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y-ray spectra from positron annihilation on atoms and molecules
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Positron annihilation on a wide variety of atoms and molecules is studied. Room-temperature positrons
confined in a Penning trap are allowed to interact with molecules in the form of low-pressure gases so that the
interaction is restricted to binary encounters between a positron and a molecule. Data are presented for the
v-ray spectra resulting from positrons annihilating in such interactions. The Doppler broadening of these
spectra is a measure of the momentum distribution of the annihilating electron-positron pairs. Consequently,
these spectra provide information about the electron and positron wave functions. Systematic studies of anni-
hilation line shapes are discussed for noble gases, a variety of inorganic molecules, alkanes, alkenes, aromatics,
and perfluorinated and partially fluorinated hydrocarbons. In the case of molecules, the measurements are used
to determine the probability of positrons annihilating at specific locations in the molecule. For example, in the
case of partially fluorinated hydrocarbons, we have been able to determine the relative probability of annihi-
lation on the fluorine atoms and on the C-H bonds. Insights that these studies provide in understanding the
interaction of low-energy positrons with atoms and molecules are discy&HIE0-294@7)05405-X

PACS numbse(s): 34.50-s, 78.70.Bj, 71.60rz, 36.10—k

I. INTRODUCTION annihilating electron-positron pairs have been performed in
solid and liquid target§4], and they provide information
The interactions of low-energy positrons with matter haveabout the annihilation processes and other properties of ma-
been studied extensivel,2]. In some respects, positrons terials. In this paper, this technique is applied to make sys-
interact with matter in ways that are similar to those of electematic measurements in gaseous media, which are suffi-
trons because of the identical masses of an electron andcently tenuous so that the interaction of positrons with an
positron. However, in other respects they behave very differindividual atom or molecule can be isolated and studied.
ently because the electron and positron have opposite signs Earlier measurements of this type were mainly performed
of electric charge and are distinguishable particles. This isn dense or high pressure gases using a different technigue
generally most noticeable for low-energy interactions since ifrom the one described here. In those experiments a positron
is in this regime that differences related to the Coulomb in-source(usually a radioactive isotope suchZsla or ®6Co) is
teraction and the Pauli exclusion principle play larger rolesplaced in a gas cell so that high-energy ¥0-500 keV
In addition, positrons can also exhibit unique processespositrons are emitted directly into the annihilation medium.
namely, positronium atom formatiof8] and annihilation The positrons experience energy loss through collisions with
with an electron. Central to the work discussed here, positrothe atoms or molecules, eventually reaching thermal equilib-
annihilation can provide information not available from rium with the medium. The annihilatiop rays are measured
electron-matter interactions. For example, much informatiorusing either high-resolution Ge detectors or the angular cor-
about defects near the surfaces of solids can be obtained bglation technique, described in Sec. Il. In general, the ther-
studying positron annihilatiopd]. malization time is shorter than the annihilation time scale so
The interaction of low-energy positrons with atoms andthat studies of free positron annihilation on molecules at the
molecules has been the subject of numerous studies and tsmperature of the medium are possible. One disadvantage of
currently a field of active resear¢6—9]. Studies of this kind this method is that positronium atom formation can take
have many potential applications, for example, in mass spe@lace during the slowing down of the positrons, and subse-
trometry, where positron annihilation is a qualitatively dif- quent annihilation of the thermalized positronium atoms can
ferent way of ionizing molecule§10-12. Positrons also obscure the free positron annihilation signal. Another poten-
provide stringent tests of scattering theories. In recent worktial complication is that, in condensed gases or high pressure
three types of positron-molecule measurements have begases, it is difficult to isolate and study the interaction of a
performed using positrons stored in Penning traps. One typpositron with a single atom or molecule. For studies of sub-
of experiment is measurement of the lifetime of positronsstances in the gas phase, compounds are limited to those that
annihilating in a sample gd¥]. Such measurements provide exist in gaseous form at the operating temperature and pres-
information about annihilation cross sections. Another typesure. In practice, the operating pressure must be suitably high
of experiment involves measurement of the spectra of posiso that the positrons stop in the test media. For those experi-
tive ions produced as a result of positron annihilationments, the sample temperatures are typically room tempera-
[10,12-14. In the experiments discussed in this paper, weture or lower, while the pressure is typically atmospheric
study the momentum distribution of the annihilating pressure or larger.
electron-positron pairs by measuring the Doppler broadening We have been able to avoid these shortcomings by the use
of the y-ray annihilation spectrurfil5,16. of positrons accumulated and cooled in a Penning [ttafh
Extensive measurements of momentum distributions ofvhere they are confined by a combination of magnetic and
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electrostatic fields. Positronium atom formation is avoided
since the positrons can be cooled below the formation thresh-
old before the sample gas is introduced. This technique can
be used at low sample gas pressurel(Q ° torr) so that
substances that exist as liquids or solids at room temperature
can be introduced into the trap as low-pressure vapors.

In addition to their application for studies of positron-

molecule interactions, stored positrons have also been used N

for a variety of other experiments, including studies of

electron-positron plasmd48]. They also have the potential

for supplying positrons for antihydrogen formatifite—21]. “«———[———»

Previous experiments of Doppler-broadenethy spectra
in Penning trap$15,16 demonstrated the feasibility of the 15 1 jystration of the momentum of an annihilating
use of stored p05|tr(_)ns fo_r spectral measurements. SUbS&'ectron-positron paip and the resultingy-ray momenta.y, and
quent improvements in positron moderat(@2,23 and trap- - An annihilation event is observed with two detectors placed

ping efficiency as W(.e” as in th? gas .handllng system hquEZBO" with respect to the annihilation site at distahceThe longi-
now enhanced the signal-to-noise ratio by 2 orders of mag- - . .
nitude. This has permitted a range of new experiments, in:-ljd"nalt.colmponent OE’ Pz, Zh'fts ;hilentetrr?les of rags’ and thle
cluding detailed comparison of the annihilation line shape;[‘%gg‘fez;g;“?;’er;fxlj’;f F(;)(/e’fle:tioe: i :)Z;raf;at: dair;] ?t?ig?i )
with theoretical calculation$24], the simulation of astro- ur;) L g 99 9
physical positron annihilatiofi25], and the localization of ’

the sites of positron annihilation in complex molecules. tory frame, they rays carry away the initial momentum of

_In thi_s paper, we descri_be a systematic study of positronﬁqe center of mass of the pair. Thus, as illustrated in Fig. 1,
interacting with a wide variety of_atoms and molecules. Data&he angle of emission of the two photons relative to one
are presented for noble gases, inorganic molecules, alkane other deviates slightly from 180° due to the perpendicular

alkenes, aromatics, substituted hydrocarbons, as well as fu'é(omponents of the momentum of the electron-positron pair

and partially fluorinated hydrocarbons. Important results in- . .
clude demonstration of the ability to resolve, for the first P« andpy . The y rays are Doppler shifted in energy due to

: . - X . . the longitudinal momentum component of the ir,,.
time in gaseous media, non-Gaussian features in the li 9 b Pa,

shapes and detection of more than one annihilation site in hen ro)lx,py<m00, the angle of deviatiory can be ex-
molecules, including distinguishing annihilation on the C-H pressed as

bond from that on the fluorine atom in partially fluorinated p;

hydrocarbons. We also present data indicating that, in hydro- 0;= —L (D)

carbons, we can distinguish annihilation on the C-H bond MoC

from that on the C-C bond. In all molecules studied, the dat herej=x ory, m, is the rest mass of the electron, an

are consistent with the positrons annihilating predominantlythe speed of light. The Dobopler shift in the ener is
with valence electrons. A study of halogenated hydrocarbon P 'gnt. PP ! B, |

- . o iven b

is also presented. It shows that the positrons annihilate on th y

halogen atoms with a linewidth very similar to that of the P, cp,

related noble gas atom, particularly in the case of the larger AE= T E0=7, (2
o

halogens. We expect that the systematic studies presented in
this paper will provide useful constraints on theories of lOW'whereE0= mec? is the rest mass energy of the electron. The

energy positron-atom and positron-molecule interactions.  herpendicular components of the momentum of the annihi-
This paper is organized in the following manner. In Sec.|a4ing pair can be studied by measuring the angular correla-

Il, we review previous experiments to measure the momengq, of two - rays. The longitudinal component can be mea-

tum distributions of annihilating electron-positron pairs. Theg o by observing the Doppler broadening of theay

exper@mental setup is (_jescr_ibed n Seq. . T_he results of th pectrum using high-resolution solid-state detectors such as
experiments are described in Sec. IV, including the results ofihi,m-drifted or intrinsic germanium detectors.

an extensive study of partially fluorinated hydrocarbons and \yhen annihilation follows thermalization of the positrons
a simulation of astrophysical positron annihilation. Detailed;, 1o medium, e.g., with the characteristic energy of

analyses of spectral line shapes are then presented in Sec.aé./z)k-l-: 0.04 eV (corresponding to room temperatiyréne

In Sec. VI, we discuss the implications of the results pre-,qmentym of the annihilating pairs is typically dominated
sented in this paper for current theoretical work and for,

: . ) . by the momenta of the electrons. Techniques for measuring
progress in other areas of pOSIt.ron-moIecuIe.|nteract|ons. Ahese momentum distributions were developed initially for
brief set of concluding remarks is presented in Sec. VII. the studies of positron annihilation in condensed médja
They have been applied to studies of positron-gas interac-
Il. MOMENTUM DISTRIBUTION MEASUREMENTS tions as well[9]. When the medium is a cry_stalllne sphd,
px andp, can be distinct. For example, the anisotropy in two
An electron-positron pair annihilates by emitting two dimensions has been observed and studied in some materials
guanta of 511-keVy rays at an angle of 180° in the center- [26]. When the medium under investigation is a liquid or
of-mass frame of the two particles. However, in the labora-gas, the momentum distribution is rotationally averaged, and
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the three momentum components are equivalent. In this case,

the angular deviatio® and the energy spreasE are related

by annihilation
plate

cold trap confining mognet!c
electrodes field coils
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and angular correlation and Doppler-broadening measure-—=T3=

ments can be compared. o h EP—
A. Annihilation y-ray angular correlation measurements |_ l |
The technique of angular correlation of annihilation radia- Ge Y=ray

tion (ACAR) was developed to determine the perpendicular detector v .

components of the momenta of annihilating electron-positron Liest gqas

pairs in solids, liquids, and dense gagds$. Initially, the

measure.ment.s were performed in a One'd'mens'on?‘l ge(_)m- FIG. 2. Schematic diagram of the last two stages of the positron
etry[27] in which two y-ray detectors are located behind slit (rap and the detector.

collimators on opposite sides of the annihilation region. One

of the detectors is scanned as a function of the angle betwegn,, ,j, detectgrin conjunction with a multichannel ana-
the two detectors, and coincident events are recorded. O

o : .qﬁzer(MCA). This yields the longitudinal componemt, , of
advantage of the ACAR method is its high resolution. Typl-the annihilating pair's momentum, which is equivalent to

\(/:va;:iSr??sufruri\elz?;lrj]ttlct):?ha(irr]ellevsr?(leer ar?eigﬁulfc}o%%? (r)fgafev either of the other two components in an isotropic medium
9 §-ray 9y : such as a gaseous target. An advantage of the Doppler-

using Eq.(3). ({)roadening technique is that a high count rate can be ob-

Ifn o;der t?] obtalnhhllgh I’eSO|I:JtIOI’I, the.slllts must Il?e placef ained since the detector can be placed close to the annihila-
%Setzlisrql'rgi; (raeitr]lrgls :r?trlcejguccee dasozzisrlatgé tgjlﬁg?oytrin:n? tion region, and this results in a large collection solid angle.
solid aﬁgle subtended by the detector at the sample. In ord rhIS permits measurements in diffuse media, suqh as low-

. . ' . pressure gasdd5,16,33. Another advantage of this tech-
to obtain both a large number of counts and high resolutio

in a reasonable amount of time. one would like to have a ique is the compactness of the equipment and the ease of
Iman ositrons as gssible Iann’ihilatir:N Ili] a Ismall Vol\lljme?nstallation. As described in Sec. IV J, this technique can also
Thisycgndition can %e satisfied in soli% and liquid targetsbe applied to studies of positron annihilation in the interstel-
[29,30, but in this case, annihilation may involve the inter- lar medium, where ACAR techniques are inapplicable. How-

; ; . . ever, a disadvantage of the Doppler-broadening measure-
action of a positron with multiple atoms or molecules. In J PP g

contrast. in aaseous media the two-body assumption is morments is their relatively poor resolution. For example, an
likelv to ’be r?]et but ACAR measuremen);s are m%re difficultiﬁtrinSiC Ge detector typically has the energy resolution of
y ' ~1 keV at 511 keV as compared with the equivalent ACAR

because the mean free path of positrons in gases Is relative ¥solution of 0.2 keV discussed above. In the experiments
large and results in a large annihilation region and low coun

rates. The first ACAR measurements in gaseous media We(?escribed here, an intrinsic Ge detector is used to take ad-
reported by Heinberg and Page in 1951]. However, their antage of the high count rate in diffuse media where posi-

. ; . . . trons are interacting with low-pressure gas atoms or mol-
study was focused on positronium atoms in which the infor- cules g P 9

mation content of the signal is less sensitive to the details o? Lynn et al. employed an improved implementation of the

the spectra. The introduction of the two-dimensiofD) Doppler-broadening approach, which utilizes two high-

ACAR de_tecto_r[2_8] has enabled measurements in the gaSresolution Ge detectors placed 180° with respect to the an-
phase with significantly increased count rates. For 2

. . o nihilation region[33]. This technique can dramatically in-
Consiive detoctors altached replace the deteclor it com{1Sa5e the signal-tomoise rato of the data. Use of ihis
nations. The position-sensitive detectors can accurately iden’f=Chnlque allowed th_em to detect positron a_nnlhllatlon on
tify the location of scintillations produced by rays without !nner_-shell electrons in conde_nsed med_la. This r_ngthpd can,
much loss of count rate, The measurements in gaseous me ngprmmple, b.e useq fo_r st_udles of posnron annihilation in
using a 2D ACAR detector were reported by Colenemal. seous media, which s discussed in Sec. VI.
[9], and their study showed the first quantitative ACAR re-
sults of free positrons annihilating on atoms. lll. DESCRIPTION OF THE EXPERIMENT
A. The positron trap and gas handling procedures

B. Doppler-broadened y-ray spectral measurements The experiments were performed using a technique simi-

For the experiments described in this paper, an alternativiar to that discussed previoudl¥6]. The schematic layout of
method of obtaining the momenta of the annihilatingthe experiment is shown in Fig. 2. Positrons emitted from a
electron-positron pairs was used. We measure directly th60-mCi ??Na radioactive source at a spectrum of energies up
Doppler broadening of the annihilation line using a high-to 540 keV are moderated to a few electron volts by a solid
energy resolution solid-statgray detectoran intrinsic ger- neon moderatof22,23. They are then accelerated to about
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30 eV and guided by a magnetic field into the four-stagemercially available acethylene contains acetone. We placed a
Penning trap. The trap consists of a vacuum chamber susold trap in the gas line to remove this impurity.

rounded by a solenoid that provides positron confinement in

the radial direction and an electrode structure that provides B. Spectral analysis

electrostatic confinement in the axial direction. The positrons We have found a Gaussian line shape to be a useful fitting
experience inelastic collisions with nitrogen buffer gas mol-¢,ction for both the detector calibration lines and the anni-
ecules introduced into the first stage of the trap. These collipjjation spectra observed from atoms and molecules. In prac-
sions result in the positrons being trapped in the potentigfice, the fitting function also contains a complementary error
well created by the electrodes. More detailed descriptions qfunction Component, which models Compton Scattering in
the operation of the positron trap are presented elsewhekfie detector crystal37], and a constant background. This

[34,35. fitting function has the form
Positrons accumulated in the third stage of the trap cool to )
room temperature in approximagel s by electronic, vibra- _ _[E-Eo E-Eo
tional, and rotational excitation of nitrogen molecules. The T(E)=Aqsex aAEg Az aAEg thAs (@)

positrons are then shuttled to the fourth stage, where the
N, pressure is the lowest and where the positrons are closahereE is the y-ray energy AEg; is the full width at half
to the y-ray detector. The trap protocol is designed to accumaximum (FWHM) of the line, a=1/(4 In 2)*2, A; and
mulate an optimal number of positrons with minimal lossesA2 are amplitudesA; is the background, and erfc is the
from annihilation on buffer gas molecules. A cold trap, complementary error function. The fit parameters Are
shown in Fig. 2, is filled either with liquid nitrogen or with a Az, Az, Eo, andAEg . Representing the counts in each en-
water-ethanol mixture chilled te-7 °C in order to reduce €rgy binE; by y;, the quantity minimized is
impurities in the vacuum system. The base pressure of our HE)

yi—T(Ej

N
system is typically 5 10~ torr, and the positron lifetime , 1 D 2
Xr ™ N—k =1 0']'

: ©)

with the buffer gas turned off is typicglll h with liquid
nitrogen in the cold trap and a few minutes with the chilled

water-ethanol mixture. Liquid nitrogen in the cold trap canwheregj:yjm, N is the number of bins used in the fit, and
be used only for gases that do not condense at 77 K. Meais the number of fitting parameters. The valugefis used
surements of some of the substances, obtained with liquigls a measure of goodness of the fit and is expected to be of
nitrogen in the cold trap, were repeated with the chilledorder unity for a fit with a good model. The fitting function
water-ethanol mixture. No difference in the spectra was degiven by Eq.(4) is a good approximation for the calibration
tected except that higher count rates were observed whefiray lines because the number of free electron-hole pairs
liquid nitrogen was used. produced by a monoenergetjcray in a germanium crystal
The experiment is operated in a series of repeated cycldsas a Gaussian distribution. For calibration we used essen-
of positron filling and annihilation. In each cycle positrons tially monoenergeticy rays emitted from test sources.
are accumulated for a fixed period of tinftgpically 5 3 in To first order, we have found that the annihilation lines
the presence of the Nouffer gas. The buffer gas is then shut can also be analyzed by fitting E@t). While this is a con-
off, following a positron cooling time of 1 s. The buffer gas venient way of characterizing and comparing data, there is
pressure is then allowed to drop for another 8 s. The intrinsiqio a priori reason that the annihilation lines should have
Ge detector is gated on, and the test gas is introduced. TypGaussian line shapes. As discussed in Sec. 1V, our data are
cally, the spectrum is accumulated on the MCA%as inthe  now of sufficiently high quality to be able to resolve depar-
presence of the test gas, and then the test gas is turned offires from Gaussian line shapes. The measured annihilation
This cycle is continued for about 12 h to accumulate a largedine is the convolution of the intrinsic annihilation line shape
number of counts, with the total counts in the peak typicallyand the detector response. Under the assumption of Gaussian
~10°. The number of positrons in the trap and the pressurefine shapes, the intrinsic FWHM\E, is given by
of the test gases are carefully adjusted to obtain the highest
count rates consistent with avoidingray pileup, which can AE= (AEﬁt—AEget)”?, (6)
distort the shape of the spectrum.

The positron temperature is measured separately. Thghere AE,, is the detector linewidth andEg is the fitted
depth of the confining potential well is lowered slowly, and finewidth from Eq.(4). The linewidths quoted in this paper
the number of positrons escaping from the trap is analyzed tgre the values ofAE obtained in this way. In Sec. V, we

measure the positron temperature. This technique is defiscuss other attempt.e., beyond the one-Gaussian ap-
scribed in detail elseWhel{eG]. We find that the pOSItronS proximatior) to fit the measured Spectra_

are at room temperatugge., ~300 K).

Small amounts of impurities with high annihilation rates
in test substances can greatly affect the experimental results
[7]. We have used substances with highest purity commer- The energy scale of the detector response was calibrated
cially available (generally >99.9%, and the annihilation using 344.3- and 661.6-keV-ray lines from ®%Eu and
contribution from impurities is less than 1%. Some of the 1*'Cs test sources, respectively. The lines are fit with(Ey.
substances have additives for various reasons, and approptd- obtain the centroids and linewidths of the two peaks. The
ate treatments were used to remove them. For example, cornentroids are used to calibrate the energy scale of the spectra,

C. Calibration and detector response
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FIG. 4. Observed spectra from,HO) and Ne @) plotted on
E (keV) a linear scale. Solid lines are drawn to guide the eye. For the pur-
pose of comparison, the 514.02-keV line fréfisr (dotted ling is
FIG. 3. (a y-ray spectrum of the 514.0-keV line from®&@Sr  shifted to 511 keV, which represents the detector response. The
source: (O) observed spectra ar@-) fit to the spectrum with a spectra are normalized to unity at the peak.
combination of a Gaussian and a step funcfig. (4)]. The line-
width is 1.16 keV.(b) Residuals of the fit. . . L
results from previous studies of momentum distributions and

while the widths of these two lines are interpolated to fingtheoretical calculations are also tabulated and compared.
the detector energy resolution at the 511-keV line. The reso- Typical spectra from our experiment are shown in Fig. 4
lution is typically 1.16 keV. along with the detector response. The annihilation lines
The detector line shape was also calibrated usiffgjSa ~ shown are the spectra from,Hand Ne, which are the nar-
source, which has a-ray line at 514.02 keV, conveniently rowest and widest lines we have observed, respectively. The
close to the 511-keV line. The spectrum measured with a 3ebserved linewidths correspond to the positrons annihilating
nCi source is shown in Fig.(8). The fit to Eq.(4) is shown  predominantly with the valence electrons of the atoms and
in the figure as a solid line and yieldgg = 1.3. The line- molecules. However, we also have evidence of annihilation
width of the GaussianAEg, is typically 1.16-0.01 keV, on inner-shell electrons, and this will be discussed in Sec.
which agrees with the interpolated value from 344.4- andVI. As can be seen in Fig. 4, the detector width is substan-
661.6-keV lines, where 0.01 keV refers to the drift in thetially narrower than the observed annihilation lines. The high
detector linewidth during a measurement. The residuals fromrecision of the measurements is evident from the small scat-
the fit are shown in Fig. ®). These data deviate slightly ter in the data. The total number gfray counts in a spec-
from the fit on the lower-energy side of the line. This low- trym is about 16 unless otherwise stated. For the experi-
energy tail may be due to the trapping of electrons and/omentally measured spectra presented in figures, the error bars
holes in the defects of the Ge crysfal]. Nonetheless, the ~shown represent the expected statistical uncertainties in spec-
residuals are generally quite small: Igss than 0.5% of the, amplitude due to the finite number pfray counts. Spec-
peak counts on the lower-energy side and even smallef, \were recorded in 12 1-h time segments, and the linewidth

(~0.19% on the higher-energy side. As described in Sec. IV’Was calculated from each segment. The tabulated linewidths
these residuals are also generally much smaller than the de-

viations from the Gaussian shape of the observed annihila- ere obt_ained by averaging these linewidths. The variations
tion lines. In the following, we quote the linewidth of the "o o typically 0.01-0.02 keV. Measurements of some sub-
Gaussian fittypically 1.16 ke\} as the width of the detector stance; were repeated in separate_ runs on different days, and
response. The detector energy response and line shape vippse !lneW|dths generally agree MR G.0L kEVaThe uncer-
by a small amount from day to dagypically <0.02 keV, tainty in the det.ector response is at mogt O.Ql keV. We es.tl—
and a separate calibration spectrum was taken before apate the experimental precision of the linewidths to be typi-

after each run. cally 0.02 keV.
In the remainder of this section, we present annihilation
IV. RESULTS line data for a variety of substances. The tables also list the

annihilation rates. For some of these molecules, the annihi-
In this section, we report the results of the Doppler broad4ation rates had not been measured previously in the position
ening of they-ray spectra from positrons annihilating on a trap and our measurements of them are also listed. The rates
variety of atoms and molecules in the Penning trap. There expressed in terms of a normalized annihilation [fAake
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TABLE I. The y-ray linewidths for noble gases obtained from Gaussian fits to the (dateV). For
comparison, experimental values from other methods as well as theoretical values are listed. The values of
Z. are also quotedSee Ref[7] for the sources o values)

Gas This study ~ Shizunfa ColemarP?  Stewar Theory(stati9 @ Theory  Ze
Helium 2.50 2.01 2.63 2.4 2.53 250 3.94
2.20
2.459
2.50"
Neon 3.36 2.04 3.19 3.32 3.82 3.73 5.99
Argon 2.30 1.96 2.86 2.61 2.64 281 338
Krypton 2.09 N/A 2.65 2.63 2.36 250 90.1
Xenon 1.92 1.69 2.58 2.43 2.06 252 401
3Referencd32]. 9Referencq 38].
bReferencd9]. "Referencg44].
‘Referencd30]. 'Referencd39].
dReferencd45]. JkReferenCE[40].
®*Referencd24]. Referencg41].
'Referencd43].
r 1. Helium
Zeit= wrgcn’ @ Helium is the simplest stable atomic gas, and it has been

studied extensively. Rigorous calculations are possible for
wherel is the observed annihilation rate, is the classical positron-helium interactions. Measurements for helium in
radius of the electron, and is the number density of the our system are restricted by the limited capacity of our cryo-
molecules. The experimental error of these annihilation ratgenic pumps for this gas so that the data quality is not as
measurements is limited by the difficulties in the test gaggood as those for other gases. The experimentally measured
pressure measurements and estimated to be typically 20% fepectrum is shown in Fig. 5 together with a very recent cal-
most substances. Detailed accounts of this type of measureulation[24] using the Kohn variational method. Excellent
ment are summarized elsewh¢. The sources of the val- agreement can be seen between experiment and theory, ex-
ues are listed in Ref.7] unless otherwise noted. tending over three orders of magnitude in spectral amplitude.
The values of the previously measured linewidths fromThese data provide experimental evidence for deviations
ACAR measurements are quoted in keV as converted frorfrom the empirical Gaussian line shape described above and
the ACAR linewidths using Eq(3). shown by the dashed line in Fig. 5. While such deviations are
expected, previous experiments were not sufficiently precise

A. Noble gases to discern them.

The simple electronic structure of noble gas atoms has 2. Neon, argon, krypton, and xenon
made them attractive candidates for studies of positron-atom
interactions. Comparison between experim¢8isand theo-
ries [38—47 are available for all of these atoms. Previous
theoretical calculations were based on the polarized orbit
approximation, with the exception of the helium studies
[24,43,44.

A qualitative understanding of the linewidths of the noble
gases can be obtained by considering the simple approxim
tion of the positron in the static potential of the atom in its
Hartree-Fock ground state. While this theory gives a signifi
cant underestimate &, the y-ray linewidths are in rea-
sonable agreement with experimdiiable |) [45]. This in- X e o ;
dicates that the momentum distribution of the electrons in th@0Sitrons annihilating with inner-shell electrons in Fa5].

atomic ground state is the most significant factor in deter_slnnelr;;sre_lll_helectron annthlala:lons V\;'rlll be dlsc_:usse;dlmo(;eﬂ:n
mining the linewidths. The experimentally measured line->€¢: ) The agreement between the experimental and the-

widths are consistently smaller than the predictions of thi re.tical values for thesg noble gases Is F‘Ot as goo_d as that for
simple theory elium, probably reflecting the difficulty in performing accu-

In Table I, we compare oup-ray spectra for noble gases rate calculations for all but the simplest atoms.
with the previous measurements as well as with theoretical
calculations. We note that the theoretical calculations predict
the general trend of the experimental linewidths even though Selected values of the linewidths measured for the noble
the calculated values differ from our measurements. gases are listed in Table |. Stewast al. [30] performed

Spectra for neon, argon, krypton, and xenon are shown in
Fig. 6, and the values of the linewidths are listed in Table I.
The linewidth for neon is the largest. In fact, it is the widest
Ine we have observed for any atom or molecule. For atoms
larger than neon, the linewidths decrease as the sizes of the
atoms increase. Calculations using the polarized-orbital ap-
Q_roximation are listed in Table I39—41. The higher mo-
mentum components in Kr as compared to Ar can be seen by
the crossing of the data around 515 keV. This crossing was
predicted by the static Hartree-Fock approximation, and the
theory indicates that the crossing is due to a larger fraction of

3. Previous measurements from other experiments
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FIG. 6. Experimentally measuregl-ray spectra from noble
I . . . gases: neon@®), argon ), krypton (@), and xenon [0). The
. Elﬁ |.5' @ Annlh!latlon v-ray splectrum for posnrc.mshlntergctllng peak heights are normalized to unity. The spectra shown are for the
with helium atoms: experimental measureme(iis); theoretica higher-energy side of the-ray line since the step function in the

prediction of Ref_[24] (_)_; con_volve_d with the response of the Ge detector response is absent in this region, and consequently the data
detector; Gaussian function fit to fit the experimental data-). quality is better

Gaussian function fit to the experimental ddta). Residuals from

the Gaussian fit(c) Residuals from the theoretical calculation. L. ) .
limited number of molecules. Experimentally measured line-

. . . widths are listed in Tables Il and Il for the various inorganic
ACAR measurements in condensed media, while COIemaﬂwolecules we have studied

et al. [9] obtained 2D ACAR measurements from gaseous
targets at a pressure of 1 atm. High-energy positrons were
directly injected into the gas cells in these experiments. ) , o ,
Thus, these ACAR spectra include a contribution from the Hz IS the simplest molecule, and its significance in astro-
annihilation of thermalized positronium atoms. This appear®nysical positron annihilation has attracted interest from both
as a narrow peak in the spectra, superimposed on the anfgxperimentalistgl5] and theor|st$46,4_1ﬂ. The agtrophysmal
hilation of free positrons on atoms, which appears as a wid@SPects of our measurements are discussed in Sec. IV J. Our
component in the spectrum. The free-positron component&€asured spectrum for hydrogen is shown in Fig. 7 along
were extracted assuming Gaussian line shapes for both colith theoretical predictions for the line shapes,47. The
tributions. The linewidths from these measurements ard&heasured value of the linewidth of 1.720.02 keV is com-
qualitatively similar to our measured values although the abPared with other measurements and with theoretical predic-
solute values are larger. The discrepancy may come from thdons in Table II. All experimental values and the calculated
high sample gas pressures in the ACAR experiments, which

can introduce three-body interactions. Also, the positronium TABLE II. The y-ray linewidths from a Gaussian fit to the data
contributions in the ACAR experiments were relatively for H,, along with other measurements and calculations. The value
large, especially for the larger noble gases, which makes th@f Zer is 14.6[70].

extraction of the free positron component more difficult. The

1. Hydrogen

only previous Doppler-broadening studies in the gas phasgeference AE (keV)
were reported by Shizumet al.[32]. Although they did not  Thig study 1.71+ 0.02
tabulate linewidths, we have estimated numerical valuegiscoe2 1.66

from their graphical dat&Table )). Their values are signifi- g.\\nb 1.56 + 0.09
cantly narrower than other measurements and theoretical P arewycte 1.70
dictions. The reason for the discrepancy is not clear. Ghosh 193

38ACAR measurement in liquid k(6.5 mrad [29].

PDoppler-broadening-ray spectrum measurement in gas).
Molecules are significantly more complicated than atomsSTheoretical calculatiori6.65 mrad [46].

and consequently theoretical calculations exist for only &Theoretical calculatiori7.54 mradl [47].

B. Inorganic molecules
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TABLE lll. The y-ray linewidths for inorganic moleculgsis-
ing Gaussian fijs (See Ref[7] for the sources oZ; values)

3593

10 F @)

[2]
Molecule Formula AE (keV) Zesi §

Q
Nitrogen N, 2.32 30.5 <
Oxygen o 2.73 36.7 I
Carbon monoxide co 2.23 38.5 g
Carbon dioxide (ofe) 2.63 54.7 S
Water H,0O 2.59 319
Sulfur hexafluoride Sk 3.07 86.2
Ammonia NH; 2.27 160C*

[1]
&This study.
y AL s i

value by Darewych are similar, while the prediction by
Ghoshet al. is much larger than the experimental values.

residual counts (%)
N
T
1

2. Other gases 58 i'
[
(a) Nitrogen.Nitrogen is the second simplest molecule. 4F . . . ) \ . =
An ACAR measurement in liquid N gave AE=2.25 keV 504 506 508 510 512 514 516 518
(8.8 mrad [30], which is in reasonable agreement with our E (keV)

measured value of 2.32 keV. The only theoretical calculation

available gives a linewidth of 1.34 ke\6.28 mrad [47], FIG. 8. (a) y-ray spectra for positrons annihilating with CO

which is much narrower than the experimental values. (®) and CO, (O). (b) Residuals from the Gaussian fits. The data

(b) Carbon monoxide and carbon dioxid8arbon mon-  and residuals are normalized to the peak height of the spectra.
oxide is unique in that the line shape exhibits the largest
departure from a Gaussian for any molecule, as shown in (c) Sulfur hexaflourideSulfur hexafluoride has very high
Fig. 8. This is due to a small fraction of positrons annihilat- electron affinity, and it is well known as an electron scaven-
ing with electrons having high momenta. Since this moleculeyer[48]. In contrast, with regard to the interaction with pos-
is relatively simple, it may be an interesting subject for the-itrons, it has a very low annihilation rate for a molecule of
oretical calculations. In contrast to carbon monoxide, carbotthis size Z.4=86.2). The annihilation line is almost as wide
dioxide has only a weakly non-Gaussian line shéfig. 8.  as neon. We note that the electronic structure of the fluorine
atoms in many molecules, including §Hs similar to the
closed-shell structure of neon. Sulfur hexafluoride has a line-
width very similar to the perfluorinated alkanes. This sug-
gests that annihilation in all of these cases occurs predomi-
nantly on the fluorine atoms, which in these molecules are
electronically similar in structure to neon atoms.

(d) Ammonia.Ammonia has an anomalously large anni-
hilation rate €.;/Z~100)[8]. It has a linewidth comparable
to that of the alkanes. Ammonia has a considerable dipole
moment, but we do not know, at present, how this would
affect the linewidth. However, for more complicated mol-
ecules such as partially fluorinated hydrocarbons, we have
some indication that a permanent dipole moment can have an
effect on positron annihilation, as discussed in Sec. IV G.

10° |

101 |

normalized counts

102 |
[ C. Alkanes

The linewidths for the alkanes are listed in Table IV.
Methane has the narrowest linewidth, 2.09 keV, and the line-
width increases to a value around 2.3 keV for large alkanes.
3 While cyclohexane has a value &z about an order of

magnitude smaller than hexane, the linewidth of theay

spectrum is only slightly larger than that of hexane. Consid-
ering saturated hydrocarbons with five carbon atoms, there
are three different isomeric configurations, and data for these

FIG. 7. y-ray spectrum from positron annihilation on molecular molecules are shown in Table IV. While thejrray spectra
hydrogen: observed spectrurn®], theoretical calculation of Ref. are identical to within the experimental error, the values of
[46] (—), and theoretical calculation of RE#7] (---). annihilation ratesZ, differ by approximately a factor of 2.

103 1 1 1 1
508 510 512

E (keV)
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TABLE IV. The y-ray linewidths for hydrocarbongusing

2.35
Gaussian fits (See Ref[7] for the sources oF; values) ' ' ' '
AE 2.30
Molecule Formula (keV) Zess S
Alkanes g 225
Methane CH 209 142 &
Ethane GHg 218 1780 £ 220
Propane GHg 221 3500 %’
Butane GH 4o 2.28 11 300 .GE) 2.15
Pentane GH 1, 2.24 40 206G —
Hexane GH1a 2.25 120000 210
Nonane GH 5o 2.32 643000
Dodecane GoHoe 2.29 1780000 205 . . . |
0.0 0.1 0.2 0.3
Cyclohexane GH 1 2.31 20000

Fraction of valence electrons in C-C bonds

5-carbon alkanes FIG. 9. The Gaussian linewidthE plotted against the fraction

Pentane CH(CH,)3CH; 224 40200 of valence electrons in C-C bonds for alkane molecules, assuming
2-Methylbutane CHC(CH3)H,C,H5 2.23 50 50C° two electrons each in the C-C and C-H bonds.
2,2-Dimethylpropane CH3) , 2.23 21400

estimate the predicted linewidths of the C-H bond and the
C-C bond to be 2.06 and 2.42 keV, respectively. The pre-

2-carbon molecules with different saturation level dicted linewidth for C-H bond electrons agrees reasonably

Ethane GHe 218 1780° well with our experimentally measured value of 2.09 keV.
Ethylene GH,4 210 1200 However, the linewidth extrapolated for the C-C bond elec-
Acetylene GH» 2.08 3160 trons is in greater disagreement. These linewidths were cal-
culated using the “static” approximation in which the effect
Aromatic hydrocarbons of the positron was not included. As can be seen in the case
Benzene GHg 2.23 15000 for noble gases, wave functions without including the effect
Naphthalene GoHsg 229 494000 of the positron can give the qualitative estimates, but not the
Anthracene GH o 2.45 4330000 Quantitative comparisons. Therefore, it is difficult to distin-
Toluene GHsCHs 228 190000 gt_ush whether this _d|screpancy in th(_a linewidth assouated
with the C-C bond is caused by the inadequacy in the ap-
&This study. proximation used in the calculations or by the validity of the

assumption that positrons annihilate equally with any va-
In general, we have not been able to detect any systemat|‘é”°e electron and the assumption that each bond has a char-

- : . : acteristic linewidth.
Lﬂﬁgosrizlig dbitrvﬁifz[\;ﬁyac:}ﬂé??nlgsxldetg for the hydrocar- Tanget al. measured the linewidths of benzene, toluene,

. . . hexane, and dodecane to be 2.16, 2.15, 2.29, and 2.19 keV,
In earlier work based on measurements of linewidths for,

. X respectively. Our current measurements give the linewidth of
four hydrocarbons, Tangt al. concluded that it was likely 050 molecules to be 2.23, 2.28, 2.25, and 2.29. The uncer-
that the positrons interact primarily with C-H bond eIectronstainty of their measurements was 0.05 keV or larger so that

in these molecule§l16]. In order to test the possibility of he variation in the linewidths they measured were within
positrons annihilating with C-C bond electrons using our im-thejr uncertainty. In addition, the numbers of valence elec-
proved data, we plot in Fig. 9 the linewidtiAE as a func-  trons in C-C bonds are relatively small compared to the num-
tion of the fraction of valence electrons in C-C bonds for thebers of valence electrons in C-H bonds, which led Tangl.
alkanes including cyclohexane. The fact tidE increases to conclude that all hydrocarbons have the same linewidth.
approximately linearly with the number of valence electronsGiven the more precise measurements presented here, it now
in C-C bonds suggests that positrons are also annihilatingppears that annihilation in the hydrocarbons is equally prob-
with C-C bond electrons. In principle, annihilation on C-H able with any of the valence electrons including those in C-C
bond electrons can be separated from annihilation on C-®onds.
bond electrons assuming that each bond has its own charac- This is in agreement with positron annihilation momen-
teristic linewidth. Then the linear combination of these line-tum distributions for liquid hexane and decane measured by
widths weighted by the number of bond electrons should!Sing ACAR technique$49]. Calculated momentum distri-
yield the observed linewidths. From a linear regression of théutions for C-H and C-C bond electrons were compared with
data in Fig. 9, we estimate the linewidths associated with thé&he observed ACAR spectra, and it was concluded that pos-
C-H bond and C-C bond electrons to be 2.09 and 2.76 ke\itrons annihilate with both C-H and C-C bond electrons.
respectively.

The momentum distributions for the C-C bond and C-H D. Alkane, alkene, and alkyne
bond electrons have been calculaidd]. Using the graphs Alkenes and alkynes are generally more reactive than al-
of the calculated momentum distributions in Rp£9], we  kanes because the bond is weaker than the bond. The
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TABLE V. The y-ray linewidths for fully halogenated carbons TABLE VI. The y-ray linewidths for partially fluorinated hy-

(using Gaussian fijs(See Ref[7] for the sources oZq values) drocarbonqusing Gaussian fiis
Molecule Formula  AE (keV) Zes Molecule Formula AE (keV)
Carbon tetrafluoride CF 3.04 54.4 Methane CH 2.09
Carbon tetrachloride Cce¢l 2.29 9530 Methyl fluoride CHF 2.77
Carbon tetrabromide CBr 2.09 39 800 Difluoromethane CHF, 2.86
Trifluoromethane CHE 2.85
Carbon tetrafluoride CF 3.04
smallest members of the alkane, alkene, and alkyne families
are ethane, ethylene, and acetylene, respectively. The valuEthane GHe 2.18
of the linewidths for these molecules are listed in Table |V.Fluoroethane GHsF 2.62
They show that, as the bond saturation level is reduced, th&1,1-trifluoroethane CiEH3 2.95
linewidths decrease. One possible explanation of this trend i&.1,2-trifluoroethane CHJCH,F 291
that for the alkenes and alkynes, positrons can annihilaté.1,1,2-tetrafluoroethane GEH,F 3.00
with 7r-bond electrons, which are less tightly bound and con.1,2,2-tetrafluoroethane CHEHF, 2.97
sequently have a smaller momentum distribution than that offexafluoroethane Fe 3.04
the g-bond electrons. If the assumptions are correct that each
chemical bond has its own characteristic linewidth and thaPropane GHs 221
the linear combination of these linewidths weighted with the2,2-difluoropropane CBCF,CH3 2.78
number of bond electrons yields the observed linewidths, thé,1,1-trifluoropropane G oHs 2.86
linewidth of the C-Car bond can be estimated to be 1.48 andPerfluoropropane g 3.05
1.73 keV for ethylene and acetylene, respectively, using the
C-H bond and C-Gr-bond values of 2.09 and 2.76 keV. Hexane GH14 2.25
1-fluorohexane CHFCsH ¢4 2.46
E. Aromatics Perfluorohexane §F 14 3.09

Aromatic compounds have very different electronic and

geometrical structures compared to alkanes. The values GE"2€ne 6He 2.23
the linewidths from our measurements are listed in Table [\Fluorobenzene EHsF 243
for the smaller aromatic molecules benzene, naphthalené;2-difluorobenzene §H4F2 2.66
and anthracene and for some of the substituted benzenes. 1,3-difluorobenzene §H4F> 2.52

The existence of polycyclic aromatic hydrocarb¢RéH)  1,4-difluorobenzene H4F 2.53
in the interstellar media has been deduced from infrared.2.4-trifluorobenzene §H3F3 271
measurementgs0,51. We have found that the PAH’s have 1,2,4,5-tetrafluorobenzene 6B2F4 2.77
very large annihilation cross sections and speculated thatentafluorobenzene ¢EIFs 2.89
these molecules may contribute significantly to astrophysicatexafluorobenzene &6 2.95

positron annihilatior{52]. This facet of the research is dis-
cussed in Sec. IVJ. Measurements of larger PAH’s, such as

pyrene, were attempted, but were not successful due to the The differences in the linewidths for hydrocarbons and
low-vapor pressure of these substances. We are planning fluorocarbons are significant; hydrocarbons have large anni-
install a high-temperature cell in the vacuum chamber, whichilation rates and relatively narrow linewidths, while per-
should make measurements of these low-vapor pressure suliiorocarbons have low annihilation rates and large line-

stances possible. widths. It was concluded by Tanef al. [16] that positrons
annihilate predominantly with C-H bonds in hydrocarbons
F. Fully halogenated carbons and with fluorine atoms in perfluorinated molecules. In order

The I idths for fully hal ted carb listed | to further examine the localization of positron annihilation in
€ linewiaths for Tully halogenated carbons are listed N, yq1a0ye, exploiting the easily distinguishable annihilation

Ffhewidths for fluorine atoms and the C-H bonds, we have
studied a series of partially fluorinated hydrocarbons. These
are discussed in the next section.

of the halogen. The linewidths decrease from 4,CRo
CCly,, to CBr,. This trend is very similar to that of the noble
gas atoms; neon, argon, and krypt@rable ). In addition,
the linewidths are almost identical to those of analogous
noble gas atoms, particularly for the larger halogens, as one
would expect if the valence electrons of the carbon atoms The experimentally measuredray linewidths of a series
were completely transferred to the halogen atoms. In particuef partially fluorinated hydrocarbons are summarized in
lar, comparing the halocarbons and noble gas atoms, the lind-able VI, and a typicaly-ray spectrum is shown in Fig.
widths are 3.043.36 for CF, (Ne), 2.29 (2.30 for CCl, 10(a). (We have also measured the valuesZgf for these
(Ar), and 2.092.09 for CBr, (Kr). These data provide evi- molecules and will present and discuss the implication of
dence that, in halocarbon molecules, the positron annihilatethese measurements in a separate publicafes].) As
with the valence electrons of the halogen atoms. pointed out earlier, the hydrocarbons have significantly nar-

G. Partially fluorinated hydrocarbons



3596 KOJI IWATA, R. G. GREAVES, AND C. M. SURKO 55

105 ¢ T T T T T T T T T T
10 1
[
S 8
g " :
; = 0.8 o 1
3 A
a o
2 10°} S
c { © A
§ E 0.6 - 1
102 S o °
S .
= ]
o B 4
< 0.4
3 x
= o
o
S L o2t A .
[%2]
c
3
2 0.0 -
g ’ 1 1 1 1 1 1
2 0.0 0.2 0.4 0.6 0.8 1.0
o
= fraction of valence e on F
L L L L FIG. 11. Normalized fraction of positrons annihilating on fluo-

505 510 515 520 rine atoms plotted against the fraction of the valence electrons on
E (keV) fluorine atoms. The fraction of annihilations on perfluorocarbons is
obtained with the two-spectrum fitting procedure. This fraction is
FIG. 10. y-ray spectrum from positron annihilation on fluoro- _normalized with the fraction of val_ence electrons in fluorine atoms

ethane:(a) observed spectrum), and fit to the spectruni—) in the perfluorocarbons: one-carb@re., methane-basgdolecules
using a combination of the experimentally measured ethane anf”): tWo-carbon (ethane-based molecules [J), three-carbon
hexafluoroethane spectra. The two components in the fit are ald@ropane-basgdmolecules (1), six-carbon(hexane-basgdmol-
shown: the ethane spectrum:) and the hexafluoroethane spectrum €cules V). Filled symbols are for six-carbdibenzene-basgdnol-
(- - -). The fraction of the area in the ethane component is 47.99%Scules with 1,2-difluorobenzenéll), 1,3-difluorobenzene(A),
while that in hexafluoroethane is 52.1%b) Residuals from a 1,4-difluorobenzene(¥), and other six-carbor(benzene-based
Gaussian fit ?=28.8) plotted as a percentage of the peak heightmolecules(.).
of the spectrum.(c) Residuals from the two spectrum fit

(xF=1.4). bond electrons. The normalized fraction is plotted in Fig. 11
as a function of the fraction of the total number of valence
rower linewidths than the perfluorocarbofis]. This sub-  electrons on the fluorine atoms. The good correlation be-
stantial difference between the two annihilation linewidthstween these two quantities suggests that the positrons anni-
has now made it possible for us to distinguish multiple an-hilate with equal probability on any valence electrons. In this
nihilation sites in a single molecule. analysis, we have assigned eight valence electrons to each
For the purpose of this analysis, the annihilation linefluorine atom, assuming the formation of a closed-shell
shape cannot be modeled adequately with a Gaussian, asrigonlike structure, and two electrons each to a C-H bond and
evident from the residuals in Fig. @) and the correspond- to a C-Co bond. For a delocalized C-& bond in benzene,
ing values ofy?, which are of the order of 20—40. However, a total of six electrons is assumed in a benzene ring. We have
at present, we do not know of an appropriate general funcassumed, for simplicity, that the line shape of annihilation
tional form for the annihilationy-ray line shape. Conse- from C-C bond electrons is the same as that from C-H bond
quently, in order to separate the line shapes for the partiallglectrons. As indicated in Sec. IVC, this is probably not
fluorinated hydrocarbons into two components, we fitted thestrictly correct, but it is likely to be a reasonable approxima-
spectra with a linear combination of the experimentally ob-tion since the number of C-C bond electrons is small com-
served spectra for the analogous hydrocarbon and perfluorgared to the total number of valence electrons, and the C-C
carbon molecules. This fit has the amplitudes of the hydrobond linewidth is not as wide as that from fluorine atoms.
carbon and perfluorocarbon components as the only two free The only theoretical prediction we are aware of regarding
parameters. A typical fit and residual are shown in Figspositron localization in a molecule is the study of positron
10(a) and 1@c). The fit produces(,2 of order of unity, indi-  attachment using approximate molecular orbital theory by
cating that the model fitting with the two experimentally Schrader and Wanb4]. A study of ethylene and its fluoro
measured spectra is an excellent one. derivatives predicts that the positron is likely to be found
The area under the perfluorocarbon spectral componemqreferentially in the vicinity of the hydrogen atortes.g., for
can yield the relative fraction of positrons annihilating on theC,H 3F, 99% of the positron density is in the vicinity of the
fluorine atoms. This fraction is then normalized by the frac-two hydrogen atoms attached to one carbon at@ur ex-
tion of valence electrons on fluorine atoms in the perfluori-perimental results do not seem to confirm this prediction, and
nated molecule to take into account the annihilation on C-Ghe reason for the discrepancy is not clear at present.
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TABLE VII. The y-ray linewidths for other organic molecules of the Gamma Ray Observatory has dramatically increased

(using Gaussian fils(See Ref[7] for the sources o values)  our knowledge of astrophysical positron annihilatisv],

and high-resolutiory-ray data from a range of astrophysical

Molecule Formula AE (keV) Zeft sources can be expected in the next dedadé

Methanol CH,OH 259 1510 The narrow energy spread of the observed annihilation

Tetraethylsilane $C,H:) 4 237 524 000 line is interpreted as coming from positrons that have been

Nitrobenzene GHsNO, 247 430 000 slowed down to a few electron volts before annihilating on

Pyridine GH:N 234 85 400G glther free elect_rons or electrons in molecule§ present_m the
interstellar mediun{ISM). The physics of positron slowing

&This study. and annihilation in the ISM has been the subject of both

analytical models and numerical simulatiofs9,60. One

We have measured three different isomeric configuration cenario postulatgs_ that the positrons thermalize with the
of difluorobenzenes. The 1,2-difluorobenzene has a highdp™ @nd then annihilate on neutral gas atoms and molecules
fraction of positron annihilations on the fluorine atoms thanl61)- In this case, the line shape of theray spectrum would

does the 1,3- or 1,4-difluorobenzene. This may be due to thg€ determined entirely by the temperature and chemical

dipole moment, which is the largest for the 1,2-isomer. ~ cOMPposition of the ISM. _ _
Another scenario for the fate of astrophysical positrons

involves annihilation following in-flight positronium atom

formation by interaction with neutral gas atoms and mol-
The linewidths of four other molecules are listed in Tableecules. In this scenario, theray line shape would be quali-

VII. Methanol has & value an order of magnitude larger tatively different from that of annihilation on neutral atoms

than methane. The O-H group also increases the annihilatiosmd molecules, and would depend on the dynamics of the

v-ray linewidth. Pyridine has a similar electronic structure toslowing-down process. The effects of the temperature of an-

benzene. It has a high&, value and a larger linewidth. nihilating media have also been studied theoreticg§].

Other scenarios include the effects of interstellar dust and
I. Annihilation on inner-shell electrons molecular cluster§62)].

Infrared observations indicate that PAH’s exist in the ISM
TJ;SO,SJ]. Because of the anomalously high annihilation rate of
hositrons on these molecules, we have concluded that they

ay contribute significantly to interstellar positron annihila-

H. Other organic molecules

Our data show that positrons predominantly annihilat
with the valence electrons in atoms or molecules. The pote
tial exerted by the atomic nucleus on a positron is repulsiv

so that th_e amplitude of the positron wave function is _small ion even though their molecular concentration is only about
near the inner-shell electrons. However, a small fraction o

) . ; . 0’ that of atomic hydrogef52]. As can be seen in Table
positrons can tunnel through this repulsive potential and ANy, these molecules have sianificantly differentay spectra
nihilate with inner-shell electrons. The typical linewidth [’ 9 y entay sp

from inner-shell electron annihilation is expected to befrom that of atomic hydroger(.The linewidth for atomic hy-

AE>5 keV [45], and a study of inner-shell electron annihi- dgc;?tfgn'f g;?l?;ﬁ;[aeti tgnbz E?)%tuiieg%.)P;ﬁ;egr:z, g (S?Ld en
lation requires a detailed study of this regionywfay spec- P ydrog

: . e such as that expected to be present in the ISM, one could in
tra. Evidence of inner-shell electron annihilation can be seen .~ . le distinauish th ibuti h K
in our data for Ar and KrFig. 6). Using the amplitude of principle distinguish the contributions to the 511-keMay
e . _annihilation line from each of these components. Using pos-
spectra around 516 keV, where we expect that the contribu: . : L
tion from valence electron annihilation is small, we estimat itrons in a Penning trap, we have recently been able to simu
the uoper bound of the inner-shell electron anr’1ihilation co:-late this process. A detailed account of this work is published
tributir())% to be 2% and 3% for Ar and Kr, respectively. A elsewherd 25], b.Ut we revigw it briefly here sincg it i_s re-
P : . - " *_ lated to the studies of the line shapes discussed in this paper.
similar analysis of carbon monoxide data indicates the upper Chrysene and triphenylene are four-ring aromatics. They

bound on inner-shell annihilation to be 3% in this molecule,are expected to be the smallest stable PAH's existing in the

which may explaln the large deV|§t|0n from a Gaussmn IIr]eISM. While we have not yet measured the annihilation rates
shape discussed in Sec. IV B. This bound on inner-shell an-

nihilation in hexane is 1%, which is smaller than those for ArOf these specific molecules due to their low vapor pressures
) ’ . %1 room temperature, we have estimated these values by ex-
and Kr. As a consistency check, we estimate the upper bour} :
; . fapolating our measurements of benzene, naphthalene, and
for H, (which does not have inner-shell electrprie be

0.1%, which is much smaller than those of the substance%mhracene' At room temperature we expégtfor chrysene

. 7 . .
with inner-shell electrons. For Ar and Kr, Gribakin has esti-and trlphfenyleng to bf at Ieahst 10:1'h|s \f/alue IS ar:)out 6
mated the widths and amplitudes of the annihilation onorr?_e:]s.o rragl]nltude arger than that o atorr1n|c fydrquen,
inner-shell electrons using a static Hartree-Fock approximaw Ich 1S cahcu atel_d to bedB ar(?ﬁ.?d 3(_)0[07]3]. T |Zre ore, Ih
tion [45]. While this is not expected to be accurate in gPositrons thermalize and annihilate in the co ISM, these

quantitative sense, the widths and the amplitudes of theslgAH molecules could contribute significantly to the positron

. . . . annihilation radiation despite their low concentrations.
spectral components are consistent with this estimate. -
We have measured theray spectrum from a “simulated

ISM” consisting of a mixture of H and the two-ring PAH,
naphthalene, at room temperature. Even though these mol-
The 511-keV positron annihilation line is the strongestecules are not likely to be the main constituents in the ISM,

v-ray line of astrophysical origifb5—57. The recent launch we expect them to producg-ray spectra similar to those

J. Annihilation in simulated interstellar medium
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TABLE VIII. The fraction of annihilations on each component
of a H,-naphthalene gas mixturd:f—calculated from a fit to data;
Af,—calculated from measured values of pressure Zxd

10°

10*
Molecule Pressuré&orr) Zess AE (keV) Af, Af

counts

Hydrogen 3.0x 1075 1462 171 21% 51%

3
Naphthalene 3.5 107° 494000° 229  79% 49% |

%Referencd70]. 5
bReferencd6]. 10

from atomic hydrogen and the larger PAH’s. The pressures 2
of the two gases were adjusted so that their contributions to
the total annihilation were approximately equal, and these
values are listed in Table VIII. The observed pressure differ-
ence of 4 orders of magnitude between &hd naphthalene
for approximately equal rates of annihilation from the two
species is a striking demonstration of the extremely high
annihilation rate of naphthalene.

Fitting techniques similar to those described in Sec. IVG
were used to analyze this spectrum. The spectra fromaridl
from the naphthalene were measured separately, and these
two spectra were used to fit the spectrum from the gas mix-
ture. The results of the fit are listed in Table VIII. This spec-
tral analysis produce;rzzo.gs, indicating an excellent fit.

By integrating the area under each component, the fractions
of positrons annihilating on Kland on naphthalene are cal-
culated (Table VIII). These annihilation fractions are also
calculated using the measured pressures and annihilation FIC- 12 (& y-ray spectrum of H: observed spectrumd),
rates. The ratio of the annihilation fraction on, kb that on ~ Gaussian fifEq. (4)] (—). fit with noninteracting atomic hydrogen
naphthalene from the two-spectrum fitting analysis is 1 to pfunctional form(Eg. (10] (- - ), and fit with Gaussian convolved
while that from the pressure measurement is 1 to 4. Th on-interacting H formEq. (11)] (~- —). (b) Residuals from the

difficulty in measuring the low naphthalene bressures aussian fit @) and residuals from the noninteracting hydrogen fit
(Nlo,g_l_orr) using ionggauges may agcount for tﬁe differ (O). (c) Residuals from the Gaussian convolved noninteracting hy-

ence drogen fit @) and residuals from the two-Gaussian[fig. (Al)]

O
Currently, study of the larger PAH’s in a Penning trap is(

limited by their low vapor pressures. As mentioned aboveshapes, and examples are shown in Figs. 12 and 13. We have

we plan 1o nsall @ hghtemperaur call n he vacuume P25, T U TICE S S T 200 1 e 8
‘ X . stop . —observed spectra. Values )@f from various fits are summa-

the larger PAH’s, which are likely to be more abundant in . .
rized in Table IX for hydrogen, krypton, and hexane as ex-

the ISM. Interstellar dust and atomic clusters, which are moles. For the hvdroaen atom. in the approximation that the
other possible candidates for positron annihilation in the ISNETIPES. ydrog ’ PP . .
[62]. can also be studied in the hot cell positron does not perturb the electron wave function, the line

. . 2 _ 213
In the laboratory simulation described above, we have'aP€ 1S predicted to be [I/+CE—Ey)"]", where

— — 1. H H
illustrated a method for analyzing-ray spectra from posi- C=4ma,/(hc)=0.536 eV ; a is the Bohr radius, ant
trons annihilating in gas mixtures. This analysis demon-® the Planck constglﬁGS]. Motivated by this prediction, we
strates the possibility of identifying the minority constituents convolved the function

of the ISM from they-ray spectra. In practice, such an analy-

lized residual counts (%)

normal

505 510 515 520
E (keV)

— _ 2713
sis would involve building up a library of annihilation line 9(E)=1/[1+b(E—-Eo)"] ®
shapes for candidate molecules and using them to fit the ) _
observed line shapes from the ISM. with the detector response, which we parametrize by
V. SPECTRAL ANALYSIS BEYOND ONE-GAUSSIAN ((E)=Byexd — E-Eo|? +B.erf E-Eo ‘B
APPROXIMATION 1 aAE e 2™ aAEge 3

The analyses of the measured spectra discussed thus far
were done using either a single-Gaussian approximation
using a combination of the experimentally measured lin
shapege.g., in the cases of the partially fluorinated hydro- .
carbons and the PAH-hydrogen gas mixjurks discussed G(E)=J g(E')r(E—E")dE, (10)
in Sec. IV, we have observed departures from Gaussian line 0

ce{y\/e tried to fit the resulting function,
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the population of high momentum components of the elec-
trons. There are two different interactions that can account
for the difference between the observed spectra and the func-
tional form Eq.(8), which is derived in the approximation
that the positron does not disturb the electronic configuration
of a hydrogen atom. One is the presence of the other elec-
trons in the atom or molecule. The other is the effect of the
positron on the atom or molecule. The fact that the distribu-
tion lies between the form of E¢8) and the Gaussian shape
indicates that the distribution is more “relaxed” compared
to Eq. (8), in other words, the distribution is more free-
electron-like. The effect of other electrons seems to be
strong, as can be seen by the poor fit to @) for the case

of hydrocarbons. In principle, measurementyefay spectra
from atomic hydrogen is possiblé4], and it would indicate

the magnitude of the effect of the positron on the momentum
distribution.

Since the actual line shape lies somewhere between the
Gaussian shape and E(B), we attempted fitting another
function, which is the line shape from E(B), g(E), con-
volved with a Gaussian having a variable widtl:

counts

normalized residual counts (%)

» E-E'—Ey\?
h(E)zf g(E')exg —| ————| |dE’. (1))
0 aAE
505 510 515 520
E (keV) This was an attempt to take into account the degree to which

electrons “relax” from the potential exerted by the nuclei
FIG. 13. (a) y-ray spectrum of hexan€sH 1,): observed spec-  due to the effect of the nearby positron and the many elec-
trum (O), Gaussian fifEq. (4)] (—), fit with noninteracting atomic  trons in the atom or molecule. This functidm(E), was then
hydrogen functional forniEq. (10)] (- - -), fit with Gaussian con-  ¢onvolved with the detector response given by Ej.and
volved noninteracting H formiEq. (11)] (- —), and fit with two-  ;5e( for the actual fit. This function has six free parameters.
Gaussian formiEqg. (A1)] (- - -). (b) Residuals from the Gaussian fit As can be seen in Figs. (@ and 120, it fits spectra of

(®) and residuals from the noninteracting hydrogen @)( (¢)  gome atoms and molecules reasonably well, but does not fit
Residuals frqm the Gaussian convolveq noninteracting hydrogen fgthers, such as argon and krypton.

(®) and residuals from the two-Gaussian fi ). We have also tried to fit two Gaussians to the data. This
fitting function produces values of? around unity, and the
residuals are generally within the error bars as can be seen in
Figs. 1Zc) and 13c). However, the widths of two Gaussians
and the relative amplitude of the second Gaussian are highly
correlated, and we know of no physical meaning for such a

2 . .
ally larger values ofy; than the Gaussian fil€£q. (4], €S- jine shape. Nonetheless, the two-Gaussian fit is a convenient
pecially for the hydrocarbons. Fits to the hydrogen, hellum,way of representing the data more accurately with an ana-

and xenon spectra with this functional form created S"ght'ylytic form. The fitting procedure using two Gaussians is dis-

smallery? values than those from the Gaussian fits, but thesgssed in the Appendix, along with a compilation of the

values are still much greater than unity. fitting parameters for various atoms and molecules resulting
It is interesting to note that the residuals from the Gaussfom this analysis.

ian fits[Eqg. (4)] are positive at the peak, while the residuals

from fits with Eq.(10) are negative. A Gaussian line shape is

expected from positrons annihilating with free electrons hav-

ing a thermal momentum distribution. The potential exerted Previous theoretical studies of positron annihilation in

by the nuclei in the atoms or molecules will tend to increasegases have focused on understanding annihilation rates. This

to some of the observed spectra, usiig,.~1.16 keV, and
Eq, B1, B,, B3, andb as the fitting parameters. Examples of
the fits and the residuals using E0) are shown in Figs. 12
and 13. As indicated in Table IX, these fits produced gener

VI. DISCUSSION

TABLE IX. Values of ? from fits to various models.

Gaussian convolved

Molecule One Gaussian Noninteracting H to Et) Two Gaussians
Eq. (4) Eqg. (10 Eqg. (12) Eq. (A1)

Hydrogen 14.9 9.7 1.4 2.0

Krypton 334 32.6 17.1 2.3

Hexane 9.9 65.0 5.8 14
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TABLE X. y-ray line-shape parameters from fits to two Gaussj&igs(Al)] for all atoms and molecules
that we have studied is the relative amplitude of the second Gaussian.

One-Gaussian fit Two-Gaussian fit
Molecule Formula X2 AE x> AE, AE, D
Noble gases
Helium He 4.6 2.50 0.8 215 390 0.177
Neon Ne 14.8 3.37 1.7 314 6.12 0.060
Argon Ar 19.8 2.30 29 225 7.27 0.010
Krypton Kr 334 2.10 23 202 6.86 0.016
Xenon Xe 7.1 1.93 09 180 5.03 0.033
Inorganic molecules
Hydrogen H 14.9 1.71 20 150 265 0.153
Nitrogen N, 27.5 2.32 28 204 376 0.126
Oxygen o} 31.4 2.73 1.7 257 557 0.041
Carbon monoxide CO 75.4 2.23 73 190 396 0.129
Carbon dioxide ofe) 13.0 2.63 1.3 252 599 0.026
Water H,O 13.7 2.59 15 245 525 0.039
Sulfur hexafluoride Sk 22.8 3.07 19 291 656 0.034
Ammonia NH; 215 2.27 22 214 486 0.034
Alkanes
Methane CH 12.1 2.09 19 205 6.58 0.008
Ethane GHg 12.7 2.18 26 214 7.28 0.006
Propane GHg 9.8 2.21 1.4 217 6.80 0.007
Butane GH o 17.5 2.28 3.7 224 840 0.011
Pentane GH 9.7 2.24 15 221 7.32 0.006
Hexane GH1a 9.9 2.25 14 222 7.36 0.006
Nonane GHo 11.2 2.32 1.8 228 892 0.009
Dodecane GH g 3.0 2.29 1.0 227 853 0.005
Cyclohexane GH 1 7.3 231 1.2 227 839 0.009
5-carbon alkane isomers
2-Methylbutane CHC(CH3)H,C,H5 13.7 2.23 19 218 7.03 0.008
2,2-Dimethylpropane CH3) 4 8.9 2.23 12 221 7.11 0.006
2-carbon alkene and alkyne
Ethylene GH, 3.8 2.10 1.0 206 575 0.011
Acetylene GH, 7.0 2.08 1.3 200 511 0.021
Aromatic hydrocarbons
Benzene GHe 155 2.23 20 218 6.21 0.011
Naphthalene GHg 12.3 2.29 19 225 6.62 0.011
Anthracene GH 1o 7.7 2.45 10 237 576 0.019
Toluene GH5sCH, 8.3 2.28 12 223 735 0.012
Halocarbons
Carbon tetrafluoride CF 31.2 3.04 21 288 6.36 0.035
Carbon tetrachloride cc¢l 27.8 2.29 42 222 802 0.015
Carbon tetrabromide Car 39.9 2.09 28 200 652 0.018
Partially and fully fluorinated hydrocarbons
Methyl! fluoride CHF 11.8 2,77 14 256 523 0.060
Difluoromethane CHF, 44.4 2.86 29 264 535 0.064

Trifluoromethane CHE 33.1 2.85 26 262 530 0.064
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TABLE X. (Continued.

One-Gaussian fit Two-Gaussian fit
Molecule Formula x? AE x> AE; AE, D
Fluoroethane GH:F 28.8 2.62 1.2 2.46 5.44 0.043
1,1,1-Trifluoroethane C¥CH3 33.9 2.95 2.0 2.75 5.62 0.054
1,1,2-Trifluoroethane CHFECH,F 33.9 291 2.0 2.73 5.73 0.049
1,1,1,2-Tetrafluoroethane GEH,F 294 3.00 14 2.82 6.03 0.044
1,1,2,2-Tetrafluoroethane CHEHF, 38.6 2.97 1.7 2.80 6.25 0.039
Hexafluoroethane 42N 28.2 3.04 1.9 2.88 6.28 0.036
2,2-Difluoropropane CHCF,CHj4 225 2.78 21 2.54 4.98 0.074
1,1,1-Trifluoropropane CIC,oHg 28.6 2.86 2.3 2.66 5.58 0.052
Perfluoropropane 428 20.9 3.05 1.4 2.90 6.21 0.036
1-Fluorohexane ChFCsH 14 22.8 2.46 2.3 2.36 5.75 0.022
Perfluorohexane F 14 21.1 3.09 1.7 295 647 0.032
Fluorobenzene cHsF 21.5 2.43 1.4 2.31 5.47 0.027
1,2-Difluorobenzene EH4F» 27.8 2.66 1.6 2.50 5.44 0.042
1,3-Difluorobenzene gH4F, 30.6 2.52 1.8 2.37 5.15 0.044
1,4-Difluorobenzene gH4F, 20.0 2.53 11 2.38 5.31 0.038
1,2,4-Trifluorobenzene §HsF5 23.8 271 2.2 2.54 5.38 0.045
1,2,4,5-Tetrafluorobenzene 6B82F4 19.7 2.77 1.4 2.62 5.63 0.040
Pentafluorobenzene EFs 26.1 2.89 1.8 2.75 6.20 0.033
Hexafluorobenzene & 26.5 2.95 2.6 2.81 6.45 0.030
Other organic molecules

Methanol CHOH 12.4 2.59 1.8 2.47 6.76 0.026
Tetraethylsilane $C,H5) 4 2.37

Nitrobenzene GHsNO, 2.47

Pyridine GHsN 14.1 2.34 15 2.24 5.19 0.026

is likely due, at least in part, to the fact that experimentalmeaningful “universal line shape” beyond the single Gauss-
data for annihilation rates are available for a variety of sub4an applicable to a variety of atoms and molecules. Theoret-
stances, while, previous to our positron trap experimentsical insights on this subject would be of value. Does such a
there have been relatively few ACAR andray Doppler- general function exist, and if so, what is its physical inter-
broadening studies of atoms and molecules, except for medjaretation?
sufficiently dense that multiple atom and molecule effects Regarding possible improvements in experimental capa-
may not be neglected. Consequently, we expect that the dakdlities, we note that we now have the ability to vary the
presented here will be useful for comparison with the predictemperature of the trapped positrons in a systematic way, and
tions of theoretical models of low-energy positron-moleculewe have recently carried out a study of annihilation rates in
interactions. As described above, we have recently carriedoble gases, varying the temperature of the positron gas from
out such a comparison for the case of helium, resulting iroom temperature to about 0.6 €85]. Thus, in the near
excellent agreemen4]. future, we should be able to provide data on the effect of
In order to calculate either annihilation ratesyeray line  positron temperature ory-ray linewidths. The increased
shapes, the combined wave function for the positron andemperature of the positrons may, for example, change the
electrons must be calculated. Once the wave function ifraction of annihilations at specific sites in molecules, and
known, calculation of either the annihilation rate or thewe will be able to search for this effect.
Doppler-broadened annihilation line shape is straightfor- It is interesting to note that the temperature dependences
ward. Specific calculations that would be useful include pre-of annihilation rates on noble gas atoms that we observed
diction of the y-ray spectra for annihilation on noble gases,[65] agree well with calculations using the polarized-orbital
where theory and experiment are not in good agreement exapproximation{38—41. However, the absolute values of the
cept for helium, inorganic molecules such as nitrogen andnnihilation rate66] are underestimated in these calcula-
carbon monoxide, which showed strong non-Gaussian fedions, and the predicteg-ray linewidths(described in Sec.
tures, the C-H and C-C bonds in alkanes, ¢thand 7 bonds IV A) are larger than those observed. Thus, calculations in
in aromatics such as benzene, and calculations for halocathis approximation are capable of capturing the temperature
bons. dependences but not the absolute annihilation rates or the
We described an unsuccessful attempt to find a physically-ray spectra.
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In this paper, we have presented evidence that a smathtes may be dominated by this pseudopositronium atom for-
fraction of positrons annihilates on inner-shell electrons.mation. Recent large-scale calculations on organic molecules
From these data, it is clear that much more can be learned §%9] lend support to this idea.
systematic studies of this effect. As noted in Sec. IV, itis  QOur y-ray spectral measurements on partially fluorinated
difficult to perform quantitative studies of annihilation on hydrocarbons indicate that positrons annihilate with equal
inner-shell electrons with our current apparatus since th@robability with any of the valance electrons. In addition, the
Compton scattering on the low-energy tail and the pileup andiata from the alkanes are also consistent with annihilation

sum events on the high-energy tailhich can be seen in Fig. ith equal probability on any valence electron. At present,
3) tend to mask the inner-shell annihilation signal. The techs

‘ . hiah lution Ge d q ied bWe do not see how the-ray spectral measurements give
hique using two high-resolution Ge detectors described by oo information about the physical process responsible for
Lynn et al. for studies of positron annihilation in condensed

media[33]. which is mentioned in Sec. Il B, can increase thethe anomalously large annihilation rates. It is interesting to

signal-to-noise ratio in this region of the spectrum. Since°t® that, as discussed in Sec. IV A, the “static” approxima-

inner-shell electron annihilation can now be studied experi—t'(.)n gives reasonably goqd. e§t|mates for _tlyleray Img—
mentally, improved theoretical models for the interaction ofVidths, but not for the annihilation rates. This may point to
low-energy positrons with inner-shell electrons in atoms andN€ importance of close-range correlation between the posi-
molecules would be useful. tron and electrons in calculating annihilation rates since the
Anomalously large annihilation rates for organic mol- overlap in the positron and electron wave functions is in-
ecules have been known for some tif%e8]. However, the volved. This correlation does not seem to be critical for the
physical process responsible for this phenomenon has yet &#lculation of they-ray spectra.
be understood. A detailed account of the experimental work Our recent annihilation rate measurements for deuterated
on this topic is given elsewhef&]. We regard understand- and protonated alkanes show that the vibrational modes of
ing these very large annihilation rates as an important yemolecules are not dominant factors in determining the anni-
unsolved problem. Here, we briefly summarize our currentilation rates[53]. Consequently, the mechanism suggested
understanding of this problem and relate it to the measurein Refs.[5,7] in which the annihilation rate was enhanced by
ments presented in this paper. In an attempt to understand tiige positron “sticking” to a molecule following transfer of
physical processes responsible for the high annihilation rateshe positron’s kinetic energy to the vibrational modes of the
we consider the following simplified model: We assume themolecule seems to be less likely. On the other hand, as noted
annihilation rate can be approximated by the product of theyhove, the scaling a2 with (E;—Ep) given by Eq.(13)

positron-molecule collision cross sectionand the probabil-  ngicates that the electronic structure is very important in this
ity of annihilation during a collision. We approximate this process.

probability by[ 1—exp(—7/7)], wherer is the duration of a
collision andry is a typical annihilation time scale in matter
(i.e., 7o~5x 10" 1%s, which is the spin-averaged annihilation

time of a positronium atorh67]). Thus, Vil. CONCLUDING REMARKS

In this paper, we have presented measurements of the
Doppler broadening of the annihilatiop-ray line, which
complement other studies of positron-molecule interactions.
If o is taken as the geometrical area of the mOleCU'eMeasurements were performed on a wide Variety of sub-
o~10"**cm?, and if r is of the order of the duration of an stances, including noble gases, inorganic molecules, alkanes,
elastic collision,7~107*° s, thenZe~ 10, which is much  aromatics, and substituted alkanes. The precision of the mea-
smaller than the values observed for the I_a_rger hydrocarbog,rements is sufficiently high that one can distinguish non-
molecules. Therefore, one of these quantitier 7, must  Gayssian features in the line shapes. In the case of helium,
be much larger than the simple estimates given above. Afhe measurements are in excellent agreement with new, state-
empirical, linear scaling for nonpolar molecules W'thOUtof-the-art theoretical calculations.
double or triple bonds was reported earfiét in the form We have also shown that we are able to distinguish anni-

hilation on specific sites in molecules, such as on fluorines

10919(Ze) =A(E;—Epd *+B, (13)  and on C-H bonds in partially fluorinated hydrocarbons.

These partially fluorinated hydrocarbon data indicate that
whereA andB are constantsg; is the ionization energy of positrons annihilate with equal probability on the valence
the molecule, anépis the binding energy of a positronium electrons. Interpretation of our data for alkanes is also con-
atom. This suggests that the electronic structure of the mokistent with this statistical model, where the valance elec-
ecule is important. Motivated by the empirical scaling rela-trons are those in the C-H and C-C bonds in this case. We
tionship given by Eq.(13), we have suggested that the expect that the results presented in this paper forytay
positron-molecule interaction might be thought of as a highlyspectra from positron annihilation will provide useful tests of
correlated electron-positron pdire., a “pseudopositronium theoretical models of positron-atom and positron-molecule
atom”) bound to the molecular iof6]. The importance of interactions.
the positronium channel has been noted earlier for simple Note added in proofRecently, we have performed more
moleculeqd 68]. However, the scaling suggests that the phys<careful measurements and theoretical analyses for the inner-
ics involved in the observed anomalously high annihilationshell annihilation on noble-gas atorfi&l].

Zegxc o[ l—exp(—7/19)]. (12
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convolved with the detector response as given in(Bg.The

As discussed in Sec. V, our measurements are precisgumber of free parameters is By, AE;, AE,, D, By, By,
enough to be able to study the line shapes of the spectra amehd B3. This fitting function has no physical significance of
not just their widths. While Gaussian line shapes are reasorwhich we are aware. In addition, the Gaussian linewidths,
able first approximations to the data, departures from &E; and AE,, and the relative amplitude of the second
Gaussian line shape can be clearly distinguished. This can i@aussianD, are highly correlated. However, this fitting pro-
seen from the values qfrz from fitting the Gaussian function cedure yields(rzz 1-3(except for carbon monoxide and car-
Eg. (4) (e.g., see Table X The values oerZ, which are bon tetrachloridg and this functional form serves the pur-
expected to be an order of unity for a good model, are typifose of representing the experimentally measured line shapes
cally around 10 or higher for the Gaussian fit. We have atanalytically with reasonable accuracy. The fitting param-
tempted to find a general functional form to describe theeters,AE;, AE,, andD, are listed along with the values of
measured line shapes. However, we were unsuccessful j¢ in Table X.
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