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Dissociation of Fast Ions Analyzed by Time-of-Flight
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The fragmentation of metastable ions, having keV of kinetic energy, is analyzed by time-of-flight
technique. Assuming isotropic distribution of fragments in a free field region, it is deduced an analyt-
ical expression to describe the corresponding peak shapes in linear TOF spectrometers. Metastable
ion mean-life and the kinetic energy release (Q-value) are the quantities extracted from data fitting.
As an illustration, the dissociation of CsHioNT metastable ions, desorbed by 252 Cf fission fragment

impact on organic target, is studied.

I Introduction

Molecular dissociation has been investigated over
decades by physicists and by chemists for reasons rang-
ing from fundamental studies to practical applications.
Such studies are important gateways for the under-
standing of molecular structure from an interatomic
force description.

There are several possible agents to induce molec-
ular dissociation, such as laser, synchrotron light, elec-
tron and ion beams, as well as many experimental tech-
niques to analyze the produced fragments. These tech-
niques are designed according to the specific character-
istics of the projectile-target system: gaseous or solid
target, absolute cross section of the phenomenon, selec-
tivity of the excitation, molecular structure complexity,
etc. Literature on this subject is immense, so that the
following discussion will be restricted to metastable ion
species dissociation; some basic references are 1-10.

In this article, it is considered the situation in which
a fast single-charged metastable precursor dissociates
into two stable fragments: one neutral and another
single-charged ion. In contrast to ions produced usu-
ally in laboratory with a few eV of kinetic energy, fast
ions are those moving in the keV-energy range. Under
this aspect, metastable ions may be defined as unsta-
ble species that live long enough to become fast ions,
surviving external high electric field acceleration and
having their decay directly observed. By using a typ-
ical kV/mm acceleration electric field, this means - in
practice - that metastable ions have mean-lives larger
than 100 ns. A method, based on time-of- flight (TOF)
technique is developed to estimate 7, the ion mean-life,
and to determine Q, the kinetic energy increase due to
fragmentation. The analysis is then applied for the dis-
sociation of desorbed ions from solid targets bombarded

*author for correspondence: enio@vdg.fis.puc-rio.br

by MeV projectiles.

I PDMS and the experimental
set-up

The mass determination of the desorbed ions was done
by a home-made linear PDMS spectrometer, Fig. 1. A
very brief description of Plasma Desorption Mass Spec-
trometry [11] follows. A 252Cf fission fragment source of
about 20 pCi is used to induced metastable ion desorp-
tion from solid samples: while one fission fragment im-
pacts the target, detection of the complementary fission
fragment generates a start signal for the TOF acquisi-
tion system. The desorbed ions are accelerated in an
uniform electric field region (length d;) and launched
towards a much longer electric field free region (length
L). If ion fragmentation does not occur in none of both
regions, the ions are detected in the stop detector and
their times of flight, 77,, are measured.

Defining U as the extraction potential and q as the
ion charge, and considering that the initial kinetic en-
ergy (eV) of the desorbed ions are negligible with re-
spect to their final energy (E;y = qU ~ 10 keV), the
mass of each ion species is given by

2E; T \’
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An ion filter close to the stop detector may be acti-
vated only when detection of neutral fragments are de-
sired. In this case, the grid 3 potential (Ugs) must be
greater than the sample potential (U) and Eq. 1 holds
only for neutrals. Detailed description of this PDMS
spectrometer can be found in reference [12].
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Figure 1. Diagram of a **>Cf - PDMS time-of-flight mass
spectrometer. U is the target potential and Ugs is the ion
filter repelling potential. di = 0.70 cm and L = 134 cm are
the acceleration and free field region lengths. The time in-
terval between the start and the stop signals is measured by
the TDC unit. The electronic devices are: CFD - Constant
Fraction Discriminator; TDC - Time Digital Converter; PC
- Personal Computer.

III The fragmentation analysis

According to the previous definition, the metastable ion
species mean life, 7, is comparable or longer than the
traversing time over the acceleration region

2m
t1 =diy/ — 2
L= @

Moreover, if 7 it is shorter than its total time of flight
T,., a substantial fraction of the desorbed metastable
ions disintegrates in the field free region. The binary
process mT — mg +m; is the most likely to occur and
the kinetic energy excess, (), appears after fragmenta-
tion:

Q= <%m0v§ + %mw%) - %mvz (3)
where, in the laboratory frame, vy and v; are the ve-
locities of the neutral and charged fragments and v is
the precursor metastable ion velocity in the free field
region.

In the precursor ion frame, the direction of the frag-
mentation axis is distributed isotropically and the frag-
ment velocities Av are promptly determined by linear
momentum conservation:
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If fragmentation occurs at the instant ¢y after des-
orption, the distance precursor ion to the detector is
L —v(ty —t1). Therefore, the arrival times of the neutral
and charged fragments at the detector are respectively

L—'U(tf—tl)
Ty =t —_—
0 rr v + Awg cosf (5a)
L—v(ty—t
Tl :tf—|— 'U( f 1) (5b)

v + Awvy cos(m + 6)

where 6 is the angle between the neutral fragment ve-
locity, in the precursor ion frame, and the spectrometer
axis.

Integration over 6 generates the time-of-flight distri-
bution n(T) = dN/dT for the fragments, which shape
depends directly on @: larger is @), broader is the TOF
peak. This integral should be performed very care-
fully for two reasons: i) the instant ¢; is not fixed,
but belongs to an exponential decay-type probabilistic
distribution; ii) in the precursor frame, the detector is
moving towards the fragments. This fact brings math-
ematical difficulties, which are partially solved if one
considers that Av < v.

For an ensemble of fragmentation events occurring
between ¢ty and ty + dty, the neutral and ion fragments
will be dispersed isotropically in two expanding spheri-
cal shells centered in the precursor center of mass. For
each shell, the number of fragments emitted in the solid

angle d) is
dN dQ)
d (E) = " (ty) (6)
where N
nylty) = e tol” ™)

is the fragmentation rate at instant ty. Our goal is
to calculate the number of particles, for each fragment
species, dN, arriving between 7' and T' + dT'. The dis-
tribution dN/dT is the quantity to be compared to the
experimental peak shape, which is directly provided by
the acquisition system. During the time interval dT,
the fragments of each shell, produced between ¢y and
ty +dty, reach the detector inside a ring corresponding
to d) = 2wsenfdf and in a rate

EN 1
dTdt; ~ 4x

ny(ty)2msenddo (8)

This expression needs to be integrated over ¢y, within
limits compatible with fragment detection at instant 7',
and a t¥** must be determined for each arrival time.
For example, it is not possible that the fragment arrival
times be very different from T, if fragmentation occurs
close to the detector. Imposing § = 0 in Eq. 5, one
gets:

max __ v
i —T—E|T—Tm| 9)
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In this expression, one should use Av = Avy or Av =
Auw; respectively for the neutral or ion species. The in-
tegration of Eq. 8 becomes, after some mathematical
manipulation using Eqs. 5 and 7:

max

dN v NO f —tf/ Tm —tf
> _ 2 %0 TomT 1
dT ~ 2Av 7 /t Tt (10)

for each fragment species.

fr > t’}lax, the expression 10 can be integrated
analytically, given a peak shape which has a logarithm-
type divergence at 1" = T,. If 7 ~ t1, the peak shape
is close to a 1/(T — t1)? distribution, keeping the sin-
gularity at 1" = T,.

It can be seen from these expressions that the neu-
tral and ion fragment peaks appear at the same posi-
tion as the non-fragmented precursor peak, so that ex-
perimentally one observes the overlapping of the three
peaks. To simplify the experimental analysis, one may
introduce an ion filter just before the detector and let
only neutral fragments to be detected. It is also pos-
sible to deflected the flying ions into a second detector
and separate the precursor ion peak from the ion frag-
ment one. Eqgs. 4,9 and 10 also show that the fragment
peak shapes depend on the ion fragment and precursor
mass ratio. Therefore, if m; is not known, it may also
used as free parameter in the peak shape analysis.

IV Results and discussion

In order to understand the effects of 7, @ and my/m
on the Eq. 10 theoretical predictions, simulations cor-
responding to possible real configurations are presented
in Fig. 2 for m = 120 u,qU = 15 keV, d; = 0.70 cm
and L = 134 cm. The obtained neutral fragment peak
shape are respectively shown in Figs. 2a, 2b and 2c.
General comments are:

i) The curves are fairly symmetric around 7' = Ty,,.
Fragmentation events with T' < T}, correspond to neu-
tral emission towards the detector (neutral fragments
are faster than their precursor), while T > T, ones
refer to ion fragment emission in this direction.

ii) There are two basic contributions: one, produced
by dissociation far from the detector and generating a
very broad distribution; the other one is produced by
dissociations close to the detector and generating a pro-
nounced peak.

iii) Longer 7 is, less dissociations occur in the field
free region and less clear is the border between the
broad and the peak contributions (Fig. 2a).

iv) Larger is the -value or the ion fragment mass,
broader the dN/dT distribution is, and lower is the
background level (Figs. 2b and 2c). In fact, note that
in Eq. 4a, Avg increases with the product m1Q.

100 5

7 (us)
m=120u | | e 1
m =50u ——10
Q=2ev | | 100
10
.—
b=
2
°
14
0.1
10 o
'_
©
Zz
R
0.1 .
8600 9000
104
=
A 4
A
4
B
01 v T T : T : v ) ¥
8500 8600 8700 8800 8900 9000

T (ns)

Figure 2. Simulations based on Eq. 10, showing respec-
tively in a, b and ¢, the 7, Q and m; parameter effects on
the TOF peak shape of neutral fragments. The considered
precursor ion dissociation is 120" — m]" + myo. The extrac-
tion potential is 15 kV and the spectrometer lengths are d;
= 0.70 cm and L = 134 cm. A singularity occurs at T, =
8781 ns, the non-fragmented precursor TOF.

Predictions are now compared with experimental
data obtained from the fission fragment bombardment
on phenylalanine target (molecular mass M = 165 u).
An ion filter was employed, so that only the neutral
fragments of desorbed positive ion precursors were al-
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lowed to be detected in the linear spectrometer. The
obtained neutral fragment TOF spectrum is presented
in Fig. 3, in which the most prominent peak refers to
mass 120 u precursor (CgHioNT). It has been sug-
gest [12], from TOF-coincidence measurements, that
the tropylium ion (m; = 91 u, CyH) formation is the
pathway for the 120" fragmentation. Assuming such
fragmentation, @ = 1.0 eV and 7 ~ 50us were the best
parameter values in the data fitting with Eq. 10, as
illustrated in Fig. 4. It should be mentioned that no
modification in the t}'** expression (Eq. 9) was intro-
duced due to the activated ion filter, which suppresses
fragmentation in the region between it and the detector.
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Figure 3. Neutral fragment TOF spectrum of the desorbed
positive ions from a phenylalanine sample. U = 15 kV and
Ugs = 17.6 kV. The 120 u is the mass of the single-charge
precursor ion which dissociation is being investigated. The
spectrometer mass resolution can be appreciated from the
m = 188 u mass peak width.

V Conclusions

The dynamics of binary fragmentation of a free
metastable ion in TOF linear spectrometer is described
by analytical expressions and peak shapes of neutral
and ion fragment peaks are predicted. The method
was applied to the neutral fragment peak shape fitting
of the CgHioNT metastable ion decay, assuming the
120T — 91T + 29° pathway. A good agreement with
our experimental data was found for Q = 1.5 eV and
T ~ 50us parameters, giving confidence that the model
is able to describe the phenomenon.
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Figure 4. Comparison of the 120 peak shape, selected from
the neutral fragment TOF spectrum of Fig. 3, with Eq. 10
theoretical predictions. Results from three set of parameter
values are shown.
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