measurement. The number of photons

FIG. 11. �Color online� Momentum imaging of the OH+2H+

channel obtained with DET 2. �a� Correlation of �F /�F and 1 /�F.
�b� Relative momentum release of OH fragments requiring no co-
incidence on DET 1 �thick red line, 2003 events�, requiring one H+

fragment in coincidence on DET 1 �thin blue �gray� line, 738
events�, and the distribution, amplified by a factor of 10, when two
H+ fragments where detected in coincidence on DET 1 �light gray
line, total of 2�53 entries�. The upper scale shows the correspond-
ing kinetic energy of the OH fragments, EOH

=EI�mOH /mI���pOH / pOH�2.
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per pulse n� was measured directly with the FLASH photon
monitors �20� before the PG2 beamline and the intensity
transmission through the PG2 beamline to the interaction
point was TPG2=0.40�0.10. The beams’ overlap was deter-
mined to be F=5.5�1.0 cm−1 �see Sec. II C 3�. In total, the
absolute cross section for this channel is determined to be

�OH+2H+ = �0.37 � 0.18� � 10−18 cm2. �23�

The error bars reflect several systematic uncertainties associ-
ated with the photon pulse intensity measurements both with
respect to the direct determination of n� ��15%� as well as
the calculation of the beamline transmission TPG2 ��25%�
and the detector efficiency ��2� ��20%�, while the statistical
error from the detector counts amounts to about 6%.

The absolute cross section for H3O+ breaking up into
H2O++H+ as observed with DET 1 through the H+ fragment
cannot be obtained directly from the counts on DET 1 since,
owing to the lack of information on the angular dependence
of the fragmentation �see Fig. 6�b��, an unknown fraction of
the H+ particles is lost either through the central hole or
outside the detector. From the coincidence map in Fig. 7 it is
evident that this channel is more intense than the OH+2H+

channel. In a conservative estimate, where we assume that all
noncoincidence H+ fragments are, in fact, seen by the DET 1
and that the efficiencies of the two detectors are similar, we
can derive a lower limit on the cross section of �H2O++H+

� �4358 /2795��0.37�10−18 cm2=0.58�10−18 cm2 and a
total photoabsorption cross section of �0.95�10−18 cm2.

For the fragmentation into the channel characterized by a
kinetic energy release of 4.0 eV�Ek�5.7 eV, assigned to
fragmentation via the 2A1 state of H3O2+ into H2O+�A 2A1�
+H+, the angular dependence is, in fact, known as shown in
Fig. 9�c� and the geometric acceptance for this channel is
G�=2�70%. Hence, for this particular channel, the absolute
cross section can be estimated to be �0.44�0.22�
�10−18 cm2.

IV. DISCUSSION

A. Interpretation of fragmentation patterns

The absorption of a high energy photon by H3O+ could
lead either to electron excitation into a dissociating state of
the monocation where the photon energy is shared between
fragment excitation and kinetic energy release or to ioniza-
tion into a fragmenting state of the dication where the pho-
toelectron carries away a significant portion of the energy
provided by the photon. On the time scale of the nuclear
motions photoabsorption is prompt and the nuclei are essen-
tially frozen during the process. For a photoexcitation pro-
cess to be effective from the X 2A1 ground state of H3O+,
excited quantum states of symmetry 2A1 or 2E need to be
available at the ground state nuclear geometry in the photon
energy region. In contrast, the conditions for an effective
photoionization are much more relaxed since the outgoing
photoelectron carries both energy, orbital angular momen-
tum, and spin. Moreover, as the photon energy is above 90
eV in the present experiments the possible excited states will
be far above the H3O+ ionization limit and therefore are ex-

pected to show rapid autoionization in most cases. The ob-
served channels �H2O++H+ and OH+2H+� are consistent
with nuclear breakup from the dication, i.e., the competing
photoexcitation seems to be insignificant for H3O+ at 13.5
nm.

At the present photon energy of 91.8 eV, photoelectric
emission from H3O+ is possible from the valence orbitals
2a1, 1e, or 3a1, with orbital binding energies of 49.3, 31.2,
and 26.0 eV, respectively �27�, which translate into equiva-
lent excitation energies of the H3O2+ product ion after the
electron escape �Koopmans’ theorem �28��, as illustrated
schematically in Fig. 12. The threshold for two-electron ion-
ization into H3O3+ is found around 60 eV �27� and autoion-
ization from transient H3O2+ states is energetically forbidden
for this relatively small molecular system. The experimen-
tally observed fragmentation patterns are completely domi-

FIG. 12. �Color online� Schematic energy structure of lowest
states of the H3O+, H3O2+, H2O++H+, and OH+2H+ systems. The
gray arrows show the reaction pathways identified in the present
study. The H3O2+ energies were obtained as orbital energies of
H3O+ given in Ref. �27�. The energies in the fragmentation chan-
nels were calculated from data available at the NIST database �29�,
in particular the proton affinity of H2O �7.2 eV�, the ionization
energy of H2O �12.6 eV�, the proton affinity of OH �6.1 eV�, and
the excited state energies of H2O+ �1.7 and 4.6 eV� and OH �4.1
eV�.
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nated by the H2O++H+ and OH+2H+ channels, whereas en-
ergetically the fragmentation of the formed H3O2+ dication is
allowed to proceed via into several other pathways.

Considering initial ionization of an electron from the 3a1
orbital, leaving the H3O2+ in the 2A1 state of about 26.0 eV
above the hydronium ground state, fragmentation is allowed
into H2O++H+ �19.8 eV and above�, OH++H2

+ �22.7 eV and
above�, and OH+2H+ �25.9 eV and above�. Fragmentation
from this level into the unobserved OH++H2

+ channel would
be associated with a kinetic energy release of about 3.3 eV,
which for the H2

+ fragments is equivalent to ��pF / pF�2

=6.5�10−3. As seen from Fig. 6�a�, depending on the frag-
mentation anisotropy, this would result in a geometric effi-
ciency of DET 1 of 40%–80% that, combined with the MCP
efficiency of �50%, results in a total observation efficiency
for H2

+ from this channel of 20%–40%: from the absence of
this channel in the experimental observation, it thus seems
evident that OH++H2

+ does not contribute significantly to
the dissociation from the 2A1 state. The fragmentation into
OH+2H+ from the 2A1 of H3O2+, however, is associated with
very low kinetic energy release ��0.1 eV� and H+ fragments
from this decay channel escape detection on DET 1; the neu-
tral OH would still be seen on DET 2. Hence, based on the
present experiment, we cannot exclude a contribution from
this channel to the breakup of the 2A1 state.

Through ionization from the 1e orbital, the H3O2+ dica-
tion is formed in the 2E state at 31.2 eV above the ground
state of H3O+ and again fragmentation from this level is
energetically allowed into several channels beyond the ob-
served H2O++H+ and OH+2H+. Two-body breakup into
OH++H2

+ �22.7 eV and above�, occurring with a relatively
high kinetic energy release ��8.5 eV�, can be excluded as a
significant fragmentation channel from the measurements
with a biased interaction region since the majority of frag-
ments observed on DET 1 were identified as H+. Breakup
into channels with relatively energetic neutral fragments of
H2 or H, i.e., O++H++H2 �26.1 eV, EH2

�5.1 eV�, OH+

+H++H �26.5 eV, EH�4.7 eV�, and O++H2
++H

�27.9 eV, EH�3.3 eV�, can similarly be excluded as sig-
nificant decay channels since corresponding neutral frag-
ments were not distinguished on DET 1, as revealed by the
measurements with a biased interaction region. Moreover,
breakup into O+H++H2

+ �27.9 eV, EH
+ and EH2

+ �3.3 eV�
also seems insignificant because the corresponding H2

+ was
not identified on DET 1 despite a fair geometric acceptance
for the relevant kinetic energies.

A complete breakup of the H3O2+ dication into either
O++H++2H or O+2H++H �both with �30.6 eV, i.e., EH
�0.6 eV� is also possible from the 2E state. For these chan-
nels light fragments �H or H+� would mostly escape detec-
tion on DET 1; however neutral fragments �O and/or H�
would be detected on DET 2, as for an oxygen fragment
�pO / pO�0.013 while for hydrogen �pH / pH�0.051. Since
the measurements with DET 2 �Fig. 11�a�� showed no evi-
dence for neutral hydrogen fragments consistent with these
energies we concluded that they are insignificant in the
photofragmentation of H3O+.

The experimental evidence in this study thus points to a
dynamically �as opposed to statistically� dominated photoly-

sis of H3O+ where only few of the energetically available
fragmentation channels are significant. Since the observed
fragmentation patterns are related to particular electronic
states of the dication formed by nonresonant photoionization
with a nuclear geometry given by the initial H3O+ system,
they can be expected to govern the process over a wide range
of photon energies around the one applied here.

Figure 12 shows the energetic positions of the lowest
states of the H3O2+, H2O++H+, and OH+2H+ systems. Con-
sidering the kinetic energy releases as seen from this diagram
the tentative assignment of the kinetic energy spectrum in
Fig. 9�a� was made for the H2O++H+ channel. The data sug-
gest that ionization from the 3a1 and 1e valence orbitals is
most significant while no transitions from 2a1 are needed to
assign the observed spectrum. Initial ionization from 3a1
leads mainly to fragmentation into H2O+�A 2A1�+H+ with
possible smaller fractions going to H2O+�X 2B1�+H+ and
H2O+�B 2B2�+H+. The width of the peak around the ex-
pected energy of 4.8 eV is evidence for vibrational excitation
of both the initial H3O+ �width toward higher energy� and the
formed H2O+ fragment �width toward lower energy�. Initial
ionization from the 1e orbital leads mainly to fragmentation
into the excited H2O+�B 2B2�+H+ and less intensely to
H2O+�A 2A1�+H+.

For the fragmentation into OH+2H+, the relative momen-
tum release distribution of the observed H+ fragments is
shown in Fig. 10�c�. Toward higher momentum releases, the
spectrum extends up to �0.04 corresponding to a fragment
kinetic energy of �9 eV, which is consistent with fragmen-
tation from H3O+ with initial 1e ionization fragmenting into
OH�X2��+2H+, considering also a significant vibrational
excitation of the intermediate dication. As discussed above,
the fragmentations into the channels OH�A 2�+�+2H+ after
1e ionization and OH�X2��+2H+ after 3a1 ionization are
associated with small momentum releases and a definitive
statement on the fragmentation into these channels cannot be
made based on the present data.

B. Relevance

The ground state of the hydronium ion has been experi-
mentally well characterized through spectroscopic measure-
ments �see, e.g., Refs. �8,30�� and was subject to several
calculations �see, e.g., �9,10,31��. Excited states of hydro-
nium have also been addressed in selected ab initio calcula-
tions �27,32� and in electron impact scattering calculations
�33�. In the present experiments, H3O+ is initially ionized to
form H3O2+ in a vertical transition, so that potential surfaces
of this doubly charged polyatomic species are accessed di-
rectly. In comparison to calculations, the observed fragmen-
tation patterns could be used as a sensitive probe of those
potential surfaces of H3O2+ accessible in the Franck-Condon
region of the well known pyramidal ground state of H3O+.

From spectroscopic observations �34�, the hydronium ion
is known to exist in interstellar gas clouds where it is one of
the major oxygen containing species. According to chemical
models of these environments �4,5,35�, H3O+ is formed
through a sequence of hydrogen additions to O+, OH+, and
H2O+ through reactions with H2 and destroyed by dissocia-
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tive recombination with low energy electrons. This is, for
instance, the case in the so-called photodissociation or pho-
ton dominated regions �PDRs� �4�, which exist where neutral
interstellar gas clouds are exposed to far ultraviolet radiation
�6–13.6 eV� and where the formation of chemically active
ions is largely controlled by photoionization and photodisso-
ciation. Furthermore, H3O+ is also formed in x-ray dissocia-
tion regions �XDRs� �35–38� that exist where neutral inter-
stellar gas is exposed to x rays and where the thermal and
chemical properties are believed to be determined by initial
atomic and molecular ionizations. In particular, the impact of
x rays on molecules and molecular ions is modeled through
inner shell ionization followed by dissociation into singly
charged fragments �35,36�. The data presented here on H3O+

emphasize the photoioziation and dissociation reactions in
the soft x-ray regime, likely of highest relevance at the inter-
faces between PDRs and XDRs, by showing that valence
shell ionization can be a rather significant process �cross sec-
tion of �10−18 cm2�, characterized, however, by only a few
active fragmentation channels.

The hydronium ion and in particular higher water hydrate
ions H+�H2O�n have been observed in the lower D region of
the Earth’s ionosphere through direct mass spectrometric
measurements �6� and are believed to be formed through a
rich chemistry initiated by molecular ionization by high en-
ergy solar photons or cosmic rays. The hydronium ion is also
believed to be a major ionic component of atmospheres of
other planets �e.g., the Martian atmosphere �39,40�� and at-
mospheres of icy moons of giant planets, for instance, in the
Jovian and Saturian systems �41�. High energy solar radia-
tion may penetrate into the atmospheric regions where H3O+

exists and the data presented in this paper open the possibil-
ity to include, based on laboratory results, hydronium photo-
absorption and photofragmentation into chemical models of
such atmospheres.

V. CONCLUSION

We have described an experimental study of the fragmen-
tation patterns of the hydronium cation H3O+ after absorp-
tion of 13.5 nm photons delivered by the Free-electron LA-
Ser in Hamburg �FLASH�. The data make evident that the
photofragmentation of H3O+ at 13.5 nm is initiated by ion-
ization from a valence shell into H3O2+ which evolves by
fragmenting into mainly either OH+2H+ or H2O++H+ with a
branching between the two channels of up to 0.6:1. The ki-
netic energy released in the breakup into H2O++H+ reveals
that the emerging molecular fragments are preferentially
formed in electronically excited states and most likely also
with considerable vibrational excitation. The partial photoab-
sorption cross section leading to OH+2H+ was found to be
��0.37�0.18��10−18 cm2.

The recorded data are consistent with the interpretation
that the initial H3O+ ionization occurs from either the 3a1 or
the 1e valence orbital. Starting from the 3a1 orbital, frag-
mentation was primarily observed into H2O+�A 2A1� whereas
for ionization from the 1e orbital, fragmentations into
H2O+�B 2B2�+H+ and OH�X2��+2H+ were found to be
dominant.

The particular results obtained on H3O+ can become sig-
nificant in models of the chemistry of planetary ionospheres,
exemplified by the D region of the Earth’s ionosphere, where
high energy solar radiation penetrates, and for astrophysical
gas clouds in the vicinity of hot radiating objects such as
massive stars, active galactic nuclei, supernovas, and others.

The experimental system, the TIFF facility dedicated to
exploring photon induced fragmentation of molecular ions in
the vuv to soft x-ray regime, has been presented in detail. It
consists of a crossed-photon-and-ion-beam setup where
emerging photofragments are detected on two position and
time sensitive detectors allowing for an event based on kine-
matically complete characterization of the photofragmenta-
tion. Since an ion beam is an extremely dilute target the
feasibility of the crossed beams experiment relies strongly on
the unique photon pulse intensities in the vuv and soft x-ray
regime. Following our previous study on HeH+ �3�, the
present work demonstrates that the method of fast beam pho-
tofragment momentum imaging combined with intense free-
electron laser sources allows to pioneer photolysis in regimes
that have not been accessible before, which are, however, of
importance for the chemistry of interstellar clouds and plan-
etary ionospheres. Moreover, the results are promising for
efficiently probing high lying potential energy curves of
more complicated polyatomic ions, in particular considering
the fact that the present results were obtained during a 12 h
FLASH beam delivery only. With stable operation of the
FLASH facility at high photon intensities, also the option of
rovibrational cooling through ion trapping could recently be
implemented. Motivated by these advances, we are currently
developing a new scheme for photoelectron momentum im-
aging in addition to the fragment imaging system in opera-
tion.
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