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Covariance Mapping: A Correlation Method
Applied to Multiphoton Multiple Ionization

L. J. Frasinski, K. CoDLING, P. A. HATHERLY

In some cases there are hidden correlations in a highly fluctuating signal, but these are
lost in a conventional averaging procedure. Covariance mapping allows these correla-
tions to be revealed unambiguously. As an example of the applicability of this
technique, the dynamics of fragmentation of molecules ionized by an intense picosec-

ond laser are analyzed.

N AN INTERESTING APPLICATION OF
the covariance approach, Hanbury
Brown and Twiss used intensity inter-
ferometry to determine the angular diameter
of stars (). In their experiment the covari-
ance between the signals from two indepen-
dent telescopes was obtained as a function of
telescope separation. We describe here an
experiment in which the covariance concept
is used to analyze the fragmentation pattern
of molecules after multiple ionization by an
intense subpicosecond laser (2, 3). In this
experiment, the covariance is displayed in
the form of a two- or three-dimensional map
of competing fragmentation channels with
axes given by ion time of flight (TOF).
When a molecule is rapidly ionized by the
laser, a Coulomb explosion produces ion
fragments with considerable kinetic energy
and the fragment momentum vectors carry
structural information about the parent mol-
ecule. To this extent such experiments are
similar to those in which molecular ions are
stripped of electrons by beam-foil tech-
niques and in which TOF mass spectrome-
try is combined with an area detector to
allow the stereochemical structure of the
molecular ion to be inferred (4).
At each laser pulse only a few tens of ions
are recorded, and this results in large pulse-
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to-pulse variations in the TOF spectra.
These large variations can be overcome by
averaging over many laser pulses. Even so,
the analysis of the resulting TOF spectrum is
often quite difficult because the fragment
ion peaks of differing masses, charge states,
and kinetic energies can overlap substantial-
ly. More importantly, the one-dimensional
TOF spectrum suffers from two specific
shortcomings. The first is that it is impossi-
ble to differentiate, for example, the process
[CO**]— C* + O from the processes

ﬂ acaﬂ

Digital oscilloscope

Time-of-flight
spectra at 10 Hz

Laser

[CO*]— C* + O and [CO"]—> C + OF,
where undetected neutral particles are pro-
duced (brackets denote a transient molecular
ion). Moreover, it is difficult to separate the
process [CO?**]1— C*' + O* from the
process [CO**]— C** + O if the O
ions have identical kinetic energies. [The
problems associated with homonuclear mol-
ecules such as N, are even more severe (3).]
Covariance mapping allows the different
fragmentation channels involving charged
fragments to be identified conclusively.
Consider a particular fragmentation channel
of CO, namely, CO — [CO*"]— C** +
O™, depicted in Fig. 1. Let us suppose that
for a given laser pulse an O fragment is
detected. If it results from the above process,
there is an enhanced probability of detecting
a C?* fragment. This probability is less than
100%, reflecting the detector efficiency.
(The TOF system is designed to provide
almost 100% collection efficiency.) When
one calculates, over many laser pulses, the
covariance between the two TOF points at
which the fragments were detected, one

Computer

’
H y s
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Fig. 1. The covariance mapping principle illustrated for a particular ionization and fragmentation
channel of carbon monoxide, CO. One can identify the molecular parent ion by correlating the atomic
daughter ions. The subscripts f and b denote forward and backward fragment ejection as seen by the

detector.
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finds a positive value. Because one cannot
know in advance which points in the TOF
spectrum are correlated in such a fashion,
one must calculate the covariance for each
pair of TOF points and present it in the
form of a two-dimensional map (Fig. 2).

The TOF spectrum from a single laser
pulse, i, can be regarded as a sample function
Xi(x) of a random process (5), where the
detector response, X, reflects the fluctuating
number of ions at time x. In general, x can
be a continuous variable but in the present
experiment a digital oscilloscope is used to
sample the TOF spectrum X;(x) at a number
of discrete points x (typically 200). There-
fore, X;(x) can be regarded as a 200-element
vector indexed by x. Let us use a second
label Y;(y) for the same vector X;(x) in order
to have an unambiguous notation for their
tensor product required to calculate the
covariance matrix between each pair of TOF
points x and y:

Clx,y) = (X = (XN(Y =(Y))) =
(XY) ~(XXY) =

(X(x)Y(y)) = (X(x)XY(1))

1 N
=N 2 X@)Ydy) -

1< 1 <
héﬂﬂkéﬁﬂ‘”

where the mean values ( ) are taken over N
laser pulses (typically 20,000). The covari-
ance map (Fig. 2) is the small difference

1030
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between two large correlated and uncorre-
lated products (XY and (X ) Y) shown in
Fig. 3, A and B.

In this particular covariance experiment,
Xi(x) and Yi(y) are the same ion TOF
spectrum, and Eq. 1 is known as the auto-
variance function (5). This need not be the
case, however. For example, Y;(y) can be an
electron TOF spectrum recorded at the same
time by a second detector. One consequence
of using a single detector and taking Y; = X;
is the mirror symmetry of the covariance
map, since C(x,y) = C(y,x). Another is the
strong diagonal autocorrelation line, which
occurs simply because an ion pulse present
on spectrum X; at TOF x is always present
on Y;aty = x. The intensity along the ridge
of the autocorrelation line is the variance
(X% — (X)* of the TOF spectrum. The
intensity across the line is related to the time
autocorrelation function (5), which reflects
the instrumental time response.

The conventional scatter diagram (6) is a
special case of the covariance map and can
be obtained if one makes three simplifica-
tions. (i) The average counting rate must be
reduced to about one event per TOF spec-
trum; (ii) the spectrum values (X; and Y;)
must be 1 or O (either an event occurs or it
does not); and (iii) the division by N is not
performed. In this case the N(XY) term is
the number of coincidence events and
N(XX Y} is negligibly small. An example of
this technique is the triple coincidence
method applied to the fragmentation of

100 INEEEEEE. 900

Fig. 2 (left). A covariance map
showing the Coulomb explo-
sion of CO induced by an in-
tense laser field. X and Y are the
signals from the detector in ar-
bitrary units and x and y are the
ion TOFs. The map was built
up from N = 26,000 Ilaser
pulses with U = 50 V applied
across the drift tube. [The struc-
ture associated with the CO™*
peak is an excess of uncorrelated
product caused by fluctuations
in the laser intensity. The un-
usual feature at low TOF is
associated with protons from hy-
drocarbon impurities.]  Fig.
3 (right). (A) The correlated
product (XY) and (B) the un-
correlated  product (XXY).
Their difference is the covari-
ance map shown in Fig. 2. No-
tice the larger range of the color
scale.

molecules ionized by synchrotron radiation
7).

In order to interpret the map quantita-
tively, we have performed a computer simu-
lation of the process depicted in Fig. 1 for a
single point on the map but off the autocor-
relation line. In the focal spot of the laser,
the number of parent ions created was as-
sumed to have a Poisson distribution. The
most important result of the simulation was
that the covariance signal is linearly propor-
tional to the number of parent ions. There-
fore, the covariance map shows directly the
relative abundance of the various parent ions
and their fragmentation channels. One also
finds that the signal-to-noise ratio for the
map is independent of the number of parent
ions. This means that the signal-to-noise
ratio is not degraded at a high event rate,
even when many ion pulses arrive at the
same TOF, a somewhat surprising result.

In order to understand the shape of the
features on the covariance map, it is neces-
sary to describe the fragment trajectories in
the TOF spectrometer. The geometry is
such that the electric field of the laser light
lies along the drift tube. A molecule is more
easily ionized when its axis is along the
electric field (2), and, because there is no
time for molecular rotation, the Coulomb
explosion ejects the fragments along the
drift tube axis, either toward or away from
the detector. The potential U (Fig. 1) ap-
plied to the drift tube forces all fragments
toward the detector. For a given fragment
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mass, m, and charge, ¢, TOF varies linearly
with the initial momentum component
along the drift tube axis, mv,;, provided that
the initial kinetic energy is not too large.
That is, the TOF

x=A (mlqU)" + Bmv/(qU)  (2)

valid for mv3/2 =< 0.1 qU, where A and B are
instrumental constants. This results in two
groups of fragment ions, “forward” ions that
are ejected initially toward the detector
(mv, < 0) and “backward” ions that are
egjected away (mv, > 0).

It follows from Eq. 2 that in these experi-
ments the covariance map is a momentum
correlation diagram. In the case of a two-
body fragmentation, momentum conserva-
tion requires the correlated structure to be
in the form of a line. The two islands on
cach line reflect the forward-backward and
backward-forward fragment correlation
(Fig. 1). The line tilt angle, a, reflects the
fragment charge ratio, and the intensity
variation along the line gives the momen-
tum distribution. The different ionization
and fragmentation channels are represented
by different pairs of islands on the covari-
ance map (Fig. 2). We can now see that the

n

v (us)

—

broad O peak in the ( X) spectrum lying at
1.65 ps in Fig. 2 is in reality associated with
three different channels on the map: [CO**]
— C* + 0%, [CO**] > C** + O", and
(weak) [CO**] — C** + O*.

Three-body processes will clearly add
more structure to the covariance map. In the
case of a linear molecule such as N,O, the
Coulomb explosion leaves the middle frag-
ment, Ny, with a small kinetic energy (Fig.
4A). The outer fragments are ejected in
almost opposite directions and produce tilt-
ed correlation lines similar to those in the
diatomic case. The additional vertical and
horizontal lines represent correlations of an
outer fragment with the middle one. The
nonuniform width and tilt of all lines reflect
the residual momentum of the middle frag-
ment.

In the case of a bent triatomic molecule
such as SO,, the middle fragment, S, carries
significant momentum (Fig. 4B). The corre-
lation lines are now much broader. They
start to overlap one another, creating a
single overall elliptical shape with six maxi-
ma. Indeed, one expects an ellipse to be seen
on the map if the three fragment momenta
are fixed relatively to each other but are free

y (us)
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Fig. 4. The Coulomb explosion of (A) a linear molecule, N,O, and (B) a bent triatomic molecule, SO,.
The fragmentation diagrams at the bottom describe the strong sextuple features on the covariance maps.
The subscript m denotes the middle nitrogen atom. The weak line at 45° in the top right corner of map
(A) corresponds to the [N;O?*]— N* + NO™ fragmentation channel. The laser polarization was
parallel to the drift tube axis. The tube potential was U = 60 V for (A) and U = 80 V for (B).

to rotate as a whole. The broad maxima tell
us that the ionization is enhanced when the
molecule is roughly aligned along the elec-
tric field of the light wave.

Correlations between three points on the
TOF signal can be explicitly shown on a
three-dimensional covariance map by a nat-
ural extension of Eq. 1:

Clx,y,2) = (X = (XY = (YN(Z - (D))

There is, of course, a price to pay for adding
another dimension to the map. The covari-
ance signal is reduced because the detection
efficiency of the third ion is now involved.
Only a fraction of the map volume can at
present be observed in one experimental run
because the computer can process only a
limited number of data points. However,
more sophisticated processing of multidi-
mensional covariance maps would allow the
study of polyatomic molecules with high
momentum resolution. Specific cross sec-
tions through the map volume could be
used to select the interesting fragmentation
channels and thereby limit the number of
points that need to be processed.

Covariance mapping should be recog-
nized as a general technique. It can un-
doubtedly be applied to any TOF beam
experiment where pulsed laser, electron, ion,
or neutral particle beams are targeted on free
molecules, clusters, or surfaces. It may have
application to any repetitive signal with
fluctuations reflecting some underlying cor-
related process. The signal can be a function
of time, position, frequency, or other pa-
rameter of the measurement process. More-
over, such maps can be created with the use
of signals from different detectors that are
measuring different physical quantities.

Note added in proof: Huang et al. (8) use a
related but more restricted approach to asso-
ciate ions by TOF mass spectrometry. They
present correlation coefficients for ions in
tabular form.
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