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Energy-resolved positron annihilation for molecules
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~Received 22 October 2002; published 17 March 2003!

This paper presents an experimental study designed to address the long-standing question regarding the
origin of very large positron annihilation rates observed for many molecules. We report a study of the anni-
hilation, resolved as a function of positron energy (DE;25 meV, full width at half maximum! for positron
energies from 50 meV to several eV. Annihilation measurements are presented for a range of hydrocarbon
molecules, including a detailed study of alkanes, CnH2n12, for n51 –9 and 12. Data for other molecules are
also presented: C2H2 , C2H4 ; CD4; isopentane; partially fluorinated and fluorinated methane (CHxF42x);
1-fluorohexane (C6H13F) and 1-fluorononane (C9H19F). A key feature of the results is very large enhance-
ments in the annihilation rates at positron energies corresponding to the excitation of molecular vibrations in
larger alkane molecules. These enhancements are believed to be responsible for the large annihilation rates
observed for Maxwellian distributions of positrons in molecular gases. In alkane molecules larger than ethane
(C2H6), the position of these peaks is shifted downward by an amount;20 meV per carbon. The results
presented here are generally consistent with a physical picture recently considered in detail by Gribakin@Phys.
Rev. A61, 022720~2000!#. In this model, the incoming positron excites a vibrational Feshbach resonance and
is temporarily trapped on the molecule, greatly enhancing the probability of annihilation. The applicability of
this model and the resulting enhancement in annihilation rate relies on the existence of positron-molecule
bound states. In accord with this reasoning, the experimental results presented here provide the most direct
evidence to date that positrons bind to neutral molecules. The shift in the position of the resonances is
interpreted as a measure of the binding energy of the positron to the molecule. Other features of the results are
also discussed, including large, qualitative changes in the annihilation spectra observed when hydrocarbon
molecules are fluorinated.

DOI: 10.1103/PhysRevA.67.032706 PACS number~s!: 34.85.1x, 34.50.2s, 78.70.Bj, 71.60.1z
i
n

u
efi
hy
n
d
-
de
s
on
a

st
te

ic
96
ua
rg
th

ph
n

n
o

a
ro

eV

dy

The
are

ion
ing

ce-

s are

nes,
ide

the
lead
ns.
y in

re
ter,

he

s

I. INTRODUCTION

As low-energy positrons become more easily available
the laboratory, understanding of the interaction of positro
with matter will become increasingly important. More acc
rate models of positron-molecule interactions could ben
research in such varied areas as interpretation of astrop
cal gamma-ray spectra@1#, positron-induced fragmentatio
of molecules@2,3#, and characterization of thin films an
material surfaces@4,5#. In addition, positron-matter interac
tions pose a number of challenges to our fundamental un
standing of atomic physics@6,7#. Much recent research ha
been directed toward finding methods to treat electr
positron correlations and positronium formation as either
open or closed channel for theoretical calculations of ela
and inelastic cross sections as well as annihilation ra
@8–12#.

In this paper, we focus on a question in this area wh
has remained unanswered for nearly four decades. In 1
measurements by Paul and Saint-Pierre indicated unus
high annihilation rates for positrons incident on certain la
molecules even though the positron energy was below
energy threshold for positronium formation@13#. While sev-
eral explanations have been advanced to explain this
nomenon, clear experimental confirmation of the predictio
of any model has been lacking@8-10,14-18#.

We present studies of the annihilation rate for positro
incident on a sampling of molecules resolved as a function
positron energy. These measurements are made using
cently developed technique for the creation of a posit
1050-2947/2003/67~3!/032706~11!/$20.00 67 0327
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beam which is tunable in energy from 50 meV to several
with an energy spread of. 25 meV~full width at half maxi-
mum! @19,20#. This beam has previously been used to stu
elastic and inelastic scattering of positrons@21–24#. The
present study here focuses on positron annihilation rates.
data presented provide evidence that molecular vibrations
intimately connected with the observed large annihilat
rates, and point to vibrational-excitation mediated trapp
into positron-molecule bound states~i.e., vibrational Fesh-
bach resonances! as the specific mechanism of the enhan
ment.

The magnitude and energy dependence of these rate
explored for alkanes (CnH2n12) up to dodecane (n512),
alkenes and alkynes, deuterated alkanes, fluorinated alka
and nonlinear carbon chain molecules. The results prov
important guidance for theoretical attempts to explain
mechanism responsible for these large rates and should
to a firmer understanding of positron-molecule interactio
Some of the work presented here was reported previousl
Ref. @25#.

Annihilation rates for positrons in molecular gases a
typically expressed in terms of the dimensionless parame
Ze f f , given by

Ze f f5G/~pr 0
2cnm!, ~1!

whereG is the measured annihilation rate for positrons in t
test gas,r 0 is the classical electron radius,c is the speed of
light, andnm is the molecular density. Ignoring correlation
between the positron and molecular electrons,G would be
©2003 The American Physical Society06-1
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equal to the Dirac rate,pr 0
2cnmZ, with Z as the number of

electrons per molecule. In such an uncorrelated model,Ze f f
is predicted to be equal toZ. Actual measurements for pos
trons at energies near room temperature (300
.0.025 eV) show that, in some cases,Ze f f is orders of mag-
nitude larger thanZ @13,18#. Octane, for example, with aZ of
66, has aZe f f of 63105. Annihilation rates are found to
increase rapidly with molecular size. Values ofZe f f5107 are
observed for alkanes only twice as large as octane.

Several theoretical models have been proposed to exp
this phenomenon in terms of a vibrational or electronic re
nance or a positron-molecule bound state@14–18#. In these
models, a long-lived quasibound state can increase the o
lap of the positron and electron wave functions and enha
the probability of annihilation. Explanations have been a
vanced involving the excitation of virtual positronium an
other mechanisms involving very strong positron-elect
correlations@9,10#.

A model proposed by Gribakin@17,18# explains some of
the important features of the observed rates and is usef
the discussion of the data presented here. This model di
guishes two mechanisms for the enhancement ofZe f f . Di-
rect annihilation can make contributions toZe f f up to
;1000. Enhancements to direct annihilation~first consid-
ered in Ref.@14#! occur when a shallow bound state or low
energy virtual state of the system exists. In this case,
positron density in the vicinity of the target is increased p
portional to 1/(«1u«0u), where« is the incident energy and
«0 is the energy of the weakly bound or virtual state. T
annihilation parameterZe f f is enhanced by the same facto
For positrons with finite energy, this mechanism is limited
the presence of« in the denominator. Consequently, fo
room-temperature positrons, direct annihilation can mak
contribution toZe f f of no more than;1000 @17#.

The second type of enhancement,resonant annihilation
~i.e., Feshbach resonance enhancement!, illustrated in Fig. 1,
occurs when the energy of the incident positron plus
energy of the ground state, neutral target molecule matc
the energy of an excited quasistable positron-molecule bo
state. This bound state can involve electronic or vibratio
excitation of the target to account for energy given up by

FIG. 1. A semiclassical picture of resonant annihilation e
hancement ofZe f f . A positron approaching the molecule can fa
into a bound state of binding energy«b by the excitation of an
electronic or vibrational transition of energyDE5Eex2E0. Bound
positrons have large overlap with molecular electrons compare
free positrons leading to a large increase in the annihilation rat
03270
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positron falling into a bound state. When such a resona
occurs, the overlap between the positron wave function
those of the target electrons is greatly increased, resultin
a large value ofZe f f . Assuming that the presence of th
positron has little effect on the excited~e.g., vibrational!
states of the target@17#, the condition on the incident posi
tron energy for such a resonance to occur is

«5Eex2E02«b , ~2!

where« is the incident positron energy,Eex is the energy of
the excited state of the target,E0 is the energy of the ground
state of the target, and«b is the binding energy of the posi
tron to the target. In the energy range of the data prese
here, vibrational excitation is the important interaction.

II. PREVIOUS EXPERIMENTS

Most previous experimental work in this area used po
trons in a thermal~Maxwellian! distribution at 300 K. While
identifying important chemical trends, these studies have
conclusively established a mechanism responsible for th
enhanced annihilation rates. In this paper, theseZe f f values
measured using room-temperature thermal distributions
positrons will be referred to asZe f f (300 K).

The earliest work in this area was done by introduci
positrons into dense gases and observing the annihila
lifetime @13,15,26#. These experiments demonstrated t
rapid increase inZe f f with increasing molecular size.

Later experiments, which introduced thermal positr
plasmas into low pressure gas, expanded the range of ex
ments to larger molecules and pointed out very strong dep
dences ofZe f f on chemical composition~e.g., fluorination!
@16,27#. In work by Iwataet al. @18#, measuringZe f f for a
heated Maxwellian distribution of positrons,Ze f f was found
to vary asT21/2 for temperatures near 300 K, but to decrea
more slowly at higher temperatures. It was postulated t
this might be due to some structure at energies above 30
but below the threshold for positronium formation. Since
of these experiments used Maxwellian distributions of po
trons, resolution of such structure in the annihilation sp
trum was not possible. This requires a tunable, monoch
matic low energy positron beam, such as that describe
the next section.

III. EXPERIMENTAL SETUP

The experiments are performed using a buffer-gas t
technique@16,28# to accumulate and cool positrons to 300
The positrons are then electrostatically forced from the ac
mulator and magnetically guided (B;0.1 T) through a cell
filled with the gas to be studied as shown in Fig. 2. T
energy of the positrons in the gas cell is defined by the
tential on a cylindrical electrode. Annihilation radiation fro
the interaction of the positrons with the test gas is detec
by a CsI scintillator. The positron beam is operated in
pulsed mode, with;104 positrons per pulse at a repetitio
rate of 4 Hz. The number of positrons per pulse is de
mined by measuring the charge delivered to a collector p
at the far end of the apparatus. The positron energy distr
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ENERGY-RESOLVED POSITRON ANNIHILATION FOR . . . PHYSICAL REVIEW A67, 032706 ~2003!
tion in the beam is approximately Gaussian with a width
.25 meV as measured using a retarding potential analy

Figure 3 is a more detailed drawing of the apparatus
shows the path of the positrons~dashed line! after they exit
the accumulator. Cryo pumps maintain a base pressur
1029 torr in the vacuum chamber in the absence of the
gas. A pair of magnetic coils create a 0.1-T magnetic field
the gas cell while providing optical access for the detec
The gas cell and the detector are surrounded by 5 cm of
to avoid detection of gamma rays from external sourc
Copper baffles inside the vacuum chamber (B andC in Fig.
3! also provide shielding. The magnets, the detector, and

FIG. 2. Schematic diagram of the experiment~above!, and cor-
responding electrical potentialV(z) as a function of position along
the magnetic field~below!. A cold positron beam is passed throug
a gas cell. The energy of the beam,«5e(V2Vc), can be tuned
from 50 meV upward. To avoid background, the positrons are
flected back through the cell and kept in flight, passing back
forth through the cell, while annihilation events are recorded.

FIG. 3. Cut-away view of the annihilation apparatus. T
dashed line is the path of the positrons through the cell. The co
baffles help to define a favorable pressure profile and to sh
against sources of annihilation radiation outside the gas cell. Ba
B andC are biased to set the potential profile at the ends of the
cell. In particular, baffleC can be biased positively to reflect pos
trons back through the gas cell rather than allow them to strike
collector.
03270
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lead shielding are all external to the vacuum chamber.
ElectrodeA, located directly between the magnet coi

defines the positron energy in the region visible to the an
hilation radiation detector. This electrode is also used a
retarding potential analyzer~RPA! to determine the energy o
the positrons in this region. The uniformity of the potential
this region is verified using a time-of-flight technique. Th
potential is found to be constant to within;10 meV@23#. In
the magnetic field B, in the accumulator region (B
.0.9 kG), the positron motion can be separated into a co
ponent along the magnetic field and the gyromotion of
positron in the plane perpendicular toB. Only the energy
associated with positron motion parallel to the magne
field, Ei , is measured with the RPA. Energy associated w
the perpendicular motion,E' , is assumed to be 25 meV~i.e.,
300 K! in the positron accumulator. This motion is confine
to tiny cyclotron orbits, but is nonetheless important in c
lisions with the test gas. SinceE' /B is an invariant for a
slowly varying magnetic field,E' is reduced by a factor
equal to the ratio of the magnetic field in the gas cell to t
in the accumulator. Taking into account the magnetic-fi
ratio in our apparatus, we takeE' in the gas cell to be 16
meV. The total positron energy is assumed to be 16 m
larger than that measured by the RPA.

The average positron energy in the region visible to
detector can be varied from 50 meV to;100 eV. For posi-
tron energies below 50 meV, a significant fraction of t
positrons, due to elastic collisions with the test gas, do
have sufficient kinetic energy in the direction of the magne
field to enter the gas-filled region and are reflected from
cell. This prevents accurate measurements below 50 m
using the current apparatus.

The copper baffles on either side of this electrode serv
dual purpose. BaffleB serves to create a region of high te
gas pressure inside the cell and lower pressure on the a
mulator side of the baffle. Both baffles are electrically ins
lated from the cell electrode and the vacuum chamber
can therefore be biased to define the energy of positron
the regions near the baffle. The baffleB on the accumulator
side is biased to minimize elastic and inelastic scattering
annihilation in the region near this baffle. While the gamm
ray detector is only slightly sensitive to annihilation events
this region, an extremely large annihilation signal or lar
elastic or inelastic scattering in this higher pressure reg
could skew the measurement. Appropriate biasing of bafflB
minimizes these effects. The baffleC on the collector side of
the electrodeA can be biased high enough (;8 V) to reflect
the positrons back through the cell instead of allowing th
to collide with the collector. This eliminates any backgrou
signal that might arise from positrons annihilating on t
collector. This ‘‘multiple pass’’ operation will be discusse
further below.

Gamma radiation from annihilation events in the cell a
detected using a CsI scintillator and photodiode~Fig. 3!. The
face of the scintillator is located 5 to 10 cm from the cen
of the cell. The detector produces a current pulse in respo
to a gamma photon, the height of which is proportional to
photon energy. The detection efficiency for annihilati
events in the gas cell is calibrated using a source of kno
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BARNES, GILBERT, AND SURKO PHYSICAL REVIEW A67, 032706 ~2003!
activity. Only photons with energy within a narrow rang
near 511 keV are counted as annihilation events. Multi
photons arriving within the decay lifetime of the detect
(;1 ms) are interpreted by the system as a single pho
with energy outside the acceptable range. For this rea
care must be taken to ensure that the number of such ev
is negligible.

To further reduce background counts, the event counte
‘‘gated’’ to count only those events detected within a 15-ms
period during which the positrons are kept in flight. This
especially important when operated in ‘‘multiple pas
mode. In this mode of operation, baffleC is biased high and
the positrons remain in flight while the counter gate is o
They are allowed to collide with the collector only after th
counter gate is turned off. The positrons make between
and five passes through the cell during the 15-ms detection
time, depending on the energy of the positrons inside
outside the cell. This number of passes is calculated
taken into account in the determination ofZe f f . Using these
techniques, the background~test gas pressure,1028 torr)
signal is reduced to 1 count per 109 positrons.

Test gas pressure in the cell is determined using a cap
tance manometer located a short distance from the cell
then calculating the pressure in the cell using the kno
conductances of the chambers and apertures. In the ca
targets that are gaseous at room temperature, the press
maintained at a constant value by a needle valve contro
by a digital proportional-integral-differential~PID! controller
using feedback from the capacitance manometer. Sam
that are liquid at room temperature are maintained at a c
stant temperature using a PID controller, a thermocou
and a Peltier cooling device. The vapor above the samp
allowed to flow into the gas cell through a manual nee
valve adjusted to set the pressure in the cell. Test gas p
sures range from 1022 to 1027 torr, and are adjusted to giv
signal levels on the order of 1 count per 106 positrons in a
single transit through the cell. The detector position and p
itron pulse amplitude can also be adjusted slightly to prod
signal levels that avoid multiple counts arriving simult
neously, but allow for reasonable data collection times.

Additionally, test gas pressure must be kept low enoug
avoid introducing elastic or inelastic scattering effec
Where the elastic and inelastic cross sections for positr
are known, the test gas pressure is set so as to avoid sc
ing greater than 10% per pass. To verify that such scatte
effects can be safely neglected, the gamma-ray signal for
first 15 ms was compared with the gamma-ray signal for
next 15ms. The absence of statistically significant diffe
ences indicates that any changes to the number or energ
positrons in the pulse due to scattering during the first 15ms
had no significant effect on the annihilation signal.

The annihilation signal is found to be linear with test g
pressure indicating that the events measured are due to
itrons interacting with at most one gas molecule and
interactions of a single positron with multiple molecules.

The quantityZe f f , the annihilation rate normalized to th
Dirac rate@Eq. ~1!#, can be calculated from the number
counts per pass using the measured detector efficiency
energy of the positrons inside and outside the annihila
03270
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cell, the test gas pressure, and the average number of
trons per pulse. The efficiency of the detector is measured
varying source positions along the center line of the c
This is done by counting gamma-ray photons from a rad
active source of known activity at varying positions alo
the path. An average of these values is used to calculate
average detector efficiencyD over the cell lengthl given by

D5
1

l Ep
f ~x!dx, ~3!

wherep indicates the straight path through the center of
cell, f (x) is the measured efficiency as a function of positi
x, and l is the total cell length. This averaged efficiencyD
depends on the radial distance of the detector from the ce
of the cell. Measurements ofD were made with the detecto
at several positions in order to be able to adjustD to increase
or decrease the detected count rate. With this average
ciency, the cross sections is given from the measured coun
per positron per pass,N, and the target molecule density,nm ,
by

s5
N

nmlD
. ~4!

When the apparatus is operated with the reflector electr
raised, the average number of times the positrons p
through the cell in the 15-ms window can be calculated from
the length of the cell, the length of the positron path outs
the cell, and the positron energy in both regions. For the d
presented, this number of passes is usually between 2 an
The annihilation rate for positrons with velocityv is given
by G5snmv, andZe f f can be calculated using

Ze f f5
G

pr 0
2cnm

5
sv

pr 0
2c

. ~5!

The error bars on the data in the figures shown here in
cate only the random error. This random error is due prim
rily to statistical fluctuations in the number of annihilatio
events. Fluctuations in the size of the positron pulses
insignificant when averaged over many pulses.

The major sources of systematic error are the meas
ment of the pressure and the calibration of the measu
pressure with the cell pressure, calibration of the ampli
used to measure the number of positrons per pulse, and
sible changes in the average positron energy during mult
passes through the cell. The pressure measured by the
pacitance manometer had small but noticeable fluctuat
and a slight drift over time. Both of these effects are of t
order of 1026 torr. The capacitance manometer was used
pressures greater than 1025 torr. For pressures below 1025

torr, an ion gauge was used to measure pressure in the s
region. Ion gauge sensitivity was measured in the system
comparing the measurements of the ion gauge and cap
tance manometer. From this, we obtain ion gauge sensi
ties estimated to be accurate to about615%.

Additionally, there is systematic error in the measurem
of the size of the positron pulses, primarily associated w
6-4
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ENERGY-RESOLVED POSITRON ANNIHILATION FOR . . . PHYSICAL REVIEW A67, 032706 ~2003!
the calibration of the charge-sensitive amplifier used. T
device was calibrated using a well-known input from a sig
generator. We estimate the systematic error in the posi
pulse size at 15%.

The total systematic error in the measurements ofZe f f
presented here is therefore.25%. This error is not expecte
to have a strong dependence on positron energy. Thus, w
this systematic error may affect the overall scaling of
measuredZe f f , it is not expected to affect its dependence
positron energy.

While the present apparatus does not permit measurem
of changes in the energy of positrons as they reflect from
reflector electrode, comparisons of measurements with
without the reflector agree to within 15 meV.

IV. RESULTS

A. Large alkanes

Early in the investigation of positron annihilation rates,
was found that the alkanes (CnH2n12) and other hydrocar-
bon molecules exhibited very large annihilation rates. In
1963 paper by Paul and Saint-Pierre, annihilation rates
n-butane, propane, and isobutane were reported@13#. Much
research since that time focused on the alkanes and sim
molecules @16,18,26#. Recently, the first energy-resolve
measurements ofZe f f were reported@25#. Since the chal-
lenge of these experiments is distinguishing the annihila
signal due to positron-molecule interactions from exter
noise sources, the realtively large values ofZe f f in alkane
molecules make them a natural place to begin.

Figure 4 showsZe f f values for butane (C4H10) and
butane-d10(C4D10). Butane exhibits peaks inZe f f in the re-
gion of the vibrational mode energies. In particular, a prom
nent peak (Ze f f.104) appears for positron energies ju
lower than those of the C-H stretch vibrational modes. In
figure, the most prominent ir active modes are marked
vertical lines. At energies larger than the vibrational mod

FIG. 4. Positron annihilation rateZe f f as a function of incident
positron energy for butane (d) and butane-d10 (s) in the range of
energies 50<«<450 meV. Vertical bars show the energies of t
strongest infrared-active vibrational modes for butane. Dashed
indicatesZe f f for butane-d10 appropriately scaled in energy by th
reduced mass factor and scaled in amplitude to match the C-H
for butane~see text!. The arrow on the vertical axis indicatesZe f f

for a room-temperature distribution of positrons incident on buta
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Ze f f drops abruptly to much smaller levels, i.e., on the ord
of Z, the number of molecular electrons. For example,
butane (Z532), Ze f f for positron energies between 0.5 and
eV is approximately 100 and is fairly constant. This is a dr
in Ze f f of two orders of magnitude from the maximumZe f f
at the peak. Similar results are observed for the other
kanes.

To confirm that this enhancement is related to the vib
tional modes of the molecule, the sameZe f f measurements
were made for butane-d10, a butane molecule with all of the
hydrogen atoms substituted with deuterium, but having
same electronic structure. The C-H stretch modes are
lated from the rest of the vibrational spectrum and so t
feature became the focus of our analysis of theZe f f spectrum
of the alkane molecules. Similar analysis of the other mo
is possible. Deuteration reduces the energy of the C-H str
mode by a factor equal toj1/2, wherej5mC-H /mC-D is the
ratio of the reduced masses associated with these vibrati
modes. The reduced mass is different for each normal m
and can be determined from the motions of the nuclei in
mode. As a first approximation, the reduced mass for
stretching of an isolated C-H pair was used, which givej
50.538. The dashed line in Fig. 4 is data for butane sca
in energy byj1/2 and scaled in magnitude for compariso
Not only the positions and shapes of the C-H~C-D! peaks,
but the entire measured spectra agree quite well when sc
by this factor. From this analysis we conclude that the
resonance peaks in the spectrum of the alkanes are relat
one or several of the C-H stretch vibrational modes.

Figure 5 shows the energy resolvedZe f f spectrum for all
of the alkanes measured. The energy dependence ofZe f f is
largely the same as molecular size increases, but the ma
tude of Ze f f increases rapidly and the resonances appea
an energy lowered by.20 meV for each carbon added. Th
downward shift is the strongest experimental evidence
date of positron binding to molecules. Figure 6 shows
position of the C-H stretch peak as a function of the num
of carbons for the alkanes. Assuming the mode involved
an energy of 360 meV, we observe a shift of 205 meV
dodecane (C12H26) and a 10-meV upward shift for ethan
(C2H6) ~although this 10 meV is within the resolution of th
experiment!. It should be noted that the entire spectrum,
cluding features at lower energies, shifts downward toget
with the C-H stretch peak. Figure 7 demonstrates this, co
paring Ze f f spectra for two of the alkanes. Spectra for pr
pane (C3H8) and heptane (C7H16) are shown with the pro-
pane spectrum scaled up in magnitude by a factor of 60
shifted downward in energy by 100 meV. The two spec
have remarkably similar shape over the entire experime
range. Both the shape of the C-H stretch resonance and
relative positions of the resonances remain approxima
constant for all of the alkanes studied.

The magnitude ofZe f f increases rapidly with molecula
size~Fig. 8!. This was observed in earlier measurements
positrons at energies near room-temperature@16,26,29#. The
present data show a similar rapid increase in the magnit
of the vibrational resonance peaks as molecular size
creases. Figure 9 plots the ratios of the heights of the C
stretch peaks to the room temperature values ofZe f f . The

e
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FIG. 5. Ze f f as a function of incident positron energy for the alkanes. Arrows on the vertical axis indicateZe f f for a room-temperature
thermal distribution of positrons.
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height of the C-H stretch is a convenient indicator of t
magnitude of theZe f f spectrum. As can be seen in Fig. 5, t
magnitudes of the lower energy features, where visible,
roughly proportional to the height of this C-H peak; so o
servations about scaling of the C-H peak are qualitativ
correct for the rest of the spectrum. The height of theZe f f
peak associated with the C-H stretch is a factor of;2
greater than the measuredZe f f for a room-temperature ther
mal distribution of positrons,Ze f f (300 K), for each of the
alkanes up to eight carbons~Fig. 9!. For nine and twelve
carbons, this ratio jumps abruptly to;5. A possible expla-
nation for this will be discussed below.

B. Effects of fluorination on Zeff

Changes inZe f f ~300 K! for partially fluorinated alkanes
were investigated by Murphy and Surko@27# and later by

FIG. 6. Energy position of the C-H stretch peak for alkan
(CnH2n12) as a function of number of carbon atoms (n). Methane
(CH4) exhibits no C-H stretch resonance.
03270
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Iwata et al. @18#. A general trend observed for alkanes wi
six or fewer carbons is thatZe f f increases with the first fluo
rine atom substituted, then decreases as more substitu
are made. In all cases studied,Ze f f for fully fluorinated al-
kanes is significantly smaller than the corresponding hyd
genated alkane.

It has been postulated that replacement of hydrogen at
with fluorine in alkanes reduces the attraction of the posit
to the molecule. This dependence on the number of fluo
atoms might then be explained by direct annihilation e
hanced by a weakly bound or low-lying virtual state in t
singly fluorinated molecule, which becomes unbound w

s

FIG. 7. Ze f f for propane (C3H8) (s) and heptane (C7H16) (d).
The spectrum for propane has been scaled upward in magnitud
60 and shifted downward in energy by 100 meV for comparis
The solid line shows the energy width of a typical positron pulse
measured using a retarding potential analyzer.
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the addition of more fluorine@17,18#.
Figure 10~a! comparesZe f f for hexane (C6H14) and for

1-fluorohexane (C6H13F). The substitution of just one hydro
gen atom by a fluorine causes a tenfold reduction in
height of the C-H peak. Similar, though less dramatic, effe
are seen in the spectrum of 1-fluorononane (C9H19F) @Fig.
10~b!#. Both molecules show an upturn inZe f f for positron
energies near 50 meV, the lower limit of the range of t
experiment. It should be pointed out that, although the he
of the C-H peak is greatly reduced by the substitution of o
fluorine atom, the value ofZe f f for a room-temperature dis
tribution is larger for 1-fluorohexane~269 000! than for hex-
ane ~120 000!. @Ze f f ~300 K! has not been measured fo
1-fluorononane.# It is also interesting to note that, whil
height of the C-H stretch peak is reduced with fluorinatio
little change in theposition of the peak is observed in
1-fluorononane.

C. Effects of molecular shape

As shown in Fig. 11, only slight differences are seen
the Ze f f spectra of isopentane@CH3CH2CH(CH3)2# and
n-pentane@CH3(CH2)3CH3#. Above ;200 meV no signifi-

FIG. 8. Filled circles show the height of the peak inZe f f attrib-
uted to the C-H stretch vibrational mode for alkanes as a functio
number of carbon atoms. Open circles showZe f f measured for a
room-temperature distribution of positrons.

FIG. 9. The ratio of the C-H stretch peak height toZe f f for
room-temperature positrons for the alkanes as a function of
number of carbon atoms.
03270
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ts

e
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e
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cant variation is seen. Below 200 meV, isopentane ha
slightly largerZe f f (;15%), but the energy dependence
similar. Annihilation rates for these molecules have been
ported previously andZe f f(300K) is 30% larger for isopen-
tane than forn-pentane@30#. The present experiment sample

of

e

FIG. 10. Closed circles show the positron annihilation ratesZe f f

for ~a! hexane (C6H14) and~b! nonane (C9H20). Open circles show
Ze f f for ~a! 1-fluorohexane and~b! 1-fluorononane. Arrows on the
vertical axis indicateZe f f for a room-temperature distribution o
positrons. In ~a! the open arrow indicates the value fo
1-fluorohexane.

FIG. 11. Positron annihilation ratesZe f f for n-pentane (d) and
isopentane (s). Arrows on the vertical axis indicateZe f f ~300 K!
for the two molecules. The filled arrow indicatesn-pentane. The
open arrow indicates isopentane. The chemical structures
n-pentane and isopentane are shown in the inset.
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very little of a room-temperature Maxwellian distribution s
the results are consistent with those earlier measuremen
Ze f f ~300 K!.

D. Smaller hydrocarbons and fluorocarbons

Molecules as large as those described above are diffi
to treat theoretically. In order to test models of positron a
nihilation, it would be helpful to study smaller molecule
with fewer degrees of freedom. Again, because of the hi
energy, relatively isolated C-H stretch mode, small hydroc
bons were chosen as a starting point. Calculations for m
ane and acetylene, for example, have already been publi
@31#.

Measurements ofZe f f for methane as well as for it
fluorine-substituted equivalents (CH42xFx) are shown in Fig.
12. Methane (CH4) exhibits no large peaks within the rang
of our experiments, but fluorine substitution of methane
troduces a peak near 150 meV. This low-energy resonan
observed in all partially fluorinated compounds, but not
CH4 or CF4.

FIG. 12. Positron annihilation ratesZe f f for ~a! methane (CH4)
and carbon tetrafluoride (CF4), ~b! methyl fluoride (CH3F), ~c!
difluoromethane (CH2F2), and~d! trifluoromethane (CHF3). Verti-
cal lines indicate the energies of the vibrational modes. Arro
indicateZe f f for a thermal distribution of positrons. In graph~a! the
solid arrow refers to methane, the open arrow to carbon tetrafl
ride.
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Figure 13 shows the previously reportedZe f f spectra for
ethane (H3C-CH3), ethylene (H2C5CH2), and acetylene
(HC[CH) @25#. The C-H stretch peak is slightly reduced
ethylene, and absent for acetylene, while lower ene
modes as well asZe f f ~300 K! are observed to increase wit
the introduction of double and triple carbon bonds.

V. DISCUSSION

A. Large alkanes

In the context of the model by Gribakin@17#, molecules
with Ze f f>1000 are predicted to have vibrational Feshba
resonances. This is observed for all alkane molecules la
than methane. In the larger alkanes, we interpret the dif
ence between the energy of the resonance and the ener
the vibrational mode as the binding energy of the positron
the vibrationally excited molecule. When the energy of t
incident positron plus the energy released by positr
molecule binding equals the energy of a vibrational mode
the molecule@Eq. ~2!#, a Feshbach resonance can occur
tween the free and bound positron states. This greatly
creases the overlap of the positron and electron wave fu
tions causing a large increase in the annihilation rate. Th

s

o-

FIG. 13. Positron annihilation ratesZe f f for the two-carbon mol-
ecules,~a! ethane (C2H6), ~b! ethylene (C2H4), and ~c! acetylene
(C2H2). Vertical bars indicate the energies of the strongest infra
active vibrational modes. Arrows indicateZe f f for a Maxwellian
distribution of positrons at 300 K.
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ENERGY-RESOLVED POSITRON ANNIHILATION FOR . . . PHYSICAL REVIEW A67, 032706 ~2003!
the positions of peaks in theZe f f spectra and the known
vibrational mode energies of a molecule provide a meas
of the binding energy of a positron to the molecule.

Figure 14 shows the spectrum of vibrational modes
propane, with each mode represented by a Lorentzian
shape of width 10 meV@32#. For the purposes of this simpl
calculation, all modes are given equal weight and no ov
tones are included. The similarity between theZe f f spectrum
and this simple linear mode spectrum may be an indica
that initially, only single vibrational quanta are exchange
The weight given to each mode for the purposes of pred
ing Ze f f should depend on the strength of the coupling
tween the mode and the positron and the lifetime of
quasibound state. By comparison with the experimental d
it appears that the C-H stretch modes receive greater we
than the lower energy modes.

The lifetime of this quasibound state may be increased
redistribution of vibrational energy among the normal mod
of the molecule@33#. If either nonlinear, Coriolis, or centrifu
gal effect or the presence of the positron causes the vi
tional energy to move into modes that couple weakly to
transition between free and bound positron states, the
time of the quasibound state may become long, further
hancingZe f f . This energy redistribution is necessary for v
brational enhancement. Indeed, the number of simple C
modes increases only linearly with the size of the molecu
and does not explain the exponential growth ofZe f f shown
in Fig. 8.

Figure 4 showed theZe f f spectrum for butane-d10 scaled
by the reduced mass factorj for the stretch vibration of an
isolated C-H pair. The fact that the peak shape remains
proximately constant in the spectrum of the deuteriu
substituted molecule~the slight increase in width can be a
tributed to scaling of the experimental beam resolutio!
indicates that either a single mode is involved, or that
modes involved have similar reduced mass ratios.

A careful examination ofj provides more information
about the specific vibrational mode excited. The scaling
the spectrum is complicated by the energy shift due to p

FIG. 14. The solid line shows the vibrational modes for propa
represented as Lorentzian line shapes of width 10 meV. TheZe f f

spectrum for propane (C3H8) is also shown (d) for comparison
@32#. The relative scaling is arbitrary.
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tron binding. If we attribute the shift to the positron-electro
correlations that, within the present resolution, are not
fected by small motions of the nuclei, deuteration is not e
pected to change the magnitude of the shift. Scaling only
mode energy, deuteration should cause the peak to appe
an energyDe5(Eex2E0)(12Aj) lower than for the hydro-
genated molecule, irrespective of the magnitude of the
ergy shift. This energy shift with deuteration is observed
be De58065 meV for both butane (C4H10) ~Fig. 4! and
nonane (C9H20) ~Fig. 15!, the only other molecule whos
deuterated isotope was studied. Since we expect little cha
in the energy of the C-H stretch modes for the two m
ecules, this agreement is encouraging. In addition, the m
nitude of the shift may be a signature of the excited mode.
stated earlier, thej factor can be calculated from the motio
of the atoms in the mode. In highly symmetric modes
alkanes, the carbon atom moves very little so the redu
hydrogen~deuterium! mass is equal to its actual mass. Th
would makej exactly 0.5 and predict a shift of 105 meV. O
the other hand, in a mode in which all of the hydrogen~deu-
terium! atoms move together, the momentum of each car
atom must cancel the momentum of approximately two
drogen~deuterium! atoms. Taking the atomic weight of ca
bon as 12 amu, this makesj equal to @2/(1212)#/@(12
14)/4#50.57. For this type of mode, the predicted shift
90 meV, which is much closer to the observed value of
meV.

Figures 8 and 9 show the close correlation between
magnitude ofZe f f ~300 K! for a room-temperature distribu
tion of positrons andZe f f at larger energies. For the alkan
molecules studied, the magnitude ofZe f f varies by nearly
three orders of magnitude while the ratio of theZe f f peak
height to the thermalZe f f remains approximately constan
~i.e., within a factor of 2–6!. This appears to us to provid
compelling evidence that the same mechanism is respon
for both the enhancements in the present data and the l
Ze f f values previously reported for a Maxwellian distributio
of positrons at 300 K@18#.

e
FIG. 15. Positron annihilation rateZe f f as a function of incident

positron energy for nonane (d) and nonane-d20 (s) in the range of
energies 50<«<450 meV. Dashed line indicatesZe f f for nonane-
d20 scaled for a reduced mass ratio,j50.64, and scaled in ampli
tude ~by 1.167! to match the C-H peak for nonane.
6-9
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The low values ofZe f f ~300 K! compared withZe f f at the
C-H stretch peak in alkanes of more than eight carbons
appears to be consistent with the energy-resolvedZe f f . This
can be attributed to the depression in theZe f f spectrum seen
for example, at 200 meV in the data for butane~Fig. 5!. For
nonane (C9H20), the C-H peak occurs at;200 meV. If the
butane spectrum is shifted by the same amount as the
peak~i.e., 200 meV!, this depression falls within the room
temperature energy distribution. Thus, the heights of al
the resonance peaks continue to increase, but, for more
eight carbons, the positron binding energy is larger than m
of the low energy modes and Eq.~2! cannot be satisfied fo
most of the room-temperature distribution of positron en
gies. Consequently, the magnitude ofZe f f for room-
temperature positrons lags behind the magnitude of
energy-resolved structure as indicated by the value ofZe f f at
the C-H stretch peak.

B. Effects of fluorination on Zeff

With regard to the effect of fluorination of molecules o
Ze f f , the results point to a strong nonlocal effect. When
single fluorine was substituted at the end of the hydrocar
chains, it reduced the magnitude of the C-H stretch peak
a factor of more than 2. If the wave function of the bou
positron is distributed throughout the molecule and is
fected strongly by the single fluorine, it must happen in
way that does not severely change the energy of the bo
state. It could be that the presence of fluorine inhibits
redistribution of vibrational energy between modes, reduc
the lifetime of the quasibound state. Another possible exp
nation is that the new inelastic channels involving vibrati
of the fluorine atom may provide an ‘‘escape’’ for the po
tron from the quasibound state, thus reducing both the l
time of the state andZe f f .

As indicated both in previous room-temperature expe
ments and in this energy-resolved study, fluorine substitu
in both of the alkanes studied causes an increase inZe f f at
lower positron energies (;25 meV). This increase could b
caused by enhancement of lower energy resonances or b
appearance of new resonances associated with the C-F
or C-F stretch modes.

C. Effects of molecular shape

Although Ze f f ~300 K! for n-pentane and isopentane a
noticeably different (n-pentane, 37 800; isopentane, 50 50!,
we see only slight differences in the energy-resolvedZe f f

spectrum in the range of our experiment~cf. Fig. 11!. Since
the C-H stretch mode causes little motion of the carbon
oms, we do not expect the character of the C-H stretch m
itself to change significantly betweenn-pentane and isopen
tane. Lower energy modes thatdo involve motion of the
carbon atoms might be affected by the change in molec
shape, but most of these are outside the range of the pre
experiment. This may explain why the change inZe f f ~300
K! is accompanied only by small changes in the spectr
measured here.
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D. Smaller hydrocarbons and fluorocarbons

In the fluorinated methane series, we see the first exam
of enhancements near some vibrational modes without
hancement near others. There appears to be no C-H st
resonance in any of the molecules in Fig. 12, while three
the molecules show at least one resonance near 180 m
The cause of this enhancement only near selected mod
not understood and is an important question in understan
this phenomenon. A study currently in progress is attempt
to identify the mode or modes responsible for the obser
enhancements ofZe f f .

In the two-carbon series~Fig. 13!, we see the gradua
disappearance of the C-H stretch resonance and the ap
ance of lower energy resonances as the strength of the ca
bond grows and the number of hydrogen atoms is decrea

Although the data do not extend below 50 meV, we m
draw some conclusions about the low energyZe f f spectrum
of the fluorinated methanes from a comparison with m
surements using thermal positrons. When the values ofZe f f
~300 K! are considered, it is apparent that, for all of t
molecules except CF4, there are features in the low energ
Ze f f spectrum which are larger in magnitude than the re
nant enhancements observed in the energy range of the
rent experiment. In particular, we may conclude that
though the spectra for methane and carbon tetrafluoride h
similar behavior in the range of the this experiment, th
diverge for positron energies below 50 meV. One possi
origin of this effect is the direct annihilation enhanceme
mechanism described by Gribakin@17#.

VI. CONCLUDING REMARKS

We have presented detailed measurements of positron
nihilation rates for a number of molecules resolved as a fu
tion of positron energy. In alkane molecules, these data s
large vibrational resonance peaks that are down-shifted f
the vibrational mode energies by an amountDe, which in-
creases with molecular size. These observations are co
tent with a model by Gribakin that predicts large enhan
ments ofZe f f due to vibrational Feshbach resonances. T
model requires the existence of positron-molecule bou
states. We interpret the quantityDe as a measure of this
binding energy. For alkane molecules,De increases linearly
with the number of carbons from ethane (C2H6) to dodecane
(C12H26). Single fluorination of alkane molecules drastica
reduces the annihilation rate at the C-H stretch mode e
for fairly large alkanes, but appears to change the bind
energy very little. Comparisons of pentane and isopent
indicate that changes in molecular shape had no effec
either the position, magnitude, or shape ofZe f f at the C-H
stretch peak. We have plans to further investigate change
the Ze f f with deuteration with emphasis on identifying th
mode or modes responsible for the resonance peaks.

With regard to smaller molecules, methane and carb
tetrafluoride exhibit no resonances, although methyl fluori
difluoromethane, and trifluoromethane do. Data for tw
carbon hydrocarbons were presented showing that the
gression from ethane (H3C–CH3) to ethylene (H2C
5CH2), then to acetylene (HC[CH) reduces the magnitud
6-10
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of the C-H stretch peak, but enhancesZe f f at lower energies.
We hope that these measurements will provide guidance
theoretical calculations ofZe f f for smaller molecules.

Generally speaking, measurements ofZe f f(«) for the
larger alkanes are in reasonable agreement with the pre
tions of Gribakin’s model. These results, taken together, p
vide evidence for positron binding to alkanes. There a
however, many issues that remain to be addressed. One
issue is making a closer connection between values ofZe f f
~300 K! measured with room-temperature positrons and
measurements ofZe f f(«) at higher energies. Another impo
tant question is understanding the possible role of intram
lecular vibrational energy redistribution in the annihilatio
process, particularly in larger molecules. Finally, there is
question of understanding the role of chemical structure
determining the magnitude and energy dependence
Ze f f(«).

In the area of annihilation in small molecules, the physi
picture is, at present, less well developed. The annihila
rate in many small molecules is also much larger than
.

.

e

s

ys

.
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pected on the basis of simple collisions. However, the m
nitude of Ze f f(«) and changes in this quantity associat
with changes in chemical composition are not understo
We would hope that quantitativeZe f f(«) spectra measured
using the cold positron beam will motivate new calculatio
for small molecules. It is likely that these results, when co
pared with the data, will help to elucidate the operative a
nihilation mechanism in small molecules.
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