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The aim of this work is to identify the mechanisms responsible for very large rates and other peculiarities
observed in low-energy positron annihilation on molecules. The two mechanisms considered are the following:
(i) Direct annihilation of the incoming positron with one of the molecular electrons. This mechanism dominates
for atoms and small molecules. | show that its contribution to the annihilation rate can be related to the positron
elastic scattering cross section. This mechanism is characterized by a strong energy deperitigratesofall
positron energies and high.; values(up to 1) for room-temperature positrons, if a low-lying virtual level
or a weakly bound state exists for the positr6i). Resonant annihilation, which takes place when the positron
undergoes resonant capture into a vibrationally excited quasibound state of the positron-molecule complex.
This mechanism dominates for larger molecules capable of forming bound states with the positron. For this
mechanismZy; averaged over some energy interval, e.g., due to thermal positron energy distribution, is
proportional to the level density of the positron-molecule complex, which is basically determined by the
spectrum of molecular vibrational states populated in the positron capture. The resonant mechanism can
produce very large annihilation rates correspondingdg~10°. It is highly sensitive to molecular structure,
and shows a characteristic 2 behavior ofZ. at small positron energies. The theory is used to analyze
calculated and measure; for a number of atoms and molecules.

PACS numbgs): 34.50:-s, 78.70.Bj, 71.60:z, 36.10—k

I. INTRODUCTION \= 7T 2CZegN, (1)

The aim of this work is to develop a framework for the

description of low-energy positron annihilation on mol- onrelativistic spin-averaged rate of electron-positron anni-

ecules, and to analyze its two main mechanisms: direct anHiIation into two y quanta, anch is the number density of

resonant annihilation. There are a number of remarkable ph?ﬁolecules[lO]. Equation(1) implies thatZ,, is the effective

p;g‘se[rl‘a gssh(i)c;]atseedn;\il;it\r/]itthlc?f %:%Cﬁ:tz:svt%rgg;%ecﬁgg'hé':‘ti'r?ﬂumber of target electrons contributing to the annihilation
the molec’ulafJ structuré4]y large ionization-fragmentgtion Process. In terms of the an_nlhllatlt_)n cross sectigrhe rate
: S iS \=o,nv, so, by comparison with Eq1), we have
cross sections for organic molecules at sub-Ps-threshold pos-
itron energied5], and rapid increase of the fragmentation 2
and annihilation rates toward small positron enerd&3]. 0a=7rC eV, 2
In spite of decades of study, there is no consistent physical
picture or even general understanding of these processes, antiere v is the positron velocity. Accordingly, the spin-
there have been very few calculatioi®, which leaves too averaged cross section of annihilation of a nonrelativistic
much room for speculatiof®]. My main objectives are to positron on a single electron correspondZtg=1; see, e.g.
consider real mechanisms of positron annihilation on molRef. [11]. If the annihilation occurs during binary positron-
ecules, describe their characteristic features, make estimata®lecule collisions, as in the experiments of the San Diego
of the corresponding annihilation rates, and formulate theyroup[3,4,12, who used a positron trap and worked at low
terms in which positron-molecule annihilation should be de-gas densities, the paramety; is independent of the den-
scribed and analyzed. In R¢f], lwataet al. described new sity. It characterizes the annihilation of a positron on a single
experiments to study positron annihilation on moleculesmolecule.
Some of these experiments test specific features of the anni- One could expect th&. is comparable to the number of
hilation processes described in the present paper. ThoughlectronsZ in an atom or molecule. Moreover, low-energy
some aspects of the experimental work are discussed henggsitrons do not penetrate deep into the atom, and most prob-
further details and comparison with theory and various modably annihilate with the valence electrons only. However,
els of positron annihilation can be found in RET). even for hydrogerZ =8 at low energie§13]. This is a
The annihilation ratex for positrons in a molecular or manifestation of correlation effects. The most important of
atomic gas is usually expressed in terms of a dimensionlestese is polarization of the atom by the positron and, as a
parameter o, result, an attractive- «e?/2r# positron-atom potentialy be-
ing the atomic dipole polarizability. An additional short-
range contribution to the positron-atom attraction comes
*Present addres: Department of Applied Mathematics and Thedrom virtual Ps formation, i.e., hopping, or rather, tunneling
retical Physics, The Queen’s University of Belfast, BelfastOf an electron between the atomic ion and the positron. The
BT7 1NN, UK. electron density on the positron is also enhanced due to the

wherer is the classical radius of the electromy3c is the
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wk R TS AR temperature dependences of the annihilation rates measured
b (@) p _ 105:_ (b) . _ for the noble gases in Ref.20]. Note that for room-
A : temperature positrong,~kgT, even fore,—0 the size of
10° . T 0°F 7 the enhancement due to virtual or weakly bound states is
3 w,i_ e o b ] limited.
. 1 The second mechanismrigsonant annihilationBy this |
WOE . , =3 eeer E mean a two-stage process. The positron is first captured into
100F ® . 4 1ok °® 3 a Feshbach-type resonance, where positron attachment is ac-
?m‘ ‘ ’ " i ’T L L companied by excitation of some molecular degrees of free-
e 100 T e 50 dom. Such a process is well known for electr¢@s]. The
Number of electrons Z Number of atoms N positron in the quasibound state then annihilates with a mo-

FIG. 1. Annihilation ratesZ.; for alkanes, GHyn.o (Solid lecular electron. Enhgncement of a_nnihilgtion due to a single
circles, n=1-10, 12, and 16 perfluorinated alkanes, .€,,., '€sonance was considered theoretically in ReZ2,23. The
(solid squaresn=1-3, 6, and Band aromatic hydrocarbons, ben- possibility of forming such resonances by excitation of the
zene, naphthalene, and antracengH(.; (open hexagonsn vibrational degrees of freedom of molecules was proposed
=6, 10, and 14 as functions of the number of electrons in the by Surkoet al.[3] to explain high annihilation rates and their
moleculeZ (a), and number of atomBl (b). Data are taken from  strong dependence on the molecular size observed for al-
Rﬁf- [12], Tables ‘|31' ?{3} 4-9ll?”deg‘;msgl&z'sol_:?f[d)'])- A}fo kanes. It was also considered in relation to the problem of
shown areé power-iaw Tits Tor alkaneseyN™ (SOlld 1iN€), pertiu- g3 gmentation of molecules by positron annihilati
orinated alkanesZ s N'7° (dashed ling and aromatic hydrocar- g . - y positron G2,

8.2 . However, its contribution to the annihilation has never been
bons,Z 44 N®< (dot-dashed ling . .
properly evaluated. To make this mechanism work for low-

Coulomb attraction between them. These effects mak&Nergy positrons one must assume that positrons can form
atomic Z. large, e.q.Z.q=401 for room temperature posi- bound states with large neutral molecules, i.e., the positron
trons on Xe[14]. affinity of the molecule is positiveg,>0 [3]. Capture is
Even compared with this large number, annihilation rateghen possible if the energy of the incoming positron is in
for low-energy(room temperatupepositrons on polyatomic fesonance with the vibrationally excited state of the positron-
molecules are huge. They increase very rapidly with the momolecule complex25]. The density of the vibrational exci-
lecular size, and depend strongly on the chemical composfation spectrum of this complex can be high, even if the
tion of the molecules; see Fig. 1. This has been known foeXcitation energy supplied by positron bindirig,=sa+¢,
quite a while, after early measurements for GC4=2.2 IS only a few tenths of an e\lt is reasonable to assume that
% 10* [1]; butane, 1.5 10" [2]; andZ. ranging between 10 the presence of the positron does not change the vil_JrationaI
and 2x 10f for large alkanes (H,,,, ,, Wheren=4-16[15]  SPectrum of the molecule by too .mt).cIPFor positrons W|_th a
(see alsd4]). The largestZ.; values measured so far are thermal Maxwelll_an energy dlstr|put|on, the contribution of
4.3% 10° for antracene GH,,[16] and 7.5< 10P for sebacic the resonant annihilation mechanism averaged over a number
acid dimethyl ester GH,,0, [15]. Thus, whileZ s up to  Of resonance{® is observed. The magnitude @™ is
five orders of magnitude greater thZrhave been observed, determined by three parameters of the positron-molecule
the physical processes responsible for these anomalousfig§sonant states: their annihilation width ; the autodetach-
large annihilation rates have not really been understood. Ient widthI'c, which also determines the probability of
other words, if the observed.'s are parametrically large, Positron capture; and the level densifE,) of the positron-
compared to the number of available electrons, then what ar@olecule resonant states populated in positron capture. The
the parameters that determine large annihilation rates fonagnitude ofl’; for positron-molecule bound states is com-
positrons on molecules? parable to the spin-averaged annihilation width of the Ps
In this work | consider two basic mechanisms of positron-atom ([, /4~5x107'% s). Note thatl', does not increase
molecule annihilation. The first mechanismdisect annihi- ~ With the size of the molecule, because the increase in the
lation of the incoming positron with one of the molecular humber of electrons is accompanied by a thinning of the
electrons. The contribution of this mechanism to the annihiPositron density in théquasjbound positron-molecule state.
lation rate is proportional to the number of valence electrondt turns out(see Sec. )l that for I';>T", the magnitude of
available for annihilation. It can be enhanced by theZ{g®is simply proportional tg:(E,). This density increases
positron-molecule interaction which distorts the positronrapidly with the size of the molecule(E, )= (N,)", where
wave. In particular, the positron density in the vicinity of the N, is the number of vibrational modes~e/w is the ef-
molecule increases greatly if a low-lying virtual state, ( fective number of vibrational quanta excited in positron cap-
>0) or a weakly bound levelg(;<<0) exists for theswave ture, andw is a typical molecular vibrational frequency.
positron. In this cas@ 3"« 1/(s+|eo|) for small positron Thus the resonant annihilation mechanism can explain the
energiese <|eo| [17—19. This type of enhancement is re- rapid increase oL with the size of the molecule shown in
sponsible for large . values observed in heavier noble-gasFig. 1. Moreover, my estimates show that for thermal posi-
atoms, where successively lower virtual levels exist for theronsZ{# up to 1¢ could be observed.
positron Z.=33.8, 90.1, and 401 for Ar, Kr, and Xe, re- A necessary condition for resonant annihilation to occur is
spectively[4,14]). This understanding is confirmed by the the existence of positron-molecule bound states. Until re-
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cently there was almost no positive information about thetron interaction with the charge distribution of the ground-
possibility of positron binding to neutral atomic species. Thestate target and electron-positron correlation interadgpmnm
experimental results and their interpretation by Suekal. larization of the target, virtual Ps formation, etcLet us
[3] could be viewed as the strongest, albeit indirect, evidencdenote the corresponding wave functiondad’ . At positron
of positron binding to large molecules. This situation hasenergies of a few eV the molecule can be excited electroni-
now changed. Many-body theory calculations by Dzubacally, and the positron may find itself trapped in electroni-
et al.[26] indicated strongly that positrons can be bound bycally excited Feshbach resonance states. This may result in a
Mg, Zn, Cd, and Hg and, possibly, many other atoms. Refapid resonant energy dependence of‘Iﬂﬁ) wave function.
cently the variational calculations of Ryzhikh and Mitroy However, at small sub-eV or room-temperature positron en-
rigorously proved that positrons form bound states with Li€rgies electron excitations cannot be produced, Bfftl be-
atoms, and demonstrated that bound states also exist for N@aves smoothly. On the other hand, if the positron affinity of
Be, Mg, Zn, Cu, and Ad27]. Molecules are much larger @ molecule is positive, the system “molecule plus positron”
potential wells for the positron, and it seems natural thatS capable of forming a stable “positronic ion,” whose life-
many of them should be capable of binding positrons. time is only limited by positron annihilation. This system
Ideas about different mechanisms in positron-moleculéVill /S0 have a number of excited bound states corre-
annihilation were discussed earlier in a number of theoreticeﬁpond'ng to v!bratl(_)nal excitations of the positron-molecule
[17,23 and experimentall3,22] works. However, there is a complex. Their typical energies are of Fhe order of 0.1 eV
need to re-examine this question using a unified approach t%ndl smlaller, as determined by the vibrational spectrum of the
the annihilation mechanisms, and define clearly the physicamﬂfesvueehow turn on the coupliny/ between the electron-
variables ‘.Nh'Ch d?ter”.“”e the observed annihilation ra.tespositron and nuclear degrees of freedom the total scattering
The latter is _espemally important for the present vyork, whichave function will be given by
aims to provide an understanding of a whole variety of phe-
nomena, including the origins of the high valuesZqf for | WD, V|TD)

molecules, and their dependence on the chemical composi- |‘I’k>:|‘1’(k0)>+ZV )
tion and positron energy. E-E,+ EFV
[l. ANNIHILATION MECHANISMS The first term on the right-hand side describes direcpar

. . — . ... .. tential [28], scattering of the positron by the ground-state
In this section a derivation of the positron annihilation molecule. The second term describes positron capture into

ratet vgtflunha s:]and?rd St(.:attfn?r? theotryb f(t)_rmallsfn:h|s dpre'gound positron-molecule states. Equatinhas the appear-
sented. 1 snow how to estimate the contributions ot In€ AIreCl,q 4t 5 standard perturbation-theory formula. The energy

and resonant mechanisms, and examine specific features the system i§=Eo+k2/2, whereE, is the target ground-

these mechanisms. state energy. The energies of the positron-moledglea-
silbound statesP, in the denominator are compleX,
—(i/2)I",,, because these states are, in fact, unstable against
The effective number of electroifs related to the anni- positron annihilation with one of the target electrons, and
hilation rate through Eq(1) is determined by the positron against positron emission, a process inverse to positron cap-
density on the electrons ture. Therefore, the total width of staieis the sum of the
annihilation and emissiofor capturg widths: I' ,=T"2+T'¢
[29]. These states manifest themselves as resonances in
positron-molecule scattering. They may not give a sizable
3) contribution to the scattering cross section, but, as | show
below, they can contribute much to the positron-molecule
whereZ is the number of target electrons,andr are the  annihilation rate.
coordinates of the electrons and positron, respectively, and The contribution of a particular resonant stateto the
¥, (rq,...,rz,r)isthe total wave function of the system. It wave function is proportional to the corresponding capture
describes scattering of the positron with initial momentim amplitude((bV|V|\If(k°)>, which also determines the capture
from the atomic or molecular target in the ground staig  width
and is normalized as

A. General expressions

ya
Zei= | 2 S(r—r)|W(ry, ... rz,r)|2dry--drzdr,
i=1

ik-r erzwf (D |v|qf<°)>|2%= —(D,|V| T2

Wi(ry, ..z, 1)=dpy(ry, ... rz)e (r>Ry), 4 c 4 k (2m)3 w7 k /1o
. . . . 6
where R, is the radius of the targgatomic units are used ®
throughout. Note that for molecular target¥, and &, where the latter formula is valid for the positrecnwave
should, strictly speaking, depend on the nuclear coordinateghich dominates at low positron energiege below If the
as well. positron interaction with vibrations cannot be described by
Let us first assume that the electron-positron degrees gferturbations Eqg5) and(6) remain valid, provided we re-

freedom are completely decoupled from the nuclear motionplace the first-order capture amplitudé®V|V|\Pf<°)> with
The scattering wave function is then determined by the postheir nonperturbative values.
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The annihilation width of the positron-molecule stdtg  tron energies. When the positron is outside the atomic sys-
is a product of the spin-averaged electron-positron annihilatem, r>R,, the wave functiorﬂf‘ko) contains contributions
tion cross sectiowr,., = 71 3c/v, the positron velocity, and  of the incoming and scattered positron waves,
the density factor

] e|kr
B z WO(ry, ... 12, D)=Dp(rq, ... I7) e'k'f+f(9)7},
F;=027V<¢)V|izl S(r—ry|®,) 10

z wheref(() is the scattering amplitude. Because of the re-

=aric| D, S(r—r)|®,(rq, ... rz,r)|2dry---drydr pulsion from the atomic nuclei the low-energy positron does
=1 not penetrate deeply inside the atomic system. Accordingly,

7 the positron annihilates mostly with the outer valence elec-
trons, where the electron and positron densities overlap. This

wherep, is the average positron density on the target electakes place “on the surface” of the atomic system, and Eq.
trons in thewth bound state. For ground-state positronium,(10) essentially determines the amplitude of finding the pos-
ps;:(gwag)—l_ One can use this value to estimate the anJtron there. Of course, due to short-range electron-positron

nihilation width of the positron-molecule complex. The pres_correlations the true wave function at small distances cannot
ence of many electrons in a large molecule does not lead {pe factorized similarly to E¢(10). The Coulomb interaction

an increase of the width, because the positron is spread ovB tween the positron and elelctrc.)n increases the .probability
a larger volume due to the normalization condition of finding both at the same point in space, as required by the
6 function in Eq.(3). This effect enhances the annihilation

rate[19]. However, since small distances and relatively large
J |D,(ry, ... Fz,0)|%dr---drdr=1. interactions are involved, these correlations do not depend on

the momentum of the incoming positron at low energies. On

Therefore, using the Ps estimate of the density, one obtairtbe other hand, to participate in the annihilation event the
r;~0.5x 10 " a.u~1 weV, which corresponds to the anni- positron must first approach the target, and this is described

— 2. v
=7 oCPep,

hilation lifetime 7,~5x10 10 s, by Eg. (10). Unlike the short-range correlation effects, the
To calculateZ4 wave function(5) is substituted into Eq.  scattering amplitude can be very sensitive to the positron
(3), which yields energy. This effect is fully accounted for by Ed.0), and |
. use it to evaluate the energy dependence and magnitude of
zan
Zeﬁ:(q'khzl S(r—ry)|Wy) After substitution of expressiofi0) into Eq.(9), one ob-
tains
z
=(TOD 8(r—r)|¥?)+ (interference terms . . elkr
(112 o " 2= oo e'“+f(m7}
z "
* . —IKI
277,2 A,M<CD,U-|21 5(r_ri)|q)v>Av X e_lk'r-l-f*(ﬂ) . }I’Zdrdﬂ, (11)
2 . T
E-E.- Eru E-E,+ EFV where p(r)=(®o|S% ,8(r—r;)|®,) is the electron density

in the ground state of the system. The electron density drops
®) quickly outside the atom, and the positron density decreases
; ; ; v rapidly inside the atom. Therefore the integration in Bd)
where A, is the capture amplitude introduced d5 should be taken over a relatively thin shell of thicknésy,

=2m|A,|” [cf. Eq. (6)]. The terms on the righthand side enclosing the atomic system. Let us approximate the integra-
correspond to the contributions of direct annihilation, reso- g y ' PP 9

nant annihilation(i.e., annihilation of the positron captured };O?hgo{nﬁ'ga?ﬁiztzgzg”g:tl;::rl‘l ?r:éadéiirz; ’;;’]ZetrﬁeRiar ot
into the positron-molecule quasibound siagnd the inter- ne typ oo P ) 9
during the annihilation, comparable to the size of the atom or
ference between the two. .
molecule. For small positron momentaR,<1, Eq. (11
) I then yields
B. Direct annihilation
The direct annihilation term in Ed8), i o
a8) 790 47p.5R, R§+4—:r|+2Ra Refo|, (12
z
(dir) — /A (0) —r. (0) . L I
Zeit' = (Wi |Z:1 S(r=r)|¥i), ©) where p. is the electron density in the annihilation range
(which can be enhanced due to short-range electron-positron
is a smooth function of the positron energy. Let us estimateorrelationy, o, is the elastic cross sectionog
its magnitude and find its energy dependence at small posi= [|f(Q)|?dQ, andf, is the spherically symmetric part of
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the scattering amplitudef,o=(47) 1ff(Q)dQ. For posi- =, with ®=<0.1 eV for a typical vibrational frequency. In a
tron interaction with an atom, the latter is simply equal to thecomplex molecule the positron attachment energy is suffi-
swave scattering amplitude. Its real part is expressed imient for excitation of several modes, afdcan be much
terms of theswave phase shif§, as Refy= sin 25y/2k. The  smaller. To describe the annihilation rates observed in ex-
swave gives a dominant contribution to the cross seatign  periments with nonmonochromatic, e.g., thermal, positrons,
at low projectile energieg28]. Fork—0 it is determined by one needs to average the interference and resonance terms
the scattering lengthla, o=4ma? asf(Q)=-—a in this over an energy interval E which contains many resonances:
limit. A similar description is also valid for positron scatter-

ing from a molecule at small momenta.

Note that the relation betweéf$” and elastic scattering 1 o
given by Eq.(12) could also be derived by matching the true _Ef dE| 2/ K Re>,
many-body wave function of the positron-target system aP AE v
low energy E~0) with the asymptotic formiEq. (10)]. In
this caseR, will be the matching radius, and the factor be- z
fore the brackets will remain a free atomic-sized parameter. X A* (D |E S(r—r)|® A,
However, even in forn{12) the electron density, and the 2m > SR
overlap SR, are effective parameters, and the accurate value ' k e i
of the prefactor can only be found by comparison with nu- (E_ E.— EFM> ( E-E,+ ETV)
merical calculationgsee Sec. Il A. Nevertheless, Eq12)

is very useful for an analysis of direct annihilation. The threeUporl averaging the first interference term vanishes. In the

terms in brackets are due to the incoming positron planeecond resonance term the diagonal items in the sum (
wave, the scattered wave, and the interference term, respec- 9 M

tively: cf. Egs.(10) and(11). Even if the cross section is =v) dominate. Averaging is then reduced to the integral

. er the Breit-Wigner resonant profiles. The number of reso-
zero or very small, as in the C"’}?S of a Ramsauer Townsenﬁi\;nces withilME is AE/D. Therefore, the total annihilation

minimum, the annihilation rat&;’ is nonzero. Its magni- : : oo
. : eft. S rate is the sum of the direct and resonant contributions,
tude is determined by the effective annihilation radirygs,

electron densityp, and 6R,, which gives Z{4"~1-10,
since the quantities involved have “normal,” atomic-sized
values. ) o )

Equation(12) shows that the annihilation rate for slow With the resonant contribution given by
positrons is greatly enhanced if the scattering cross section is

Z
<‘P&°’li§1 S(r—r)|® A,

i
E-E,+5I,

(13

Ze= 24"+ 26 (14

large. This occurs when the scattering length is large, be- 272 pepl e
cause the positron-target interaction supports a low-lying vir- ng?s)=7 pp— (19
tual s level (a<0) or a weakly bound state @>0) [28]. D[I'a+1c]

Their energies,e,=*+1/2a%, respectively, must be much

smaller than typical atomic energiel;o| <1 Ry. For |a| where the angular brackets stand for averaging over the reso-
>R, the scattering cross section at low energies is muctances, and’,=I";+I'{ substituted for the total width. Be-
greater than the geometrical size of the target. This effedow | will show that the resonant term in E¢l4) can be
leads to a strong enhancementZ{fi” [17-19. Theoreti- much greater than the direct one, and very high values
cally, this gives the possibility of infinitely large cross sec-can be achieved.

tions and annihilation rates at zero positron energyajf It is easy to see that the resonant contribution could also
. However, for nonzero momenta tisavave cross sec- be derived from standard resonant scattering theory devel-
tion does not exceed the unitarity limit,=47/k? (for thes ~ oped originally to describe neutron scattering via compound
wave. This fact puts a bound on the enhancemer@f’. ~ nucleus resonanceRef. [28], Chap. 18. The maximal

For example, for thermal positrons wik?/2~kgT at room ~ SWave capture cross section is given by= mA“= k™.
temperature K~0.05 a.u) we obtainzgf’f")~103 from Eq. The true capture cross section is smalle_r tharbecause the
(12). Consequently, much higher values Bf; cannot be Capture takes place only when the positron energy matches
produced by the direct annihilation mechanism. A more dej[he energy of the resonance. For positrons with finite energy

tailed discussion of this point and illustrations of the validity SPréade.g., thermal ongsthe capture cross section is then
of Eq. (12) are presented in Sec. Il A. o.~(I'c/D)a, whereD is the mean energy spacing between

the resonances. More accuratety,= (271" ./D)o [28]. If

we are concerned with the annihilation process, the capture

cross section must be multiplied by the probability of anni-
Unlike the direct annihilation term, the interference andhilation, P,=T,/(I'.+I,), which gives the energy-

the resonant terms on the right-hand side of @j.are rap-  averaged resonance annihilation cross section

idly varying functions of energy. The energy scale of this

variation is given by the mean spacibgbetween the reso- 0.2

- . . T I
nances. If the resonances are due to vibrational excitations of O ——,
a single mode of the positron-molecule complex, thn k? D(I'c+Ty)

C. Resonant annihilation

(16)
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where averaging over resonances similar to that in(Eg).is Equation(19) predicts unusual low-energy threshold be-
assumed. By comparison with Ed8) and(7), the resonant haviorzgfg‘s)m 1/kec /T (the latter for thermal positroisin
contribution toZ [Eq. (15)], is recovered. a standard situation the cross section of an inelastic process

The way Eq.(15) has been derived implies that the posi- involving a slow projectile in the initial state behaves as
trons are captured in the wave. Otherwise, an additional «1/k. This dependence is characteristic of theave scat-
factor of (2 +1), wherel is the positron orbital momentum, tering, which dominates at low projectile energies, and is
appears in the formul§28]. At low positron energies the valid in the absence of long-range forces between the target

capture widths behave as and the projectile. It is known as the “@7 law, and its
o1 examples are numerous: from the, {) nuclear reaction to
[ (kR) (17 dissociative electron attachment to molecules, where it is ob-

. . . Ferved below 1 meV30]. Therefore, one would expect the
for resonances formed by positron capture with the orbital ~ . S :
positron annihilation cross section to behavergs 1/k. Ac-

momentumi [281 (Ris the typlcal radlus of the tar@etSQ . cordingly,Z.«, which is proportional the annihilation rate, is
s-wave capture indeed dominates in the resonant annihilatiofi

: . . A Fxpected to be constant at low positron energies.
of slow positrons. At higher energies contributions of severa Th

. . (1es) e anomalous threshold dependence of @8§) clearly
lowest partial waves should be added i@g® .

L . h f inilati d contradicts this general statement. This “puzzle” is easily
et us estimate the rate of resonant anninilation and coMzqq e if we recall conditiofi8) that led to Eq(19). For

pare it with the maximal direct contributiofic’~ 10 for very low positron momenta the-wave capture width be-
room-temperature positrons. The typical annihilation widths,5yes ad' kR, so that Eq(18) is clearly violated, and the

for positron-molecule(quasjbound states are very small, osonant contribution in Eq(14) becomes constant ds
I'a~1 peV (see Sec. Il A If one assumes that the positron _, o However, at higher positron energies thi hiéhavior
capture width is much greater, of Z.« may be observed. This dependence corresponds to the
e T 1/e drop of the cross section which is reported in some elec-
Ie>Tg, (18) tron attachment experimentsee, e.g., Ref.31]).

The fact that positron-molecule resonances give a large
contribution to the annihilation rate, as compared to the di-
rect annihilation, does not mean that they also contribute

2 much to the elastic scattering cross section. In analogy with
_277 Eqg. (16), the resonant contribution to the elastic scattering is
= PepP(Ey). (19 9. (10), 9

given by

the total widthI' ,~T"{ cancels the capture width in E(L5),
and the resonant contribution is given by

2 v
Ses)_ 2™ [ Pep
eff k D

In the last equality | use the fact that electron-positron de- ) 5

grees of freedom are almost unaffected by the vibrational O_(res)zzi I’ (20)
motion of the nuclei. Hence for a given molecule the posi- el k2 D(I'c+T,)’

tron density on the target electrons,,, is the same for

different vibrational resonances. | have also introduced theq forT" <D it is much smaller than the direct. or potential
density of resonancgs(E,)=D "1, whereE, =g+ ¢ is the scatteringj cross section. ’ ’
vibrational excitation energy due to positron-molecule bind-

ing. Equation(19) shows that fol'.>1 ueV the contribu-

tion of the resonant mechanismiiglependenof the capture IIl. ILLUSTRATIONS AND COMPARISON
width, and is determined by the density of positron-molecule WITH EXPERIMENT
resonant states populated by positron capture. Suppose that A. Effect of virtual or weakly bound states
only a single mode witld ~0.1 eV is excited. Equatiofl9) on direct annihilation

(res)

then yieldsZ{§~4x 10%, if | use the estimatepe,=pgy, . o .
andk=0.05 for room-temperature positrons. If Iow-energy_ positron scattering is dominated 2by the
presence of a virtual or weakly bound statesge = «“/2,

The resonance spacinD cannot be smaller than the th di tion has the f tteri
widths of the resonances, which are limited by the annihila e corresponding cross section has the féfon scattering

tion widthI",. Thus one can obtain an upper estimate of theby a short-range potentig2g])
resonant annihilation rate from E(L5) by puttingI';~T",

~0.5x10 " a.u., andD~27I ¢, which gives the maximal (Te|=4—77. (22)
possible capture cross section These estimates yield K>+ k?
Z{#9~5x 10" at room temperaturécf. Zys=7.5x10° for

CiH250, [15]). This theoretical maximum oZ{$® corre-  wherex=a"1. According to Eq.(12) a similar maximum

sponds to the unitarity limit of the-wave capture cross sec- should appear in the momentum dependence of the annihila-
tion. However, this estimate & is not trivial. The reso- tion rate. Its magnitude &=0 can be arbitrarily large ik
nance mechanism shows that such large cross sections can-be) (|a]— ), which corresponds to a level at zero energy.
achieved for the annihilation process, in spite of the fact thaHowever, for nonzero momenta the maximal cross section is
it is suppressed by the quantum-electrodynamic factofinite, oe~4m/k?, which corresponds to the unitarity limit
mric=m/c~1075, in atomic unitssee Eq(2)]. for the swave cross section.
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TABLE I. Scattering lengths and fitting parameters for the rela-
tion betweerz{$"” and o [Eq. (12)].

Atom or a R, 4mpOR,
molecule (a.u) (a.u) (a.u)
He —-0.52 3.9 0.21
Ne -0.61 5.0 0.23
e [ . Ar —5.3¢ 4.3 0.42
0....|.‘..|.?‘?.ﬁ|‘-y—. y 07....|H..|..H|....\H..|.7 Kr -10.4 4.2 0.41
0 005 01 015 02 025 0 005 01 0.15 02 025 Xe —45.3 4.2 0.41

Positron momentum (a.u.) Positron momentum (a.u.) C2H4 _ 18.5b 4.4 30

FIG. 2. Elastic scattering cross sectiog (a) and annihilation
ratesZq (b) for Ar (dashed curvesand Kr (solid curve$, as cal-
culated in Ref[33]. Also shown in(a) are the analytical approxi-
mations of o for Kr by the short-ranged potential formu(@1)
(dotted line with crossgsand the modified effective range formula
(23), which accounts for the dipole polarization of the tar@ggien
circles. Here | have used the calculated valueaef —10.4 a.u., an

&Calculated in Ref[33].
bObtained from the calculations of da Sileaal. [8].

in these atoms. Similar values athave been obtained in the
many-body theory calculations of Dzubaal.[19]. Figure 2
shows that bothr, and Z.; are enhanced at low momenta

experimental dipole polarizabilit=16.74 a.u[34], andc=0.4 ~ dué to the presence of the virtuallevels. This effect is
obtained from theswave phase shift of Ref33]. Note that the ~Stronger for Kr, which has a greater absolute value of the
modified effective range formuléopen circles gives an accurate POSitron scattering length. As illustrated by Figaifor Kr,
description of the cross section shown by the solid curve. Eq. (23) provides a good description of the cross section at
smallk. The visible difference betweéfy; ando in Fig. 2
Real atomic and molecular targets have nonzero electrits due to the background given by the energy-independent
dipole polarizabilitiese, which give rise to the long-range termRZ in Eq. (12).
polarization potential- «/2r* for the positron. Its effect is Figure 3 provides a direct comparison betwegp and
taken into account by the modified effective-range formulathe right-hand side of Eq12), and shows that this relation is
for the swave phase shift32],

-1
, (22

mak Aak?

3a 3 '”(%ﬁk)

tandp=—ak|1— ———

47a?

Oe|— C 2 1
= 21,2
4@(” +a%k

(23

1—(mak/3a)— (4ak?/3) In

the latter formula being valid when the scattering length is
large and thes-wave scattering dominates at smialln Egs.

(22) and (23) C is a dimensionless positive constant. Note
that, for =0, Eq.(21) is immediately recovered. The po-
larization potential modifies the behavior of the cross section
at low energies. For example, it leads to a more rapid de-
crease of the cross section foa<0, og=4ma?l
+2mak/3a+ O(k?Ink)]. However, this does not change the
estimates of the maximal values @ that could be pro-
duced in direct annihilation.

To illustrate the relation between direct annihilation and IR N AN B I I B
elastic scattering, and the enhancement of both due to the 0 005 01 015 02 025
presence of a low-lying virtual level, let us compare the be- Positron momentum (a.u.)
hgwors Of Z ey and.(re| for 'Ar' and Kr. Thg results.shown in FIG. 3. Relation betweed.4 due to direct annihilation and the
Fig. 2 were obtained within the polarized-orbital method gjastic scattering cross section. CalculaZag values for He(open
[33], which takes into account the polarization of the targetyjangles, Ne (solid triangles, Ar (open squarés Kr (solid
by the positron. These calculations yield large negative valsquarey and Xe(solid circles [33], and GH, (open circle[8] are
ues of the scattering length for Ar, Kr, and Xgee Table)l  compared with the predictions of E€L2), shown by solid curves.
indicating the presence of positron-atom virtual levelsin the latter | have used the scattering cross sections and amplitudes
formed due to strong positron-atom attraction. The increasealculated in the same theoretical papers, and considradd the
of |a| correlates with the increase of the dipole polarizability prefactor 4rp.8R, as fitting parameters.
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valid at low positron energies. The comparison is based on 1000 ‘ R R I I
the polarized-orbital method results for the noble-gas atoms N
[33], and the values df .+ and o obtained for the ethylene [ ®e
molecule (GH,) by the Schwinger multichannel meth{s]. I <

In this comparison | have consider®}, and the prefactor 500 17 o\K . b
4mpeoR, in Eq. (12) as fitting parameters. Their values are I <° 1
listed in Table | together with the values afobtained in I N %
those calculations. Note that the theoretical results used to N
produce this plot are not necessarily “exact” or accurate AN
(although, experimental data confirm that they are reasonable I
[7,20]). It follows from the derivation that Eq12) holds for

any calculation, as long as the same wave function is used in
the scattering and annihilation calculatidi3®].

In agreement with the estimates made in Sec. II B, Fig. 3
shows that direct annihilation is indeed strongly enhanced by
the presence of low-lying virtual levels. Nevertheless, even
for targets with very large scattering lengths, such as Xe or
C,H,, the annihilation rates do not exceddys~10® for
room-temperature positron momergea05 a.u. 002 004 006 00801 02 oa

Direct annihilation is the only annihilation mechanism for Positron temperature (eV)
atoms and molecules which do not form bound states with
positrons. It will also dominate for small molecules which do

form a weakly bound state with the positron, but whose vi- . -

. . . . have been normalized .= 158.5 for methane at room tempera-
bratl_ona_l frquenmgg are high. In thls_case the energy ture. Thermal-averaged direct annihilation fits obtained from Eqgs.
+¢ is simply insufficient for the excitation of the resonant (12) and (23) using 4mp.0R,=1, R,=4, C=1, a=17.6 a.u. are
guasibound states at low impact positron energies shown for CH (x=0.045, solid curve and CHF (x=0.01,

For large molecules the difference between the resonamfashed curve Also shown for methane is the sum of the direct
and direct mechanisms is probably most obvious when ongontribution and that of the first vibration#l; resonance at,
compares the experimental values &fi for alkanes and =0.33 eV, obtained usinggp=0.25p§; [Eg. (25)] (chain curve.
perfluorinated alkanes shown in Fig. 1. The large annihila-
tion rates of the alkane molecules with more than two carbon Besides having a larger value B, the molecule with a
atoms cannot be explained by direct annihilation. They als@maller|«| (i.e., largeria|) should have a more rapid depen-
display a very rapid increase with the size of the moleculedence of the annihilation rate on the positron energy, cf. Fig.
which is typical of resonant annihilation. On the other hand,3. If the experiment is done with thermal positrons this
the Z.; values of the perfluorinated alkanes remain comparashould manifest in a stronger temperature dependence of the
tively small, in spite of their softer vibrational spectra. Thus Maxwellian average oZ ox(k),
one is led to conclude that the resonant mechanism is
switched off for them. The latter is explained by the very o » @ K2kgT
weak attraction between the positron and fluorine atpms Zo(T)= J —/Zzeﬁ(k)47rk2d K, (29
insufficient to provide positron-molecule binding. 0 (2mkgT)*

Let us examine the effect of fluorination afy for the _ _ )
lightest molecule of the series, methane. The experimentAn the positron temperatufe The overbar is usually omit-
data at room temperature afgy=158.5, 715, 411, 127, and te_d, as it is clear frqr_n the context whether one is dealing
38 for CH,, CHsF, CH,F,, CHF;, and CF, respectively ~With Zei(k) at a specific positron momentum, or with a ther-
(data from Refs[7,12] normalized to the given value for mal averageZ.(T). The temperature dependences of the
methang These values are small enough to be accounted fornnihilation rates for methane and fluoromethane measured
by the direct mechanism. Within its framework the increasen Ref. [7] are shown in Fig. 4. Also shown are low-
and subsequent drop @y could be explained by the exis- temperature theoretical fits obtained using Ed<®), (23),
tence of a loosely bound state for the positron on methanegynd(24). Their parameters are given in the caption.
which turns into a virtual level as the number of substitute The dipole polarizability of CHF a=16.1 a.u. is close to
fluorine atoms increasd$86]. In terms of thex parameter that of methaneq=17.6 a.u., and | use the latter for both
this would mean thak is small and positive for CiJ and  molecules. The constar@ appears in Eqs(22) and (23)
then goes through zero, and becomes negative upon fluorimnder the logarithm, and the result is not very sensitive to it,
nation. Accordingly, both the cross section and the annihilaso C=1 has been chosen. The value of the characteristic
tion rate peak for the molecule with the smallest absolutgadiusR,=4 a.u. is similar to those for noble gas atoms and
value ofk, namely, CHF. This picture is considered in Ref. ethylene(Table ), and the prefactor #p.6R,=1 is be-

[7] in more detail using the zero-range potential model fortween those for noble-gas atoms angHg Of course, the
positron-molecule interaction. number of independent parameters, (C, R,, and

Zeff
7

FIG. 4. Annihilation rates for methane and fluoromethane. Ex-
perimental data for Cl(solid circles and CHF (open circleg[7]
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41p.6R,) is too large to enable their unique determinationwhere the positron spends most of its time outside the mol-
from the experimental data. However, the fits clearly dem-ecule, its density on the electrons is reduced below that of Ps
onstrate that very differer (T) curves can be obtained (binding energy 6.8 e\V[39].
only due to differentx values =0.045 and 0.01 for CHH
and CHF, respectively. These values imply that both mol-
ecules have bound states with the positron. The binding en-  B. Resonant annihilation: molecular vibrations and
ergy for CH, is ep=«?/2=1.0x10 ° a.u=0.028 eV, and temperature dependence
the binding energy corresponding ke=0.01 is just 1 meV.
There is a large uncertainty in the latter value, because mea-
surements performed at and above room temperaflire,  Equation(19) derived in Sec. Il C shows that the annihi-
=0.0253 eV, are not really sensitive to such smallThis lation rate due to positron capture into resonances is deter-
can be seen, e.g., from EQ1), which becomes indepen-  mined by the level density of these quasibound vibrationally
dent for k<k. Zero-range model calculations presented inexcited states of the positron-molecule complex. This density
Ref. [7] show that the last three members of the fluo-depends on the excitation energy available, as defined by the
romethane sequence have negattvecorresponding to vir-  positron kinetic energy and positron affinit, =ea+ e,
tual levels with increasing energies. This causes the decreag@d also on the structure of the molecular vibrational spec-
of their Z values. trum. Suppose that the molecule possesses a particular sym-
As seen in Fig. 4, Eq(12) for the direct annihilation metry, which is true for most of the molecules where posi-
combined with the modified effective range formu23)  tron annihilation has been studied so fai. The electronic
works well in the low-energy part of the graph. However, theground-state wave function of the molecule is usually non-
data for methane clearly show an abrupt departure from thidegenerate and invariant under all symmetry transforma-
law at higherT, and the formation of some kind of a plateau tions. Let us call this symmetry typ& Depending on the
in Zex(T). In principle, one could think that this is due to actual symmetry of the molecule this can/g, Ag, OrAq,.
contributions of higher partial waves, not included dn, If the positron can be bound by such molecule, the electron-
[Eq. (23)]. However, their contribution has been included viapositron part of the wave function of the positron-molecule
the R, term of Eq.(12). Also, the contributions of higher complex will also be fully symmetric, i.e., oA symmetry
partial waves toZ; emerge ag', which is a manifestation type.
of the Wigner threshold layj28]. For thermally averaged Now consider the capture of a continuous spectrum posi-
rates this corresponds T0. Thus it cannot be responsible for tron into the bound positron-molecule state. At low positron
this sudden feature. energies this process is dominated by the incident poséron
On the other hand, if the methane molecule forms a boungvave, higher partial waves being suppresseck&{, com-
state with the positron, the system can also have vibrapared to thes wave[cf. Eq. (17)]. As a result, the electron-
tionally excited positron-molecule resonant states. The posipositron part of the wave function of the initiénolecule
tron bound state on CHmust belong to thed; symmetry and swave positron and final (bound positron-molecule
type of the molecule. Since the positremwave dominates at complex states of the capture process are characterized by
low energies, its capture into th&, state can result in an the same full molecular symmet#. This imposes a selec-
excitation ofA; vibrational modes of the molecule. The fre- tion rule on the nuclear vibrations which can be excited dur-
quency of this mode for methane és=2916 cm 1=0.361 ing the capture process. They must also belong toAhe
eV [37]. Assuming that the positron binding does not changesymmetry type.
this frequency much, the lowest vibrationally excited Therefore, the selection rule limits the spectrum of pos-
positron-molecule resonance will occur &t w—e,~0.33  sible vibrationally excited resonances which could in prin-
ev. ciple be formed. It allows arbitrary excitations and combina-
It is easy to estimate the contribution of a single narrowtions of the A modes. It also allows overtones and
vibrational resonance located at positron enetgyto the  combinations of the other symmetry types, provided such

1. Vibrations

thermally averaged . [38], excitations contain thé symmetry type, i.e., thésymmet-
ric) product of the symmetry types involved contaiAs
8w3pg v e cv/keT e~ ev/keT among its irreduciblg represent_atioﬁ%S]. This does not.
AZ(T)= ———; 3/2:8773pgp—3/2, mean that all such vibrations will contribute to the density
La+T¢ (2mkgT) (2mkgT) factor p(E,) in Eq. (19) for Zs;. Some of them may have

(25) extremely weak coupling to the electron-positron degrees of
freedom, with capture widths much smaller thap. EV. In

the latter formula valid fod"c>1I"7, which implies that the thjs case they will be effectively decoupled from the positron
resonance has a capture width greater thare¥. Figure 4 capture channel, and hence, will not contributeZtg. Of
shows the effect of the lowest vibrationA} resonance at course, this can only be found out by doing detailed calcu-
g,=0.33 eV onZg; for methane(chain curve. Its onset is  |ations for specific molecules.
indeed quite rapid, due to the exponent in E2), which Nevertheless, it is instructive to compare Ef9) with
makesAZqy(T) very small forkgT<e,. To fit the experi-  experimental data. This comparison enables one to extract
mental data the densify, is chosen to be 25% 2’; One the effective mean spacirg between the positron-molecule
could expect that for a weakly bound statg, £ 0.028 eV, resonances. For experiments with thermal positrons E4j.
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TABLE II. Annihilation rates and vibrational frequencies of molecules.

Molecule Formula Zeit® D” (cm™?) Symmetry Frequenciégcm™1)
Carbon tetrachloride cel 9530 473 Ay 459

Butane GH1o 11300 399 Aq 429, 837, 1057, ...
Cyclohexane €H, 20000 226 Asg 384, 802, 1158, ...
Pentane ¢H,, 37800 119 A, 179, 401, 863, ...
Carbon tetrabromide CBr 39800 113 A 269
Hexacloroethane Llg 68 600 65.7 A 164, 431, 976
Hexane GH14 120000 37.6 Ay 305, 371, 901, ...
Heptane GHig 242 000 18.6

8Experimental values obtained for room-temperature positrons in theéRefp[4]).
PEffective spacing for the resonanceszffs® [Eq. (26)], corresponding to experimental data.
‘Lowest molecular vibrational frequencies of the given symmetry from 3&.

must be averaged over the Maxwellian positron momenta-1)!/[n!(N,—1)!] (the number of ways to distributevibra-

distribution: tional quanta amongl, modes. For large molecules 5 re-
5 5 " mains finite, whereasl, increases linearly with the size of
Z(res)ZZW Pep/ 1 2277 Pep( 2 ) (26) the molecule, the total number of vibrational modes being
eff D T D kg T 3N—6, whereN is the number of atoms. Therefore, the
number of vibrational excitations available, and the density
of the resonant vibrational spectrum, increase &)Y
«N", Such a rapid increase is indeed observed for alkanes
and aromatic hydrocarbons; see Fig. 1. The effective num-
bers of vibrational modes excited in the capture process,
=6.1 and 8.2, respectively, is compatible with the positron

Z. values measured with room-temperature positfdhare binding energy of few tens of eV. For example, if | use the
listed in Table II. They are compared with the low-frequency!@WeStAq mode frequency of hexari@able I, the positron
vibrational modes of thé symmetry type of these molecules ffinity is ea~6w=~0.25 eV. This number looks reasonable,
taken from Ref[37]. As discussed above, vibrations of the c0Mpared with positron binding energies on single atoms,
symmetry type also occur in overtones and combinations of-9.,.64=0.08, 0.15, and 0.38 for Be, Cu, and Mg, respec-

other modes. However, their frequencies scale with the sizBVely [27,39. _
and chemical composition of the molecule in a way similar _APart from the rapid growthZ;; for alkanes shows clear

to the A modes, and theA mode frequencies listed in the signs of saturation, when the number of carbon atoms be-

table are representative of the lower vibrational modes on theoMes greater than 8 or 10. Apparently, this takes place well
whole. before the unitarity limit derived in Sec. I C is reached. This

For molecules with moderatg, at the top of the table, behavior can be understood if we recall that E) is valid

such as CG| the effective resonance spaciByis compa- c_)nIy vv_hen the capture Wi_dtﬁC is greater than the annihila—
rable to the frequencies of single modes. With the increase dfon width I';. With the increase of the number of vibra-
the size of the molecul@lkane$, or masses of the constitu- tional modes their coupllng to the .elec_tron—posmon degrees
ents(e.g., CBg), the vibrational modes are softened, and the®f freedom decreases._Thls coupling is representedfg_qy
number of low-frequency modes increases. At the same timand for small capture widthg.<I';, (¥ from Eq.(15) is

one can expect that the positron binding energy increases f&stimated as

these molecules. These effects, and especially the increase of

k

Let us use the Ps valuge,=1/8m, to estimate the electron-
positron density, and apply E@26) to simple symmetric
molecules withZ.+=10%, where resonant annihilation must
be the dominant mechanism. The effective spaciiys
=4.51x10°/Z (in cm™ 1) obtained from the experimental

the number of modes, facilitate multimode excitations, 2 [ v Y 3 /v

Lo . (res) 2 peprc 2mc c
whose density is much greater than the level density of the VAN ES e STk \D /) (27)
individual modes. Accordingly, we see tHatbecomes much DI’y

smaller than the frequencies of the individual modes at the
bottom of the table. where Eq(7) is used together withy=c ™, in atomic units.

In the simplest model this effect can be estimated as folThe decrease of . is a simple consequence of sum rules,
lows. Suppose the vibrational modes in question are charadecause the total strength of positron coupling is distributed
terized by some typical frequenay, and the molecule has among the larger number of possible vibrational excitations.
N, such modes. Suppose, the positron binding energy is In this regimel’, is proportional toD, hence the increase of
=nw, wheren is the number of vibrational quanta excited Z{¢® related to the increase of the density of vibrational
due to positron binding. If we neglect the small kinetic en-excitation spectrum stops. The relatibpeD which charac-
ergy of the positronE,~e,, the total number of various terizes this regime is well known in neutron capture into
vibrational excitations at energf, is given by (\,+n compound resonancg40]. It takes place in complex atomic

2
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excitation energy is given b, ~ ¢, . Accordingly, the reso-
nance density(E,) in Eq. (19) and the mean spacirg in
Eq. (26) are approximately constant. As the positron energy,
or temperature, increases, the resonance density factor
should also increase, sing€E,) is a strong function of the
excitation energy for multimode vibrational spectra. There-
fore, the decrease d{® should be slower than i/ or
1/{T. Moreover, the density factor may even produce a rise
in the energy dependence 2¢5°. In addition, contributions
of higher positron partial waves which emergeTa3?, etc.,
at smallT, may also contribute t@{$® in the plateau region.
It might even seem that these effects could lead to a rapid
] increase oZ{f® with positron energy.
P However, there is an effect that suppresses the increase of
o4 resonant annihilation. Throughout the paper | have assumed
that the positron-molecule resonances have only two decay
FIG. 5. Dependence & on positron temperature for butane, channels, annihilation and detachment, the latter being the
C,Hyo. Solid circles show experimental daf#], normalized at reverse of positron capture. When the positron energy rises
room temperature t&.q=11300[4]. The solid curve is the T  above the threshold of molecular vibrational excitations, the
dependencdEq. (26)], with pep:pgg, and effective resonance resonances can also decay into the “positron plus vibra-
spacingD=1.90x10 3 a.u=417 cni L. tionally excited molecule” channels. In this situation the to-
tal width of a resonance will be given by ,=I'}+I¢
spectra, e.g., in rare earths, where the oscillator strengths arer”, wherel'” is the decay width due to positron detach-
distributed among very large numbers of transitip4$]. It~ ment accompanied by the vibrational excitation of the mol-
also emerges in the unimolecular reaction treatment of disecyle. This leads to a modification of E@.9), which now
sociative electron attachmer#l], where it is responsible for eads
very large lifetimegi.e., small state widthsof transient mo-

lecular anions. 212 4
p
ZG0 =——p( EV>< ik (28)

2. Dependence on the positron energy or temperature K Le+Ty

1.2x10*

9x10°

Zeff

6x10°

3x10°

P
0.2

Positron temperature (eV)

P I
0.3

Py A
0 0.1

L_et_ us now look at the energy de_pendence of }L‘)e resonaiis equation shows that as soon as the positron energy ex-
annihilation rate. At very small positron energ4Y must  coads another inelastic vibrational-excitation threshold, the
be constantsee the discussion at the end of Sec)IIOW-  ¢50t0r in brackets drops, thereby reducing the resonant anni-
ever, as soon as tfewave capture width becomes greater wjjation contribution. Such downward steplike structures at
than 1;“,‘;\/' the corresponding annihilation rate shows a,prational thresholds are well known in dissociative electron
1/k~e Y2 dependence on positron energy, as predicted byachment experimentsee, e.g., Refd30,42). When the
Eq. (19. For a thermally averaged rate this is described by,sijiron energy is well above the lowest inelastic vibrational
Eq. (26). Figure 5 presents a comparison between the 1/ threshold the “elastic” widthl", will become much smaller
law and the experimental temperature dependen@for  than the “inelastic” width ', due to a large number of
C4Hi [7]. This molecule hageq~10¢. Within the present open inelastic vibrational-excitation scattering channels, and
theoretical frgrr_]evyork this large value must be due to thgyue to a kinematic increase dt, above the respective
resonant annihilation process. thresholds. This will strongly suppress the resonant annihila-

The theory and experiment agree well at low temperayjon contribution (28) with respect to that of Eq(19) at
tures. One may notice that the measurgg show a slightly  |ayger positron energies. One may speculate that it is pre-

steeper rise toward small. However, the difference is not cisely the increase df that counteracts the rise p{E,),

Iarge, both in rglatlve an(_j apsol(té'gs terms. It could _be €Xand prevents rapid growth e?fﬁ) with positron energies. It
plained by a direct contributioZeg” in Eq. (14), which o0 2155 be true that a similar mechanism is behind the

peaks sharply at small energies, if the positron-moleculgyamatic drop of the dissociative attachment cross sections
scattering length is largésee Sec. IllA In spite of the ¢4 hrgjectile energies above a few lower vibrationally in-
dominance of the resonant contributi ) 10* for bu- elastic thresholdf21,30.
tane, the addition oZ{4"~10® at small positron energies ’
would still be noticeable.

A more pronounced feature of the experimental data,
which is not accounted for by Eq26), is the plateau ob- In this work | have considered two possible mechanisms
served at higher temperaturés;>0.05 eV, whereZ« goes  of low-energy positron annihilation in binary collisions with
well above the YT curve. To find its possible origins let us molecules. The first mechanisms is direct annihilation. It de-
first take a closer look at Eq26) and its predecessor, Eq. scribes positron annihilation with atoms and small mol-

(19). For small impact positron energies the vibrational ecules, as well as molecules which do not form bound states

IV. SUMMARY AND OUTLOOK
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with the positron. The annihilation rate due to this mecha-a replacement of a single hydrogen atom with deuterium
nism has been related to the positron elastic scattering proghanges the annihilation rate frofs= 15000 for GHg to
erties. In particular, it is enhanced when the positron has &= 36 900 for GHsD. On the other hand, the data on fully
low-lying virtual stype level or a weakly bound state &  protonated vs fully deuterated alkanes show very little dif-
=+ «k?/2. For zero-energy positrons the direct annihilationference between the two cases. Such be_havior is _natu_ral f_or
rate is inversely proportional tbey|. Small «’s, together smaller alkanes, e.g., _methane, where direct annihilation is
with the dipole polarizability of the target, also determine theth® dominant mechanism. However, observed for large al-
rapid energy dependence Bfy at small positron energies. kanes, it cannot be readily interpreted by means of (E§).
Estimates show that for room-temperature posit@ggs of ~ OF similar equations. It is possible that the vibrational exci-

up to 16 can be produced due the virtual or weakly boundt@tions are dominated by low-lying C-C modes which are
state enhancement. weakly affected by deuteration. On the other hand, deutera-

The second mechanism is resonant annihilation. It is oplion mMay also influence positron coupling to the molecular

erational when the positron forms temporary bound state¥iPrations, which will most likely lead to a reduction Bt in
with the molecule. As a necessary condition, the positrorFd- (19. If the system is in the regime whefg~T', this
affinity of the molecule must be positive. The positron Cap_effect may offset the' d_ecr(_ease of. the vibrational spacings.
ture is a resonant process whereby the energy of the positron N SPite Of these dlfflCl_J|tleS, which cop!d only be resolved
is transferred into vibrational excitations of the positron-Py Performing calculations for specific molecules, the
molecule complex. The contribution of this mechanism toPresent theory offers a consistent description of positron-
the annihilation rate is proportional to the level density of themlecule annihilation in real terms, through some well-

positron-molecule resonancps These resonances are char- defined parameters which characterize the system. It clearly
acterized by the capture width, and annihilation width identifies the two basic mechanisms of positron annihilation,

I',~1 weV. ForT'.>T, its contribution is independent of and discusses their specific features. It also shows that stud-

T'., and is basically determined by the dengityThe reso- ?es_of p(_)sitron annihilation on molecules may give a_unique
nant mechanism can give very large annihilation rétgsto ~ NSight into the physics of molecular reactions which go
10%). Through its dependence on the vibrational excitationthrough the formation of vibrationally excited intermediate

spectrum of the positron-molecule complex, this mechanisnstates. Such processes are very likely to be responsible for

shows a high sensitivity to the chemical composition of thelarge dissociative electron attachment cross sections ob-

target and the size of the molecule. Both are essential fe€"ved for molecules such asgSHhey are also of key im-
tures of the experimental dafd]. portance for the wh_ole class of chemical reactions, that is, for
The difference between the two mechanisms is illustratediNimolecular reactionésee, e.g., Ref43)).
most clearly by comparison of the annihilation rates of al-
kanes and perfluoroalkanes. For examplgHG has Z
=120000, whereas fordE 4, Zes is only 630. The present This work was strongly stimulated by the vast experimen-
theory attributes this huge difference to the fact that perfluotal data obtained by the San Diego group, and | very much
rocarbons do not form bound states with the positrons, andappreciate numerous discussions with its members, espe-
hence, the resonant annihilation is switched off for them. Ortially C. Surko and K. lwata. | am thankful to my colleagues
the other hand, this mechanism is behind the high values dt the University of New South Wales, V. Flambaum, A.
Z for alkanes. Gribakina, M. Kuchiev, and O. Sushkov, for their encourage-
The experimental group at San Diego performed a numment and useful discussions. My thanks also go to S. Buck-
ber of measurements on protonated and deuterated moleculegn for the information on vibrational excitations and disso-
to test the sensitivity oZ.; to the molecular vibrational ciative attachment. Support of my work by the Australian
moded4,7]. For example, their data for benzene showed thaResearch Council is gratefully acknowledged.
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