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State-of-the-art multi-fragment imaging techniques like the COLTRIMS reaction microscope unveil the complete
momentum pattern in low-energy atomic and molecular many-particle fragmentation processes much like the
bubble chamber in high-energy particle physics. The excellent momentum resolution far below 1 m.aoEn/h (1a.u.)
and the high multi-fragment detection efficiency of the COLTRIMS technique reveal the dynamic correlation of
bound many-particle systems as they are fragmented into the continuum. For the fragmentation process of
carbon monoxide following carbon K-shell ionization using 306 eV photons (right and left circularly polarized)
hv 4 CO = ephoto + ot 4 C*—i—eK_AugeL the vector correlations between all fragments were measured in
coincidence for each event. According to the common view of this process, the photoelectron and Auger
electron emission probe different aspects of the time-dependent fragmentation process, i.c. the ‘time evolution’ of
fragmentation. Based on measured vectors and vector combinations (e.g. vector products) of (1) the absorbed
photon, (2) the emitted photoelectron and (3) ions, the Auger electron emission can be investigated with respect
to the axes and planes defined by these vector combinations for each event in order to explore dynamical

symmetries in multi-particle systems.

Keywords: vector correlation; four fragment momentum imaging; dynamical symmetries

1. Introduction

Many-particle quantum systems show features with
astonishingly high correlation that are hard to predict
and explain through simple dynamic properties of
two-particle systems. In particular, when complex
biomolecular processes are considered (e.g. the energy
harvesting process of chlorophyll), one observes strict
causal correlations between the initial and final states.
In order to create such highly organized processes,
unknown dynamic many-particle correlations may
play a crucial role. Since the total linear and angular
momentum of a closed quantum system are, according
to current knowledge, always exactly conserved with-
out any ambiguity caused by the uncertainty relation,
the collective motion of many particles in a closed
system (independent of the particle location) must
ensure at any instant strict conservation of the total
linear and angular momentum, i.e. the collective
motion must be strictly connected. We speculate that
there might even be a connection between the

counterintuitive phenomenon of quantum entangle-
ment in many-particle systems and unseen aspects of
many-particle dynamics. Momenta are the only direct
observables and can be measured for all fragments
emitted in one process by the multi-coincidence tech-
nique with sub-atomic resolution without limitations.
In contrast, the location of a particle for any given
moment is not observable, hence it is from an
empiricist perspective of science a metaphysical non-
scientific concept.

Quantum theory currently describes many-particle
dynamics with the modified dynamic laws established
for two-particle systems. Despite the stunning success
of this concept, one can never fully exclude the notion
that correlated dynamics in four and more (many)
particle systems might follow previously overlooked
conservation laws. In theory, there is plenty of room to
speculate, but experimental research has an advantage
here. If there is a new experimental technique available,
which has the power to search for such non-standard
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behavior, it is clearly the obligation of an experimen-
talist to perform such experiments and, further, to
search in many-particle systems for so far unknown
additional dynamic conservation laws or symmetries.
Therefore, measuring many-particle vector correla-
tions may be a possible way to visualize such hidden
dynamic properties [1,2].

In the pioneering work of Case and Herschbach [3]
the investigation of vector correlations was used to
explore, in a highly differential way, molecular colli-
sion dynamics. There, the initial state was prepared by
means of laser techniques, thus up to four vector
correlations could be measured. For example, in an
atom plus diatom transfer reaction, the rotational
angular momentum and the relative momenta of the
reactants and products were measured. In the investi-
gations of vector correlations performed thus far [3,4],
typically only one scattered particle was detected in the
final state and thus neither three nor four momentum
vector correlations in the final state could be investi-
gated. The approach presented here of vector correla-
tion imaging can measure, by multi-fragment
coincidence, four or more momentum vectors in the
final state and thus allow investigations of symmetry in
the complete final momentum space.

Atoms and molecules are the most suitable systems
for such a search of unknown additional dynamic
conservation laws or symmetries. In contrast to nuclear
many-particle systems they are dominated by the well-
understood Coulomb interaction. The fragmentation
processes can be studied at energies far below any
particle creation threshold and thus under extremely
well-controlled conditions.

We demonstrate in this paper the multi-coincidence
power of COLTRIMS (COLd Target Recoil Ion
Momentum Spectroscopy) [5-9] for the carbon
K-shell ionization of CO using left and right circularly
polarized light followed by the emission of one Auger
electron and fragmentation of the molecular dication,

I(306eV) + CO
— epnoto(10€V) + OF + C* + ex-auger(250 eV).

The momentum vectors of the four emitted frag-
ments in the final state (two ions and two electrons)
were determined, with the momentum of the Auger
electron being calculated from the measured momen-
tum vectors of the C* and O ions as well as the
photoelectron, using momentum conservation. Thus
for each event, six vectors (initial state, incoming
photon momentum and angular momentum vectors;
final state, four momentum vectors) were determined.

At present, the data are not sufficiently accurate to
make any conclusive statement on such symmetries,

e.g. on time reversal or other symmetry laws in many-
particle systems. However, we believe that the ideas
should be reported here to stimulate further investiga-
tions on this topic and show preliminary data on such
vector correlations in a four-particle molecular frag-
mentation process.

Modern experimental imaging techniques such as
the COLTRIMS reaction microscope have reached
such a powerful multi-fragment detection efficiency
and excellent momentum resolution in fragmentation
processes that speculative questions can indeed be
explored experimentally [6-9]. Schmidt ez al. [9] have
recently shown that an overall recoil momentum
resolution of 0.002a.u. can be achieved in the 10 keV
H + He — H+H + He™ transfer ionization reaction.
This is sufficient to detect tiny details of dynamic
correlations.

In the above molecular fragmentation process the
initial photon is absorbed by the molecule, accompa-
nied by the instant emission of the low-energetic
(10eV) carbon K-photoelectron. During the fragmen-
tation process the entire photon—molecule system
remains entangled. This has recently been shown with
a similar experiment on N,, where gerade and
ungerade intermediate states remain coherent through-
out the fragmentation process [10]. In the present work
we go further by considering a heteronuclear molecule
like CO. The possibility of distinguishing the
two atoms in this molecule establishes an additional
directional vector. The incoming linear momentum of
the photon (<0.1a.u.) is transferred to the centre of
mass of the system and not to the internal electronic
molecular motion. However, the angular momentum of
the photon is absorbed as internal angular momentum
(the relative motion between the fragments). The entire
fragmentation process is usually discussed using a
multi-step picture [11]. (1) First, the photoelectron is
emitted, leaving the molecule in a well-defined core
hole state. (2) This state then decays a few femtosec-
onds later (several 100 atomic units) by emission of
an Auger electron. (3) Finally, the doubly charged
molecular ion Coulomb explodes. According to this
simple model, the Auger electron should not carry any
information on the direction of the photoelectron and,
even more importantly, the Auger electron emission
should be independent of the photon polarization. This
latter point was questioned in Ref. [12], but more
recent experiments in which the Awuger electron
was measured in the body fixed frame of the molecule
showed no dependence of the Auger electron on
the photon polarization [13] (see Figure 3 below).
These previous tests of the simplified two-step model
however were quite crude in the sense that the
photoelectron was not observed. Recent experiments
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on Ne K-shell ionization showed a surprising
correlation between the photo and the Auger
electron angular distributions that cannot yet be
reconciled with standard post-collision interaction
theory [14].

To explore the time sequence of such a fragmen-
tation process (i.e. time symmetry), two possible
experimental approaches are feasible. The first and
more conventional is to refine the crude independent
two-step picture to account for a possible causal
interaction between the photoelectron and the Auger
electron. Being the second emitted electron, the Auger
electron might have a ‘memory’ of the fragmentation
history. The Auger electron distribution therefore
could depend on the photoelectron emission angle,
i.e. on its direction of emission. The second approach is
to analyse the momentum correlation between the
Auger electron and the other measured vectors, i.e. the
vector products of the photoelectron momentum
Pephoto, the momentum vectors of the ionic fragments
Pc+ or po, and the axial vector of the photon angular
momentum Aphoon. This type of analysis is not
motivated by any particular mechanistic scenario but
by symmetry considerations only.

In our approach, all momenta of the charged
fragments are measured in coincidence and are stored
for each interaction in an event list (k, /, m, n) [15]. This
method of data storage ensures that the photoelectron
of event (k,l,m,n) is only correlated to fragments of
the same event and never to any proceeding or
subsequent events (k, /,m,n=+1i). Therefore, one can
calculate for each event the vector products and project
the measured Auger distributions on axes or planes
defined by these vector products. One example is the
vector product Z= Aphoton X Pephoto- When mirroring
the time from 7— —¢ this new vector Z does not
change its direction. That means that Z is even under
time reversal (7-even). On the other hand, under
spatial inversion, r — —r, the vector Z is odd (P-odd).
The Auger electron emission should show a perfect
symmetrical distribution with respect to this Z direc-
tion if time is reversible in the Auger process.
Measuring the Auger electron distributions for
(Aphoton(t) and pephoto(l)) and for (Aphoton(_t) and
Pephoto(—1)), 1.e. for left and right polarized photons
and photoelectrons emitted in opposite directions,
respectively, one can test the time inversion symmetry.
The inversed Auger spectrum (—¢) should then be
identical to that of (7). Table 1 presents other interest-
ing combinations of vector products and scalar prod-
ucts with different behavior under P- and 7-reversal
(with n being the molecular vector pointing from the
carbon nucleus to the oxygen nucleus).

Table 1. Vector products with respect to time and parity
symmetries.

Vector product t— —t r— —r

Z= Ay X Pephoto Z()=+Z(—1) Z(r)=—Z(-r)
Z = (Ay Xpephoto) X PK-Auger Z/(l) = _Z/(_l) Z/(V) = +Z’(—l‘)
S:(Ayxpcphoto)'n S(t):+S(_Z) S(l‘):+S(—F)

2. The COLTRIMS multi-fragment momentum
imaging technique

Figure 1 shows an artist’s view of the COLTRIMS
reaction microscope. Fragmentation takes place in the
intersection region of the photon beam and the
supersonic gas jet. In a well-designed electric field
configuration, the positively charged (red trajectories)
and negatively charged (blue trajectory) fragments are
projected (typically with 47 solid angle) towards two
time- and position-sensitive detectors. Measuring the
impact position for each fragment on the detector
(typically <0.1 mm resolution) and its time-of-flight
(typically <0.2ns resolution) between the time of
fragmentation and the impact on the detector, the
particle trajectories and thus the particle momenta
gained in the fragmentation can be determined. To
improve the momentum resolution, electrostatic lenses
(brown copper potential rings) can be incorporated
into the spectrometer system. Trajectory calculations
including such lenses can be found in Ref. [16]. Thus
the influence of the extended target region, from where
the fragments originate, can be strongly reduced [6-8].

Using particle detectors with fast delay-line posi-
tion read-out, multi-fragment detection is possible [15].
Even two or more particles impacting on the same
detector at the ‘same’ instant (Af<1ns) can be
detected simultaneously — as long as they are separated
in space by at least 10 mm. The best multi-fragment
detection can be obtained using modern transient
recording techniques [15]. The data are acquired and
stored in list mode event by event. Thus, for low-
energy charged fragments (milli-eV to some eV) the
COLTRIMS method is indeed a 47 imaging system.
The rate of fragmentation processes that can be
processed per second can approach 100 kHz.

To obtain 4 solid angle detection for particles with
high transverse momentum, one has to ensure that the
particles do not escape from the spectrometer. One way
to achieve this is to increase the electric field. However,
to obtain good momentum resolution, a long time-of-
flight (i.e. a low electric field) is required. Thus for
high-energetic electrons (above 100eV) a magnetic
field (parallel to the spectrometer axis) must be applied
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Figure 1. Artist’s view of the COLTRIMS imaging system
[6-8]. The axis of the spectrometer coincides with the z
direction (time-of-flight of fragments), the supersonic jet with
the y direction and the photon beam (yellow arrow) with the
X axis.

in order to bend the electrons onto spiraling trajecto-
ries towards the detector [17]. Because the position x
and y components are decoupled from the time-of-
flight z component the initial momentum of the
electron can still be deduced from the electron time-
of-flight and position on the detector. Details of this
technique are given in Refs. [5-9,15-17].

To ensure good momentum resolution for the ionic
fragments, the target must have a well-defined momen-
tum or be at rest in the laboratory frame. Thus cooling
the target via a supersonic jet expansion or even laser
cooling in a trap is crucial. As the cooling of heavy
atoms and molecules to sub-Kelvin temperatures is
sometimes difficult [18,19], a cold helium jet can be
used as carrier medium. If all fragments of a molecular
breakup are detected, it is possible to calculate the
initial momentum of the molecule before the fragmen-
tation, which allows for the reduction of the momen-
tum uncertainty caused by the internal temperature of
the target.

The high ionic momenta from the Coulomb explo-
sion associated with the present experiment limited the
ion detection to transverse momenta (in the x and y
direction) smaller than Z410a.u. [5]. Because a
Constant Fraction Discriminator [5,15] with a compa-
rably slow timing digitizer (leading to a 20ns dead
time) was used instead of modern transient recording
techniques, the double hit electron detection efficiency
for two electrons emitted in the +z direction was
limited. In the case where both an Auger electron and a
photoelectron are emitted in the z direction towards
the electron detector, the high-energy Auger electron
always arrives first and thus blocks the detection of the

photoelectron with about 40% probability. This
reduction of the Auger electron detection efficiency is
fully symmetric around the +z axis and should not
influence the symmetry aspects with respect to the y
and x direction. If, however, modern transient
recorders are used (digitizing each time signal and
storing the information) this blocking region would be
strongly reduced to about 5ns or a Smm blocking
radius around the impact on the detector, which
translates into a few percent loss of multiple electron
hits only.

Since the data are stored in ‘list mode’ as discussed
above, they can be transformed into any newly defined
coordinate system, e.g. projected onto laboratory
coordinates or projected onto axes or planes defined
by the measured vectors or vector products. The
coordinate systems used here are as follows.

Lab system: x is the direction of the incoming
photon, so that its angular momentum vector points in
the same (or opposite) direction. y is the direction of
the gas jet and z is the direction of the COLTRIMS
spectrometer axes, i.e. the direction of the time-of-
flight measurement. Different vector correlation sys-
tems can be chosen: e.g. xX'=x, )/ and z' can be
determined by the photoelectron momentum vector.
This vector is always in the x'—)' plane and its z’
coordinate is always zero.

Since for the measurement presented here a mag-
netic field was superimposed and a long ion spectro-
meter was used, the ion and electron trajectories
(spirals) had larger uncertainties than anticipated.
This limits the accuracy of the four particle vector
correlations. Therefore, as mentioned above, no con-
clusions concerning possible symmetry violations can
be made here and only the perspectives for future
measurements are presented.

3. Data and discussion

The fragmentation of CO induced by circularly polar-
ized photons has already been investigated by Jahnke
et al. [20,21] and Weber et al. [13,22] for the same
fragmentation process at the same photon energy.
Thus we compare the present data with the previous
results of Jahnke e al. and Weber et al. Jahnke et al.
investigated the photoelectron distributions with
respect to the molecular orientation. The molecular
axis can be determined from the fragmentation axis of
the Coulomb exploding molecule, if the fragmentation
is much faster than the rotation of the molecular ion
(i.e. the axial recoil approximation is valid [23]). Weber
et al. have shown for the C*+O" channel that the
region of high kinetic energy release (KER)
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Figure 2. Photoelectron angular distributions in the y—z plane for molecular orientation in the z direction (0-180°) perpendicular
to the incoming photon momentum and angular momentum vector. The molecular fragmentation axis is horizontal with the
carbon on the left. Only fragment channels with KER > 11eV are selected, which ensures the validity of the axial recoil
approximation [20]. Left: left circular polarized; and right: right circular polarized photons (upper part, Jahnke er al. [20,21];
lower part, this work). The red dashed line in the left figures represents the ‘guided by the eyes’ distributions in the right figures

mirrored in the z-axis.
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Figure 3. Angular distribution of Auger electrons from the
narrow 'S* line at 250.5eV [13,22]. The orientation of the
molecule is horizontal with the oxygen to the left as
indicated. (a)—(c) Linear polarized light; the polarization
vector is indicated by the double-headed arrow, propagating
into the plane of the figure. (d) Circular polarized light,
propagating into the plane of the figure. Note that, for this
state, the KER lies in the energy window B of Figure 4 and
the molecule is known to rotate before fragmentation [22].

corresponds to such fast fragmentation processes,
whereas for smaller KER the fragmentation is delayed
(see also Ref. [24]). Our present data for a KER of C*
and O" ranging from 11 to 16eV are in good
agreement with the findings of Jahnke et al. (see
Figure 2). The photoelectrons are primarily emitted in
the plane perpendicular to the photon momentum. Our
present angular distribution is, however, rotated
slightly by approximately 5-7° compared with the
measurement of Jahnke. This small rotation is prob-
ably due to a slight misalignment between the axes of
the magnetic field and the electric field inside the
spectrometer.

Weber et al. [13,22] measured, for the same
fragmentation process, the carbon K-shell Auger
electron emission with respect to the molecular orien-
tation for linear as well as left and right circularly
polarized light, but without coincident detection of the
photoelectron (Figure 3). They found a strongly
aligned emission in the direction of the molecular
axis. Jahnke and Weber did not detect all four
fragments in coincidence and could therefore not
explore the vector correlation of the four-particle
emission.

Our present data for lower KER values, i.e. other
long-living fragmentation channels with molecular
rotation, are shown in Figure 4. Due to a delayed
Coulomb explosion, the molecular axis has rotated

slightly and thus the well-pronounced interference
structure of Figure 2 is somewhat smeared out, but
the maxima in the distribution still remain at the same
angular position.

The lower part of Figure 4 shows the Auger
electron distributions from our present experiment
summed over the ion emission in both z directions (i.e.
aligned but not orientated molecules). For the lower
KER intervals B and C we find good agreement with
the data of Weber er al., but for KER interval A the
distribution shows a clear asymmetry with respect to
the molecular axis. We currently have no explanation
for this asymmetry. One might suspect a possible slight
misalignment of the electric and magnetic fields which
rotates the Auger electron distribution. Moreover, the
supersonic gas jet has a momentum off-set in the +y
direction of a few a.u., which may affect the symmetry
in the y—z plane. If this were the case, however, the
Auger electron distributions shown for KER windows
B and C should show the same influence and asym-
metry, but they do not.

When this measurement was performed it was not
the goal to investigate these vector correlations. Thus
perfect control of the fragment trajectories in the
superimposed magnetic and electric field configuration
was not the primary focus. Therefore, we cannot
exclude small unknown experimental uncertainties in
the determination of the particle trajectories. Because of
these uncertainties we will not present the complete set
of our highly differential vector correlation data to
avoid speculation on symmetry breaking. In Figure 5 we
only present one subset of the data, which indicates the
puzzle concerning the measured electron distributions
with respect to the measured vector correlation.
Between the left and right parts of Figure 5 the circular
polarization is changed (r— —¢) and the ion vector is
inverted (n— —n), but no indication of any symmetry
is found for the Auger electron distribution. The
photoelectron distributions, however, show nearly per-
fect symmetry with respect to left and right circular
polarized photons. This can be seen from the red dashed
lines shown in the figures for left circular polarized
photons in Figures 2 and 5, which represent the dis-
tribution lines (‘to guide the eyes’) for right circular
polarized photons. The strong asymmetry for the
Auger emission is indeed an unexpected and surprising
result. But because of the possible small experimental
uncertainties in the direction of the electric and
magnetic fields, no conclusion on this finding will
be presented here. Rather, we must re-measure
these fragmentation processes with improved experi-
mental control of the detection efficiencies and the
orientations of the magnetic and electric fields.
For comparison, the photoelectron distribution
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Figure 4. Electron distributions for right circular polarized photons in the y—z plane. Middle: photoelectrons. Bottom: Auger
electrons. Top: measured KER value distribution with windows set for photoelectron (upper row) and Auger electron (lower
row) distributions. The fragmentation axis (z direction) is horizontal with the carbon on the left. Window A corresponds to
fragmentation processes that occur fast enough after photo absorption that rotation of the molecule can be neglected. Windows
B and C correspond to fragmentation channels where CO*" lives long enough to partially rotate [22]. The ions were detected in
the z direction and the photon momentum and angular momentum point in the x direction.

projected onto the x—z plane is also shown, but no
asymmetry is observed. Thus spectrometer misalign-
ment is unlikely in this case.

To motivate the reader to become interested in
multiple-fragment vector correlation measurements we

conclude with some arguments on possible symmetry
tests. What could break the symmetry in the y—z or
y'—z' plane? To investigate the symmetry properties in
these planes, we can consider the vector Z with
Z = A,cphoton X Pephoto- £ has interesting mirror
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Figure 5. Top: photoelectron distribution projected onto the x—z plane (the vertical is the x direction) for left circular (left side)
and right circular polarized photons. Middle: photoelectron distribution projected onto the x—y plane. Bottom: Preliminary
Auger electron distributions projected onto the y—z plane. Left: left circular polarized photons and C* emission in the —z
direction. Right: right polarized photons and C* emission in the +z direction. The red dashed lines in the left figures represent
the shape of the distributions in the right figures.
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properties: after inverting the time r— —¢ the vector
Z(—1) still points in the same direction. If instead we
invert r — —r (parity test), Z(—r) points in the opposite
direction. If the observed asymmetry was a conse-
quence of the symmetry properties of the vector
product Z, the asymmetry must be associated with
the direction of the photoelectron momentum vector
and thus change while inverting pephoto. The first
numerical estimates of the effects of space parity non-
conservation in the photo and Auger electron spectrum
for a number of atoms and ions were made in Ref. [25].
The observation of a left-right asymmetry has been
reported for noble gas atoms and H, molecules in the
interaction with linearly polarized light [26].
Nevertheless, the authors of Ref. [26] recognize that
this asymmetry cannot originate from the (fundamen-
tal) weak interaction and further experimental work is
necessary to investigate the left-right asymmetry in
more detail. This may also imply the need for a
theoretical model that can describe the observed
behavior observed in the present study.

If the asymmetry for carbon monoxide observed
here is indeed associated with the properties of the
vector Z, then replacing 4, photon bY left polarized light
Ajephoton should change the asymmetry, as the vector
Z = Ajephoton X Pephoto  NOW  points in the opposite
direction. But if it is associated with time inversion,
we then also have to invert ¢ by —¢ in the vector of the
Auger emission, which leads to the corresponding
transformation of the Auger electron distribution.

4. Outlook and conclusion

Vector correlations measured in four or more particle
fragmentation processes are an interesting and power-
ful tool to investigate possible hidden dynamic sym-
metries in many-particle systems. State-of-the-art
multi-fragment momentum imaging techniques (such
as the COLTRIMS reaction microscope) with their
excellent momentum resolution and high multi-coin-
cidence efficiency make such measurements feasible.
However, to draw reliable conclusions on the symme-
try of the measured fragment distributions with respect
to vector correlations, one needs careful control of the
spectrometer imaging fields, which requires precise
field calibration techniques. Also, the detection effi-
ciency for all fragments in all directions must be well
calibrated, which is a challenge to experimentalists.
The importance of many-particle dynamics in quantum
systems makes such investigations crucial to our deeper
understanding of the symmetry effects discussed here.
Because of the fundamental importance of many-par-
ticle dynamics in quantum systems, this challenge must
be taken on.
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