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Ionization and fragmentation of aniline, n-propylbenzene, carbontetrachloride, benzene, propane and cylcohexane
is studied under halogen impact. The energy dependences of the ionization cross sections of aniline in collisions with
halogens are reported. The results show an analogy with electron impact and photo-ionization mass spectroscopy. They
are discussed in terms of potential curve crossings in the halogen—organic molecule system.

1. Introduction

Since the electronvolt region has been opened for
neutral atom beams, a number of papers has been
published on the different aspects of collisional ioniza-
tion. The research has been mainly restricted to alkali
collisions with monatomic or diatomic particles [1].
In order to study fundamental chemical processes of
organic molecules, we extended the sputtering tech-
nique to alkali-halide targets and thereby obtained
hyperthermal halogen beams [2]. In the present paper
we report measurements on the ionization and frag-
mentation of aniline (C¢Hs;NH,) and some other or-
ganic molecules in collision with these hyperthermal
halogen beams.

2. EXperimental method

The apparatus used for the present experiments has
been described previously in detail [2,3]. A schematic
view of the relevant parts of this apparatus is given in
fig. 1. Neutral particles are sputtered from alkali-halide
surfaces by a chopped 6 keV Ar* ion beam. After

* Present address: Institut C fiir Expenimentalphysik, Tech-
nische Universitit, Appelstrasse 1, Hannover, Germany.

mechanical velocity selection and collimation they are
crossed with a thermal beam. Ions formed in the col-
lision center are extracted by a homogeneous electric
field, pass a mass spectrometer and are counted on a
particle multiplier with a forward—backward counter.
Data on the composition of beams sputtered from
alkali-halide surfaces and on the energy dependence
of the beam intensity have been reported earlier [2].
At the velocities which are required for the present
experiments, the beam consists only of alkali and
halogen atoms and a small amount of alkali-halide
molecules. Evidence that the observed ions are only
produced with the halogen constituent of the sputtered
beam is taken from the fact that we find identical re-
sults with beams sputtered from NaCl, KCl or CsCl
targets: Threshold velocities for collisional ionization
with aniline (C¢ HsNH, ) are found to be the same
within the experimental uncertainty for all these cases.
Furthermore, the ion yields as a function of the velo-
city of the sputtered beam are identical for NaCl, KCl
and CsCl. This is in agreement with our earlier state-
ment [2] that the energy distributions of for instance
C1 atoms sputtered from different alkali-halide sur-
faces are identical at eV energies. Another check con-
sisted of producing a hyperthermal beam of potassium
atoms by sputtering from a potassium target and cross-
ing it with an aniline beam. Neither positive aniline ions
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Fig. 1. Schematic view of the apparatus. (1) Ion source, (2) targetholder, (3) mechanical velocity selector, (4) collision region, (5)

extraction field, (6) magnet, (7) multiplier.

nor positively charged fragments were observed in this
case.

The thermal beam effuses from a multichannel ar-
ray (channel diameter 12 u, channel length 480 4,
surface 0.18 cm?) and is shot directly into a liquid
nitrogen trap. Typical working conditions in the mass
spectrometer are: pressure before multichannel array
0.1 torr, background pressure caused by the thermal
beam 5 X 107> torr, extraction voltage of the ions
1100 V. At working condition, the thermal beam has
a small angular spread and the collision region is well
defined.

The velocity selector has been calibrated by meas-
uring the threshold of the process K + Br, > K" + Br~
+ Br — 2.95 eV [4]. We estimated the error in the
velocity calibration to be 0.3%. The resolution of the
velocity sector Av/uv is about 10%.

There are two instrumental effects which can cause
errors in our results. Firstly, because of the poor reso-
lution of the mass spectrometer (in/Am = 20) the de-
termination of the observed mass numbers is only cor-
rect within Am = % 1. The exact values of the mass
numbers of the measured ions were taken from the
analogy with ordinary mass spectroscopy (see section
3.1). Although this procedure will be correct at low
energies, where only a small number of fragment ions
can be formed, it cannot be excluded that at higher
energies a given mass spectrometer peak includes vari-

_ous neighbouring masses. No errors arise in connection
with initial kinetic energy of the ions, and all ions of

a given mass formed in the collision are indeed measured
on the collector, as has been checked experimentally.

Secondly, since there are also ionizing collisions in the
acceleration field in the mass spectrometer, all peaks
have a low intensity tail in the direction of lower
mass numbers. 1t is probably due to this disturbing
¢ffect that some of the ions give a low positive signal
below threshold. In most cases, it is negligible how-
ever. Small positive signals below threshold may also
originate from collisions of sputtered alkali-halide
molecules with the thermal beam.

3. Results
3.1. Non-velocity selected spectra

Non-velocity selected beams of halogens X have
been crossed with various thermal beams of organic

molecules Y and the mass spectra of the formed posi-
tive ions have been recorded. The observed mass nume-

~ bers are given in table 1. The alkali-halide targets MX

from which the halogen beams were sputtered also
have been indicated in table 1. Fragment ions with
mass near M could not be observed because they are
obscured by the process MX + Y - M* + X~ +Y [2].
The mass numbers in table 1 agree closely with
the main singly charged fragments observed in electron
mass spectroscopy [5]. No differences have been
found in the mass numbers of the products arising
from collisions with different halogens. This indicates
that the processes occurring in halogea collisions are
closely related to electron impact ionization and frag-
mentation. A similar relation seems to exist for negative



G.P. Kdnnen et al., Aniline - halogen collisions in the electronvolt energy range

Table 1
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Mass numbers of positive ions arising from collisions of halogen atoms with organic molecules. The targets which are used to gen-
crate the hyperthermal halogen bedms are indicated in parentheses. For aniline, only the halogen is indicated since for each halogen

several experiments have been done with various alkali halide targets.
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ion formation, since alkali—SF¢ collisions give rise to
the same charged products as negative mass spectro-
scopy [6].

The relative intensities of the fragments are not
given in table 1. Actually, these quantities cannot be
compared entirely with the data of electron impact,
since the measured ion yield of non-velocity selected
beams is given by the convolution of the cross section
with the energy distribution of the sputtered beam,
which varies roughly with E =2 at electronvolt energies
[2]. Nevertheless, the observed relative intensities
show the same tendency as in electron impact.

3.2. Velocity selected spectra

The energy dependence of the ionization cross sec-
tion of various positively charged fragments of the
system F, Cl, Br and [ with aniline (CgHsNH,) are
given in figs. 2—5.

The solid line in fig. 3 represents the gross ioniza-
tion cross section, which is the sum over all fragments.
For Br and I not all fragments could be measured be-
cause the signals were too low. The abscissa of the
figures represent the center of mass energies of the
nalogen—aniline systems, calculated from the velocity
of the sputtered beam and averaged over the naturally
occurring isotopes. The energy dependence of the
cross sections is obtained by dividing the counting
rates by the flux of the sputtered beam. Flux distribu-
tions of Cl, Br and I have been measured directly [2].
For F sputtered from KF, the flux distribution was
taken to be identical [2] to that of Na sputtered from
NaCl. This latter distribution was measured by surface
ionization detection. The experimental uncertainty in
the flux distribution of the primary beams can cause
an error of less than 20% in the cross sections at the
higher energies in figs. 2-5.

F o CgHgNH,
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Fig. 2. Cross sections for production of positive ions if F
atoms collide on aniline. The centre of mass energy is aver-
aged over the different isotope combinations. The mass 93
ion is the parent ion.

The height of the observed signals of the parent
peak (mass 93) decreases from F to I; the signals for
F are about a factor of twenty higher than for I. From
the flow of the sputtered beams we estimate the cross
section to be in proportion to roughly 2:1:0.5:0.3
for F:Cl:Br:1. Comparing the aniline signals with the
signals obtained from the process K + Bry - K* +
Br, we estimate the ionization cross sections for Cl
on aniline to be about 2% of the latter process at
7000 m/s. This corresponds with an absolute value in
the order of 0.1-1 A2 [7]. |

The chemical composition of the fragments can-
not be deduced from our experiments. From electror,
impact mass spectroscopy {8,9] one concludes that
the products are mainly non-nitrogen containing
compounds, originating from HCN loss. Although the
mass 66 fragment in photoionization is reported to be
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Fig. 3. Cross sections for production of positive ions if Cl atoms collide on aniline. The centre of mass energy is averaged over the
different isotope combinations. The gross jonization cross section (summed over all fragments) is indicated by a solid line. The
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Fig. 5. Cross section for production of positive aniline ions if 1 atoms collide on aniline. The centre of mass energy is averaged

over the different isotope combinations.

an exception [10] a recent electron impact experi-
ment [11] showed that also for low energies this frag-
ment is a hydrocarbon. Adopting this result, the for-
mula of the fragments with mass 28, 39, 52 and 66
are C,Hy, C;H3, C4Hj and CsHg, respectively.

Estimating roughly the thresholds for the parent
peak in figs. 2—5 we found them to be in good agree-
ment with the values expected from the ionization
potential of aniline [10] and the electron affinity of
the halogens [12] in the cases of Cl and F. For Br and
I however, the experimental thresholds were too low
by about 0.4 and 1 eV respectively. We ascribe this
effect to the presence of long living 2P1 /2 excited
halogens in the sputtered beam. The ground states are
2P3/2. This explains both the agreement of the Cl and
F results and the deviation of the Br and I threshold.
The 2Py, state lies 0.05, 0.11, 0.46 and 0.94 eV
above the ground state of F, Cl, Br and I respectively
[13]. From the fact that no signal is observed below
the 2P, /2 threshold we conclude that the 2p, /2 atoms
are the only excited halogen atoms in the beams.

3.3. Threshold energies

In this section first the various experimental effects
that influence the threshold behaviour are discussed.
Then we describe how the threshold energies are in-
ferred from the experimental results; the values are
reported in table 2.

It is assumed that the ideal ionization cross section
for a certain halogen atom and aniline molecule as a
function of the velocity is a straight line beginning at
threshold. We define the threshold velocity of a pro-
cess as the principal threshold if the following condir
tions are satisfied:

(1) the thermal beam has zero velocity;

(2) both colliding particles are in their ground
state;

(3) both particles have their most abundant mass
number,so H=1,C=12,N=14,F=19,Cl =35 and
I = 127. We take however 80 in case of Br. |

The experimental threshold, found by extrapolating
the straight part of the cross section curve, will be
shifted with respect to the principal threshold because
of the following reasons:

1. Vibrational excitation of the molecules in the
thermal beam. The thermal distribution of the vibra-
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tional states has to be known. For the aniline molecule,

these were estimated from the known states of ben-
zene [14].

2. Halogen projectiles in the metastable 2P1 /2 state.
Since information is lacking, we assume that 50% of
the halogen atoms are in the 2Py, state. This will
lead to an uncertainty of less than 0.1 ¢V for the Br
results. For 1, the principal threshold was calculated
from the 2Py threshold.

3. The velocity of the thermal beam. Its magnitude
is known at room temperature, its angular spread can
be neglected. |

4. Isotope shift. The threshold velocity is different
for different isotope combinations. The distribution
of isotopes is well known for both colliding particles.

All these effects change the threshold velocity by
at most a few percent, except in case of the Br and I
metastables, as mentioned before. All combinations
of masses and excited states (point 1, 2 and 4) have

threshold velocities different from the principal thresh-

old. For a delta-shaped velocity distribution the ex-
perimental ionization cross section o, (v) will there-
fore be a superposition of several pieces of straight
lines. If the slope of the cross section is supposed to
be the same for all processes, the slope of g, (v) is en-
larged by an an:ount proportional to the probability
of the new process at every new threshold. This prob-
ability of course equais the relative abundance of the
colliding particles for which the threshold is reached.
Above the highest threshold, o, (v) will be a straight
line again. The extrapolation of this line will in general
not intersect the x-axis at the principal threshold velo-
city.

To deduce the expected experimental cross section
from o (v), this function has to be convoluted with
the resolution function of the velocity selector,
R(v,vp), vy being the nominal velocity of the selector.
The resulting function will be called o5 (vg). Thus

05 (vg) = fR(v, vg) 03 (v) dv. (1)

This function is also a straight line above the threshold

region. The intersection of its extrapolation is the same

as for 0, (v) in our case, as can be shown as follows.

For mechanical velocity selectors, R (v,vy) depends
only on v/v, [15]. Let R(v,vq) be non-zero if 1-a
<vfvg <1 + b, a and b being constants. Because of
pormalization one has

: § = (Uo -“UD)

vofl*b)
R(v,vp)dv=1. (2)
vo(l-a)

On the right hand side of the threshold region, g, {v)
is a straight line. Let vy be the intersection with the
x-axis of its extrapolation. Then in this region we

have o, (v) = v—vp,- Consequently one gets from (1)

vo(1+b)
0, (Uo) < (U—UD) R(U, Uo) dv
vo(l--a)

vo(l+b)
= (v—vgtvy--vp) R(v,up) du
vo(l - @)

vo (1+b)

R (U, Uo) dv

vo(l --a)
vo (1+b)
+ f (v—vg) R(v,vy)dv
vo (1-a)
vo(l1+d)
=VYg—Vp +
vo (1 -a)

(U—Uo) R (U, Uo) dv. (3)

Substituting in the remaining integral w = v—yg, one

~ finds

bvo
05 (vg) xvg—vp + f wR(g tw,yg)dw.  (4)

—aug

The resolution function R (v, vy) of the mechanical
velocity selector is within a good approximation a
symmetrical triangle around vy {15]. This implies
that @ = b. Since in this case the integrand in (4) is
anti-symmetric, the resulting integral is zero. So the
intersection of the extrapolated straight part will be
indeed vpy. The reported slight asymmetry in R (v,vg)
(@=0.10,b =0.11) will give rise to a negligible shift
of the intersection of 0, (vg) of about 0.3% of vy to
a higher velocity. This error however is entirely com-
pensated by the fact that the calibration of the selec-
tor is also done with a known linear cross section. For
the actual calculation of the threshold energy, the
function oy (v) was constructed, starting with a rea-
sonably guessed principal threshold. The ratio of the
principle threshold and the value at which the extra-
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Fig. 6. Comparison of the model cross section for Cl on ani-
line with the experimental results. The dashed line represents
the effect of the presence of different isotope combinations
and excited states of the colliding particles on the ideal linear
cross section. The solid line is the convolution of this curve
with the resolution function of the velocity selector., The prin-
cipal threshold (see text) is indicated by an arrow. The circles
are the experimental points.

polated straight part of 0, (v) intersects the x-axis was
calculated; this latter intersection is identical to the
intersection of g, (vy), as mentioned above. By multi-
plication of the experimental intersection with this ra-
tio, the value of the principle threshold velocity and
therefore of the energy is known.

In fig. 6 the expected ionization yield o5 (vy) is
given for Cl and aniline as a4 solid line, together with a
number of experimental points. 0, (vy) is calculated
by means of eq. (1) with a triangular resolution func-
tion R (v) with Av/v = 10%. The dashed line in fig. 6
is the function o, (v), so the expected cross section
for a velocity selector with a § shaped transmission.
The principal threshold, indicated by an arrow, lies on
the right hand of the experimental threshold.

The slight difference between the predicted curve
and the experimental points is due to the velocity and

angular spread of the thermal beam and the non-ideal
alignment of the velocity selector, causing a somewhat
worse resolution. These effects however do not change' .
the intersection. For some of the experimental curves,
there remains a small positive signal below threshold.
This was treated as background and subtracted. Of
course, this enlarges the experimental uncertainty.

In table 2 the experimental values of the principal
threshold energies are given, together with the values
known from photoionization [10]. In the second
column of the halogen results the electron affinity EA
of the halogen atoms [12] has been added to the
principal threshold. The values thus obtain.d repre-
sent the minimum energy which must be put into a
iground state aniline molecule in order to ionize, giving
either the parent ion or breaking it up into the ob-
served fragment plus a neutral rest. In our case, this |
energy is partly provided by the relative kinetic energy
and partly by the clectron affinity of the halogen
atom. The values of the sum of the threshold and the
electron affinity can be compared directly with the
appearance potentials from mass spectroscopy.

4. Discussion
4.1. General

In table 3, the relative intensities of the various
fragments of aniline formed in collisions with 17 eV
Cl (our results) and 70 eV electrons [5] are compared.

These data are nearly equal, except for the mass
52 fragment. Due to the low resolution of the mass
spectrometer in our experiment (m/Am = 20), masses
near the reported fragments might also give a contri-
bution. At 17 eV it is likely that not all ‘ragmentation
thresholds will be reached. Therefore a simple mass
spectrum of our aniline molecule can be expected.
Consequently the mass peaks will have their main cons-
tribution from only one mass. The exception of mass
52 in table 3 may however be due to a contribution
of one or two fragments differing in mass only one or
two mass units.

It is surprising that the fragmentation spectrum for
both processes in table 3 is so analogous. In case of
electron impact it is believed that the only important
variable for the fragmentation pattern is the amount
of internal energy stored in the molecule. From table 3
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that the formation of charged fragments in collisions
with halogens proceeds in two steps. The first step is
the formation of a positive molecular ion, which may
contain excitation energy. Simultaneously a negative
halogen ion is formed, as has been checked explicitly
for Cl on aniline collisions up to 13 eV kinetic energy.
The second step is a dissociative or radiative decay of
the excited molecular ion, which also happens after
the primary ionization by electron impact or photo-
ionization. The possibility of dissociation of the
molecular ion depends on its internal energy. In poly-
atomic ions vibrational and electronic energy quickly
convert into each other via crossing points of the po-
tential hypersurfaces of the ion. The ultimate fragmen-
tation takes place from a vibrationally excited ion

[16, 17]. This fragmentation is possible when the total
available energy is larger than the dissociation energy
of a particular bond. However, the energy is distributed
over different bonds and has to be concentrated in the
bond to be broken. Therefore, contrary to diatomic
molecules, the time needed for dissociation (1038 s)
is very long compared to the collision time (10~13 -
1014 5). So the fragmentation pattern only depends
on the total internal energy which is stored in the
molecular ion [17]. This second step of the process has
been discussed in many papers on the fragmentation
of ions [16] and will not be treated further here. It
occurs in exactly the same way with halogens as with
electrons or photons. In the following we discuss the
primary ionisation and excitation processes of aniline
molecules in collisions with halogens, because these
processes are different for the photon and electron im-
pact phenomena.

4.2. lonization and excitation processes

In photon and electron impact ionization the pri-
mary process is electron excitation according to the
Franck—Condon principle. This excitation can cause
direct emission of an electron (ionization), possibly
accompanied by simultaneous excitation of a second
electron. In heavy particle collisions, the ionization
and excitation of the colliding particles is assumed to
take place at a crossing of the potential curves or
hypersurfaces of the quasi-molecule. Such an explana-
tion may be applicable also for complicated molecules.

In fig. 8 a schematic diagram is shown of the rele-
vant adiabatic potential energy curves for the Cl—

aniline system. The energy given refers to the vibra-
tional ground state of the molecule. Only the Coulomb
interaction has been taken into account, intermolec-
ular repulsions and the connected splittings are ne-
glected; splittings due to spin have also been omitted.
The x-axis represents the distance between the centers
of charge of the particles rather than the intermolec-
ular distance. The vertical dashed line is an estimate
of the closest possible approach for relative kinetic
energies of about 10 eV. Of course, the real potential
energy also depends on the orientation of the aniline
molecule.

The ionic curves cross the neutral curve in a certain
point; the crossing point of ground state ions with
ground state molecules is indicated by R_.. If the col-
liding particles pass R, one time adiabatically and one
time diabatically, they separate as a Cl™ ion and a
positive aniline ion in its electronic ground state. This
can only happen if the kinetic energy is larger than
tne difference between the neutral curve and the
asymptote of the ionic curve.

In ion pair formation, this difference equals /—EA,
I being the ionization potential of aniline molecules
and EA the electron affinity of Cl atoms. For the
formation of excited aniline ions, the system has to
pass a second crossing point.

Repulsive forces will change the potential energy
curves 1t short distances. This is schematically illus-
trated by the dashed curves in fig. 8 for the two lower
energy states. Due to this effect, the potential energy
of the crossing points will become higher, and may
even be larger than / — EA. In the latter case, the
threshold for ionpair formation is also larger than
I — EA, since the system has to pass the crossing point
to form ions. Then, just above threshold, the ioniza-
tion cross section will be very small, since the classic-
al turning point is near R.. Consequently, the velocity
at R is low and therefore the collision is almost
completely adiabatic. Our curves however, start at
I-EA and have a steep rise immediately above thresh-
old. Therefore in our systems the relevant crossing
points lie below the asymptotes of the ionic curves.

In a complicated system like ours it is reasonable
to assume that any of the crossing points can be
passed both adiabatically and diabatically [17]. Of
course, to get a transition, the kinetic energy has to
be large enough to reach the crossing point. Therefore,
crossings with very small internuclear separation will
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Fig. 8. Schematic diagram of the potential energy curves in the Cl—-aniline system. For the ionic curves, the ground state potential
curve as well as the first four excited state- of the aniline ion [22] are giyen. Internuclear repulsion is neglected; the vertical dashed

line represents an estimate of the closest possible approach. Splittings due to spin have not been drawn. R c 1s the crossing point
of the two lowest potential curves. For these curves, the influence of repulsive forces is roughly sketched by the dashed curves.

not contribute.

Little is known about the diabatic transition prob-
ability p at the crossing point. For simplicity, we con-
sider the case that there are only two potential curves
with one crossing point at R, where only radial cou-
pling is relevant. Then, the transition probability is
governed by the parameter H,, = (1|H|2), in which
(11 and (2| are the two diabatic electronic states and
H is the electronic hamiltonian. Generally, the diabatic
transition probability increases with velocity. If H,,
is small, the diabatic transition probability will have
a large value even at low energy. If on the other hand
Hy; is large, diabatic transitions are only frequent at
high energy. Depending on the symmetry of the sys-
tem, H); may be zero. If this is not the case, H, 5 de-
pends mainly on the crossing distance R,..

For the Cl—aniline system we have, neglecting the
non-coulombic forces: /= 7.7 eV, EA = 3.6 eV and
R, =e%/(I-EA)=3.5 A. Calculating H,, as in the case
of two atoms, we find H,, = 0.5 eV [18]. The Landau—
Zener formula can give an idea about the transition
probability for such a system at a given velocity v.
From this formula it follows that if

_ 2 d
Y=2n [{12/ (ﬁva—ﬁ IHll"H22|Rc) >0.7

(H)} and Hy; being the diabatic potential curves), the
system behaves preferably adiabatically. At a crossing
point of a coulombic potential curve with a covalent
one,

d = ,2/p2
iR ' Hn-Halr, = €%IR;,

if the non-coulombic forces are neglected. Then, at a
typical velocity of 104 m/s (13 eV Cl—aniline energy),
7 is about 20. This means that the diabatic transition
probability will be small for such a system at eV ener-
gies.

In atom—molecule collisions, the symmetry of the
system depends on the relative orientation of the col-
liding particles. It may therefore happen that & 12 is
small for a given orientation, but has a large value for
other configurations. If the impact occurs near the
orientation with a low H,, value, the diabatic transi-
tion prcbability will be large even at low energies.
Therefore, the total ionization cross section at low
energy might be larger than in the atomic case. This
will result in a smaller energy dependence of the cross
section for formation of ions in a specific internal
energy state than in atom—atom ion pair formation.
Thus, one may expect that the cross section for forma-
tion of aniline ions in a given vibrational state might
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be hardly energy dependent above its specific thresh-
old. Then, the total cross section which represents the
sum over all detailed cross sections is expected to be
only considerably energy dependent near threshold,
where new channels are opened with higher and higher
internal energy of the aniline ion. Such a behaviour is
indeed found experimentally in all aniline curves in
figs. 2--35.

In the one-dimensional approximation, the cross
section ¢ for ion pair formation is given by ¢ =
2n R;p(1--p) (p being the diabatic transition prob-
ability). The halogen—aniline cross sections are only
a few percent of those for K—Br, at 7000 m/s, where
p ~0.5 [7]. For K-Bry, R, = 8 A [7]. From this,
the diabatic transition probabilities in our systems can
be calculated to be at most 5%. Therefore, the cross
sections for formation of excited aniline ions are ex-
pected to be very small, since for this at least two
crossing points have to be passed diabatically.

4.3. The influence of internal energy levels

Information about the amount of the total excita-
tion energy of the ions can be obtained from the ex-
perimental results. In a very simplified model, one
neglects the energy dependence of the cross section
for tormation of ions in a given internal state. Then,
in ion pair formation each channel with a given inter-
nal energy has an energy independent cross section
above its specific threshold [19]. Within this model,
the same holds for photoionization. The increase of
the total ionization cross section is then only due to

the population of new internal energy states of the ion,

These states lie very closely together (€ 0.1 eV [14])
and thresholds will therefore not be resolved. Then
the first derivative of the gross ionization cross section
(summed over all fragments) is proportional to the
distribution of the internal energy over the various ex-
cited states of the ions [20]. The gross ionization cross
section is given for Cl on aniline by the solid line in
fig. 3. Since this cross section is nearly linear up to
about 5 eV above threshold, it looks as if the distribu-
tion over the various internal energy levels is nearly
uniform up to this energy. The further increase of the
gross ionization“cross section above 10 eV may be
partly due to a trend of detailed cross sections to in-
crease. From the fact that new fragments are formed
with thresholds up to 10 eV above the parent ion
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threshold it can however be concluded that aniline
ions with internal energy up to 10 eV are produced.
Since the increase of the gross ionization cross section
above 10 eV is mainly caused by the fragments, one
gets the impression that even in this energy range the
detailed cross sections are not very dependent on
energy. Therefore, the first derivative of the gross ion-
ization cross section seems to approximate the inter-
nal energy distributions of the aniline ions even at
higher energies.

It is unlikely that the internal excitation is formed
by electronic excitation alone. As mentioned before,
this would require more than one diabatic transition
through a crossing point. Since in our system the

“"crossing points are dominantly passed adiabatically,

such a process has a low probability. On the other
hand, the collision times (about 5 X 10-14 5 for 13
eV Cl) are in the same order of magnitude as the
vibration times in the molecule (about 3 X 10-14 5
[14]), and vibrational excitation is thus a likely pro-
cess. Part of the internal energy therefore is probably
formed as vibration. Since multiquantum transitions
take place at these energies even for di- and triatomic
molecules [21], the total vibrational excitation of a
complicated molecule like aniline may perhaps reach
some eV’s.

In photoionization, the vibrational levels are pop-
ulated according to the Franck—Condon principle.
The distribution function of the internal energy then
shows a very marked structure [22]. Collisional exci-
tation will be less selective and consequently the
distribution function might be rather flat. Since the
cross section equals roughly the integral of the inter-
nal energy distribution function, also no marked strue-
ture is to be expected in the ionization cross section.
This corresponds with the absence of any structure
in our measurements contrary to those at 8.4 eV in

.the photoionization curve.

As can be seen from table 2, the sum of the thresh-
old energy for the mass 66 fragment and the electron
affinity of the halogens is about 0.5 eV lower than
the photoionization threshold. This latter value how-
ever equals the 66* thresholds in electronbombard-
ment [23]. This discrepancy might be understood as
follows. Since the photoionization spectrum of aniline
shows a maximum at 11.8 eV [22], it follows that in
photoionization aniline ions with internal energy cor-
responding to the halogen process are indeed produced.
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If however the free conversion of the excited state
corresponding to this maximum with lower levels is
hindered, the mass 66 fragment will not be formed in
photoionization, even though the energy content of
the aniline ion is sufficient for formation of this frag-
ment. In halogen collisions however, other states than
in photoionization or electron bombardment ioniza-
tion may be populated during collision, which do lead
to production of the mass 66 fragment at our experi-
mental thresholds.
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