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Abstract

A multi-hit, position-sensitive, time-of-flight measurement system using a two-dimensional position sensitive detectol
which consists of a microchannel plate and a modified-backgammon-weighed-capacitor (MBWC) anode, was construct
for the study of dissociative ionization of highly-charged molecular ions produced in collisions of molecules with highly
charged ions. The multi-hit capability of the detector enables event-by-event analysis. With the aid of multi-fold coincidenc
techniques, studies of the Coulomb explosion of multiply ionized triatomic molecules have been carried out by measurir
the velocity components of all three ionic fragments produced in the fragmentation process. (Int J Mass Spectrom 215 (20(
151-162) © 2002 Elsevier Science B.V. All rights reserved.

Keywords:Position sensitive detector; Time-of-flight spectrometry; Multiply charged molecules; Coulomb explosion

1. Introduction collision event. If the collision process involves a
highly charged ion and a molecular target, multiple

Recent advances in the technology associated withionization of the target can occur. Molecules pro-
position readout technigues in conjunction with de- duced in high charge states are intrinsically unstable
velopments of microchannel plate detectors with new towards dissociation [1]. The velocity vectors of the
types of anodes has enabled new insights to be gainedionic fragments that arise out of such dissociation
into the complex dynamical properties of multiply can be determined from the measured position and
charged molecules [1]. The use of time-of-flight (TOF) TOF output from the position-sensitive detector. In
spectrometric techniques with position-sensitive de- addition to the kinetic energy release, which can
tectors using different types of anode [2-7] make be derived from conventional TOF measurements,
possible simultaneous detection, identification and event-by-event analysis of the type that becomes pos-
analysis of more than one charged fragment that may sible with new position-sensitive detector techniques
be produced in the course of a single ion—molecule gives deeper insight into the dynamics of the disso-
ciation process and reveals the mechanisms involved

"+ Corresponding author. E-mail: atmol1@tif.res.in in the interaction. From the angular correlation of
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deduce hitherto-inaccessible structural information of using a beam transport system comprising electro-
the transition state, like the bond angle of molecular static steerers and deflectors. The mass-analyzed HCI
ion just prior to fragmentation. beam was collimated using an aperture of 2mm di-

By way of illustration of the potential that can be un- ameter and made to cross, at right angles, a molecular
leashed upon application of new detector technology gas beam of CSeffusing through a multi-capillary
to TOF spectrometry, we draw attention to a recent ex- plate. A turbo-molecular pump was used to base
periment in which the instantaneous chirality induced pressures of & 102 Torr; typical working pressures
by zero-point molecular vibrations has been observed, were of the order of & 10~/ Torr with CS gas load.
for the first time [8]. To study such “burst” events, A more detailed description of the apparatus and
multi-hit capability is an indispensable feature of any methodology used is presented in a recent report [9].
position sensitive detector. This will be illustrated in In our experiments, multiple ionization of @S
the following. Additional features that are important occurred as a result of the interaction with the HCI
in position-sensitive detectors’s are high temporal and beam. Fragment ions formed upon dissociation of
spatial resolution. highly-charged states of GS®vere electrostatically de-

In the present paper, we present a detailed descrip-flected into a linear time-of-flight mass spectrometer
tion of a new, position-sensitive, TOF spectrometry (TOFMS) using an extraction field of 360 V crhap-
system that we have developed for studies of Coulomb plied in a direction that was orthogonal to both the inci-
explosions of triatomic and polyatomic molecular ions dent HCI beam and the target molecular beam. Auger
in high charge states. Such molecular states are ac-electrons emitted by the projectile were detected by a
cessed via collisions between a beam of highly charged channel electron multiplier, giving rise to fast timing
atomic ions and neutral molecules. We also present de-pulses that served as a start trigger for our TOF mea-
tails of the data analyzing procedure that we have de- surements. The mass-to-charge analyzed fragment
veloped in conjunction with our detector. We present ions were detected by a 40 mm diameter microchannel
some results of experiments that we have carried out plate detector coupled to a “modified backgammon
on the Coulomb explosion of very highly charged with weighed coupling capacitors” (MBWC) anode.
states of the triatomic molecule, carbon disulphide.  The anode divided the charge incident on it in terms

of x- andy-coordinates in a manner that is described
in the following. Some of our measurements, on the
2. The position sensitive detector system highest charge states, were also made with a 120 mm
diameter microchannel plate detector.
2.1. Experimental apparatus
2.2. The modified backgammon with weighed

Before describing our new detector system, it is capacitors (MBWC) anode
necessary to present an overview of the entire ex-
perimental apparatus into which the detector was A simple two-dimensional position readout tech-
incorporated. Our experiments were conducted us- nique using an MBWC anode, originally developed
ing a crossed beams apparatus whose essential feaby Mizogawa and co-workers [10-12], was used by us
tures are the following. A beam of highly charged to measure positions and times of flight of fragment
ions (HCI) [A®* at 120 keV] was produced using a ions produced upon dissociation of highly charged
14.25 GHz, electron cyclotron resonance ion source CS; molecular ions. The position readout anode pos-
(TMU-ECRIS). The extracted HCI beam was fo- sesses a wedge-and-strip configuration; it comprises
cussed by a three-element electrostatic einzel lens,a thin conductive layer divided into two regions by
analyzed by a sector magnet according to their mass saw-teeth-like, narrow, insulating gaps. A schematic
to charge ratio, and transported to a collision chamber representation is depicted in Fig. 1.
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Fig. 1. A schematic representation of the detection system and procedure used in our experiments. A typical MBWC anode output, wi
three ions hitting within the same time window. Each step corresponds to the arrival of an ion. From the ratio of the four outputs for the
each step, the position of each ion is determined and two-dimensional position data obtained (see text).

In general terms, the working principle of a on the othery-coordinate. Thus, four charge sig-
position-sensitive detector such as ours is simple. A nals,g~+, g™, g, andq*—, are extracted which,
particle, or a photon, upon impinging on the front taken together, offer the possibility of obtaining
face of the two-stage MCP, gives rise to an avalanche two-dimensional position information. These position
of secondary electrons from the rear end of the MCP. output signals, along with timing information, are fed
This electron avalanche falls on the anode, and its to a four-channel digital storage oscilloscope after
spatial spread on the anode surface is generally wider pre-amplification by charge-sensitive pre-amplifiers.
than the repetition pitch of the wedge-shaped insulat- The data are transferred to a computer via a GPIB bus.
ing lines. The charge is divided into two fractions by As explained later, th&-, y-position of each incident
the insulating lines with a ratio that depends on the ion on the detector was determined from the relative
x-coordinate of the charge centroid. Each such frac- heights of the pulses recorded on each channel.
tion is transferred to charge dividers and further split ~ Specific details of position-sensitive detector de-
into two fractions by capacitive couplings between veloped are as follows. It essentially consisted of
the strips and the triangles, with a ratio that depends a matched pair of microchannel plates, of 40 mm
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diameter, in a chevron configuration. The MCP pair vider, which causes an increase of input capacitance
was followed by an MBWC anode, of dimensions for the preamplifier, thus, limiting the position resolu-
50 mmx 50 mm, with a wedge-and-strip pattern pitch tion that may realistically be obtained. The response
of 2mm and an insulating gap of 0.1 mm combined time of the detector, that is the time from avalanche
with the capacitive charge distributors. The MBWC creation to the signal output, is determined mainly by
anode was fully fabricated on a ceramic base for the preamplifier response time. The method adopted
use in ultra high vacuum conditions. Typical values by us to extract time-of-flight information from raw
of position and timing resolution obtained using our data acquired on the detector is schematically indi-
MBWC anode were 20@m and 2 ns, respectively. cated in Fig. 1.

The MBWC method is found to be free of thermal
noise problems of the type that is sometimes of prac- 2.3. TOF determination
tical concern when other types of anodes are used. Of
course, thermal noise generated within the MCP itself A typical example of the MBWC output signal,
is unavoidable. On the other hand, we found that the as would be stored on the oscilloscope, as well as
MBWC method has the inherent disadvantage associ-a schematic drawing of TOF profiling, are shown in
ated with the weighed coupling capacitor charge di- Fig. 2. The output signals from the MBWC anode
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Fig. 2. Schematic representation of the analysis procedure used in the present experiments (see text).
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would ideally be step functions, with each step cor-
responding to the arrival of specific ions. In other
words, the TOFs of each fragment ions would be de-
termined from the temporal position of the rising edge
of the step signal. Thereafter, the procedure would be
as follows. First, the four output step signals from the
MBWC anode would be summed into one function.
After that, in order to remove the effect of noise and
ringing, a smoothing procedure in the data analysis
program would be put into operation, resulting in a
smoothed step function of the type shown in Fig. 3.
In order to make a precise temporal location of
the rising edge of the signals, it might be considered
natural to carry out differentiation of the step signal.
Since the MBWC anode output is a fast rising step
function, the peak of the derivative (above a suitably
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set threshold) corresponds to the TOF. The result ob-
tained by such a differentiation and threshold method
is considered by us to be reliable enough, except that
sometimes consecutive step signals give rise to a cer-
tain amount of ringing after the first rising step signal.
Such ringing may, at times, be detected as a real signal
rising point, thus resulting in the TOF spectrum. This
problem becomes even more serious when the two
ions arrive at the detector within a short time period;
under such circumstances, there is also a lowering
of the accuracy of position determination. We found
it important to take proper account of the number
of steps, properly especially when larger polyatomic
molecules are used as a target. A useful procedure that
evolved in the course of our experiments is shown in
Fig. 3.
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Fig. 3. Schematic representation of the smoothing TOF profiling procedure described in the text.
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From the smoothed step function, a histogram gq=+, g™, g~— andg™—, should have a ratio of the
of the voltage value is created and the peak of the signal intensity according to the position in each step
histogram is detected. This procedure emulates aof signal. The TOFs have already been determined,
time-to-amplitude converter. The tiniewhich has a as explained above. From each step heiyhof the
midpoint value of the step function, is determined. signals, as shown in Fig. 1, we can derive values of

These values dfcorrespond to the arrival time of each
fragment ion impinging on the detector input surface.
We found the precision of TOF detection using this

procedure to be better compared with the aforemen-

tioned differentiation method. This modification has
also improved the positional resolution because the
precision of determination of signal intensity is found
to be better.

Technically, the signal step is a fast rising pulse,
with a typical rise time of about 20 ns (see Fig. 3).
Differentiation yields values of the steepest slope due
to each rising time component. In case two ions arrive
reach the detector within 20 ns (or less) of each other,
the differentiation procedure yields the equivalent of a
single hit. The step function procedure we adopt also
has the same problem when two or more ions arrive
within a short time interval. However, this method can,
in principle, detect the baseline of the step function
even if the time duration was only 2 ns.

Concerning multi-hit resolution, a compromise be-
tween positional and timing resolution is needed. In
our present procedures, an event in which two ions
hit the detector within 20 ns is excluded from further
analysis, i.e. multi-hit resolution is set to 20 ns. If, ina
given experiment, positional resolution is not consid-
ered to be too important, multi-hit resolution can be
enhanced. Note that ion times of flight could routinely
be determined using 2 ns time resolution (which also
happened to be the temporal resolution of our digital
oscilloscope).

2.4. Position determination

Typical examples of output waveforms obtained
from our MBWC anode are shown in Fig. 1, with

X, andy, in each TOF spectrum using:

ALy + ALy
A Lotal

Al +AI
Alotal

Altotal = A12+ + AI_/+ + AI_/_ + AI+/_.

Xp X

We note that since the vertical resolution of the
oscilloscope is eight-bit, the estimated resolution of
200pm is much larger than the intrinsic positional
resolution of the MBWC anode.

3. Sometypical results and analysis
3.1. Time and position measurements

The results that we report here concern the dissocia-
tion process that occurs when afI8olecule interacts
with Ar8* jons. We focus attention on the Coulomb
explosion of the highly charged G8 (¢ = 3-10)
ion that is formed in this interaction and we monitor
those dissociation channels that result in three frag-
ment ions. An example of one such interaction is:

Ar®t 4+ CS, — €% — st 4+ Cct + st

We recorded the spatial positions,(y;) and flight
time () of all the three fragment ions relative to the
start electron. If the number of ions detected by a
single trigger is less than three, then those data are
not analyzed. The-, y-position of each incident ion
was determined from the relative heights of the pulses
recorded on each channel.

In our experiments, we found that thxey image

each step in the signal corresponding to the arrival of obtained on the periphery of the MCP was slightly de-
an ion. From the ratio of the four outputs for each formed. Although this did not induce any obvious (vis-
step, the spatial position of each ion was determined ible) distortion of the derived velocity vectors, we took
as explained earlier. The four charge output signals, the precaution of excluding all ion signals that were
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detected in the peripheral 1.5 mm area of our MCP excluded from further analysis. This discrimination
in order to avoid possible systematic error in the re- is particularly of importance when, for instance, the
sults discussed later in this paper. Moreover, as statedcharge state of the two S-ions is the same, or in cases
above, some of the measurements were also repeateavhere the dissociation events involvé'S(m/z =
using a larger, 120 mm diameter detector. In addition 10.7) and C" (m/z = 12) coincidences [i.e. the (3, 1,
to this, the yields of some dissociation channels were 3) channel]. We took special care (as indicated later)
underestimated due to a limitation of detection effi- in determinations of yields of these dissociation chan-
ciency arising from the following factor. Although the nels while selecting close lying overlapping regions
time resolution of the measurement system was 2 ns, for S,3t and Ct ions from the coincidence map while

if two ions were to hit the detector within very short analyzing the data. Thus, in TOF spectra in Fig. 4, be-
time difference, the positional accuracy would be low- sides C ions there is a contribution of,3" ions in
ered. To avoid possible systematic error, the events the same region, though not specifically labeled in the
in which two ions hit within 20 ns were, therefore, spectra.
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Fig. 4. Triple coincidence map and time-of-flight spectrum of fragment ions produced in collision$ofwith CS,. The CF peak also
contains a small contribution fromy®" fragment ions (see text).
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3.2. Three-dimensional velocity vector lated; (iii) from the different mg values, step (ii) is
determinations executed again, so that mealues cover the entire
range of the collision volume; (iv) steps (i) to (iii) are
The measured positions and flight times of the frag- repeated for each mass of the fragment ions, and as
ment ions X, y, t) enabled us to generate three di- a result, a functional table af,; (t,, mc,) is created.
mensional initial velocity vectors using the following Referring to this table, satisfying momentum conser-
methodology. The triple coincidence signals of the vation, and keeping position of the mconstant for
fragment ions (comprising electron—ion—ion—ion sig- all the fragments, we can then deduce theelocity
nals) were assigned to the corresponding dissociationcomponenty;.
channels of Cg* (¢ = 3-10). From the TOFs of Using this procedure, the three-dimensional veloc-
each of the fragment ions, tiecomponents of the ity vectors of each fragment ionsp, vny, vnz) can be
velocity vectors were determined: the position infor- determined from the experimental dataset ¢,,, t,.).
mation yieldedx- and y-components of the velocity
vector for each fragment ion formed in a single disso- 3.3. Coincidence maps
ciation event. Hence, it is straightforward to determine

the velocity componentsf, vy, v;). An example of Fig. 4 shows a typical coincidence map measured
the determination procedure in the case of a triatomic in our experiments. Maintaining very low count rates
molecule is as follows. From values of,( v, t,) (less than one count per second for triple coincidence

and fragment ion mass), wheren = 1-3, suppos-  events, whereas total ion count rates may be few hun-
ing that &mnc, Ymc) is a coordinate of the molecule’s dreds per second) minimizes the possibility of false

center-of-mass, then, coincidences. Each point in the map is due to a co-
X, — Xme incidence signal of three ions. The density of points
Unx = T that give rise to dark patches, or islands, represent
different fragmentation channels as different highly
Vny = Yn — Yme charged C&/* (¢ = 3-10) ions that are formed in
In the HCI-CS interaction break-up. Fig. 4 also shows
Zm” Yy = Zmnvny -0 conventional TOF spectra of the fragment ions.

In order to illustrate the type of information that

As a result,unx and vpy can be determined using  such coincidence maps yield, we consider the way to
these relations. Next, thecomponent of the veloc- deduce the information due to the, (b, ¢) channel
ity vector, vnz, is determined from the TOF of each where the notatiors, b, ¢ indicates the dissociation
fragment. Since the components of initial velocity channels of C®* breaking into 3, Cb* and S,
originate from a Coulomb explosion, that gives rise with ¢ = a + b + ¢. For a specific (2, 2, 2) channel
to considerable kinetic energies (at least greater thanconsider the region of the map in the vicinity of the
1-2eV [1]), it is not unnatural to neglect the initial temporal region corresponding to thé*Cfragment.
translational velocity of the molecule (which is essen- The spectrum that results is depicted in Fig. 5a and
tially due to thermal energy). Atable of thevalues is shows sulfur ions (in different charge states) that are
constructed. These values depend both on the initial formed in coincidence with the®® fragment; these
position (center-of-mass) and the flight tinte To represent theg 2, c) dissociation channel, wheig
be specific, the procedure adopted by us to calcu- ¢ = 1-4. For each charge state there are two peaks
late thev, table is as follows: (i) the-coordinate of that are denoted by subscripts ‘f" and ‘b’, represent-
center-of-mass, mcis fixed to some position on the ing respectively those fragment ions that were ejected
TOF axis in the collision volume; (i) while changing in an initial direction toward, and away from, the de-
the v, value within a given range, the TOF is calcu- tector (corresponding to “forward” and “backward”
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Fig. 5. TOF spectrum of fragments ions produced (a) in coincidence vfitha®d then (b) in coincidence with?t and $2*.

scattered ions in collision physics parlance). It should the points under thep3" ion in Fig. 5b. The kinetic

be noted that the absence of signals between the for-energy of all the ions in the fragmentation event were
ward and backward was due to the fact that we ex- obtained by summingiv?)/2 for (x, y, 2 components,
cluded the event in which two?$ ions arrived at and the total kinetic energy released in the break-up of
the detector within 20 ns. Choosing subsets of specific the molecular ion was obtained for each charge state
channels carried out further reduction of data. For in- of the molecular ion. We note that the data do not
stance, Fig. 5b shows the spectrum of those ions thatshow “forward” and “backward” splitting in the case
are also produced in coincidence with thé'Sfrag- of C?7* ions, indicating that very little energy is im-
ment, yielding the (2, 2¢) channel, where = 1-4. parted to the central carbon nucleus in the fragmenta-
The specific (2, 2, 2) channel was then obtained from tion process.
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3.4. Bond angle angt-angle on the measured bond angle, which is in good agree-
ment with the Coulomb theory.

The angular correlation between the fragment ions  Fig. 6b shows histograms depicting the measured
may be expressed in terms of theangle, which is x-angle distributions for the (2, 2, 2) and (3, 2, 1)
the angle between the velocity vector of the central fragmentation channels. As is seen ghangle values
C-ion and the difference between the velocity vectors for the symmetric dissociating channels has the most
of the two S-ions. We also explored the possibility that probable value close to 90This again confirms our
it might be possible to gain some insight into whether postulate that the fragmentation is instantaneous, and
the dissociation mechanism involving highly charged non-sequential processes appear to be important in
molecular ions C8" (¢ = 3-10) is sequential or  the fragmentation dynamics of @8 (¢ = 3-10)
simultaneous by probing the distribution gfangles ions. It was also observed that the probable values
as a function of ion yield. Thg-angle was calculated  of the x-angle for all the dissociation channels, the

according to the formula x-angle values for the asymmetric product channels
ve - (vs1 — vs2) are larger than 90 which is expected from the frag-
cogx) = mentation of a bent molecular systems with different

[ve| X [(vs1— vs2)|
wherewc, vs1, andusy are the unit vectors along the
dissociating carbon and two sulfur ions, respectively.
Physically, they-angle indicates the direction of the
outgoing carbon with respect to the line joining the
S-S nuclei.

We further probed the nuclear geometry of the dis-
sociating molecular ion by reconstructing the S—C-S
anglefg from the trajectories of the fragment ions for
a single identified dissociation channel. Firstly, the an-
gle 6y between the velocity vectors of the two outgo-
ing S-ions was calculated using the formula

recoil velocities.

We recall that while analyzing some specific disso-
ciation channels that involve overlapping fragmention
peaks, special care had to be taken to ensure that the
experimentally observed bond angle distribution does
not deviate from the computed bond angle distribu-
tion. At times one can also see repetitive peaks in the
experimental bond angle distribution when selection
of dissociation fragment channels is not done properly.
Similar deviations can also be seen in shangle dis-
tributions under such circumstances. In this respect,
measurements of bond apdangle distributions also
cosy = —st" Vs2 served as a useful diagnostic for us.

|vsal - vs2l
and, then deducing the bond angle by comparing with 3.5. Fragment ion kinetic energy release
simulated data obtained in terms of a plot of angjje
against th&. The measured velocity vectors have been used to

Fig. 6a shows histograms depicting the measured deduce the fragments kinetic energy release (KER)
bond angle distributions for the (2, 2, 2) and (3, 1, and hence the total KER released in the fragmentation
2) fragmentation channels, respectively. Also shown of the CS$4t (¢ = 3-10) molecular ion. Measured
are computed bond angle distributions (solid line) ob- KER values as shown in Fig. 6¢ were found to be more
tained assuming a purely Coulombic fragmentation, or less the same as those predicted by a pure Coulom-
with the zero-point vibration of the degenerate bend- bic explosion, revealing the apparent unimportance of
ing mode taken into account. The fact that the ex- binding electronic interactions in multi-electron sys-
perimentally determined distributions of bond angle tems in high charge states [9]b initio quantum com-
closely follow those predicted from the zero-point vi- putations were carried out to calculate KER values
bration of the neutral molecule indicates strongly that for different fragmentation processes. The calculation
the fragmentation occurs instantly in a non-sequential was to the lowest possible electronic states of a given
manner. The fragment velocities show a dependencecharge state and represented the lower limit to the
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expected values. These calculated values were foundTechnology, Government of India, are thanked for sup-
to be lower than the experimental values, and demon- port of this collaborative research through the RON-
strate the importance of electronic excitation of the PAKU program.

precursor molecular ions produced in fragmentation
process.

4. Conclusions

A new position sensitive detector system using an
MBWC anode that we have incorporated into a coinci-

dence time-of-flight spectrometer has been described.

Experiments indicate a satisfactory linear image over
the full effective area, except for a small peripheral
area (of radius 1.5mm) where fringing fields from

the applied voltages might lead to some measure

of image distortion. The imaging procedure that we
have developed yields new information on the frag-
mentation dynamics following Coulomb explosion of
multiply charged molecular ions. Specific examples
have been given on determination of important and

hitherto-inaccessible molecular structure parameters,
such as bond angle and kinetic energy release values
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