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INTRODUCTION

Positrons can provide unique information from their interactions with matter
and, despite the experimental difficulties associated with the generation of positrons
with sufficient flux, useful analytical applic itions have been made. Applications of
the interaction of positrons with matter include such areas as analysis of bulk gases,
liquids, solids, and interfaces.1"4 Understanding fundamental aspects of interactions
of positrons with matter has been a major goal of much of the research with
positrons. However, much is yet to be learned about details of interactions of
positrons with molecules. A major area in which little is actually known is the fate
of molecules that interact with positrons, or more specifically the ion formed when
a positron annihilates with an electron.

Studies of interactions of positrons with gas phase atoms and molecules have ...
been almost exclusively one of two types. The first involves the measurement of the ji1

lifetime of positrons emitted into a gas chamber and is referred to as a lifetime 2
measurement.5"6 Measurement of the total at tenuation cross-section of a positron ' •:
accelerated into a gas chamber is the other common experiment that has been .= '
performed.6"7 These latter studies are typically performed under single-collision .. "c*L '':

conditions, i.e. a t pressures of a few mTorr or less, while the former experiments
are typically per formed at pressures greater than one a tmosphere . The information
obtained from these experiments is largely complementary and has provided
important insights into how the positron reacts with electrons in atoms and
molecules. In these experiments, either a gamma photon from positron-electron
annihilation or an unscat tered positron is detected. In very few cases have other ~-
products from the interaction of positrons with mat ter been analyzed. We are [~
interested in the ions that are formed from the variety of possible reactions of O
positrons with molecules in the gas-phase. ,??

A number of likely ionization mechanisms have been inferred from the cross- P
section and lifetime studies, and from theoretical calculations as discussed below. ^
However, until the ionic products are analyzed, these mechanisms are largely g"
unconfirmed. Furthermore, the mass spectra obtained from ionization by positrons w
will reflect the stabilities of and degree of excitation in the species that lead to the w

final product ions. Essentially no information is available from the gas-phase studies
regarding the partitioning of energy in any of the possible mechanisms for ionization
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with positrons. Another little studied aspect of positron interactions with gas-phase
molecules is the variation in ionization cross-section with chemical functionality.
Ionization by electron capture is known to be highly selective for some compounds
due to the fact that only a minority of compounds in nature have positive electron
affinities.8 It remains to be seen, however, if positron capture or some other
ionization mechanism involving positrons is highly selective and if conditions can be
readily established to optimize the probability for such a reaction.

We are currently engaged in a research program to study the ionization of
polyatomic molecules by positrons. We refer to the technique herein as positron
ionization mass spectrometry which includes all of the possible ionization
mechanisms. In the course of this work we will attempt to characterize each ot the
important ionization mechanisms. Our ultimate objective is to explore the use of
positron ionization mass spectrometry for chemical analysis. Several other groups
have also begun to pursue aspects of positron ionization in parallel with our efforts,
although with somewhat different approaches 9 U and, perhaps, with slightly different
emphases. Recently, for example, Passner et al. have acquired mass spectra in a
Penning trap resulting from the ionization of several different polyatomic molecules
by near thermal kinetic energy positrons." Our research involves studying the
different types of ionizing interactions of positrons with organic molecules, as a
function of positron kinetic energy. For ionization of polyatomic molecules by
positrons, several possible mechanisms are apparent from lifetime and scattering
cross-section data. These mechanisms are discussed briefly below:

1. Impact ionization. This mechanism, written as

XY + e+ —> XY+ + e+ + e -> X+ + Y (1)

where the kinetic energy of the positron is tens of eV or greater and the kinetic
energy of the liberated electron can be up to several eV. This ionization mechanism
is expected to be very similar to impact ionization by electrons '~13 in which the
rapidly changing electric field experienced by the molecule from the passage of the
fast positron results in electronic excitation that is sufficient to liberate an electron.
This occurs in a Franck-Condon transition directly from the neutral molecule to the
ion.

This form of ionization is expected to dominate at kinetic energies in excess of
the ionization potential of the molecule. In general, at collision energies well in
excess of the ionization potential (i.e. > 100 eV) the cross-section for ionization by
positrons and electrons is expected and observed to be similar.1415 It is at threshold
that any differences between positron impact ionization and electron impact
ionization are expected to be most apparent.10'19 Internal energy deposition via
electron or positron impact ionization is likely to be very similar. Vertical excitation
occurs because of the short interaction time and the electric fields experienced by
the molecules irradiated by fast leptons is analogous to those obtained by irradiation



with white light 1Z13 leading to a broad distribution of internal energies.20

2. Positronium formation. In this mechanism, positronium (Ps) is formed as an
intermediate leading to the final products of an ion, gamma photons from
annihilation of the positronium, and neutral fragment(s) if fragmentation occurs.
There are several possible variations on this reaction and they are shown below.

XY + e+ - (PsXY+) - XY+- + h (2)

- (PsXY+) - X+ + Y + h (3)

- PsX + Y+ - X + Y+ + h (4)

- PsX+ + Y• - X+ + Y• + h (5)

Whether or not the positronium atom is attached to the ion may depend upon the
excess energy with which the positronium is formed and the affinity of the positive
ion for positronium. Positronium affinities of positive ions are unknown. The
probability for positronium formation is expected to be maximized in the so-called
Ore gap,21 which is the energy range that falls between the first excited state of the
molecule (Ex) and the difference between the ionization potential of the molecule
(IP(M)) and that of positronium (6.8 eV), i.e Ex > E > IP(M) - 6.8 eV. The Ore
gap model has been useful in describing interactions of positrons with atoms in this
energy range. Dramatic increases in attenuation cross-section at the Ore gap
threshold have been observed for rare gases," which is generally interpreted as
being due to the formation of positronium.7 It is unclear how well the model
applies to more complex systems. Molecules will have a narrower Ore gap due to
the excited states of molecules being much lower than in atoms. However, at least
some molecular gases indicate that positronium is readily formed.23

Both the positronium formation and capture mechanisms (see below) involve
the annihilation of a electron by a positron, Either 2 or 3 gamma photons are the
products of this annihilation, depending upon the spin state of the pair. The
conservation laws can be obeyed without the ion carrying off the energy of the
annihilation. (The cross-section for the interaction of the product gamma rays with
molecules comprised of low atomic number elements is on the order of 10'8 A2 and
by far the most probable interaction in this energy region is Compton scattering.24

The cross-section for the photo-electric effect is orders of magnitude lower.
Therefore, the annihilation photons should not generate ions in this experiment.)
The annihilation can supply the binding energy of the electron i.e. the ionization
potential of the molecule can appear as an energy defect in the gamma photons.
Thus, ionization by a mechanism involving annihilation may not be particularly
violent, and may be quite soft. An a priori prediction of the internal energy
deposition in the ion formed following positronium formation and deparure is
difficult. However, there are several possibilities. If the electron is removed quickly



by the positron and forms free positronium, i.e. in a stripping type of mechanism,
vertical ionization from the neutral molecule to the ion is likely. Formation of
positronium for most organic molecules typically requires positron energies of 2-4
eV. A 3 eV positron travels 10 A (molecular dimensions) in 10'15 s. This is too fast
for the nuclei of the neutral to adjust to the approach of the positron. If, however,
the positronium atom remains associated with the nascent ion an intermediate is
involved in the overall reaction. If the lifetime of the intermediate is sufficient, the
nuclei can adjust to the new electronic environment before the positronium atom
annihilates. When the positronium atom annihilates a vertical transition from the
intermediate to the ion will occur. The ion internal energy should then be governed
by the internal energy of the intermediate and the relevant Franck-Condon factors,
ortho-positronium (spin parallel) has a lifetime in free space of 1.4 x 10'7 s, while
that of para-positronium (spin paired) is 1.25 x 10'10 s. While lifetimes are
shortened considerably when positronium is associated with matter due to the
increased electron density, studies show that ortho-positronium lifetimes on the
order of nanoseconds are not unusual in gases.5 Thus, intermediates consisting of
a bound positronium may indeed have sufficient lifetimes for the nuciei to adjust-
In the cases discussed above, ionization was assumed to occur prior to
fragmentation as depicted in (2) and (3). It has been pointed out by Schrader [12]
that if the intermediate is sufficiently long-lived, fragmentation from the
intermediate may compete with positronium annihilation as depicted in (4) and (5).9

3. Capture Mechanisms- For the sake of discussion capture mechanisms are
divided into three different categories. Experimental differentiation of these
mechanisms, however, is often difficult and these mechanisms have been postulated
to rationalize experimental results.

a. Bound State Formation- This mechanism involves the capture of a positron
by the molecule, which is similar to electron capture, i.e.

XY + slow e* - XYe+ - XY+ + h (6)

- XYe+ - XY+ + h - X+ + Y (7)

- Xe+ + Y• - X+ + Y + h (8)

This reaction can occur below the threshold for positronium formation. Using semi-
empirical molecular orbital calculations, Schrader et al. have predicted that some
molecules will have a positive positron affinity.25'26 That is. a positron might form
a bound state with some molecules and thus exist for some finite lifetime. (These
calculations are somewhat limited because there are few empirical results upon
which to base the positronic molecular orbital. However, the need for this tvpe of
calculation is clear and they should improve as more experimental data is obtained.)
For years, the existence of bound states or resonances (see below) involving



positrons has been used to rationalize data acquired with positrons in gases.27 It has
been proposed that lifetimes of bound or resonance state should be in the range of
0.1-1.0 ns.23 Surko et al. have recently postulated the existence of long-lived
resonances in interactions of positrons with polyatomic molecules via lifetime
measurements.29 Capture cross-sections for C12 and C,5 hydrocarbons on the order
of a few A2 were indicated. More recently this group acquired low resolution mass
spectra of several polyatomic molecules exposed to positrons with kinetic energies
less than 1 eV"; however, the interpretation of these results is open to question
(see below).

b. Resonances- This is a process which is very similar to positron capture
and they are often not distinguished. It involves formation of an unbound state with
a finite lifetime when a positron of the appropriate kinetic energy interacts with a
molecule. That is, while the molecule may not have a positive positron affinity ii
may capture a positron long enough for the positron to annihilate an electron in the
molecule resulting in ionization. These resonances are sometimes classified as shape
or Feshbach resonances in electron spectroscopies .

c. Direct Annihilation (pick-off)- In addition to bound states or
resonances, a positron may annihilate an electron in free flight. The effective cross-
section for this process is given by6

a,eff = 7rr0
2c Zeff V1 (9)

where ro is the classical radius of the electron, c is the velocity of light, v is the
velocity of the positron, and Zeff is the "effective" number of electrons in the
molecule available for annihilation. Often ZM is larger than the actual number of
electrons in a molecule due to polarization of the electron density by the positron.5

However, polarization alone cannot account for the empirically observed Zcli values
in some cases. It is these cases in which bound or resonances states are indicated.
For values of Zeff that do not exceed the actual number of electrons by orders of
magnitude the cross-section for direct annihilation only becomes appreciable for
thermal and sub-thermal energy positrons.

Internal energy deposition via bound state formation or resonances should be
governed by the same factors discussed above for the case involving a positronium-
bound intermediate. An intermediate is formed when the positron is captured. In
favorable cases a molecular ion might be formed as depicted in (6). A fragment ion
can either be formed by fragmentation of this molecular ion as shown in (7) or by
fragmentation of the positron/molecule intermediate followed by annihilation, as
depicted in (8). Again a vertical transition from the intermediate will occur and
the internal energy of the ion will be determined by the internal energy distribution
of the intermediate and the relevant Franck-Condon factors. In addition to the
internal energy initially present in the molecule, the internal energy of the
intermediate will include the kinetic energy of the positron and the positron
affinity. This energy may be sufficient to cause fragmentation of the intermediate



prior to annihilation. Eventually, however, the positron will annihilate to form an
ion, whether it be from a fragment or the molecule

The positron kinetic energy regions in which the general mechanisms discussed
above are most likely to be important relative to one another are summarized in
Table 1 . These mechanisms may be competitive In some cases.

Table 1

e+ kinetic energy likely ionization mechanismfsi

thermal and below direct annihilation, e+ capture

thermal to Ore gap e+ capture, dissociative e+ capture

Ore gap to positronium formation,
ionization potential dissociative e+ capture

Ionization potential impact ionization
and above

EXPERIMENTAL

The slow positron facility at ORNL is based about the Oak Ridge Electron
Linear Accelerator, (ORELA). The ORELA supports two programs simultaneously;
its primary function is to provide neutrons for a nuclear data project, but there is
sufficient power left over to provide positrons for other types of research. The linac
operates with an electron beam energy of 150 MeV. The electron beam strikes a
water-cooled tantalum target. Typical power levels are 1-10 kW, but powers as high
as 50 kW are also available. The output of positrons is proportional to power. The
electron beam is pulsed with a variable frequency, ranging from 30-1000 Hz. The
electron pulses striking the tantalum target generate bursts of gamma radiation
which cause the photoejection of neutrons. The neutrons are collimated into beams
for use in the nuclear data program. About 85% of the power goes into the
production of neutrons. The remainder is in the form of gamma photons having
energies less than 10 MeV; these are forward scattered beyond the tantalum target
and are intercepted by an annealed tungsten converter-moderator. The high atomic
number of the tungsten promotes positron-electron pair formation. A small fraction
of the positrons are subsequently moderated to a monoenergetic state, escaping
into an extraction tube surrounded by a magnetic solenoid. The slow positrons issue
from the moderator on a time frame that tracks the electron pulses striking the
tantalum target. Shortly before the positrons emerge from the moderator the end



of the extraction tube is driven negative. A few nanoseconds later the extraction
tube returns to ground potential, but by that time the positrons are on their way to
the experiment room, shielded from the change in potential.

The experiment room is located ten meters away from the tantalum target -
converter-moderator assembly. S;x meters of concrete serve as radiation shielding
for the workers. The solenoidal magnetic field surrounding the extraction tube
extends to the experiment room. The positrons follow a spiral path and are
prevented from striking the walls of the extraction and conduction tubes. The
conduction tube has a gentle s-bend, changing the path of the positrons about 6°.
This prevents the neutron-gamma radiation from being transmitted line-of-sight to
the experiment room. Neutron radiation in the experiment room has been reduced
to an undetectable level. The gamma radiation level is less than 1/2 mr/hr in the
region of the experimenters, but at those points where positrons are scattered and
there is a high degree of annihilation the gamma radiation may range as high as 100
mr/hr. The regions of the apparatus where positrons are annihilated are either
remote or shielded from the experimenters.

The extraction tube imparts 3 keV of energy to the positrons as they emerge
from the moderator. This is retained as they travel to the experiment room and
emerge from the solenoidal field into a set of 60° deflection plates. The purpose
of the deflection plates is to divert the well defined, monoenergetic 3 keV beam
from other particles transmitted or scattered from the moderator-converter region.
In addition to the 3 keV positrons the beam contains ions, electrons, and fast
positrons having energies in the ranee of 75-125 keV. The positive voltage on the
60° deflection plates is adjusted such that the 3 keV beam will be deflected, but the
ions and electrons are taken out. The magnitude of the deflection voltage on the
plates is not sufficiently large to deflect the high energy positron beam.

After deflection, the 3000 eV positrons are focussed onto a thin-film W
moderator which is 0.8 cm in diameter and 0.1 urn thick.30 The positrons which
emerge from the other side of this transmission moderator have a kinetic energy of
0-3 V. These are then captured in the Penning trap and allowed to interact with
gas molecules. The experimental set up is shown in Figure 1.

When the ORELA is operating at the 10 kW level, the current of 3 keV
positrons delivered to the 60° deflection region is about 1 x 104 per electron pulse
striking the tantalum target. Under present operating conditions, the deflection and
re-moderation process is rather inefficient. MicroChannel plate outputs indicate that
only 100-200 0-3 eV positrons are captured in the Penning trap for each pulse of
the linac. This amounts to an average current of about 1 x 105 slow positrons per
second, however, which is adequate for these studies.

The positron trapping ion source and time-of-flight mass spectrometer are shown
more detail in Figure 2. An axial magnetic field of 60 G is imposed in the ion
source region to confine the low-energy positrons. In addition, the positron input
and output grids are held at a positive potential of +5 V, thus creating conditions
for the positrons to be trapped in a cylindrical volume which is estimated to be 1
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cm long and 0.8 cm in diameter. When the 3000 eV positrons arrive at the
secondary moderator the potential on the positron input grid is dropped to 0 V for
a period of 100 nsec to allow the low-energy positrons into the trap. The time of
100 nsec is less than the round-trip transit time of a 0.4 eV positron. The energy
of the positrons can be controlled by biasing the moderator negatively by up to -3
V. With larger negative potential applied to the moderator no trapped positrons are
detected. The ion source block which encloses the trapped positrons is held at 0 V.
The positron optics of this device were modelled with the program SIMION.31

Trapping of the low-energy positrons can be verified by pulsing the positron
output grid by -100 V following a specified delay time. This expels the positrons in
the direction of a channelplate detector the input face of which is held at -4000 V.
The anode signal from this detector is used to tune up the trapped positron signal.
Trapping of positrons has been observed up to 1 msec after injection into the trap
although some loss of signal was observed. For impact ionization experiments the
experimental set-up was very similar except that the moderator was removed and
the 3 keV positrons made a single pass through the source region.

Normally, ion extraction grid number 1 is held at 0 V for a given period
following the injection of positrons into the trap. This delay was chosen to be 30
usec in these experiments based on measurements of the ion signals at trapping
times of from 10 to 60 usec. At shorter trapping times, ions are seen coming from
interactions between the 3000 eV positrons and the target gas. At longer trapping
times than 30 usec, the ion signals decrease due to loss of positrons or ions from
the trapping volume. This loss may be a result of inhomogeneous electric or
magnetic fields in this region. The round-trip time required by 0.1 eV positrons
inside the trap is estimated to be 100 nsec, giving an increase in their path length
by a factor of 300. from 2 cm to 600 cm.

Following the 30 usec delay, ion grids 1 and 2 are pulsed negatively by -200 and
-250 V, respectively. The pulse width is 2 usec to allow ions of mass 80 u and
higher enough time to exit the ionization region. Ion grid 3 was held at -380 V and
the inner transport tube was biased -3010 V. The time-of-flight for an ion of toluene
(m/z = 92) to reach the detector (flight path = 1 m) was 12.5 usec.

The energy spectrum of the low-energy positrons was measured, albeit with poor
precision, and found to extend from 0.1 J 3.4 eV, with a peak at 1.0 eV. While it
is difficult to draw many conclusions from such data, it is probable that our
moderator was neither completely clean nor perfectly annealed. Both of these
effects would cause the peak of the energy spectrum to shift from 2.7 eV to a lower
value.

The data collection system for the time-of-flight mass spectrometer has been
described elsewhere 32 and consisted of 8 rime-to-digital converters operated in a
ripple fashion. The pulse applied to ion grids 1 and 2 provided the start signal to
the TDC's and ion pulses arriving at the detector provide the stop signals. The time
resolution was 50 nsec per channel and 500 channels were collected. In a typical
measurement 40,000 spectra were accumulated in 100 sec (ORELA repetition rate



= 400 Hz). The ion signals observed under these conditions were approximately 1
ion per second or 2.5 x 10"3 ions per positron pulse.

The analyte gas was admitted to the ion source chamber via a leak valve
(Granville-Phillips model 202) at a pressure of 1 x 10"6 to 1 x 10'5 Torr, as measured
by an ionization gauge. There may have been a somewhat higher pressure in the
positron trap region due to its proximity to the gas inlet tube. The samples were
obtained from commercial vendors and used without further purification.

RESULTS AND DISCUSSION

Impact Ionization. Mass spectra have been acquired for isobutane, dodecane,
benzene, toluene, and sulfur hexailuoride using 3 keV positrons, 70 eV electrons,
and 2.7 keV electrons as the ionizing agents. These particular compounds were
selected primarily for what they might reveal about ionization by slow positrons.
However, to have a complete set of data, fast positron ionization data were
collected for these compounds before the instrument was modified for slow positron
ionization experiments. The alkanes, C4H10 and C12H26, were chosen because of the
high Zeff values that have been measured, 1.5 x 104 and 1.5 x 106, respectively.5'29

The Zeff/Z values for these compounds are roughly 5 x 102 and 1 x 104, respectively,
thus a significant difference in ionization cross-section by slow positrons might be
anticipated. Benzene and toluene were chosen for study because calculation have
predicted that benzene will not bind a positron while toluene has a predicted
positron affinity of 0.46 eV.25 Therefore, significant differences in ionization cross-
section might be observed for these compounds under conditions in which positron
capture is optimized. Electron capture by sulfur hexafluoride has been extensively
studied33 and thus it was chosen to compare and contrast positron capture with
electron capture. SF6 has a high electron capture rate but recent total cross-section
measurements for positrons colliding with SF6 show none of the resonances
apparent with electrons colliding with SF6.

15 It is therefore anticipated that, unlike
ionization by electron capture, ionization by positron capture will be improbable for
sulfur hexafluoride.

For each compound, aside from the poorer signal/noise apparent with the
positron impact mass spectra (due to lower ionizing agent flux), the spectra derived
from high energy positron impact are very similar to those obtained by electron
impact in terms of the ions that are observed and their relative intensities. A
representative example is shown in Figure 3. The analyte in this example is toluene
and the spectra observed vary little from the 70 eV (a) and 2.7 keV (b) electron
impact ionization to the 3 keV positron impact ionization. The base peak in all the
spectra is due to the molecular ion (M+) and (M-H)+. The fragment ions are
observed in similar abundances for three spectra.

All of the ions that are observed can be rationalized based on an impact
mechanism which imparts sufficient energy to some of the ions to cause subsequent
unimolecular fragmentation. It is known that the internal energy distribution of ions



10

formed by 70 eV electron impact is broad.34 Therefore these distributions are also
expected to be broad with 2.7 keV electron and 3 keV positron impact. The mass
spectra are not expected to reflect nny subtle differences in the distributions of ion
internal energies ihat may result from the three experiments because of the broad
internal energy distribution. It can only be concluded that the general features of
mass spectra obtained by impact of fast positrons are very similar to those obtained
by electron impact at similar energies, as would by expected by the type of
interaction involved.

The mass spectra shown in Figure 3 have been normalized to the base peak
each and therefore do not reflect the ionization cross-section. These experiments
were not designed for the careful measurement of ionization cross-sections.
However, an estimate, based on the values of positron flux, number densities of the
molecules in the ionization volume, path length, efficiency of the mass spectrometer,
and numbers of ions detected, can be made. The cross-sections for ionization by
3000 eV positrons are estimated to be on the order of 1-5 A2. This is very similar
to the ionization cross-sections for 3000 eV electrons, as expected. Previous
measurements show that total attenuation cross-section for positrons and electrons
generally converge at high kinetic energy.1415

These results constitute the first example in which the ions formed in the track
of a fast positron are directly analyzed. They indicate that ionization of molecules
by fast positrons likely proceeds via an impact mechanism very similar to that
operative with ionization by fast electrons.

Positronium formation. Much more interesting than impact ionization is
ionization of organic molecules by positrons with kinetic energies less than the
ionization energy (IE) of the molecule. We have studied a variety of compounds,
listed in Table 2, under these conditions.

Table 2. Compounds studied for ionization by positronium formation.

Compound IEa Compound IEa

n-Butane
n-Hexane
n-Heptane
n-Decane
Cyclohexane
Cyclohexanone
1-Hexene

a. Ionization Energies
Appearance Potential

10.6
10.2
9.9
9.7
9.9
9.1
9.3

from: R.D.

Cyclohexene
1,5-Hexadiene

8.9
9.0

1,4-Cyclohexadiene 8.8
Benzene
Aniline
Nitrobenzene
n-Butyibenzene

9.2
7.7
9.9
8.7

,Levin and S.G.Lias, "Ionization Potential and
Measurements 1971-1981". NSRDS-NBS 71. 1982.
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Ions have been formed from all these compounds and, for a fixed moderator
voltage, the relative ionization efficiency is inversely proportional to the ionization
energy. While no effort was made to measure ionization cross-sectiuns due to the
somewhat crude nature of the apparatus, the ion signals observed were consistent
with previous positronium formation cross-section measurements.35

Figure 4 shows the mass spectrum of toluene obtained when the tungsten
transmission moderator is held at OV with respect to the ion source potential. (This
gives a distribution of positrons with kinetic energies from 0-3 eV.) In this
spectrum, only the molecular ion is present. However, the possible fragment ions
from this molecule have relatively high appearance energies so the lack of
fragmentation is not necessarily a good indication of internal energy deposition
during ionization. The alkanes and alkenes listed in Table 2 do show significant
fragmentation, even at the theoretical threshold for positronium formation (see
below).

Figure 5 shows mass spectra obtained from hexane at moderator voltages of 1,
3 and 5 volts. Two trends that are generally observed can be seen in this Figure.
First, as the moderator voltage is increased the total number of ions formed
increases. This is attributable to an increase in the nnmber of positrons that have
energies in excess of the threshold energy for positronium formation as the
moderator voltage is increased. The other trend that is observed is that as the
positron energy increases there is increased fragmentation.

The increase in ion formation is shown in the plot in Figure 6, in which the
relative ion signal as a function of moderator voltage is plotted. In this case the ion
signal increases by over two orders of magnitude in going from 0 volts on the
moderator to 5 volts The other curve in this Figure is a calculated curve that is
a convolution of our positron kinetic energy distribution with a step function for the
positronium formation threshold at a positron kinetic energy of 4 eV. The expected
threshold is 3.4 volts (the ionization energy, 10.2 eV, minus 6.8 eV).

The observed fragmentation for these compounds when ionized by low energy
positrons is very similar to that observed for low energy electron ionization, although
obviously the electron must have kinetic energies greater than the IE of the
molecule. Figure 7 shows two hexane mass spectra, one obtained by positron
ionization and the other by low energy electron ionization. These spectra were
selected for comparison, because of their similarity, from a series of spectra
obtained by ionization with each type of particle at varying energies in excess of the
positronium threshold or ionization energy. It is interesting to note that the kinetic
energy of the positron in excess of the theoretical threshold energy for positronium
formation is 1.6 eV while the excess kinetic energy of the electron over the
ionization energy is 1.8 eV. Similar experiments were performed for 1-hexene and
tetraethylsilane. Figure 8 shows a piot of the excess energy of the ionizing particle
for several spectra that are similar, as in Figure 7. This plot shows that the internal
energy deposited by positron lonization, via positronium formation, is quite sir.iilar
to that deposited by electron ionization. This suggests that the Franck-Condon
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factors are similar. Two possible explanations of this are: 1) the intermediate
(PsXY+) does not change geometry appreciably prior to annihilation; or 2) the
intermediate is very short lived, i.e. positronium separates from the molecule rapidly
and then annihilates.

Capture Mechanisms. Thus far we have not been able to observe any ionization
attributable to a capture mechanism. By biasing our moderator with a negative
voltage, positron energies down to 0.1 eV are readily accessible. It may be that this
is too high to expect cross-sections within the range of sensitivity of our experiment.
However, there is data to suggest that capture mechanisms should have a large
enough cross-section at this energy for us to observe ions for at least some of the
molecules we have tried.36 Work is in progress to modify the apparatus so that
lower energy (i.e. thermal) positrons can be accessed. This will allow us to perform
experiments analogous to those of Surko et al."29 We will have the advantage in
our set-up of having initial positron energies less than the positronium formation
threshold and also should not need the nitrogen bath gas.
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TOF MASS SPECTROMETER
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