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Abstract. Relaxation dynamics of CH3Cl following core-shell photoexcitation in the
neighbourhood of the chlorine K-edge (≈ 2.8 keV) were studied via multi-ion coincidence
measurements using a time-of-flight mass spectrometer. The data provide evidence for sequential
fragmentation moderated by Coulombic interactions among the fragments. The sequential nature
of the fragmentation indicates that chemical forces, especially between the carbon and chlorine
atoms, are dominant in determining the kinematics of the fragmentation. This is especially true on
resonance where fast dissociation is observed following electron excitations to the 8a1 antibonding
orbital.

1. Introduction

Multi-ion coincidence techniques, often referred to as charge-separation mass spectroscopy
(CSMS) [1], provide a powerful experimental tool for the determination of the dissociation
dynamics of photoexcited molecules. Detection of several positively charged fragments from
a single dissociation event allows differentiation among specific processes when a multitude of
decay paths are possible, simplifying characterization of the photofragmentation mechanism.
Synchrotron radiation (SR) is an excellent excitation source for these types of measurements,
because it is readily made both tunable and monochromatic. Using x-ray SR, it is possible to
excite a core electron localized around a specific atom in a molecule, providing a chemical-
site-specific probe. By localizing the initially excited state, it is possible to determine whether
site-selective-fragmentation effects, where the fragmentation pathways change as a result of
excitation of electrons from chemically different sites, are present [2]. Both extremes for
site selectivity exist, where either the decay pathway is dependent on the location of the initial
excitation [3, 4], or where the system has no memory of the initially excited state [5, 6]. Studies
of this type can find applications in biophysics, where dissociation of molecules following core-
level excitation has been found to be a cause of radiation damage in biological tissues, as well

0953-4075/99/112629+19$19.50 © 1999 IOP Publishing Ltd 2629



2630 D L Hansen et al

as in astrophysics, where it helps to identify the interstellar photochemistry of dust and large
hydrocarbon molecules [7].

The majority of coincidence studies have focused on photofragmentation dynamics of
molecules following valence or shallow-core-level excitation, where a shallow-core level is
defined as one in which a core hole (e.g. C 1s−1, Cl 2p−1) typically decays by interaction with
one or more valence electrons. The sum of the charges on all fragments resulting from these
interactions is usually +2 or less. In contrast, few studies [8] have used multi-ion-coincidence
techniques to study the fragmentation dynamics of molecules following the formation of a
deep-core-level hole (e.g. Cl 1s−1). Here a deep-core hole is one which can decay by first
interacting with one or more shallow-core-level electrons. Decay of these deep-core holes
often leads to highly charged residual ions (sums of charges on all fragments as high as +7
have been observed) due to their propensity to experience a stepwise series of decays known
as a vacancy cascade [9–11]. The creation of highly charged ions in highly excited states can
lead to the rupture of several bonds in a molecule, often leading to complete fragmentation.
As a result, it is useful to perform multicoincidence measurements in order to gain a more
complete picture of the fragmentation process.

In this work, an ion time-of-flight mass spectrometer and coincidence electronics were
used to perform triple-coincidence CSMS measurements on CH3Cl following photoexcitation
of a Cl 1s electron by x-ray SR. Methyl chloride was studied for a number of reasons. Because
of its relative simplicity as a singly substituted methane, an understanding of the fragmentation
dynamics of CH3Cl serves as a useful stepping stone toward understanding the fragmentation
dynamics of more complex molecules, such as chlorofluorocarbons and their substitutes.
Furthermore, comparison with similar previous studies of HCl [12, 13] allows differentiation
of the kinematic changes that take place as the result of interchanging the hydrogen with a
much heavier methyl radical. In addition, absorption measurements of CH3Cl at the Cl K-edge
[14] and ion time-of-flight measurements at the Cl L-edge [15] are available for comparison.

This paper will first discuss the SR source, the time-of-flight mass spectrometer,
and the associated electronics used to perform the experiment. The results from the
single-, double- and triple-coincidence measurements will be presented, and the triple-
coincidence peaks will be analysed to determine their slopes. It will then be shown
that the slopes of those peaks are consistent with a sequential fragmentation mechanism
moderated by the Coulombic repulsion of the fragments. Because the fragmentation is
primarily sequential, the kinematics of the fragmentation is mainly governed by the chemical
forces between the carbon and chlorine atoms in the molecule. This point is further
emphasized by an increase in the full width half maxima (FWHM) and therefore the
fragmentation energy of the chlorine ions following resonant excitation. This additional
energy, which is a result of the electrostatic repulsion following promotion of an electron
into an antibonding orbital, causes the fragmentation mechanism to be more truly sequential
on resonance.

2. Experimental

The experiments were performed using x-ray synchrotron radiation from beamline 9.3.1 at the
Advanced Light Source (ALS) [16–18]. This beamline provides a flux of 1011 photons s−1 in a
bandpass6 0.5 eV. The photon-energy calibration is checked periodically over the course of
an experiment by scanning the monochromator through the Cl 1s threshold region (≈ 2.8 keV),
while monitoring total ion yield (TIY) (figure 1). Because of the small probability (<1%) for
relaxation strictly through fluorescence [19], the total ion-yield spectrum obtained is in good
agreement with previous absorption results [14]. The first peak in figure 1 is the result of Cl 1s
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Figure 1. Total ion-yield spectrum of methyl chloride near the Cl K-edge.

(1a1) resonant excitation to the 8a1 antibonding molecular orbital. Rydberg excitations and
the ionization threshold are also labelled.

An ion time-of-flight (TOF) mass spectrometer described previously [20], and oriented
with its axis parallel to the polarization vector of the incident SR, was used to detect ions
created following x-ray absorption. Briefly, the gas under study is supplied effusively by a
grounded needle centred between two stainless-steel plates held at equal but opposite voltages.
The ions created via x-ray absorption traverse a series of regions with different electric-field
strengths until they are detected by a pair of microchannel plates.

For CH3Cl, spectra were collected at photon energies in the vicinity of the K-shell
ionization threshold with three levels of complexity. ‘Singles’ spectra were collected using an
electronic set-up described previously [20]. A time-to-amplitude converter (TAC) measures
the time difference between the detection of a single ion and the subsequent ring-timing pulse,
thus flight times are inverted relative to the mass-to-charge ratio. Only one ion is detected for
each fragmentation event and the data are recorded as the number of counts versus flight time.
For ‘doubles’ and ‘triples’ spectra, a PC-based, multi-stop, time-to-digital converter (TDC)
acts as a nanosecond stopwatch to record ion flight times. The ring timing signal is used to
start the TDC, and detection of an ion is used to stop it. However, because the frequency of the
ring-timing signal (≈ 3 MHz) is much greater than the ion count rate, it is necessary to use a
logic circuit to reduce the amount of dead time from TDC starts with no corresponding stops.
The set-up and timing diagram are shown in figure 2. For doubles and triples spectra, two or
three ions are detected following a single fragmentation event; doubles data record flight times
for two ions (t1, t2 counts), while triples data record flight times for three ions (t1, t2, t3 counts).
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Figure 2. Set-up and timing diagram for the electronics used for double- and triple-ion-coincidence
measurements. Following ion detection, the signal is split so one pulse triggers ‘on’ a gate generator
(a) while the other is sent through a delay (b). The combination of the ‘gate on’ with the arrival
of the subsequent ring timing pulse causes the ‘and’ gate (c) to output a start to the TDC (d).
The delayed ion signal (b) then serves as the stop for the TDC. Constant fraction discriminators
(e), which output a NIM logic pulse with timing independent of the amplitude of the input pulse,
improve the timing characteristics of the signals, while the delay on the ring timing signal (f) adjusts
the position of the spectra in the TDC window.

3. Results

Figure 3 shows singles spectra of CH3Cl taken on and 8.4 eV above the 1a1→ 8a1 resonance.
Because of the short period between pulses of the ALS when running in ‘two-bunch’ mode,
ions ‘wrap around’ in the time window of the TAC, and thus do not appear in order of their
charge-to-mass ratios. Peaks in the mass spectra are relatively straightforward to interpret
because there are only three elements in CH3Cl. In most cases, the mass differences among the
fragments make it possible to resolve and unambiguously associate different ions with different
peaks, the exception being35Cl3+ and C+ ions which havem/q = 11.66 andm/q = 12,
respectively.
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Figure 3. Singles spectra of CH3Cl taken (a) on and (b) 8.4 eV above the 1a1→ 8a1 resonance.
Because of the operation of the ALS in ‘two-bunch’ mode, two spectra are shown indicated by
labels above or below the baseline. For the spectrum with labels above the baseline, the Cl+ peak
is wrapped around. For the spectrum with labels below the baseline the H+ and prompt peaks are
wrapped around. The prompt peak is the result of scattered light in the chamber.

The most notable difference between the on-resonance and above-resonance spectra in
figure 3 is the splitting of the Cm+ and Cln+ peaks in the spectrum taken on resonance. Because
of the well defined symmetry of the 8a1 excited orbital, molecules which have their axes aligned
parallel to the polarization vector of the SR will preferentially absorb the incident photons. In
CH3Cl, the 8a1 orbital is analogous to theσ ∗ orbital in a diatomic molecule such as HCl [20],
with much of its electron density along the C–Cl bond axis, but of course it maintains the C3v

symmetry of the molecule. Because fragmentation takes place rapidly relative to the rate of
molecular rotation, and because the polarization vector of the SR is parallel to the axis of the
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Figure 4. Fragment ion branching ratios as a function of energy for CH3Cl singles spectra.

Figure 5. Double-coincidence spectrum for methyl chloride taken above threshold. The repeating
structure is a result of two-bunch operation at the ALS. Dotted and broken lines denote coincident
pairs.

analyser, the double peaks arise from ions ejected toward and away from the detector. The
strength of these features indicates that on resonance, the asymmetry parameterβ is positive,
and probably approaches a value of 2 for the carbon and chlorine ions. This effect is in complete
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Figure 6. Coincidence peaks of the second and third ions of triple-coincidence events, where H+

is the first ion detected, taken on the 1a1→ 8a1 resonance of CH3Cl. Lines are drawn to indicate
slopes. Flight times (in ns) for the second ion are on thex-axis, and flight times (in ns) for the third
ion are on they-axis.

analogy with the observed splitting of the H+ peak following resonant excitation of HCl [20].
However, in the CH3Cl case, the splitting is observed for the Cm+ and Cln+ peaks indicating
that the C–Cl bond is aligned with the polarization vector of the SR rather than a C–H bond,
as expected by the nature of the 8a1 antibonding orbital.

Peak areas from a number of singles TOF spectra taken at different photon energies were
determined, yielding branching ratios of the different charge states in each spectrum (figure 4).
The increase in the branching ratio for H+ as a function of photon energy suggests that at
higher energies (e.g. above threshold) the hydrogen atoms are less likely to fragment and
remain neutral. The fact that three of the five atoms in CH3Cl are hydrogens, would naively
suggest a branching ratio for H+ of 0.6. However, measured branching ratios depend on a
number of factors, including the number of hydrogens fragmenting as neutrals; the collection
efficiency of hydrogen as a function of fragmentation energy; and the detection efficiency of
the MCPs. Because only the detection efficiency of the MCPs is well known, it is difficult
to interpret the absolute values of the branching ratios, however, the relative change in the
ratio can more reliably give information on the kinematic differences following excitation at
different photon energies.

Figure 5 shows a double-coincidence spectrum for CH3Cl taken above the ionization
threshold. Thex-axis gives the time of flight for the first ion detected in a coincident pair,
while they-axis gives the time of flight for the second ion detected. It is worthwhile noting
several of the large-scale features of the spectrum. First, because the data were taken during
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Figure 7. Coincidence peaks of the second and third ions of triple-coincidence events, where H+

is the first ion detected, taken 60 eV above the 1a1 → 8a1 resonance of CH3Cl. Lines are drawn
to indicate slopes. Flight times (in ns) for the second ion are on thex-axis, and flight times (in ns)
for the third ion are on they-axis.

two-bunch mode at the ALS, the structure of the spectrum repeats itself for first-ion flight
times greater than about 300 ns. Secondly, for first-ion flight times of about 100 ns, there
is a series of peaks representing coincidences between C2+ ions and Cln+ ions. These peaks
come in pairs as a result of the two chlorine isotopes (35Cl 75% and37Cl 25%), and each pair
has a different slope. Thirdly, for first-ion flight times of 220–270 ns there are two groups of
peaks. These are a result of coincidences between either Cl+ (second-ion flight time≈ 500 ns)
or Cl2+ (second-ion flight time≈ 300 ns) and C+, CH+, CH+

2 or CH+
3. Finally, between the

peaks representing CH+
2–35Cl+ and CH+

2–37Cl+ coincidences, it is possible to observe a small
peak which represents coincidences between CH+

2 and HCl+. With sufficient statistics, it is
also possible to observe coincidences involving H+

2. These results indicate that rearrangement
of atoms can occur during fragmentation. The fact that peaks from ions differing by 1 AMU
can be distinguished gives a good indication of the resolution of the experiment.

Figures 6 and 7 show data taken in the triple-coincidence mode on resonance, and 60 eV
above resonance, respectively. Thex-axis represents the flight time of the second ion detected,
while they-axis represents the flight time of the third ion detected. Because these plots are
of triple-coincidence data, each peak represents coincidences among H+, Cm+ and Cln+ ions.
In both figures as in the doubles spectrum, it is possible to observe coincidences with both
chlorine isotopes. In addition, while the above-resonance plots (figure 7) show cigar-shaped
contours, in the on-resonance spectra (figure 6), the contours are split into two round peaks.
This is a further consequence of the alignment of the molecule by resonant excitation.
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Figure 8. Projection of the coincidence triplet (H+, C+, Cl+) taken 60 eV above resonance on to (a)
thetCl+ axis; (b) thetH+ , tCl+ plane; (c) thetC+ , tCl+ plane; (d) and (g) thetC+ axis; (e) thetH+ , tC+

plane and (f) thetH+ axis. Two peaks resulting from the isotopes of chlorine are visible in (a)–(c).

Figure 8 shows data collected 60 eV above resonance for the coincidence triplet (H+, C+,
Cl+). In each figure, the three-dimensional coincidence volume defined by the flight times
of the three ions detected (tH+, tC+, tCl+) is projected into each of the planes (figures 8(b), (c)
and (e)) and axes (figures 8(a), (d), (f ) and (g)) defined by the flight times of the three ions.
The projections of the coincidence volumes on to each of the planes give a plot similar to that
shown for the double-coincidence spectra, while projections onto the TOF axes give a plot
similar to that for the singles data.

4. Discussion

Because of the information it contains on the momentum released in the fragmentation
process, the most important parameter in determining fragmentation mechanisms from multi-
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Figure 9. Schematic of the relevant fragmentation parameters involved in multi-coincidence
measurements.

ion coincidence measurements is the slope of the coincidence peak [1]. The momentump

imparted to an ion during fragmentation can be related to the flight time of a detected ion by
the expressions [21]

TOF= T 0 +1t (1)

and

1t = kp

q
cos2 (2)

whereT 0, the flight time of an ion with no initial kinetic energy, is proportional to(m/q)1/2,
k is a constant which depends on the configuration of the analyser,q is the charge state and2
is the angle between the bond axis and the analyser axis (figure 9(a)). In the simple case of
a diatomic AB which fragments into Ai+ and Bj+, fragment momenta will be anticorrelated
(pA = −pB). If A i+ is the first ion detected, the coincidence map will show a cigar-shaped
contour of slope−i/j (figure 9(b)), with coincidences in the upper left-hand side of the contour
produced by Bj+ ions ejected away from the detector (extending the TOF for Bj+), and Ai+ ions
ejected toward the detector (reducing the TOF for Ai+). The opposite is true for coincidences
in the lower right-hand corner of the contour plot.

Previous studies have enumerated mechanisms for three- [1, 22] and four-body [5] decay.
For the sake of clarity, it useful to first look at mechanisms for three-body decay before
extending the explanation to CH3Cl. In fragmentation of a triatomic molecule ABC, we first
look at the reaction sequence known as deferred charge separation (DCS), where a neutral



Multi-ion coincidence measurements of methyl chloride 2639

particle is ejected in the first step of dissociation, followed by charge separation:

ABC(i+j)+→ AB(i+j)+ + C . . . U1

AB(i+j)+→ A i+ + Bj+ . . . U2.
(3)

Here,U1 andU2 are the energies released in each fragmentation step. If we can ignoreU1

relative toU2, the momentapA andpB will be anticorrelated (pA = −pB) and the coincidence
contour will have a slope of−i/j analogous to the two-body case (assuming Ai+ is the first
ion detected).

In another dissociation process known as secondary decay (SD), the detected fragments
are ejected in different steps of the sequential dissociation

ABC(i+j)+→ Bj+ + ACi+ . . . U1

ACi+→ A i+ + C . . . U2.
(4)

If U2 is small compared toU1, by conservation of momentum,

pB = −pAC

pA = mA

mA +mC
pAC

= −mA

mA +mC
pB

(5)

wherep andm represent momentum and mass of a fragment. If Ai+ is the first ion detected,

slope= 1tB

1tA
(6)

= pB

pA

i

j
(7)

= −(mA +mC)

mA

i

j
. (8)

Deferred charge separation and secondary decay mechanisms are valid in the case of clearly
sequential steps, and typically produce contours with a parallelogram shape. In contrast,
non-sequential or concerted dissociation (CD) processes

ABC(i+j+k)+→ A i+ + Bj+ + Ck+ . . . UAB, UBC (9)

the distribution of energies among the fragments is not necessarily unique. The contours are
frequently ‘egg’ shaped as a result of energy released by the ejection of the third fragment,
with fragmentation events involving three ions generally having a larger momentum release
than those involving dissociation of a neutral ion [23]. The ‘cigar’ shape of the contours in
figure 7 suggests that this is not the primary mechanism of fragmentation for CH3Cl.

Figure 10 gives slopes as a function of photon energy of the contours representing the
projections of coincident volumes onto the (t2, t3)-plane (figure 8(c)). Slopes were determined
through inspection of the contour diagrams. Because of uncertainties in flight times and,
in some cases, the asymmetry of the peaks, this is considered the most reliable method for
determining slopes [23, 24]. Dotted lines in figure 10 represent values for the slope calculated
using the SD mechanism (equation (8)) for dissociation, with the first step being the rupture
of the C–Cl bond and the second step the rupture of all three C–H bonds assuming no energy
is released on breaking the C–H bonds. Modelling fragmentation using the DCS mechanism,
results for all the ion pairs in figure 10 are either outside the error bars of the measured data
or do not agree with the data as well as the values calculated using the SD mechanism. The
good agreement between the measured and calculated slopes for the ion pairs and the fact that
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Figure 10. Slopes of the contour plots representing the second and third ions detected in triples
mode as a function of photon energy. Dotted lines represent calculated values assuming a secondary-
decay mechanism (see text).

fluctuations in the slopes as a function of energy are within the error bars indicates that the SD
mechanism describes the fragmentation process across the photon-energy range studied to a
good approximation. This underscores the importance of the chemical forces in determining
the dissociation dynamics of CH3Cl. If the Coulombic repulsion dominated the dissociation,
the fragmentation mechanism would not be sequential but concerted.

If no energy is released in the second step of the fragmentation process (i.e. rupture of all
three C–H bonds), as assumed in calculating the dotted lines in figure 10, then H+ and Ci+ will
share the momentum released in the rupture of the C–Cl bond according to the ratio of their
masses. Using the same reasoning that yielded equation (5), the slopes of the H+–Ci+ contours
would be given bymC/(mHi) = 12/i, and the slopes of the H+–Clj+ contours would be given
by −mCH3/(mHj) = −15/j . Figures 11 and 12 show that this is not the case, at least for
more highly charged fragmentation channels. In addition, the oval shapes of the H+–Ci+ (e.g.
figure 8(e)) and H+–Clj+ (e.g. figure 8(b)) contours suggest that the kinetic energy released in
the fragmentation of an H+ ion is not negligible.

There are two competing effects which can cause deviant slopes within the model of
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Figure 11. Slopes of coincidence contours for two ions of a coincident triplet. For example,
the top plot in (a) gives the slopes of the contours for H+ and C+ measured in coincidence with
Cl+, while the bottom plot in (a) gives the slopes of the coincidence contours for H+ and Cl+

measured in coincidence with C+. Dotted lines represent the calculated values of slope assuming
a secondary-decay mechanism (see text).
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Figure 12. Slopes of the coincidence contours for two ions of a coincident triplet. See the previous
figure for further explanation. Dotted lines represent the calculated values of slope assuming a
secondary-decay mechanism (see text). Because the difference between the mass-to-charge ratios
for C+ and Cl3+ is too small for the analyser to resolve, no data are shown for the coincident triplet
H+, C+, Cl3+.

secondary decay [24]. In the first, the lifetime of the intermediate molecule is sufficiently
short that it dissociates within the Coulomb field of the first fragment. The additional repulsion
between the charged particles causes the two detected ions to have more strongly anticorrelated
momenta, moving the peak slope nearer to−i/j , where the ion with chargei is detected before
the ion with chargej . The second explanation for deviant slopes is a release of momentum
in the second dissociation step. Only cases where the momentum released in the second step
is aligned with the momentum released in the first step will lead to changes in slope. In order
for this to occur, the second step must take place on a time scale which is shorter than that
for rotation of the intermediate. Because it requires a short time scale for dissociation, it is
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likely that the secondary step will take place within the range of the Coulomb repulsion of the
first fragment. Thus these two effects are not completely separable. This is especially true
following photoexcitation of an electron in a deep-core level such as Cl 1s because of the short
lifetime of the core hole (1.1 fs), and the high ionic charge states seen as a result of molecular
relaxation through Auger vacancy cascades.

Generalization of the SD fragmentation mechanism to the case of CH3Cl, taking into
account the energy released in both fragmentation steps, can be done in the following manner.
Keeping in mind that the energy released is shared among five particles,

p2
Cl =

2U1(mClmCH3)

mCH3Cl
(10)

and

q2
HC =

2U2(mHmC)

mCH
(11)

wherepCl represents the momentum of the Cln+ ion,U1 represents the energy released in the
rupture of the C–Cl bond,m represents the mass of individual fragments, andU2 andqHC are the
energy and momentum released by the breaking of one H–C bond in the second fragmentation
step. The expression forqHC assumes that all three H+ bonds rupture simultaneously and that
each hydrogen is pushing only against the carbon ion along the C–H bond axis. Combining
the effects of both fragmentation steps yields

pC =
3∑
i=1

qHCi − mC

mCH3

pCl (12)

and

pH = −qHC− mH

mCH3

pCl (13)

where the summation represents the contribution from all three hydrogens to the momentum
of the Cm+ ion.

Equations (12) and (13) can be used to predict ratios of momenta and thus slopes of
coincidence contours. In order to do this, only momenta parallel to the analyser axis are
relevant. Choosing thez-axis as parallel to the axis of the analyser and assuming all three
hydrogens function identically yields

pCz =
[
3 cosθ

(
2U2mHmC

mCH

)1/2

− mC

mCH3

(
2U1mClmCH3

mCH3Cl

)1/2]
ẑ (14)

and

pHz =
[
− cosθ

(
2U2mHmC

mCH

)1/2

− mH

mCH3

(
2U1mClmCH3

mCH3Cl

)1/2]
ẑ (15)

whereθ is the angle between a C–H bond and the C–Cl bond axis. Equations (10), (12) and
(13) can be combined to obtain the ratios:

pCl

pC
=
[
3 cosθ

(
U2

U1

)1/2(
mHmCmCH3Cl

mClmCH3mCH

)1/2

− mC

mCH3

]−1

(16)

pCl

pH
=
[
− cosθ

(
U2

U1

)1/2(
mHmCmCH3Cl

mClmCH3mCH

)1/2

− mH

mCH3

]−1

(17)
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and

pC

pH
=
[
3 cosθ

(
U2

U1

)1/2(
mHmC

mCH

)1/2

− mC

mCH3

(
mClmCH3

mCH3Cl

)1/2]

×
[
− cosθ

(
U2

U1

)1/2(
mHmC

mCH

)1/2

− mH

mCH3

(
mClmCH3

mCH3Cl

)1/2
]−1

. (18)

Naturally, ifU2� U1 these expressions reduce to equation (8).
Because the slopes of contours for the second and third ions were nearly constant,

within experimental error over the energy range studied, the average of the measured values
shown in figure 10 has been used along with equation (16) to determine a value for the term
cosθ (U2/U1)

1/2. Using these values in equations (17) and (18), slopes for the H+–Cm+ (e.g.
figure 8(e)) and H+–Cln+ (e.g. figure 8(b)) contours were determined. The calculated slopes
are shown as dotted lines in figures 11 and 12. Finally, using a similar procedure to take into
account the kinetic energy released in both dissociation steps but using the deferred charge-
separation mechanism instead of the secondary-decay mechanism produced a negative value
for (U2/U1)

1/2, providing further evidence for the SD mechanism.
The most notable trend in figures 11 and 12 is the agreement between the experimental

values and the calculated values decreases as the ionic charge increases. The slopes of the
Cl+ contours (figures 11(a) and (b)) show good agreement between the data and the calculated
values. However, for the slopes of the Cl2+ contours (figures 11(c) and (d)), a slight deviation
toward less negative slopes relative to the calculated values is observed. The trend continues
for the Cl3+ contour (figure 12(a)) and the Cl4+ contours (figures 12(b) and (c)), with Cl4+

showing the greatest deviation from the calculated slope. However, when comparing the
slopes of identical chlorine charge states in coincidence with different carbon charge states,
agreement between the slopes and the calculated values is very similar. For example, the
slopes of the contours representing H+–Cl+ in coincidence with C+ (figure 11(a)) and H+–Cl+

in coincidence with C2+ (figure 11(b)) are both in good agreement with the calculated values.
Similarly, the slopes of the contours representing H+–Cl4+ in coincidence with C+ (figure 12(b))
and H+–Cl4+ in coincidence with C2+ (figure 12(c)) both deviate from the calculated values
by about the same amount. The same trends hold true for the carbon ions; uniformly, the C+

ions agree with the calculated values (figures 11(a), (c), 12(b)), whereas the C2+ results deviate
from the calculated values (figures 11(b), (d), 12(a), (c)).

These observations can be explained by the greater Coulombic interaction between an ion
and its neighbours as the charge state increases. Because of the interaction, there is a more
even sharing of the momentum released in fragmentation. The fragmentation is not purely
sequential and there is a shift of the slope toward−1/n, wheren is the charge on the ion
measured in coincidence with H+. For further confirmation of this explanation, it is instructive
to look at the FWHM of the coincidence peaks. This was determined for each ion by projecting
the coincidence volume on to the appropriate axis (e.g. figures 8(a), (d), (f ) and (g)), and then
determining the energy released in fragmentation (U0) using the expression [21]

U0 =
(

1
2qEt

)2 1

2m
(19)

whereq,E, t andm are the charge, electric field in the interaction region, peak width and mass
of the ion, respectively. The average FWHM for all photon energies are shown as a function
of chlorine charge state in figure 13. These results show that increasing the chlorine charge
state increases the peak width for both the chlorine ion as well as the carbon ion detected in
coincidence with it. The same can be said about increasing the charge state of the carbon
ion. Thus the data show that the energy released in fragmentation increases with an increase
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Figure 13. Average FWHM for all photon energies plotted as a function of chlorine charge state.•, FWHM of a C2+ ion measured in coincidence with a H+ and Cln+ ion;�, FWHM of a Cln+ ion
measured in coincidence with a H+ and C2+; N, FWHM of a C+ ion measured in coincidence with
a H+ and Cln+ ion;�, FWHM of a Cln+ ion measured in coincidence with a H+ and C+ ion. Lines
represent a linear fit to the data.

in the total charge of the detected fragments, providing additional evidence that an increased
Coulombic interaction must be taken into account in describing fragmentation mechanisms
for highly charged species.

Figures 11(a)–(c) show that for the singly charged ions (C+, Cl+) measured in coincidence
with H+ there appears to be little or no change in slope, and thus mechanism, as a function of
energy. However, the situation is different for more highly charged ions. The slopes of the
H+–Cl3+ (figure 12(a)) and H+–Cl4+ (figures 12(b) and (c)) peaks clearly change in the first
few eV above resonance, and show better agreement with the calculated values on resonance.
Looking at the widths of the chlorine peaks as a function of energy (figure 14) indicates
that for all charge states, there is a greater amount of energy released in fragmentation on
resonance than at energies above resonance. A likely explanation for this is that on resonance,
the excitation of the core electron into the 8a1 antibonding orbital initiates the C–Cl bond
rupture, consequently, the electrostatic repulsion introduced by population of an antibonding
orbital causes a more energetic ejection of the chlorine ion in a manner analogous to the fast
dissociation observed for resonant excitation of HCl [12]. Because of this, the chlorine ion
has less Coulombic interaction with the other ions, the fragmentation is more sequential, and
the slopes of the coincidence peaks show better agreement with the values calculated using the
sequential model. In addition, for all ionic triplets, the FWHM for the H+ ions (not shown) are
consistently narrower on resonance, as would be expected in the case of a reduced Coulombic
interaction.

In contrast, on excitation to the Rydberg orbitals (3.4 eV above resonance) or to
the continuum (5 eV above resonance), rupture of the C–Cl bond results solely from
electronic depletion following Auger decay. In addition, with the higher ionic charge states
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Figure 14. FWHM of chlorine ion peaks versus photon energy.�, FWHM of Cl4+ measured
in coincidence with H+ and C2+; •, FWHM of Cl3+ measured in coincidence with H+ and C2+;
N, FWHM of Cl4+ measured in coincidence with H+ and C+; �, FWHM of Cl2+ measured in
coincidence with H+ and C+; H, FWHM of Cl+ measured in coincidence with H+ and C+.

inherent to above-threshold energies comes greater mutual repulsion between the ions making
fragmentation a more concerted process and bringing the slope closer to−1/i for a Ci+ ion or
−1/j for a Clj+ ion plotted in coincidence with H+. These results suggest that by using multi-
ion-coincidence techniques it is possible, in principle, to determine an upper bound for the
energy of the electrostatic repulsion arising from excitations to the 8a1 antibonding orbital, and
to use this information to map out the potential curves for different fragmentation pathways.
However, because a large extraction voltage was used in these experiments, the resolution
for the kinetic energy of the fragments is poor, and it is difficult to derive any quantitative
conclusions.

5. Conclusion

In conclusion, the fragmentation dynamics of CH3Cl were studied using triple-coincidence
CSMS methods. By measuring the slopes of different coincidence maps, and looking at
the FWHM of the different ions, it is found that a sequential decay mechanism, initiated by
the rupture of the C–Cl bond, describes the dissociation process well for all ionic charge
states, and that the process is moderated by Coulombic interaction among the particles. In
addition, an increase in the FWHM on resonance, combined with better agreement of the
slopes of the more highly charged chlorine ions with the calculated values, was attributed to
fast dissociation caused by the electrostatic repulsion following excitation of a core electron to
the 8a1 antibonding orbital. The sequential dissociation as well as the additional electrostatic
repulsion following resonant excitation provide strong evidence that chemical forces are the



Multi-ion coincidence measurements of methyl chloride 2647

dominant factor governing the kinematics of the fragmentation, and that Coulombic repulsion
plays a subordinate role in the dissociation.

Acknowledgments

The authors thank the staff of the ALS for their excellent support. Support from NSF, Nevada
DOE EPSCoR, Research Corporation, The Petroleum Research Fund, NATO and the UNLV
Sabbatical Leave Committee is gratefully acknowledged. This work was performed at the
Advanced Light Source, supported by DOE (DE-AC03-76SF00098).

References

[1] Eland J H D1989Acc. Chem. Res.22381
[2] Nenner I, Reynaud C, Schmelz H C, Ferrand-Tanaka L, Simon M and Morin P 1996Z. Phys. Chem.19543
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