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Measurements of positron-annihilation rates on molecules

K. Iwata, R. G. Greaves, T. J. Murphy,* M. D. Tinkle,! and C. M. Surko
Physics Department, University of California, San Diego, La Jolla, California 92093
(Received 24 May 1994; revised manuscript received 12 September 1994)

Measurements are presented for the annihilation rates of thermalized positrons in a variety of
substances, including noble gases, simple inorganic molecules, hydrocarbons, substituted hydrocar-
bons, and aromatics. The measurements were performed using trapped clouds of room-temperature
positrons, into which substances under test were introduced as low-pressure gases, so that only
two-body interactions were involved. These data are compared with other values in the literature,
and a compilation of annihilation rates is presented. The measurements illustrate the importance of
both chemical composition and the vibrational modes of excitation of the molecules in determining
the annihilation rates. The anomalously high annihilation rates observed for large molecules pro-
vide evidence for the existence of long-lived resonances. The nature of these resonances is not yet
understood, and the data presented are expected to provide useful constraints for the development

of theoretical models.

PACS number(s): 34.80.Dp, 36.10.—k, 78.70.Bj, 71.60.4z

I. INTRODUCTION

The interaction of positrons with matter is of funda-
mental importance [1-3]. These interactions have been
studied ever since positrons first became available for lab-
oratory experiments [4]. Some aspects of positron-matter
interactions are similar to electron-matter interactions,
since the positron and the electron have the same mass.
Thus, theories developed for electron-matter interactions
have been successfully applied to describe many positron-
matter interactions. However, positrons can also pro-
vide information that is not obtainable from electrons,
through such processes as annihilation and positronium
atom formation [4]. In this paper, we report a systematic
study of positron-molecule interactions at positron ener-
gies below the threshold for positronium atom formation.
Recent advances in positron trapping techniques [5] have
allowed us to extend these measurements to a wide vari-
ety of molecular species.

This paper is organized in the following way. In Sec. II,
we discuss the nature of the interaction of slow positrons
with molecules in two-body collisions, and we describe
previous experimental work on the subject. Section III
describes the setup of our experiment for measuring an-
nihilation rates using trapped positrons. In Sec. IV, we
present annihilation rate data for various molecules, in-
cluding a comprehensive compilation of earlier results. In
Sec. V, we discuss the trends we observe in various chemi-
cal families, and we descibe possible factors contributing
to these trends. In Sec. VI, we briefly summarize the
state of research in this area.
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II. POSITRON-MATTER INTERACTIONS
A. Theoretical considerations

Dirac predicted that a positron and an electron with
opposite spins could annihilate to produce two quanta
of v radiation [6]. In the nonrelativistic limit, the rate
for this process for a positron in a gas of electrons with
density n, of spins opposite to that of the positron is

T, = 47rr§cn3, (1)

where 7 is the classical radius of the electron and c is
the speed of light. For an uncorrelated electron gas of
density n., ns, = n./4, so that the spin-averaged rate of
annihilation for free electrons is

T, = mricn.. (2)

This formula is frequently modified to describe the anni-
hilation rate I' in molecular gases by introducing a pa-
rameter Zg into Eq. (2) to represent the effective number
of electrons per molecule implied by the observed anni-
hilation rate [7]. Thus,

T = nrienZeg, (3)

where n is the number density of molecules. The intro-
duction of the parameter Z.g is an attempt to take into
account the structure of the atomic or molecular electron
wave function and positron-electron correlations.

The annihilation of positrons on small atoms can be
understood in terms of simple collisions [8,9]. Empiri-
cally, it is found that Z.g for these molecules is of the or-
der of, but somewhat larger than Z, which is the number
of electrons in the molecule. In contrast, the annihila-
tion rates for larger organic molecules are observed to be
much higher than expected on the basis of such models
[8,10-12]. It is believed that this is due to the attach-
ment of positrons to the molecule via long-lived positron-
molecule resonances, but the detailed mechanisms of at-
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tachment and subsequent positron annihilation are not
understood [8,10-12]. Previous measurements [8,11-13]
give various values of Z.g/Z ranging from order unity
to ~ 10%, with anomalously high values for large organic
molecules. Experimental values of Z.g/Z for molecules
are plotted against Z in Fig. 1, showing the strong depen-
dences of Z.g/Z on the size and chemical composition of
the molecules.

The physical process resulting in the observed values
of Z.g might be understood qualitatively in the follow-
ing way. The long-range interaction between the positron
and the molecule is attractive, due to the dipole result-
ing from the positron polarizing the electron cloud in the
molecule. At low incident positron energy, this interac-
tion will increase the collision cross section o, above the
value determined by the size of the molecule. The colli-
sion rate I'. can be expressed as I'. = no.v, where v is
the velocity of the positron, and the molecule is assumed
to be stationary. When the positron-molecule interac-
tion is a simple elastic collision, the time 7. spent by the
positron in the molecular electron cloud is approximately
Te ~ d/v, where d is the molecular diameter. The prob-
ability of the positron annihilating during the collision
may be expected to have the heuristic form 1 — e~ "</,
where 1/7¢ is the annihilation rate during the collision.
A rough estimate for 7o is 79 ~ 5 x 1071% s, which is the
spin-averaged lifetime of a positronium atom [14]. With
this assumption, the annihilation rate for such an elastic
collision I"®! can be expressed as

I = nov(l — e /™). (4)
Because 7. < 79, this expression can be approximated as

re! = nacv%. (5)

If, on the other hand, we assume that the positron
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FIG. 1. Experimental values of Z.g/Z plotted against

Z: (o) noble gases, (v7) simple molecules, (o) alkanes, (A)
perfluorinated alkanes, (O0) perchlorinated alkanes, (¢) per-
brominated and periodated alkanes, (M) alkenes, (A) oxy-
gen-containing hydrocarbons, () ring hydrocarbons, (V) sub-
stituted benzenes, and () large organic molecules.

forms a resonance with the molecule, the positron spends
the resonance time 7T;es in the vicinity of the molecule.
Electron-molecule resonances are known to occur with
measured values of T;.s as large as 107° s [15], so we do
not assume Tres <K To. By analogy with Eq. (4), the anni-
hilation rate for resonance collisions I'"*® can be expressed
as

" = noyesv(1l — e_"‘“/r"), (6)

where 0,5 is the resonance formation cross section. Com-
paring Eq. (5) and Eq. (6) with the definition of Z.g,
Eq. (3), we find
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at 300 K, if we assume o, is of the order of 107% cm
and consider a simple elastic collision, where 7, is of the
order of 107! s, then Z¢ ~ 10 from Eq. (7). When the
collision involves an attachment via long-lived positron-
molecule resonances, Eq. (8) can be expressed as

Tes Ures —Tres /T
10 () A=) (9)

Thus, ZIg has its maximum value when T, > 79. If we
assume oyes of the order of 107® cm?, then Z'§ ~ 108
from Eq. (9). This range of Z.g, from 10 to 10°, is what
we have observed. For Z.g > Z, the quantity Z.g can no
longer be interpreted as an effective number of electrons
participating in the annihilation process. In this case,
Zeg should then be regarded as a normalized annihilation
rate.

For the case of electron-molecule resonance collisions,
values of 7,es have been calculated successfully [16,17]
by applying the Marcus-Rice equilibrium modification
(RRKM) of the Rice-Ramsperger-Kassel theory [18],
which was developed to describe unimolecular reactions
[19]. The RRKM theory is a statistical theory that as-
sumes a rapid statistical redistribution of energy among
the various degrees of freedom of the molecule. It is ac-
cepted to be the most accurate and practical approx-
imate model for such reactions [18]. The theory has
been successfully applied to describe resonance collisions
of electrons with selected molecules [16,17], and it may
provide quantitative insights into positron-molecule res-
onance lifetimes and annihilation rates.

With the exception of the estimates given in Refs.
[11] and [13], the RRKM theory has not been applied
to positron-molecule resonance collisions. For the case
of the positron-molecule resonances described here, we
envision that the incoming positron transfers its kinetic
energy to the vibrational modes of the molecule. If
the positron-molecule potential is attractive (i.e., the
positron affinity, e4 > 0), then the positron will be bound
to the molecule until the vibrational energy is transferred
back to the positron. The RRKM theory is able to pre-



dict Ties if the vibrational mode frequencies and €4 are
known. For most common molecules, these vibrational
frequencies are known. However, at present, very little is
known about the positron-molecule affinity, €4.

B. Earlier measurements

The first measurements of Z.g were made in dense
gases. Because pressurized gases were used for these ex-
periments, the variety of molecules tested was limited to
those existing as gases at atmospheric or higher pressure.
The results of these experiments are reviewed [8,20], and
the experimental operation is described in detail else-
where [21,22]. The technique uses a 22Na radioactive
source, which emits a 1.28-MeV ~ ray with a negligi-
ble delay after the emission of a positron. The positron
annihilates in a pressurized gas chamber, and delayed
coincidences are observed between signals recorded on
scintillation counters from the 1.28-MeV v ray and the
annihilation v rays. The delay is a measurement of the
annihilation rate and is typically of the order of 1078 s
in gases at atmospheric pressure.

Positrons emitted from the source typically have en-
ergies of a few hundred keV. They rapidly lose en-
ergy through ionization and electronic excitation of gas
molecules until their energy falls below the threshold en-
ergy for electronic excitation. The ionization cross sec-
tion o; at 100 eV is about 1071® ¢cm?2, while the annihi-
lation cross section is

2
o= _1"_ _ WTOCZeﬂ" (10)
nv v
and 0 ~ 10723Z.g cm? at 100 eV. For these energies,
o & o;. Therefore, the positrons slow down without
significant loss from annihilation at these energy ranges.
Further moderation of positrons occurs through elastic
collisions in the case of noble gases, and mainly through

inelastic vibrational and rotational excitation collisions

in the case of polyatomic molecules. In elastic collisions,
a positron loses at most a fraction 2m/M of its initial
energy per collision, where m and M are the masses of
the positron and the gas atom, respectively. As a result,
about M/2m large-angle elastic collisions are required for
thermalization, leading to the definition of an effective
thermalization cross section for elastic collisions,
2mo

ol = Mm ) (11)
where 0,, is the elastic momentum-transfer cross section,
which is on the order of atomic dimensions. For poly-
atomic molecules, vibrational and rotational excitations
provide a more efficient thermalization mechanism, and

the cross sections Ui“el are typically around 107'¢ cm?

[23]. In order to study the interaction of thermalized
positrons with molecules, we must have

o

—>1. (12)

o
For noble gases,

el 03
9 1 (13)
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where M is in atomic mass units, while for polyatomic
molecules,

inel 5
o 10

o Zog

(14)

Thus, thermalization occurs before annihilation for small
noble gases, such as helium and neon, and for polyatomic
molecules with Z.g < 10%. However, these estimates in-
dicate that positrons can annihilate before they reach
thermal equilibrium for large noble gases and for some
large organic molecules. In particular, Z.g can be as
large as 10% for large noble gases [8,24-27] and 10° for
large organic molecules [8,11-13]. Although a mixed-gas
technique has been developed to address this thermal-
ization problem [25], it is desirable that positron annihi-
lation on molecules be reexamined experimentally using
low-energy positrons.

III. EXPERIMENTAL SETUP

In recent years, positron trapping techniques have
been developed [5] in which positrons are trapped in
an electrostatic potential well by inelastic collisions
with small molecules such as N;. This method cir-
cumvents the thermalization problems encountered in
the delayed-coincidence annihilation spectrum measure-
ments in dense gases. In the positron trap, the ther-
malization of positrons is performed by a tungsten film
or solid neon moderator and by inelastic collisions in a
nitrogen buffer gas, rather than by the test gas. The ther-
malized positrons are confined in a region of low buffer
gas pressure created by differential pumping. Because the
trap is housed in an ultrahigh vacuum system, molecules
that exist as liquids or solids at atmospheric pressure
can be introduced into the system as low-pressure va-
pors for annihilation studies, thus extending the variety
of chemical species to be tested as compared to dense-gas
experiments.

The measurements presented here were performed in a
positron trap [28], using techniques similar to those de-
scribed in our earlier studies [11-13,27-29]. Details of the
operation of the trap and of the trapping mechanism are
presented elsewhere [5]. Radial confinement of positrons
in the trap is achieved using a magnetic field. Axial con-
finement is provided by an electrostatic potential well
imposed by the voltages on a set of cylindrical and hy-
perboloidal confining electrodes. The trap accumulates
positrons from a low-energy positron beam, storing room-
temperature positrons for times of the order of 1 min in
the presence of the buffer gas and for more than one half
an hour if the buffer gas feed is switched off after the
positrons are trapped [30].

The principle of the positron trap is illustrated in Fig.
2. The trap was developed specifically to achieve high
efficiency in accumulating and storing a large number of
thermalized positrons. Positrons from a 70-mCi ??Na
source are moderated using a 1-pum-thick, single-crystal
tungsten transmission moderator [31,32] or a solid neon
moderator [33] biased to form a 40-eV positron beam.
The positrons are then guided magnetically into the trap-
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FIG. 2. Schematic diagram of the four-stage positron trap,
showing the electrode structure and the inelastic collisions
(A,B, and C) in the potential well which lead to positron
trapping. The positrons accumulated in stage III are shuttled
to stage IV by lowering the potential barrier between these
two stages, as indicated by the dotted lines.

ping region, where they are trapped by inelastic collisions
with a nitrogen buffer gas. The pressure of the nitro-
gen gas in stage I is adjusted so that, on average, the
positrons experience one inelastic electronic excitation or
ionization collision (labeled A in Fig. 2) upon traversing
the length of stage I. The energy lost in such a colli-
sion is large enough that they become trapped within
the electrode structure. Subsequent electronic excitation
collisions (B and C in Fig. 2) result in the positrons be-
coming confined to stages II and III in less than 1 ms,
and finally in stage III in a time of the order of 30 ms [5].
The positrons are then shuttled to stage IV by dropping
the potential barrier between stages III and IV, as shown
in Fig. 2. They cool to room temperature, the tempera-
ture of the nitrogen gas, in a characteristic time of about
1 s, through vibrational and rotational excitations of ni-
trogen molecules. Currently, we are able to accumulate
on the order of 108 positrons with a 70-mCi %2Na source
using a solid neon moderator [34].

Use of the positron trap for annihilation studies has
important advantages over the delayed-coincidence an-
nihilation spectrum measurements in dense gases. As
described above, earlier measurements of annihilation
rates, which use the test gas for the thermalization of
fast positrons [8,10,22,24-26,35-38], suffer uncertainty in
the positron energies at the moment of the annihilation
[25,27]. It has been shown experimentally and theoret-
ically that Z.g is a function of positron energy and de-
creases as energy increases [25,39]. The thermalization
time is found to depend on the molecules used. As ex-
pected, it is especially long for noble gases, for which only
elastic collisions are available. In contrast, thermaliza-
tion of positrons in our positron trap is accomplished by
the nitrogen buffer gas, and the process is well character-
ized [5]. Differential pumping of the system enables us to
create a region of low nitrogen pressure where positrons

can be stored and where annihilation with the test gas
occurs with a characteristic annihilation time longer than
the thermalization time. We can independently measure
and control the positron temperature [30,40] so that there
is no ambiguity in positron energy. Measurements of the
dependence of annihilation rates on positron temperature
are also possible, but have not yet been carried out.

Various gases and vapors may be introduced directly
into stage IV in order to study the annihilation of
positrons on these substances. Molecules that exist as
liquids or solids at room temperature are introduced in
vapor form into the trap. The use of low-pressure gases
helps to insure that one is studying a binary process in-
volving one positron and one molecule. This avoids the
potential complications due to the clustering of atoms
or molecules at the site of the positron before annihila-
tion takes place [41,42]. A diagram of stages III and IV
is shown in Fig. 3, including the vacuum and detection
systems. Annihilation rates are determined by accumu-
lating positrons for a fixed amount of time in stage III
(“filling”), waiting 1 s for positrons to thermalize after
they are shuttled to stage IV, and then waiting a variable
amount of time while the positrons annihilate with the
test gas (“storing”). After this storage time, the remain-
ing positrons are dumped onto a metal annihilation plate,
shown in Fig. 3, and the characteristic 511-keV annihi-
lation radiation is measured using a NalI(T1) scintillator.
The light pulse amplitude is proportional to the number
of positrons detected. A typical set of data is shown in
Fig. 4(a), and the annihilation rate as a function of test
gas pressure is shown in Fig. 4(b).

The linear dependence indicated by Fig. 4(b) confirms
that the process being studied is a binary encounter be-
tween the positron and an atom or molecule of the test
gas. In particular, for a binary process, the annihilation
rate is given by

I'=Ty+ x‘l.PN2 + BPyx, (15)

where A and B are constants proportional to the Z.g of
nitrogen and of the molecule under study, respectively,
Py, and Px are the pressures at room temperature of
these gases, and I'g is the annihilation rate on other large
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FIG. 3. Schematic diagram showing the final two stages of
the positron trap and other equipment used in the annihila-
tion studies.
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FIG. 4. Data for the annihilation of positrons on ben-
zene-d. (a) Number of positrons remaining N as a function
of time for various test gas pressures: () 3.4 x 1078, (v7) 7.3
x 1078, (o) 1.5 x 1077, (¢) 2.3 x 1077, (O) 3.2 x 10~7, and
(A) 4.4 x 1077 torr. (b) Annihilation rate as a function of
test gas pressure, deduced from the data in (a).

molecules present as contamination in the vacuum sys-
tem. A water-ethanol mixture chilled to 7.5 °C in a
Dewar inside the vacuum chamber (shown in Fig. 3) is
used to reduce impurities. In the absence of a test gas,
the lifetime of positrons is predominantly limited by an-
nihilation with No. Px is measured by a Bayard-Alpert
ion gauge. When available, pressure gauge sensitivities
in the literature were used [43]. For those that were not
available, we measured the sensitivities using a similar
technique to that described in Ref. [43]. As a consis-
tency test, we repeated measurements for some of the
molecules from Ref. [43], and our results agree to better
than 20%.

The molecules used in the measurements reported here
were obtained from the Aldrich Chemical Company and
were the highest purity commercially available. The lig-
uids were degassed prior to use by repeated freezing and
thawing under vacuum. During the experiments, the test
liquids were kept at constant temperature, using a water
bath to insure stable vapor pressure during the measure-
ments.

IV. RESULTS

In this section, we compare our values of Z.g, mea-
sured in low-pressure gases using the positron trapping
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techniques described above, with those of other groups,
who obtained their data in dense gases. The experiments
in dense gases [8,10,22,24-26,35-38] were performed at
pressures > 102 torr, while our low-pressure experiments
[11-13,27-29] were performed at pressures < 10~° torr.
In general, the values of Z.g in dense gases and those in
low-pressure gas experiments agree to within 30%. We
also tabulate values of Z.g/Z, which scale Z.g by the
number of electrons in the atom or molecule, and they
are summarized in Fig. 1. When plotted in this man-
ner, the data show a large scatter. Plotting Z.g as a
function of molecular polarizability does not apprecia-
bly reduce this scatter, except for small molecules, where
a dependence on molecular polarizability was previously
noted [12]. In Sec. V, we describe another way of plotting
the data which appears to provide more insight into the
physical mechanism underlying the annihilation process.

A. Noble gases

Experimentally measured and theoretically calculated
values of Z.g for noble gases are listed in Table I and
illustrated in Fig. 5. The theoretical calculations based
on a polarized orbital model [9] and on a more exact
variational model [44] for helium, are in good agreement
with the measurements. The polarized-orbital calcula-
tion for neon [45] also agrees reasonably well with the
measurement. Our values for argon, krypton, and xenon
are higher than those reported by other groups for mea-
surements in dense gases. The ratios of the thermaliza-
tion to the annihilation cross sections calculated from
Eq. (13) for argon, krypton, and xenon are 0.8, 0.1, and
0.02, respectively. These values suggest that positrons
are not thermalized before annihilation for dense-gas ex-
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FIG. 5. Theoretical and experimental values of Z.g for
noble gases: (o) theoretical values, (A) experimental values
measured in the positron trap, (o) values measured in experi-
ments in dense-gases, and (/) dense gas experiment with H
test-gas mixture. The values measured in the positron trap
are generally higher than those in dense-gas experiments.
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TABLE I. Values of Z.g for noble gases. References are given for previous measurements.

Molecule Formula Z Zeg (Theory) Zest Zeg|Z Ref.
Helium He 2 4.02°,3.84° 3.94 2.0 [24]
Neon Ne 10 6.97°¢ 5.99 0.6 [24]
Argon Ar 18 28d 33.8t 1.9 this study
26.77 1.5 [24]

27.3 1.5 (35]

27.1 1.5 [36]

25.5 1.4 [10]

Krypton Kr 36 58°¢ 90.1" 2.5 this study
65.7 1.8 [25]

64.6 1.8 [24]

Xenon Xe 54 217° 401t 7.4 [27]
330 6.1 [26]

320 5.9 [25]

400-450* 7.4-8.3 [25]

320 5.9 (8]

320 5.9 [24]

tMeasured in the positron trap, measured in a dense Xe-H; gas mixture.

*Reference [9].

PReference [44].
“Reference [45].
dReference [46].
“Reference [47].

periments. A higher-temperature population of positrons
would lead to a lower Z.g, according to theoretical cal-
culations [46,47], and the trend of higher values of Z.g
measured in our positron trap is consistent with this.

In order to overcome the problem of slow thermaliza-
tion of positrons in the larger noble gases, Wright et al.
[25] developed a technique for measuring positron anni-
hilation in dense-gas mixtures. In their experiments, a
small admixture of Hy is used to increase the thermaliza-
tion rate of the positrons. The Xe-H, experiments gave
Zeg of 400-450 [25], which agrees with the value obtained
in the positron trap [27]. For Kr and Ar, the gas-mixture
experiments produced similar results to the pure-gas ex-
periments in dense gases. Our results for Kr and Ar are
not in very good agreement with the dense-gas results.
We have no definitive explanation of this discrepancy. In
principle, systematic errors in our measurements could
account for the difference, and more careful measure-
ments for Kr and Ar in the positron trap are planned.
We note that the values measured in the positron trap
for argon, krypton, and xenon are higher than the theo-
retical ones (Table I).

B. Inorganic molecules

Values of Z.g for simple inorganic molecules are listed
in Table II. Polar and nonpolar molecules are tabu-
lated separately. At separations much larger than molec-
ular dimensions, the long-range interaction between a
positron and a polar molecule is a dipole interaction
with force proportional to p/r3, where p is the perma-
nent molecular dipole moment and r is the separation

between the molecule and the positron. This interaction
is stronger than that between a positron and a nonpolar
molecule, for which the positron polarizes the molecular
electron cloud, inducing a dipole moment and producing
a force proportional to a/r%, where « is the polarizability
of the molecule. Because of the strong, long-range nature
of the interaction for polar molecules, we expect these
species to have higher values of Z.g than those of simi-
lar nonpolar molecules. The molecular dipole moments
[48] are also listed in Table II, and it can be seen that
polyatomic polar molecules have relatively large values
of Zeg, with Zeg/Z > 10, with the exception of nitrous
oxide which has a small dipole moment. For nonpolar
substances, a correlation between Z.g and polarizabil-
ity for some chemical species has been reported earlier
[12,49].

Because of the structural complexity of polyatomic
molecules, theoretical values of Z.g are available only
for a limited number of these substances [50]. Positron
annihilation on H; has been extensively studied because
of the relative simplicity of its structure. A calculation
using the Kohn variational method yields a Z.g of 10.7
[51], which is smaller than the experimental values (see
Table IT). The calculation for N, using polarization po-
tentials with a phenomenological cutoff gives Z.g = 18
[62]. This value is smaller than the experimental val-
ues. Ab initio calculations using the Kohn variational
method for N3 are currently being investigated [53]. The
calculation for NH; with the fixed-nuclei approximation
and without the polarization of molecular orbitals due
to the incoming positrons gives Z.g = 241, while the
calculation including the polarization increases the value
to about 500 [54], which is still much smaller than the
experimental value of 1300 [8].
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TABLE II. Measured values of Z.g for inorganic molecules. The values of dipole moment DM

have units of debye (D).

Molecule Formula Z Tt Zeg|Z DM (D)* Ref.
Diatomic molecules (nonpolar)
Hydrogen H: 2 14.6 7.3 [38]
16.02 8.0 [25]
14.7 7.4 (8]
Deuterium D: 2 14.7 7.4 (8]
Nitrogen N 14 30.5 2.2 (8]
28.9 2.1 [37)
Oxygen (2% 16 36.7 2.3 this study
40.5 2.5 8]
Diatomic molecules (polar)
Carbon monoxide CO 14 38.5 2.8 1.96 (8]
Nitric oxide NO 15 34 2.3 1.7 (8]
Polyatomic molecules (nonpolar)
Carbon dioxide CO2 22 54.7 2.5 [25]
53 2.4 (8]
Sulfur hexafluoride SFe 70 86.2t 1.2 this study
97 1.4 (8]
Polyatomic molecules (polar)
Ammonia NHs; 10 1300 130 1.47 [8]
Water H,O 10 319t 32 1.85  this study
Nitrous oxide N.O 22 78 3.5 0.167 (8]
Nitrogen dioxide NO: 23 1090 47 0.316 (8]
Methyl chloride CH3Cl1 26 15000 580 1.87 (8]
Dichlorodifluoromethane CCl;F2 58 750 13 0.51 [22]

tMeasured in the positron trap.
*Reference [48].

C. Alkanes and substituted alkanes

Values of Z.g for alkanes and substituted alkanes are
listed in Table III and values of Z.g/Z are plotted against
Z in Fig. 1. For alkanes, Z.g/Z increases from ~ 10 for
methane to ~ 2x 10 for hexadecane. These anomalously
high values of Z.g/Z might be explained by long-lived
resonances [11]. We note that Z.g/Z does not increase
between dodecane and hexadecane.

Theoretical calculations of Z.g for CH4 are available
[54]. Using the fixed-nuclei approximation, the values are
46.8 without including the polarization of the molecular
orbitals, and 99.5 with the polarization. These values are
smaller than the experimental values (see Table III).

Substitution of hydrogen atoms in the alkanes by other
atoms dramatically changes Z.g. Substitution by fluo-
rine decreases Z.g, while substitution by iodine, chlorine,
or bromine increases Z.g by differing amounts.

D. Alkenes

Table IV gives values of Z.g for various alkenes. The
molecular structures and values of Z.g are illustrated in
Fig. 6. Introducing one double bond into the alkanes

ethane and hexane, to form ethylene and hexene, respec-
tively, has the effect of approximately doubling Z.g. In
the case of hexene, there is no strong dependence of Z.g
on the location of the double bond. Introducing a second
double bond into hexene to form hexadiene further in-
creases Z.g by approximately another factor of 2. Once

again, there is no significant isomeric dependence. In-
HEXANE HEXENES HEXADIENES HEXATRIENE
1,3-Hexadiene
1-Hexene VavaYd
Vavad 389,000
185,000
cis 2, trans 4-Hexadiene 1,3,5-Hexatriene
AN W avaYd
120,000 trans 3-Hexene 413,000 414,000
AN
196,000 trans 2, trans 4-Hexadiene
NN
388,000

FIG. 6. Values of Z.g and structures of alkenes with six
carbons.
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troduction of a third double bond does not change Z.g
appreciably as compared to hexadiene.

E. Oxygen-containing hydrocarbons

Values of Z.g for alcohols, carboxylic acids, and ke-
tones, which have not been studied previously, are listed
in Table V. The measurements were an effort to observe
chemical trends of Z.g in molecules containing oxygen.
Alcohols, carboxylic acids, and ketones each have values
of Zex/Z approximately an order of magnitude higher
than do alkanes with the same number of carbon atoms.
For the three-carbon family of these molecules, we find
that acetone, which has a C=0 group, has the highest
Zeg/Z, and that propionic acid, which has both O-H and
C=O0 groups, has slightly higher Z.g/Z than 1-propanol,
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which has an O-H group. The large dipole moment of
acetone (Table V) may be responsible for its high Z.g/Z
value.

F. Aromatics and saturated rings

Values of Z.g for ring hydrocarbons, substituted rings,
aromatics, and other organic molecules are given in Ta-
ble VI. Forming hexane into the cyclic ring compound,
cyclohexane, dramatically reduces the value of Z.g. A
similar decrease is noted when the symmetric ring, ben-
zene, is compared with hexane. The similar values of Z.g¢
for benzene and for cyclohexane, compared with the large
value for hexane, suggest that symmetry plays a more im-
portant role in determining the value of Z.g than does

TABLE III. Measured values of Z.g for alkanes and substituted alkanes.

Molecule Formula Z Zegr Zeg|Z Ref.
Alkanes
Methane CH,4 10 142 14 (25]
140 14 (8]
162 16 [10]
Ethane C2Hs 18 660 37 (8]
698 39 (10]
Propane C3Hs 26 3500 130 (8]
3850 150 [10]
Butane CsHio 34 11 300! 330 [13]
15000 440 (8]
16 300 480 [10]
Isobutane Cs4Hio 34 14 400 420 [10]
Pentane CsHi2 42 378007 900 [13]
Hexane CeHi4 50 120 000" 2400 [29]
98 2001 2000 [12]
Heptane CrHie 58 242 0007 4200 [13]
Nonane CoHao 74 643 0001 8700 (13]
Decane CioHz22 82 507 000" 6200 this study
Dodecane Ci12Hze 98 17800001 18000 [13]
Hexadecane Ci16Haq 130 22300007 17000 [13]
Deuterated alkanes
d-Heptane CrD16 58 197 000* 3400 [13]
Perfluorinated alkanes
Carbon tetrafluoride CFy 42 54.4% 1.3 [12]
Perfluoropropane C3Fs 90 1521 1.7 [12]
Perfluorohexane CéF14 162 535t 3.3 [12]
Perfluorooctane CsFis 210 10641 5.1 [12]
Perchlorinated alkanes
Carbon tetrachloride CCly 74 9530" 130 [12]
22500 300 [10]
Hexachloroethane C2Cls 114 68 6001 600 [12]
Perbrominated alkanes
Carbon tetrabromide CBry 146 39 800' 270 [12]
Periodated alkanes
Carbon tetraiodide Cl, 218 7990t 37 this study

tMeasured in the positron trap.
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TABLE IV. Measured values of Z.g for alkenes.

Molecule Formula Z Zegr Zet | Z Ref.
Ethylene C2H, 16 12007 75 [29]
1-hexene CeHiz 48 185 000! 3900 [12]
trans 3-hexene CeHi12 48 196 000t 4100 [12]
1,3-Hexadiene CeHio 46 389 000* 8500 [12]
cis-2, trans-4-hexadiene CeHio 46 4130001 9000 [12]
trans-2, trans-4-hexadiene CegHi1o 46 3880001 8400 [12]
1,3,5-hexatriene CeHs 44 414 000" 9400 [12]

tMeasured in the positron trap.

the presence of double bonds or delocalized electrons [29].
We note, however, that both benzene and cyclohexane
lack methyl groups, which might be the reason that Z.g
is lower in these molecules than in hexane. As in the case
of the alkanes, perfluorinating aromatic hydrocarbons to
form such compounds as octafluoronaphthalene, hexaflu-
orobenzene, and octafluorotoluene results in a dramatic
decrease in Z.g.

Deuteration of benzene provides unique information
about the annihilation process. Deuteration of molecules
does not change their electronic structure, but signifi-
cantly changes the vibrational modes of the molecules.
The structures of the deuterated benzenes studied are
illustrated in Fig. 7. As can be seen, deuteration of
benzene increases Z.g. Benzene-dg (i.e., C¢Dg) has the
same number of vibrational modes as does benzene, but
they have lower frequencies. Benzene-dg shows an in-
crease in Z.g by a factor of 2 over that of benzene, sug-
gesting that positrons interact more strongly with these
lower-frequency modes. Benzene-d (i.e., C¢HsD) has
the largest number of nondegenerate modes among the
deuterated benzenes we have studied, and this molecule
has a higher value of Z.g than does either benzene or
benzene-dg. Benzene-1,3,5d3 has the highest Z.g value,
even though it has a smaller number of nondegenerate
modes than does benzene-d. The high Z.g value for
benzene-1,3,5d; may arise because it has lower-frequency
vibrational modes than does benzene-d. Also, it is pos-

sible that some modes may not contribute to resonance
formation because of selection rules analogous to those
observed in electron-benzene resonance collisions [55].

There is one deuteration result that contradicts the
trend observed in the deuteration studies for benzene.
We had previously measured Z.g for deuterated heptane
[13] (see Table III) and found that it was smaller than
that of heptane. We plan to repeat this measurement
and to carry out additional deuteration experiments to
clarify this issue.

We have studied a number of substituted benzene com-
pounds, and Fig. 8 contains a summary of these results.
Substituting one hydrogen atom in the benzene molecule
with any other functional group increases Z.g. This is
true even for —F, which usually has the property of re-
ducing Z.g when substituted for hydrogen atoms. This
phenomenon points to the importance of molecular sym-
metry in reducing Z.g in ring compounds. The magni-
tude of the increase shows a wide variation, depending
on the functional group being substituted, varying from
a factor of 2 for —F to a factor of 30 for -NO5. In the
latter case, the large dipole moment introduced by the
—NO; substitution may also contribute to the increase in
Zeg (Table VI). Substituting one, four, or five additional
—F in CgHsF decreases Z.g monotonically, which is con-
sistent with the observation that perfluorocarbons have
much lower values of Z.g than the analogous hydrocar-
bons.

TABLE V. Measured values of Z.g for alcohols, carboxylic acids, and ketones.

Molecule Formula Z Zest Zes |2 DM (D) Ref.
Alcohols

Methanol CH3;O0H 18 1510t 84 1.70 this study

1-propanol C;HsCH,OH 34 19 900* 590 1.68 this study
Carboxylic acids

Acetic acid CH3COOH 32 5 8801 180 1.74 this study

Propionic acid C2HsCOOH 40 27200t 680 1.75 this study
Ketones

Acetone CH3COCH3 32 98 4001 3, 100 2.88 this study

tMeasured in the positron trap.
*Reference [48].
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Benzene Benzene-d
H D
"o "o
H H H H
H H
Zeof = 15,000 36,900
Benzene-1,3,5d; Benzene-dg
D D
H@ H DK:[ D
D D D D
H D
43,800 30,500

FIG. 7. Values of Z.g and structures of deuterated ben-
zenes studied. Deuterated benzenes have higher values of Z.g
as compared to the ordinary benzene, indicating the impor-
tance of the vibrational modes of the molecules in determining
Zer-

In order to test the effect of isomeric symmetry, we
measured Z.g of xylene isomers (i.e., benzene rings with
two substituted —CHj groups in various relative posi-
tions). The Z.g for para-, ortho-, and meta-xylenes are
all identical to within the accuracy of the measurements,
and they are not significantly different from toluene. It
appears that once the symmetry of the benzene ring is
broken by the addition of a methyl group, further sub-
stitutions do not have a strong effect. Para-, ortho-, and
meta-xylenes have different but small dipole moments.
If the isomeric symmetry is not significant in determin-

Benzene Cyclohexane Toluene
© O ™
Zett = 15,000 20,000 190,000
para-Xylene ortho-Xylene meta-Xylene
CHs CHs CHs
© o™ ©
CH
CHs 3
200,000 180,000 210,000

Fluorobenzene 1,4-Difluorobenzene Pentafluorobenzene Hexafluorobenzene

F F F F
© ‘o or "o
H F F
HY P F¥
34,000 10,700 1,800 1,200
Chlorobenzene Bromobenzene Aniline Nitrobenzene
@Cl @,Bl’ @,N Ho2 @ NO,
72,300 172,000 400,000 430,000

FIG. 8. Values of Z.g and structures of cyclohexane and
substituted bezenes. Substitution of one hydrogen atom by
any functional group increases Z.g, indicating the importance
of molecular symmetry in reducing Z.g in ring compounds.

ing Zeg, as the xylene data suggest, studies of isomeric
symmetry using molecules with larger dipole moments,
such as dinitrobenzenes, may give us information about
the contribution of the molecular dipole moment to Z.g
for these molecules, without significantly changing other
properties of the molecules.

An important factor in the conventional chemistry of
substituted benzenes is whether the substituted group
donates or withdraws electrons from the ring. Functional
groups such as -CHg, which donate electrons to the ring,
tend to activate the ring for electrophilic substitution of
a second group, and they induce that substitution to oc-
cur at the ortho and para positions. On the other hand,
electron-withdrawing groups like -NO; tend to deacti-
vate the ring, and to direct substitution to the meta po-
sition. Our data show no evidence that this effect influ-
ences the value of Z.g. For example, the meta-director
—NO; produces a value of Z.g similar to that resulting
from the ortho-, para-director -NHz, while —Cl, —Br, —
F, —CHj, and -NH,, which are all ortho-, parae-directors,
have very different values of Z.g.

We note that the values of Z.g/Z for some large
molecules, such as anthracene, glycerol, and sebacic acid
dimethyl ester, are higher than those of large alkanes,
in which Z.g values are saturated, namely those of do-
decane and hexadecane. In the framework of the model
described by Eq. (9), this might imply that values of o;es
for these molecules are larger than those for large alkanes.

V. DISCUSSION

The relatively simple atomic structure of the noble
gases provides a test of our understanding of low-energy
positron-atom interactions. Even in this case, there are
discrepancies between experimental values measured in
the positron trap and theoretical values based on polar-
ized orbital calculations [47] (see Table I) for the case
of krypton and xenon. The data presented here indicate
that reexamination of the theory might be warranted.

For earlier studies, only a small number of positrons
were available, and consequently, uncertainties of a factor
of two are possible in the measured values of Z.g [11].
Subsequently, considerably more positrons have become
available, and the main source of error is now the 20%
uncertainty in the pressure of the test gas. It is likely that
the early measurement of Z.g of nonane (see Table III)
is higher than the recent measurement of Z.g of decane
for this reason.

As a result of earlier studies, it was suggested that the
reduction of Z.g in benzene as compared with hexane
might be due to the presence of delocalized m-bonding
electrons in the benzene ring [12]. However, measure-
ments for cyclohexane, which contains no delocalized
electrons, yield a value for Z.g similar to benzene, indi-
cating that delocalized electrons may not be responsible
for this effect.

We had previously discovered a linear relationship be-
tween log;o(Zes) and (E; — Eps) ! for molecules without
double bonds [12], where E; is the ionization potential of
the molecule [56-59], and Eps = 6.8 eV is the binding en-
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ergy of a positronium atom. This relationship holds for
alkanes, substituted alkanes, noble gases, and all nonpo-
lar molecules studied thus far and is illustrated in Fig.
9. It should be noted that plotting the data as any func-
tion of E; would also collapse the data on a single curve.
Choosing (E; — Eps)~! results in the curve approximat-
ing a straight line on a semi-logarithmic plot. We know
of no theory that explains this relationship; however, we
previously pointed out that this empirical scaling might
suggest a model in which a positronium atom moves in
the electrostatic field of a positive ion [12].

We reported that the linear relation between
log10(Zeg) and (E; — Eps)~! does not hold for molecules
with double bonds [12]. However, some of these molecules
do come close to the linear relation, as shown in Fig.
10. This figure shows data for oxygen-containing hy-
drocarbons and simple molecules with dipole moments
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and/or double bonds. Oxygen-containing hydrocarbons
lie slightly below the line. Most of the simple molecules
lie close to the line, with the exception of Oz, NHs,
NO,, and NO. We are not able to identify any systematic
trends for these molecules.

Figure 11 shows the same plot for alkenes, ring hy-
drocarbons, and substituted benzenes. The majority of
these molecules are quite far from the line, and Z.g val-
ues seem to reach a saturation around Z.g ~ 5 x 10° for
alkenes and substituted benzenes. This saturation may
be a result of a positron-molecule resonance time 7.es be-
ing larger than the spin-averaged annihilation time for
a positronium atom (i.e., in the notation of Sec. II A,
Tres > To), Which, as discussed in Sec. II, might lead to
such a saturation. The value of Z.g for anthracene is
an order of magnitude larger than this saturated value,
which could possibly be explained as follows: Z.g de-

TABLE VI. Measured values of Z.g for ring molecules, aromatics, and other organic molecules.

Molecule Formula Z Zex Zex/Z DM (D)* Ref.
Ring hydrocarbons
Benzene CeHs 42 150007 360 0.00 [29]
18 000" 430 0.00 [12]
Cyclohexane CeHi2 48 20 000! 420 0.00 [29]
Cyclodecane Ci0Hzo 80 3690007 4600 0.00 this study
Naphthalene CioHs 68 494000 7300 0.00 [12]
Decahydronaphthalene Ci10H;s 78 389000t 5000 0.00 [13]
Anthracene C14H1o 94 4330000" 46000 0.00 [12]
Substituted rings
Octafluoronaphthalene C1oFs 132 3080! 23 0.00 [12]
Deuterated benzenes
Benzene-d CeHsD 42 36 900! 880 0.00 this study
Benzene-1,3,5d3 CsH3D3 42 43800t 1000 0.00 this study
Benzene-ds CsDs 42 30500" 730 0.00 this study
Substituted benzenes
Toluene CeHs(CHa) 50 190000 3800 0.36 [29)
1550001 3100 0.36 (12]
1890001 3800 0.36 (13]
para-xylene CeH4(CH3)2 58 2000007 3400 0.00 [29]
ortho-xylene CeH4(CHs)2 58 1800001 3100 0.62 [29]
meta-xylene CeH4(CH3): 58 2100007 3600 N/A [29]
Aniline CeHsNH, 50  400000' 8000 1.53 [29]
Nitrobenzene CeHsNO, 64 4300001 6700 4.22 (29]
Chlorobenzene CeHsCl 58 72300t 1200 1.69 this study
Bromobenzene CeHsBr 76 172000t 2300 1.70 this study
Fluorobenzene CeHsF 50 34000t 680 1.60 [29]
1,4-Difluorobenzene CeH4F2 58 10700t 180 0.00 this study
Pentafluorobenzene Ce¢HF'5 82 1 800" 22 N/A (29]
Hexafluorobenzene CeFe 90 12001 13 0.00 [12]
Octafluorotoluene CeFs(CF3) 114 1240t 11 N/A [12]
Other organic molecules
Tetraethylsilane Si(C2Hs)a 82 5240001 6400 0.00 this study
Glycerol C3HsO; 50 14700001 29000 N/A [13]
Sebacic acid dimethyl ester Ci12H2204 126 75600007 60000 N/A [13]

tMeasured in the positron trap.
®Reference [48].
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FIG. 9. Values of Z.g for molecules containing only single
bonds are plotted against (E; — Eps) ™", where E; is ioniza-
tion potential of molecule (labeled on top of graph), and Ep,
= 6.8 eV is the binding energy of a positronium atom: (e)
noble gases, (V) simple nonpolar molecules, (o) alkanes, (A)
perfluorinated alkanes, (O) perchlorinated alkanes, (¢) per-
brominated alkane, and (#) tetraethylsilane. The solid line is
a linear regression to the data. The ionization potentials of
perchlorinated alkanes and the largest alkanes are not known
accurately, which could account for larger deviations from the
line for these molecules.

E (eV)
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102 A
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FIG. 10. Values of Z.g plotted against (E; — Eps)—1 for
oxygen-containing hydrocarbons and small molecules with a
dipole moment and/or double bonds: (v7) simple nonpolar
molecules with double bonds, (¥) simple polar molecules, and
(0) oxygen-containing hydrocarbons. The solid line is the
linear regression from Fig. 9.

pends both on the resonance formation cross section o es
and the resonance time 75 as shown in Eq. (6). An
order of magnitude increase in o, is reasonable for a
large molecule such as anthracene as compared with the
alkenes, substituted benzenes, and naphthalene, which
could account for the higher saturation value of Z.g.

Annihilation rate measurements in deuterated ben-
zenes suggest that the vibrational modes are important
in determining Z.g. At present, it is not understood in
detail how the positrons interact with these molecular
vibrational modes. The observed changes in Z.g due to
changes in the vibrational modes suggest that the appli-
cation of the RRKM theory (described in Sec. II A) to
the positron-molecule resonance collisions may be fruit-
ful. At this point, the major impediment is lack of knowl-
edge of the positron affinity, €4.

The localization of the positron in a resonance with the
molecule is crucial in understanding the trends in Z.g for
different chemical species. If the positron stays in a re-
gion of high electron density within the molecule during
the resonance, a higher value of Z.g is expected. For
long-lived resonances, the site of binding will determine
€. This kind of information can be obtained from stud-
ies of the Doppler broadening of the 511-keV annihilation
v-ray line. The earliest study of this type concentrated
on hydrogen, because of its importance in the produc-
tion of astrophysical positron-annihilation radiation [60].
Recently, we began more comprehensive studies of the
energy spectra of annihilation radiation in a variety of
molecules, including hydrocarbons and perfluorocarbons
[61]. These studies suggest that, for the case of hydro-

E, (eV)
. 10 8.5 8.0 7.7 7.5
10 T T T T
Anthracene O
108 |- .
Naphthalene
[e] m Wy V Aniline
=% 8o
5 10° 1
N v
%
°8
104 v .
v
v
108 ayv I 1
0.4 0.8 1.2 1.6

(E -Epg)' (V)

FIG. 11. Values of Z.g plotted against (E; — Eps)~! for
alkenes, ring hydrocarbons, and substituted benzenes: (M)
alkenes, (o) ring hydrocarbons, () toluene and xylenes and
(V) other substituted benzenes. The solid line is the linear
regression from Fig. 9. The range of (E; — Ep,)~ ! plotted is
much larger than those in Figs. 9 and 10.
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carbons, including benzene, the positrons are localized at
the C-H bond, while for the perfluorocarbons, they re-
side on the fluorine atoms. These studies are now being
extended to include many of the compounds reported
in this paper, and it is expected that these data will
help in understanding the processes involved in positron-
molecule interactions and the resulting annihilation.

The anomalously high values of Z.g observed for many
molecules have important implications for astrophysi-
cal processes [62]. There is evidence that large organic
molecules, such as polycyclic aromatic hydrocarbons, are
present in the interstellar medium (ISM) [63-66]. In-
frared spectral measurements from the ISM indicate that
polycyclic aromatic hydrocarbons (PAH) such as chry-
sene and pyrene, shown in Fig. 12, are present in the
ISM at concentrations of the order of 107 times that
of atomic hydrogen [66]. These molecules are the small-
est of the PAH molecules known to be present in the
ISM. Their Z.g values have not been measured because
of their low vapor pressures. However, by extrapolating
our Z.g data for benzene, naphthalene, and anthracene,
which are also shown in Fig. 12, we estimate that the Z.g
of these molecules are more than 10° times greater than
that of atomic hydrogen, which is 8.0 [67]. Thus, these
molecules may contribute significantly to the annihilation
of slow positrons in the ISM, due to their anomalously
high Z.¢, and this would then be reflected in the 511-keV
annihilation y-ray line shape from the ISM [61,62]. We
plan to investigate annihilation properties of these com-
pounds by installing a “hot cell” in our positron trap.

Another technique that can potentially provide in-
formation concerning the localization of the positron
on molecules is positron ionization mass spectrometry
[68—71]. This technique measures the ion fragments pro-
duced when a positron annihilates on a molecule. It is
unclear, at present, whether this fragmentation is pro-
duced by annihilation of bonding electrons or by electron-
hole transfer. A theoretical study of the fragmentation
of polyatomic molecules was carried out recently, and it
supports the electron-hole transfer picture [72]. Further
studies will be needed to clarify this point. We are cur-
rently developing the capability to perform in situ ion
cyclotron resonance mass spectrometry [73], which is ex-
pected to have a better mass resolution and greater sen-
sitivity than the time-of-flight techniques used in our ear-
lier work [68].

Benzene Naphthalene Anthracene
Z4=15,000 494,000 4,330,000
Chrysene Pyrene
>107 >107

FIG. 12. Molecular structures and Ze.g of polycyclic aro-
matic hydrocarbons. Measured values of Z.g are shown for
benzene, naphthalene, and anthracene, and estimated values
of Z.g are also indicated for chrysene and pyrene. As dis-
cussed in the text, these latter molecules may be significant
sources of astrophysical y-ray radiation from positron annihi-
lation.

VI. CONCLUSIONS

In this paper, we have presented positron-annihilation
rates on molecules studied in a positron trap. We have
also compared these measurements with those done using
other techniques. Where more than one measurement is
available for a particular molecule, the data are, in gen-
eral, in reasonable agreement. The data exhibit a number
of chemical trends and illustrate the importance of elec-
tronic structure, symmetries, and vibrational modes in
the annihilation process. We are not aware of a theory
that adequately describes these results.

ACKNOWLEDGMENTS

We thank R. J. Drachman and J. W. Darewych for
helpful conversations, M. Charlton and G. Laricchia
for valuable comments on the manuscript, and E. A.
Jerzewski for expert technical assistance. This work was
supported by the National Science Foundation, under
Grant No. PHY-9221283, and by the Office of Naval
Research.

[1] C. D. Anderson, Science 76, 238 (1932).

[2] A. P. Mills, Jr., Science 218, 335 (1982).

[3] Positron Studies of Solids, Surfaces, and Atoms, edited
by A. P. Mills, Jr., W. S. Crane, and K. F. Canter (World
Scientific, Singapore, 1986).

[4] M. Deutsch, Phys. Rev. 82, 455 (1951).

[5] T. J. Murphy and C. M. Surko, Phys. Rev. A 46, 5696
(1992).

[6] P. A. M. Dirac, Proc. Cambridge Philos. Soc. 26, 361
(1930).

[7] G. Jones and P. H. R. Orth, in Positron Annihilation,
edited by A. T. Stewart and L. O. Roellig (Academic
Press Inc., New York, 1967), pp. 401-407.

[8] G. R. Heyland, M. Charlton, T. C. Griffith, and G. L.
Wright, Can. J. Phys. 60, 503 (1982).

[9] R. P. McEachran, D. L. Morgan, A. G. Ryman, and A. D.
Stauffer, J. Phys. B 10, 663 (1977); 11, 951 (1978).

[10] D. A. L. Paul and L. Saint-Pierre, Phys. Rev. Lett. 11,
493 (1963).
[11] C. M. Surko, A. Passner, M. Leventhal, and F. J.



486 IWATA, GREAVES, MURPHY, TINKLE, AND SURKO 51

Wysocki, Phys. Rev. Lett. 61, 1831 (1988).

[12] T. J. Murphy and C. M. Surko, Phys. Rev. Lett. 87, 2954
(1991).

[13] M. Leventhal, A. Passner, and C. M. Surko, in Annihila-
tion in Gases and Galazies, NASA Conference Pub. No.
3058, edited by R. J. Drachman (National Aeronautics
and Space Administration, Washington, DC, 1990), pp.
272-283.

[14] M. Charlton, Comments At. Mol. Phys. 24, 53 (1990).

[15] B. M. Smirnov, Negative Ions (McGraw-Hill Inc., New
York, 1982), p. 58.

[16] L. G. Christophorou, A. Hadjiantoniou, and J. G. Carter,
J. Chem. Soc. Faraday Trans. II 69, 1713 (1973).

[17] L. G. Christophorou, K. S. Gant, and V. E. Anderson, J.
Chem. Soc. Faraday Trans. II 73, 804 (1977).

[18] P. J. Robinson and K. A. Holbrook, Unimolecular Reac-
tions (John Wiley & Sons, Ltd., Bristol, England, 1972).

[19] A unimolecular reaction is a reaction involving the iso-
merization or decomposition of a single isolated reactant
molecule A through an activated complex A! which in-
volves no other molecule: A — A! — products.

[20] H. S. W. Massey, Phys. Today 29, 42 (1976).

[21] H. S. W. Massey, E. H. S. Burhop, and H. B. Gilbody,
Electronic and Ionic Impact Phenomena, 2nd ed. (Oxford
University Press, Oxford, England, 1974), Vol. 5, p. 3123.

[22] T. C. Griffith and G. R. Heyland, Phys. Rep. 39, 169
(1978).

[23] W. Raith, in Positron Scattering in Gases, edited by
J. W. Humberston and M. R. C. McDowell (Plenum
Press, New York, 1984), pp. 1-13.

[24] P. G. Coleman, T. C. Griffith, G. R. Heyland, and T. L.
Killeen, J. Phys. B 8, 1734 (1975).

(25] G. L. Wright, M. Charlton, T. C. Griffith, and G. R.
Heyland, J. Phys. B 18, 4327 (1985).

[26] M. Tuomisaari, K. Ryts6l4, and R. Hautojirvi, J. Phys.
B 21, 3917 (1988).

[27] T. J. Murphy and C. M. Surko, J. Phys. B 23, L727
(1990).

[28] C. M. Surko, M. Leventhal, and A. Passner, Phys. Rev.
Lett. 62, 901 (1989).

[29] K. Iwata, R. G. Greaves, and C. M. Surko, Hyperfine
Interact. 89, 271 (1994).

[30] R. G. Greaves, M. D. Tinkle, and C. M. Surko, Phys.
Plasmas 1, 1439 (1994).

[31] E. Gramsch, J. Throwe, and K. G. Lynn, Appl. Phys.
Lett. 51, 1862 (1987).

[32] K. G. Lynn, B. Nielsen, and J. H. Quateman, Appl. Phys.
Lett. 47, 239 (1985).

[33] A. P. Mills, Jr. and E. M. Gullikson, Appl. Phys. Lett.
49, 1121 (1986).

[34] C. M. Surko and R. G. Greaves, in Condensed Matter and
Plasmas in Physics and Astronomy, edited by S. Ichi-
maru and S. Ogata (to be published by Addison Wesley,
1994).

[35] P. H. R. Orth and G. Jones, Phys. Rev. 183, 7 (1969).

[36] D. B. Miller, P. H. R. Orth, and G. Jones, Phys. Lett.
27A, 649 (1968).

[37] S. J. Tao, Phys. Rev. A 2, 1669 (1970).

[38] G. Laricchia, M. Charlton, C. D. Beling, and T. C. Grif-
fith, J. Phys. B 20, 1865 (1987).

[39] P. S. Grover and M. P. Srivastava, J. Phys. B 5, 609
(1972).

[40] M. D. Tinkle, R. G. Greaves, C. M. Surko, R. L. Spencer,
and G. W. Mason, Phys. Rev. Lett. 72, 352 (1994).

[41] S. C. Sharma and J. D. McNutt, Phys. Rev. A 18, 1426
(1978).

[42] J. D. McNutt, S. C. Sharma, and R. D. Brisbon, Phys.
Rev. A 20, 347 (1979).

[43] J. E. Bartmess and R. M. Georgiadis, Vacuum 33, 149
(1983).

[44] R. I. Campeanu and J. W. Humberston, J. Phys. B 10,
239 (1977).

[45] R. P. McEachran, A. G. Ryman, and A. D. Stauffer, J.
Phys. B 11, 551 (1978).

[46] R. P. McEachran, A. G. Ryman, and A. D. Stauffer, J.
Phys. B 12, 1031 (1979).

[47] R. P. McEachran, A. D. Stauffer, and L. E. M. Campbell,
J. Phys. B 13, 1281 (1980).

[48] R. D. Nelson, Jr., D. R. Lide, Jr., and A. A. Maryott,
Selected Values of Electric Dipole Moments for Molecules
in the Gas Phase, NBS Report No. NSRDS-NBS 10 (U.S.
Department of Commerce, Washington, DC, 1969), p. 9.

[49] P. E. Osmon, Phys. Rev. 140, A8 (1965).

[50] E. A. G. Armour, Phys. Rep. 169, 1 (1988).

]

[51] E. A. G. Armour, D. J. Baker, and M. Plummer, J. Phys.
B 23, 3057 (1990).

[52] J. W. Darewych, J. Phys. B 15, L415 (1982).

[53] E. A. G. Armour and M. Plummer, J. Phys. B 24, 4463

—

53

(199

[54] A. Jain and D. G. Thompson, J. Phys. B 16, 1113 (1983).

[55] S. F. Wong and G. J. Schulz, Phys. Rev. Lett. 35, 1429
(1975).

[56] Ionization Potentials, Appearance Potentials, and Heats
of Formation of Gaseous Positive Ions, edited by J. L.
Franklin, J. G. Dillard, H. M.Rosenstock, J. T. Herron,
K. Draxl, and F. H. Field, NBS Report No. NSRDS-
NBS 26 (U.S. Department of Commerce, Washington,
DC, 1969).

[57] D. Levin and G. Lias, Ionization Potential and Appear-
ance Potential Measurements, 1971-1981, NBS Report
No. NSRDS-NBS 71 (U.S. Department of Commerce,
Washington, DC, 1982).

[58] M. B. Robin, Higher FExcited States of Polyatomic
Molecules (Academic, New York, 1974).

[59] C. R. Brundle and A. D. Baker, Electron Spectroscopy:
Theory, Techniques, and Applications (Academic, Lon-
don, 1977).

[60] B. L. Brown and M. Leventhal, Phys. Rev. Lett. 57, 1651
(1986).

[61] S. Tang, M. D. Tinkle, R. G. Greaves, and C. M. Surko,
Phys. Rev. Lett. 68, 3793 (1992).

[62] C. M. Surko, R. G. Greaves, and M. Leventhal, Hyperfine
Interact. 81, 239 (1993).

[63] J. L. Puget and A. Leger, Annu. Rev. Astron. Astrophys.
27, 161 (1989).

[(64] L. J. Allamandola, A. G. G. Tielens, and J. R. Barker,
Astrophys. J. Suppl. Ser. 71, 733 (1989).

[65] M. Frenklach and E. D. Feigelson, Astrophys. J. 341, 372
(1989).

[66] A. Omont, Astron. Astrophys. 164, 159 (1986).

[67] J. W. Humberston and J. B. G. Wallace, J. Phys. B 5,
1138 (1972).

[68] A. Passner, C. M. Surko, M. Leventhal, and A. P. Mills,
Jr., Phys. Rev. A 39, 3706 (1989).

[69] J. Xu, L. D. Hulett, Jr., T. A. Lewis, D. L. Donohue, S.
A. McLuckey, and G. L. Glish, Phys. Rev. A 47, 1023
(1993).

[70] G.L. Glish, R. G. Greaves, S. A. McLuckey, L. D. Hulett,

[hurt
~



51 MEASUREMENTS OF POSITRON-ANNIHILATION RATESON . .. 487

Jr., C. M. Surko, J. Xu, and D. L. Donohue, Phys. Rev. R3151 (1994).

A 49, 2389 (1994). [72] O. H. Crawford, Phys. Rev. A 49, R3147 (1994).
[71] J. Xu, L. D. Hulett, Jr., T. A. Lewis, D. L. Donohue, [73] C. L. Wilkins, A. K. Chowdhury, L. M. Nuwaysir, and
S. A. McLuckey, and O. H. Crawford, Phys. Rev. A 49, M. L. Coates, Mass Spectrom. Rev. 8, 67 (1989).



