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Energy-resolved positron annihilation for molecules
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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 energyE~ 25 meV, full width at half maximumfor positron
energies from 50 meV to several eV. Annihilation measurements are presented for a range of hydrocarbon
molecules, including a detailed study of alkanegHg;, . », for n=1-9 and 12. Data for other molecules are
also presented: ££1,, C,H,; CD,; isopentane; partially fluorinated and fluorinated methane ,fGH,);
1-fluorohexane (gH;5F) and 1-fluorononane (Bl gF). 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
(C,Hg), the position of these peaks is shifted downward by an amew meV per carbon. The results
presented here are generally consistent with a physical picture recently considered in detail by @pifogkin
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.
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[. INTRODUCTION beam which is tunable in energy from 50 meV to several eV
with an energy spread et 25 meV (full width at half maxi-

As low-energy positrons become more easily available irmum) [19,20. This beam has previously been used to study
the laboratory, understanding of the interaction of positronglastic and inelastic scattering of positrofsl—-24. The
with matter will become increasingly important. More accu- present study here focuses on positron annihilation rates. The
rate models of positron-molecule interactions could benefiflata presented provide evidence that molecular vibrations are
research in such varied areas as interpretation of astrophydftimately connected with the observed large annihilation
cal gamma-ray spectril], positron-induced fragmentation rates, and point to vibrational-excitation mediated trapping
of molecules[2,3], and characterization of thin films and into positron-molecule bound statése., vibrational Fesh-
material surface$4,5]. In addition, positron-matter interac- Pach resonancgss the specific mechanism of the enhance-
tions pose a number of challenges to our fundamental undefent.
standing of atomic physicks,7]. Much recent research has ~ The magnitude and energy dependence of these rates are
been directed toward finding methods to treat electroneXxplored for alkanes ({2,.2) up to dodecanen=12),
positron correlations and positronium formation as either ar@lkenes and alkynes, deuterated alkanes, fluorinated alkanes,
open or closed channel for theoretical calculations of elasti@nd nonlinear carbon chain molecules. The results provide
and inelastic cross sections as well as annihilation ratednportant guidance for theoretical attempts to explain the
[8—12. mechanism responsible for these large rates and should lead

In this paper, we focus on a question in this area whicHo a firmer understanding of positron-molecule interactions.
has remained unanswered for nearly four decades. In 196%0me of the work presented here was reported previously in
measurements by Paul and Saint-Pierre indicated unusualfyef. [25].
high annihilation rates for positrons incident on certain large Annihilation rates for positrons in molecular gases are
molecules even though the positron energy was below th&/pically expressed in terms of the dimensionless parameter,
energy threshold for positronium formatiph3]. While sev-  Zets, given by
eral explanations have been advanced to explain this phe-
nomenon, clear experimental confirmation of the predictions Zes=TI(mricny), 1)
of any model has been lacking-10,14-18.

We present studies of the annihilation rate for positrongvherel” is the measured annihilation rate for positrons in the
incident on a sampling of molecules resolved as a function ofest gasy g is the classical electron radius,s the speed of
positron energy. These measurements are made using a t@ght, andn,, is the molecular density. Ignoring correlations
cently developed technique for the creation of a positrorbetween the positron and molecular electransyould be
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positron falling into a bound state. When such a resonance
occurs, the overlap between the positron wave function and
those of the target electrons is greatly increased, resulting in
a large value ofZ.;;. Assuming that the presence of the
positron has little effect on the excite@.g., vibrational
states of the targdtl7], the condition on the incident posi-
tron energy for such a resonance to occur is

SZEGX_EO_SbI (2)

whereeg is the incident positron energk,, is the energy of

the excited state of the targé, is the energy of the ground
FIG. 1. A semiclassical picture of resonant annihilation en-state of the target, anel, is the binding energy of the posi-

hancement oF.y. A positron approaching the molecule can fall {ron to the target. In the energy range of the data presented

into a bound state of binding energy, by the excitation of an  pere viprational excitation is the important interaction.
electronic or vibrational transition of energyE=E.,— E,. Bound

positrons have large overlap with molecular electrons compared to

free positrons leading to a large increase in the annihilation rate. lIl. PREVIOUS EXPERIMENTS

. . Most previous experimental work in this area used posi-
equal to the Dirac ratez;-rgcnmz, with Z as the number of trons in a?therma{Ma&wellian) distribution at 300 K. Whil%
electrons per molecule. In such an uncorrelated matigl,  identifying important chemical trends, these studies have not
is predicted to be equal @. Actual measurements for posi- conclusively established a mechanism responsible for these
trons at energies near room temperature (300 Kenhanced annihilation rates. In this paper, thesg values
=0.025 eV) show that, in some cas&g is orders of mag- measured using room-temperature thermal distributions of
nitude larger tha [13,18. Octane, for example, with&of  positrons will be referred to aBorr (300 K).
66, has aZ.; of 6x10°. Annihilation rates are found to ~ The earliest work in this area was done by introducing
increase rapidly with molecular size. ValuesZf=10" are  positrons into dense gases and observing the annihilation
observed for alkanes only twice as large as octane. lifetime [13,15,28. These experiments demonstrated the
Several theoretical models have been proposed to explai@pid increase irZy; with increasing molecular size.
this phenomenon in terms of a vibrational or electronic reso- | ater experiments, which introduced thermal positron
nance or a positron-molecule bound stetd—18. In these  plasmas into low pressure gas, expanded the range of experi-
models, a long-lived quasibound state can increase the ovements to larger molecules and pointed out very strong depen-
lap of the positron and electron wave functions and enhancgences ofZ.; on chemical compositiofie.g., fluorination
the probability of annihilation. Explanations have been ad{16 27. In work by Iwataet al. [18], measuringZ,;; for a
vanced involving the excitation of virtual positronium and pheated Maxwellian distribution of positron&; was found
other mechanisms involving very strong positron-electrony vary asT~ 2 for temperatures near 300 K, but to decrease
correlationg9,10]. o _ more slowly at higher temperatures. It was postulated that
A model proposed by Gribakifil7,18 explains some of  this might be due to some structure at energies above 300 K,
the important features of the observed rates and is useful igyt pelow the threshold for positronium formation. Since all
the_ discussion of the_data presented here. This model_ distinsf these experiments used Maxwellian distributions of posi-
guishes two mechanisms for the enhancemerZgf. Di-  trons, resolution of such structure in the annihilation spec-
rect annihilation can make contributions t&e; UP O trym was not possible. This requires a tunable, monochro-

~1000. Enhancements to direct annihilatiffirst consid-  matic low energy positron beam, such as that described in
ered in Ref[14]) occur when a shallow bound state or low- the next section.

energy virtual state of the system exists. In this case, the
positron density in the vicinity of the target is increased pro-
portional to 1/¢ +|e¢|), wheree is the incident energy and
gq is the energy of the weakly bound or virtual state. The The experiments are performed using a buffer-gas trap
annihilation parameteZ,;; is enhanced by the same factor. techniqug 16,28 to accumulate and cool positrons to 300 K.
For positrons with finite energy, this mechanism is limited by The positrons are then electrostatically forced from the accu-
the presence ot in the denominator. Consequently, for mulator and magnetically guided 0.1 T) through a cell
room-temperature positrons, direct annihilation can make élled with the gas to be studied as shown in Fig. 2. The
contribution toZ.¢¢ of no more than~1000[17]. energy of the positrons in the gas cell is defined by the po-
The second type of enhancemergsonant annihilation tential on a cylindrical electrode. Annihilation radiation from
(i.e., Feshbach resonance enhanceiméhistrated in Fig. 1, the interaction of the positrons with the test gas is detected
occurs when the energy of the incident positron plus théy a Csl scintillator. The positron beam is operated in a
energy of the ground state, neutral target molecule matchgsulsed mode, with~10* positrons per pulse at a repetition
the energy of an excited quasistable positron-molecule bounidte of 4 Hz. The number of positrons per pulse is deter-
state. This bound state can involve electronic or vibrationamined by measuring the charge delivered to a collector plate
excitation of the target to account for energy given up by theat the far end of the apparatus. The positron energy distribu-

IIl. EXPERIMENTAL SETUP
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Csl lead shielding are all external to the vacuum chamber.
detector D ElectrodeA, located directly between the magnet caoils,
defines the positron energy in the region visible to the anni-
hilation radiation detector. This electrode is also used as a
retarding potential analyzéRPA) to determine the energy of
Accumulator Annihiliation Reflector the positrons in this region. The uniformity of the potential in
cell Electrode this region is verified using a time-of-flight technique. The
potential is found to be constant to within10 meV[23]. In
the magnetic field B, in the accumulator region B
=0.9 kG), the positron motion can be separated into a com-
ponent along the magnetic field and the gyromotion of the
positron in the plane perpendicular B Only the energy
associated with positron motion parallel to the magnetic
field, Ej, is measured with the RPA. Energy associated with
the perpendicular motioik;, , is assumed to be 25 meie.,

FIG. 2. Schematic diagram of the experiméaove, and cor- 300 K) in the positron accumulator. This motion is confined
responding electrical potenti®l(z) as a function of position along to tiny cyclotron orbits, but is nonetheless important in col-
the magnetic fieldbelow). A cold positron beam is passed through lisions with the test gas. Sindg, /B is an invariant for a
a gas cell. The energy of the bearwe(V—V,), can be tuned slowly varying magnetic fieldE, is reduced by a factor
from 50 meV upward. To avoid background, the positrons are reequal to the ratio of the magnetic field in the gas cell to that
flected back through the cell and kept in flight, passing back andn the accumulator. Taking into account the magnetic-field
forth through the cell, while annihilation events are recorded. ratio in our apparatus, we tak®, in the gas cell to be 16

meV. The total positron energy is assumed to be 16 meV
tion in the beam is approximately Gaussian with a width oflarger than that measured by the RPA.
=25 meV as measured using a retarding potential analyzer. The average positron energy in the region visible to the

Figure 3 is a more detailed drawing of the apparatus. Idetector can be varied from 50 meV 0100 eV. For posi-
shows the path of the positroidashed ling after they exit  tron energies below 50 meV, a significant fraction of the
the accumulator. Cryo pumps maintain a base pressure gsitrons, due to elastic collisions with the test gas, do not
109 torr in the vacuum chamber in the absence of the teshave sufficient kinetic energy in the direction of the magnetic
gas. A pair of magnetic coils create a 0.1-T magnetic field irfield to enter the gas-filled region and are reflected from the
the gas cell while providing optical access for the detectorcell. This prevents accurate measurements below 50 meV
The gas cell and the detector are surrounded by 5 cm of leagsing the current apparatus.
to avoid detection of gamma rays from external sources. The copper baffles on either side of this electrode serve a
Copper baffles inside the vacuum chamb@randC in Fig.  dual purpose. Baffl& serves to create a region of high test
3) also provide shielding. The magnets, the detector, and thgas pressure inside the cell and lower pressure on the accu-

mulator side of the baffle. Both baffles are electrically insu-
Csl lated from the cell electrode and the vacuum chamber and
detector can therefore be biased to define the energy of positrons in
the regions near the baffle. The bafieon the accumulator
Gos In side is biased to minimize elastic and inelastic scattering and
Pressure annihilation in the region near this baffle. While the gamma-
Measurement ray detector is only slightly sensitive to annihilation events in
To this region, an extremely large annihilation signal or large
amplifier elastic or inelastic scattering in this higher pressure region
could skew the measurement. Appropriate biasing of bBffle
Collector minimizes these effects. The baffleon the collector side of
Lead the electrodéA can be biased high enough-8 V) to reflect
Shielding the positrons back through the cell instead of allowing them
to collide with the collector. This eliminates any background
Magnet signal that might arise from positrons annihilating on the
Coils collector. This “multiple pass” operation will be discussed

FIG. 3. Cut-away view of the annihilation apparatus. The further below. L o .

dashed line is the path of the positrons through the cell. The copper G@mma radiation from annihilation events in the cell are
baffles help to define a favorable pressure profile and to shieldletected using a Csl scintillator and photodi¢Bigy. 3). The
against sources of annihilation radiation outside the gas cell. Bafflefce of the scintillator is located 5 to 10 cm from the center
B andC are biased to set the potential profile at the ends of the ga8f the cell. The detector produces a current pulse in response
cell. In particular, baffleC can be biased positively to reflect posi- t0 @ gamma photon, the height of which is proportional to the
trons back through the gas cell rather than allow them to strike thgghoton energy. The detection efficiency for annihilation
collector. events in the gas cell is calibrated using a source of known

e veevcxcr i
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activity. Only photons with energy within a narrow range cell, the test gas pressure, and the average number of posi-
near 511 keV are counted as annihilation events. Multipldrons per pulse. The efficiency of the detector is measured for
photons arriving within the decay lifetime of the detectorvarying source positions along the center line of the cell.
(~1 ws) are interpreted by the system as a single photord his is done by counting gamma-ray photons from a radio-
with energy outside the acceptable range. For this reasofctive source of known activity at varying positions along
care must be taken to ensure that the number of such everifae path. An average of these values is used to calculate the

is negligible. average detector efficiendy over the cell length given by
To further reduce background counts, the event counter is

“gated” to count only those events detected within a /15- D= EJ f(x)dx )

period during which the positrons are kept in flight. This is I Jp ’

especially important when operated in “multiple pass”
mode. In this mode of operation, baffzis biased high and Wherep indicates the straight path through the center of the
the positrons remain in flight while the counter gate is on.Cell, f(x) is the measured efficiency as a function of position
They are allowed to collide with the collector only after the X, andl is the total cell length. This averaged efficiendy
counter gate is turned off. The positrons make between twéepends on the radial distance of the detector from the center
and five passes through the cell during thed$detection Of the cell. Measurements & were made with the detector
time, depending on the energy of the positrons inside andt several positions in order to be able to ad[Ddb increase
outside the cell. This number of passes is calculated an@l decrease the detected count rate. With this average effi-
taken into account in the determinationz;;. Using these ciency, the cross sectianis given from the measured counts
techniques, the backgrouritest gas pressurec10 ® torr)  Per positron per pashl, and the target molecule density,,
signal is reduced to 1 count per®positrons. by
Test gas pressure in the cell is determined using a capaci-
tance manometer located a short distance from the cell and o= N _
then calculating the pressure in the cell using the known Nl D
conductances of the chambers and apertures. In the case of . .
targets that are gaseous at room temperature, the pressure/{§€n the apparatus is operated with the reflector electrode
maintained at a constant value by a needle valve controlleffiSed, the average number of times the positrons pass
by a digital proportional-integral-differenti&PID) controller ~ through the cell in the 1s window can be calculated from
using feedback from the capacitance manometer. Sampld@e length of the cell, the length of the positron path outside
that are liquid at room temperature are maintained at a cori® Cell, and the positron energy in both regions. For the data
stant temperature using a PID controller, a thermocouplelrésented, this number of passes is usually between 2 and 5.
and a Peltier cooling device. The vapor above the sample ihe annihilation rate for positrons with velocity is given
allowed to flow into the gas cell through a manual needld?y I'=0nmv, andZe¢ can be calculated using
valve adjusted to set the pressure in the cell. Test gas pres-
sures range from 1 to 10 7 torr, and are adjusted to give 7 - r o (5)
signal levels on the order of 1 count per®l@ositrons in a eff™ wrgcnm_wréc'
single transit through the cell. The detector position and pos-
itron pulse amplitude can also be adjusted slightly to produce The error bars on the data in the figures shown here indi-
signal levels that avoid multiple counts arriving simulta- cate only the random error. This random error is due prima-
neously, but allow for reasonable data collection times. rily to statistical fluctuations in the number of annihilation
Additionally, test gas pressure must be kept low enough t@vents. Fluctuations in the size of the positron pulses are
avoid introducing elastic or inelastic scattering effects.insignificant when averaged over many pulses.
Where the elastic and inelastic cross sections for positrons The major sources of systematic error are the measure-
are known, the test gas pressure is set so as to avoid scattement of the pressure and the calibration of the measured
ing greater than 10% per pass. To verify that such scatteringressure with the cell pressure, calibration of the amplifier
effects can be safely neglected, the gamma-ray signal for thesed to measure the number of positrons per pulse, and pos-
first 15 us was compared with the gamma-ray signal for thesible changes in the average positron energy during multiple
next 15us. The absence of statistically significant differ- passes through the cell. The pressure measured by the ca-
ences indicates that any changes to the number or energy pécitance manometer had small but noticeable fluctuations
positrons in the pulse due to scattering during the firsud5 and a slight drift over time. Both of these effects are of the
had no significant effect on the annihilation signal. order of 10 ° torr. The capacitance manometer was used for
The annihilation signal is found to be linear with test gaspressures greater than 1Otorr. For pressures below 18
pressure indicating that the events measured are due to pdsir, an ion gauge was used to measure pressure in the same
itrons interacting with at most one gas molecule and notegion. lon gauge sensitivity was measured in the system by
interactions of a single positron with multiple molecules. comparing the measurements of the ion gauge and capaci-
The quantityZ.¢¢, the annihilation rate normalized to the tance manometer. From this, we obtain ion gauge sensitivi-
Dirac rate[Eqg. (1)], can be calculated from the number of ties estimated to be accurate to abat5%.
counts per pass using the measured detector efficiency, the Additionally, there is systematic error in the measurement
energy of the positrons inside and outside the annihilatiorof the size of the positron pulses, primarily associated with

4
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30000 . % . . Zs drops abruptly to much smaller levels, i.e., on the order
| g | of Z, the number of molecular electrons. For example, for
5 ;\ butane = 3_2), Zgss for positr(_)n energies between_ 0_.5 and 3
20000 | 2 4 i\\ . eV is approximately 100 and is fairly constant. This is a drop
s 5 7\ in Zy¢s of two orders of magnitude from the maximus;
N I / !\\ | at the peak. Similar results are observed for the other al-
10000 ﬁboa O e o ‘. \ 4 kanes.
A S o /f \ To confirm that this enhancement is related to the vibra-
Foe % o I P % ®\ 1 tional modes of the molecule, the sarfig;; measurements
0L ] . ,0909090Hk95m¢—737‘ were made for butandyy, a butane molecule with all of the
0.0 0.1 02 03 0.4 0.5 hydrogen atoms substituted with deuterium, but having the

same electronic structure. The C-H stretch modes are iso-
lated from the rest of the vibrational spectrum and so this

FIG. 4. Positron annihilation rat&;; as a function of incident feature became the focus of our analysis ofZhg spectrum
positron energy for butane®() and butanet,, (O) in the range of  of the alkane molecules. Similar analysis of the other modes
energies 5& <450 meV. Vertical bars show the energies of the is possible. Deuteration reduces the energy of the C-H stretch
strongest infrared-active vibrational modes for butane. Dashed linenode by a factor equal t6'2, whereé= uc.y/pcp is the
indicatesZ,; for butaned;, appropriately scaled in energy by the ratio of the reduced masses associated with these vibrational
reduced mass factor and scaled in amplitude to match the C-H peallodes. The reduced mass is different for each normal mode
for butane(see text The arrow on the vertical axis indicat&sy;  and can be determined from the motions of the nuclei in the
for a room-temperature distribution of positrons incident on butanemgde. As a first approximation, the reduced mass for the

stretching of an isolated C-H pair was used, which giges
the calibration of the charge-sensitive amplifier used. The= g 538 The dashed line in Fig. 4 is data for butane scaled
device was calibrated using a well-known input from a signalj, energy by&Y2 and scaled in magnitude for comparison.
generator. We estimate the systematic error in the positrogjot only the positions and shapes of the Q/®&D) peaks,
pulse size at 15%. _ but the entire measured spectra agree quite well when scaled

The total systematic error in the measurementZgk  py this factor. From this analysis we conclude that these
presented here is therefore25%. This error is not expected resonance peaks in the spectrum of the alkanes are related to
to have a strong dependence on positron energy. Thus, whilshe or several of the C-H stretch vibrational modes.
this systematic error may affect the overall scaling of the Figure 5 shows the energy resolv&g;; spectrum for all
megsure(Zeff, it is not expected to affect its dependence ongf the alkanes measured. The energy dependenda pfis
positron energy. ] largely the same as molecular size increases, but the magni-

While the present apparatus does not permit measuremefide of z,;, increases rapidly and the resonances appear at
of changes in the energy of positrons as they reflect from thg, energy lowered by 20 meV for each carbon added. This
reflector electrode, comparisons of measurements with angownward shift is the strongest experimental evidence to
without the reflector agree to within 15 meV. date of positron binding to molecules. Figure 6 shows the

position of the C-H stretch peak as a function of the number
IV. RESULTS of carbons for the alkanes. Assuming the mode involved has
an energy of 360 meV, we observe a shift of 205 meV for
dodecane (GH,g) and a 10-meV upward shift for ethane

Early in the investigation of positron annihilation rates, it (C,Hg) (although this 10 meV is within the resolution of the
was found that the alkanes (&,,.,) and other hydrocar- experimenk It should be noted that the entire spectrum, in-
bon molecules exhibited very large annihilation rates. In thecluding features at lower energies, shifts downward together
1963 paper by Paul and Saint-Pierre, annihilation rates fowith the C-H stretch peak. Figure 7 demonstrates this, com-
n-butane, propane, and isobutane were repdrt@&li Much  paring Z.; spectra for two of the alkanes. Spectra for pro-
research since that time focused on the alkanes and similpane (GHg) and heptane (&4,6) are shown with the pro-
molecules[16,18,28. Recently, the first energy-resolved pane spectrum scaled up in magnitude by a factor of 60 and
measurements af.¢; were reported25]. Since the chal- shifted downward in energy by 100 meV. The two spectra
lenge of these experiments is distinguishing the annihilatiornave remarkably similar shape over the entire experimental
signal due to positron-molecule interactions from externakange. Both the shape of the C-H stretch resonance and the
noise sources, the realtively large valuesZgf; in alkane relative positions of the resonances remain approximately
molecules make them a natural place to begin. constant for all of the alkanes studied.

Figure 4 showsZ.s values for butane (8,0 and The magnitude oZ.¢; increases rapidly with molecular
butaned,o(C,D,o). Butane exhibits peaks ifi.¢; in the re-  size(Fig. 8). This was observed in earlier measurements for
gion of the vibrational mode energies. In particular, a promi-positrons at energies near room-temperaf626,29. The
nent peak Z.¢>10%) appears for positron energies just present data show a similar rapid increase in the magnitude
lower than those of the C-H stretch vibrational modes. In theof the vibrational resonance peaks as molecular size in-
figure, the most prominent ir active modes are marked byreases. Figure 9 plots the ratios of the heights of the C-H
vertical lines. At energies larger than the vibrational modesstretch peaks to the room temperature valueZgf. The

Energy (¢V)

A. Large alkanes
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FIG. 5. Z¢; as a function of incident positron energy for the alkanes. Arrows on the vertical axis indigat®r a room-temperature
thermal distribution of positrons.

height of the C-H stretch is a convenient indicator of thelwata et al. [18]. A general trend observed for alkanes with
magnitude of th&.¢; spectrum. As can be seen in Fig. 5, the six or fewer carbons is that.¢; increases with the first fluo-
magnitudes of the lower energy features, where visible, aréine atom substituted, then decreases as more substitutions
roughly proportional to the height of this C-H peak; so ob-are made. In all cases studief, ¢ for fully fluorinated al-
servations about scaling of the C-H peak are qualitativelykanes is significantly smaller than the corresponding hydro-

correct for the rest of the spectrum. The height of He;
peak associated with the C-H stretch is a factor-e?
greater than the measurgd¢; for a room-temperature ther-
mal distribution of positronsZ.;; (300 K), for each of the
alkanes up to eight carbori&ig. 9). For nine and twelve
carbons, this ratio jumps abruptly te5. A possible expla-

nation for this will be discussed below.

B. Effects of fluorination on Zq

genated alkane.
It has been postulated that replacement of hydrogen atoms
with fluorine in alkanes reduces the attraction of the positron
to the molecule. This dependence on the number of fluorine
atoms might then be explained by direct annihilation en-
hanced by a weakly bound or low-lying virtual state in the

singly fluorinated molecule, which becomes unbound with

Changes irZq¢; (300 K) for partially fluorinated alkanes
were investigated by Murphy and Surka7] and later by

(C,Hz,42) as a function of number of carbon atoms) ( Methane
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FIG. 7. Z.¢; for propane (GHg) (O) and heptane (&) (@®).
The spectrum for propane has been scaled upward in magnitude by
FIG. 6. Energy position of the C-H stretch peak for alkanes60 and shifted downward in energy by 100 meV for comparison.

measured using a retarding potential analyzer.
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Figure 1@a) comparesZ.¢; for hexane (GH.,) and for
1-fluorohexane (§H3F). The substitution of just one hydro-
gen atom by a fluorine causes a tenfold reduction in the
height of the C-H peak. Similar, though less dramatic, effects
are seen in the spectrum of 1-fluorononangHGF) [Fig. 0
10(b)]. Both molecules show an upturn iy for positron
energies near 50 meV, the lower limit of the range of the
experiment. It should be pointed out that, although the height
of the C-H peak is greatly reduced by the substitution of one FIG. 10. Closed circles show the positron annihilation raigs
fluorine atom, the value df.¢; for a room-temperature dis- for (a) hexane (gH,4) and(b) nonane (GH,g). Open circles show
tribution is larger for 1-fluorohexan@69 000 than for hex-  Zett for (@) 1-fluorohexane angb) 1-fluorononane. Arrows on the
ane (120000. [Zs; (300 K) has not been measured for vertical axis indicateZ; for a room-temperature distribution of
1-fluorononand. It is also interesting to note that, while Positrons. In (a) the open arrow indicates the value for
height of the C-H stretch peak is reduced with fluorination,1-fluorohexane.
little change in theposition of the peak is observed in
1-fluorononane.

1x106 |
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Energy (eV)

cant variation is seen. Below 200 meV, isopentane has a
slightly largerZ.¢; (~15%), but the energy dependence is
similar. Annihilation rates for these molecules have been re-
ported previously and;¢{(300K) is 30% larger for isopen-

As shown in Fig. 11, only slight differences are seen intane than fon-pentand30]. The present experiment samples
the Z.¢; spectra of isopentaneCH;CH,CH(CHg),] and

n-pentang CH;(CH,)3CHz]. Above ~200 meV no signifi-

C. Effects of molecular shape

10())(103 T T T T
n-Pentane o
M 8 T T T T T T 80X103 | _(:3_(::_¢_¢_(:3_ & |
o)
g Isopentane o é *
\; ol i . 60x10° - A $ 7
§ : e | e
~ 40x10° | 7
= * —3 '%Q i% §é .§
-20 4tk i .3 é )
3z 20x10° - é ¢ . 1
'cMu L] & o}
& . ° 0 1 1 m
e 2r . . 7 0.0 0.1 0.2 0.3 04 0.5
c') ? I 1 1 I E ( V)
ner [
2 4 6 8 10 12 14 4
number of carbons FIG. 11. Positron annihilation raté,; for n-pentane @) and

isopentane ©). Arrows on the vertical axis indicatg.¢; (300 K)
FIG. 9. The ratio of the C-H stretch peak height Zg;; for for the two molecules. The filled arrow indicatespentane. The
room-temperature positrons for the alkanes as a function of thepen arrow indicates isopentane. The chemical structures of
number of carbon atoms. n-pentane and isopentane are shown in the inset.
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FIG. 12. Positron annihilation raté; for (a) methane (Cl) FIG. 13. Positron annihilation rat&s ; for the two-carbon mol-
and carbon tetrafluoride (GF (b) methyl fluoride (CHF), (c)  ecules,(a) ethane (GHe), (b) ethylene (GH,), and(c) acetylene
difluoromethane (CkF,), and(d) trifluoromethane (CHE. Verti- (C,H,). Vertical bars indicate the energies of the strongest infrared

cal lines indicate the energies of the vibrational modes. Arrowsctive vibrational modes. Arrows indicai&.; for a Maxwellian
indicateZ,;; for a thermal distribution of positrons. In gragd) the  distribution of positrons at 300 K.

solid arrow refers to methane, the open arrow to carbon tetrafluo- )
ride. Figure 13 shows the previously reportggd;; spectra for

ethane (HC-CHy), ethylene (HC=CH,), and acetylene
very little of a room-temperature Maxwellian distribution so (HC=CH) [25]. The C-H stretch peak is slightly reduced in

the results are consistent with those earlier measurements 8rfhylene, and absent for acetylene, Wh'le. lower energy
Zo1 (300 K) modes as well ag.¢; (300 K) are observed to increase with
e .

the introduction of double and triple carbon bonds.

D. Smaller hydrocarbons and fluorocarbons V. DISCUSSION

Molecules as large as those described above are difficult
to treat theoretically. In order to test models of positron an-
nihilation, it would be helpful to study smaller molecules In the context of the model by Gribakiri7], molecules
with fewer degrees of freedom. Again, because of the highwith Z.;;=1000 are predicted to have vibrational Feshbach
energy, relatively isolated C-H stretch mode, small hydrocarresonances. This is observed for all alkane molecules larger
bons were chosen as a starting point. Calculations for methithan methane. In the larger alkanes, we interpret the differ-
ane and acetylene, for example, have already been publishetice between the energy of the resonance and the energy of
[31]. the vibrational mode as the binding energy of the positron to

Measurements oZ.¢; for methane as well as for its the vibrationally excited molecule. When the energy of the
fluorine-substituted equivalents (GHF,) are shown in Fig. incident positron plus the energy released by positron-
12. Methane (CH) exhibits no large peaks within the range molecule binding equals the energy of a vibrational mode of
of our experiments, but fluorine substitution of methane in-the moleculd Eq. (2)], a Feshbach resonance can occur be-
troduces a peak near 150 meV. This low-energy resonance faeen the free and bound positron states. This greatly in-
observed in all partially fluorinated compounds, but not increases the overlap of the positron and electron wave func-
CH, or CF;. tions causing a large increase in the annihilation rate. Thus,

A. Large alkanes
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FIG. 15. Positron annihilation rat&,;; as a function of incident
FIG. 14. The solid line shows the vibrational modes for propanepositron energy for nonanm and nonanej.zo (O) in the range of
represented as Lorentzian line shapes of width 10 meV.Z%e  energies 56:e <450 meV. Dashed line indicate for nonane-
spectrum for propane (Elg) is also shown @) for comparison ¢, scaled for a reduced mass ratio=0.64, and scaled in ampli-
[32]. The relative scaling is arbitrary. tude (by 1.167 to match the C-H peak for nonane.

the positions of peaks in th&. spectra and the known 4 hinding. If we attribute the shift to the positron-electron

V|brat|oqal .mode energies of a molecule provide a MeaSUrEo relations that, within the present resolution, are not af-

of ::h_e blndllzg inergy r?f a positron tof th_% mQIeClljle' d ffected by small motions of the nuclei, deuteration is not ex-
\gure shows the spectrum of vibrational modes 0Bected to change the magnitude of the shift. Scaling only the

propane, with each mode represented by a Lorentzian lin .

shape of width 10 meV32]. For the purposes of this simple mode energy, deuteration should cause the peak to appear at
calculation, all modes are given equal weight and no over2n ENergA e=(Eex— Eo)(l—_\/g) lower than for the hydro-
tones are included. The similarity between g, spectrum genated molecule, irrespective of the magnitude of the en-

and this simple linear mode spectrum may be an indicatio$"9Y shift. This energy shift with deuteration is observed to
that initially, only single vibrational quanta are exchanged.Peé Ae=80*5 meV for both butane (£1,0) (Fig. 4 and

The weight given to each mode for the purposes of predicttonane (GH,o (Fig. 19, the only other molecule whose
ing Ze¢s should depend on the strength of the coupling bedeuterated isotope was studied. Since we expect little change
tween the mode and the positron and the lifetime of thdn the energy of the C-H stretch modes for the two mol-
quasibound state. By comparison with the experimental dat&cules, this agreement is encouraging. In addition, the mag-
it appears that the C-H stretch modes receive greater weighitude of the shift may be a signature of the excited mode. As
than the lower energy modes. stated earlier, thé& factor can be calculated from the motion

The lifetime of this quasibound state may be increased byf the atoms in the mode. In highly symmetric modes in
redistribution of vibrational energy among the normal modesalkanes, the carbon atom moves very little so the reduced
of the moleculd 33]. If either nonlinear, Coriolis, or centrifu- hydrogen(deuteriumy mass is equal to its actual mass. This
gal effect or the presence of the positron causes the vibrawould make¢ exactly 0.5 and predict a shift of 105 meV. On
tional energy to move into modes that couple weakly to thehe other hand, in a mode in which all of the hydrogeeu-
transition between free and bound positron states, the lifeterium) atoms move together, the momentum of each carbon
time of the quasibound state may become long, further enatom must cancel the momentum of approximately two hy-
hancingZ.;. This energy redistribution is necessary for vi- drogen(deuterium atoms. Taking the atomic weight of car-
brational enhancement. Indeed, the number of simple C-Hon as 12 amu, this makes equal to[2/(12+2)]/[(12
modes increases only linearly with the size of the molecule;+4)/4]=0.57. For this type of mode, the predicted shift is
and does not explain the exponential growthZgf; shown 90 meV, which is much closer to the observed value of 80
in Fig. 8. meV.

Figure 4 showed th&.¢; spectrum for butand,y scaled Figures 8 and 9 show the close correlation between the
by the reduced mass factgrfor the stretch vibration of an magnitude ofZ.¢; (300 K) for a room-temperature distribu-
isolated C-H pair. The fact that the peak shape remains agion of positrons an.; at larger energies. For the alkane
proximately constant in the spectrum of the deuterium-molecules studied, the magnitude Bf;; varies by nearly
substituted moleculéhe slight increase in width can be at- three orders of magnitude while the ratio of tAgs; peak
tributed to scaling of the experimental beam resolytion height to the thermalqs; remains approximately constant
indicates that either a single mode is involved, or that all(i.e., within a factor of 2—§ This appears to us to provide
modes involved have similar reduced mass ratios. compelling evidence that the same mechanism is responsible

A careful examination of¢ provides more information for both the enhancements in the present data and the large
about the specific vibrational mode excited. The scaling oZ.¢; values previously reported for a Maxwellian distribution
the spectrum is complicated by the energy shift due to posief positrons at 300 K18].
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The low values 0. (300 K) compared wittZ; at the D. Smaller hydrocarbons and fluorocarbons

C-H stretch peak in alkanes of more than eight carbons also | the fluorinated methane series, we see the first example
appears to be consistent with the energy-resokigg. This  of enhancements near some vibrational modes without en-
can be attributed to the depression in Fgs spectrum seen, hancement near others. There appears to be no C-H stretch
for example, at 200 meV in the data for butaifég. 5. For  resonance in any of the molecules in Fig. 12, while three of
nonane (GH,o), the C-H peak occurs at 200 meV. If the  the molecules show at least one resonance near 180 meV.
butane spectrum is shifted by the same amount as the C-ffihe cause of this enhancement only near selected modes is
peak(i.e., 200 meV, this depression falls within the room- not understood and is an important question in understanding
temperature energy distribution. Thus, the heights of all othis phenomenon. A study currently in progress is attempting
the resonance peaks continue to increase, but, for more tham identify the mode or modes responsible for the observed
eight carbons, the positron binding energy is larger than mostnhancements ;.

of the low energy modes and E) cannot be satisfied for ~ In the two-carbon seriegFig. 13, we see the gradual
most of the room-temperature distribution of positron enerdisappearance of the C-H stretch resonance and the appear-
gies. Consequently, the magnitude @, for room- ance of lower energy resonances as the strength.of the carbon
temperature positrons lags behind the magnitude of th@ond grows and the number of hydrogen atoms is decreased.

energy-resolved structure as indicated by the valug,ef at Although the data do not extend below 50 meV, we may
the C-H stretch peak. draw some conclusions about the low energy; spectrum

of the fluorinated methanes from a comparison with mea-
surements using thermal positrons. When the valuea, af
(300 K) are considered, it is apparent that, for all of the
With regard to the effect of fluorination of molecules on molecules except Gf- there are features in the low energy
Z.t, the results point to a strong nonlocal effect. When aZ.¢; spectrum which are larger in magnitude than the reso-
single fluorine was substituted at the end of the hydrocarbonant enhancements observed in the energy range of the cur-
chains, it reduced the magnitude of the C-H stretch peak byent experiment. In particular, we may conclude that al-
a factor of more than 2. If the wave function of the boundthough the spectra for methane and carbon tetrafluoride have
positron is distributed throughout the molecule and is afSimilar behavior in the range of the this experiment, they
fected strongly by the single fluorine, it must happen in adiverge for positron energies below 50 meV. One possible
way that does not severely change the energy of the bourffi9in of_ this effe(_:t is the d|_rect annihilation enhancement
state. It could be that the presence of fluorine inhibits thdn€chanism described by GribaKia7].
redistribution of vibrational energy between modes, reducing
the lifetime of the quasibound state. Another possible expla- V1. CONCLUDING REMARKS

nation is that the new inelastic channels involving vibration \\e have presented detailed measurements of positron an-
of the fluorine atom may provide an “escape” for the posi- pihjlation rates for a number of molecules resolved as a func-
tron from the quasibound state, thus reducing both the lifetion of positron energy. In alkane molecules, these data show
time of the state andeys. large vibrational resonance peaks that are down-shifted from
As indicated both in previous room-temperature experithe vibrational mode energies by an amodr, which in-

ments and in this energy-resolved study, fluorine substitutiomreases with molecular size. These observations are consis-
in both of the alkanes studied causes an increas&.jpat  tent with a model by Gribakin that predicts large enhance-
lower positron energies<25 meV). This increase could be ments ofZ.¢; due to vibrational Feshbach resonances. The
caused by enhancement of lower energy resonances or by theodel requires the existence of positron-molecule bound
appearance of new resonances associated with the C-F besi@tes. We interpret the quantitye as a measure of this

B. Effects of fluorination on Zq

or C-F stretch modes. binding energy. For alkane moleculese increases linearly
with the number of carbons from ethane,{g) to dodecane
C. Effects of molecular shape (Cy2Hse). Single fluorination of alkane molecules drastically

) reduces the annihilation rate at the C-H stretch mode even

Although Z ¢ (300 K) for n-pentane and isopentane are for fairly large alkanes, but appears to change the binding
noticeably different G-pentane, 37 800; isopentane, 50500 energy very little. Comparisons of pentane and isopentane
we see only slight differences in the energy-resolZe¢i  indicate that changes in molecular shape had no effect on
spectrum in the range of our experiméot. Fig. 11). Since  either the position, magnitude, or shapeZyf; at the C-H
the C-H stretch mode causes little motion of the carbon atstretch peak. We have plans to further investigate changes in
oms, we do not expect the character of the C-H stretch modthe Z.¢; with deuteration with emphasis on identifying the
itself to change significantly betweenpentane and isopen- mode or modes responsible for the resonance peaks.
tane. Lower energy modes thdb involve motion of the With regard to smaller molecules, methane and carbon
carbon atoms might be affected by the change in moleculatetrafluoride exhibit no resonances, although methyl fluoride,
shape, but most of these are outside the range of the presadifluoromethane, and trifluoromethane do. Data for two-
experiment. This may explain why the changeZigi; (300  carbon hydrocarbons were presented showing that the pro-
K) is accompanied only by small changes in the spectrungression from ethane @E&€-CH;) to ethylene (HC
measured here. =CH,), then to acetylene (HECH) reduces the magnitude
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of the C-H stretch peak, but enhancgs; at lower energies. pected on the basis of simple collisions. However, the mag-
We hope that these measurements will provide guidance fanitude of Z.¢;(¢) and changes in this quantity associated
theoretical calculations df;; for smaller molecules. with changes in chemical composition are not understood.
Generally speaking, measurements Zfi(e) for the  We would hope that quantitativg,{(e) spectra measured
larger alkanes are in reasonable agreement with the predigsing the cold positron beam will motivate new calculations
tions of Gribakin's model. These results, taken together, profor small molecules. It is likely that these results, when com-

vide evidence for positron binding to alkanes. There arepared with the data, will help to elucidate the operative an-
however, many issues that remain to be addressed. One sugfhilation mechanism in small molecules.

issue is making a closer connection between valued,pf
(300 K) measured with room-temperature positrons and our
measurements &.;¢(e) at higher energies. Another impor-
tant question is understanding the possible role of intramo-
lecular vibrational energy redistribution in the annihilation We have benefitted greatly from extensive discussions
process, particularly in larger molecules. Finally, there is thewvith Gleb Gribakin. We are pleased to also acknowledge
qguestion of understanding the role of chemical structure irhelpful conversations with James Sullivan, Joan Marler,
determining the magnitude and energy dependence dteve Buckman, Franco Gianturco, Jim Mitroy, Marco Lima,
Zeii(€). and Mineo Kimura and the technical assistance of Gene

In the area of annihilation in small molecules, the physicalJderzewski. This work was supported by National Science
picture is, at present, less well developed. The annihilatiofroundation Grant No. PHY 98-76894, and the Office of Na-
rate in many small molecules is also much larger than exval Research Grant No. NO0014-02-1-0123.
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