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Main points

Low-energy positron interaction with atoms and molecules is attractive

For mildly attractive targets this results in low-lying positron virtual levels
Elastic scattering and annihilation are enhanced

Positrons can form bound states with many neutral species

For molecules positron binding gives rise to vibrational Feshbach resonances
Vibrational Feshbach resonances can lead to very large annihilation rates

Resonant annihilation is enhanced by intramolecular vibrational energy
redistribution (a ubiquitous effect!)

Observation of vibrational Feshbach resonances in annihilation allows
measurement of positron binding energies for many molecules

Larger molecules can possess multiple positron bound states
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“It 1s not surprising that I was interested in positrons from the
outset. Indeed I had been fascinated with Dirac’s wave equation
from my M.Sc. days in Melbourne and can remember being
sharply reprimanded by the Senior Demonstrator when I overtly
studied Dirac’s paper in the Proceedings of the Royal Society
while supposedly demonstrating to a practical class.”
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Positron theory milestones |

Massey & Mohr C. Schwartz
Gaseous reactions  Electron scattering
involving Ps from hydrogen
Proc. Phys. Soc. Lond.A  Phys. Rev. 124 1468
67 695
1954 1961

“It 1s not surprising that I was interested in positrons from the
outset. Indeed I had been fascinated with Dirac’s wave equation
from my M.Sc. days in Melbourne and can remember being
sharply reprimanded by the Senior Demonstrator when I overtly
studied Dirac’s paper in the Proceedings of the Royal Society
while supposedly demonstrating to a practical class.”

@
=
T
@
=
-,_J
o
=t
R
N

H.S. W. Massey, Can. J. Phys. 60, 461 (1982)




Positron theory milestones |

Massey & Mohr C.Schwartz Goldanskii & Sayasov
Gaseous reactions  Electron scattering  Resonance annihilation of
involving Ps from hydrogen positrons in collisions with
Proc. Phys. Soc. Lond. A Phys. Rev. 124 1468 neutral atoms or molecules
67 695 Phys. Lett.13 300

1954 1961 1964

“It 1s not surprising that I was interested in positrons from the
outset. Indeed I had been fascinated with Dirac’s wave equation
from my M.Sc. days in Melbourne and can remember being
sharply reprimanded by the Senior Demonstrator when I overtly
studied Dirac’s paper in the Proceedings of the Royal Society
while supposedly demonstrating to a practical class.”

@
=
0
<
=,
-
o
o
N
)

H.S. W. Massey, Can. J. Phys. 60, 461 (1982)




Positron theory milestones |

Massey & Mohr C.Schwartz Goldanskii & Sayasov
Gaseous reactions  Electron scattering  Resonance annihilation of
involving Ps from hydrogen positrons in collisions with
Proc. Phys. Soc. Lond. A Phys. Rev. 124 1468 neutral atoms or molecules
67 695 Phys. Lett.13 300
1954 1961 1964

@
=
0
<
=,
-
o
o
N
)

“... The annihilation studies [...] are completely mysterious at
present, in almost all substances, and particularly for instance in
xenon and krypton and methane and so on.”

Round-table discussion on future directions in positron-gas research
Can. J. Phys. 60, 565 (1982)
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Positron scattering from noble gas atoms
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Much stronger attraction
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Correlations change the scattering length
from positive (static repulsion) to negative
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Positron scattering from noble gas atoms
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‘ Higher partial waves also show attraction '



Comparison between theory and experiment
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Cross sections at low energies increase greatly from He to Xe. Positron-2
atom attraction creates virtual s-levels in heavier atoms,at € = 1/26L
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Many-body theory calculations predicted bound states for 4 atoms
V.A. Dzuba,V.V. Flambaum, G. F. Gribakin and W.A. King, Phys. Rev.A 52,4541 (1995)

1 2
H He
3 4 5 6 7 8 10
L1 | Be B|C|N|O Ne
11 12 13 14 | 15 16 18
Na |Mg Al|S1| P | S Ar

K |Ca|Sc|Ti|V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se Kr

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 54

Rb| Sr| Y | Zr [Nb|Mo| Tc |[Ru|Rh|Pd|Ag|Cd]| In | Sn|Sb | Te Xe

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 86

Cs|Ba|La|Hf|Ta|W |Re|Os| Ir | Pt |[Au|Hg| T1 | Pb| Bi | Po Rn

1
H
9
F
17
Cl
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Br
53
I
85

At

87 88 89 104 | 105 106 | 107 | 108 | 109 | 110 111 | 112 114 116 118

Fr |Ra|Ac|Rf |[Db|Sg | Bh|Hs | Mt

58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce | Pr INd|Pm|Sm|Eu|Gd|Tb |Dy|Ho | Er |[Tm|Yb|Lu

90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103

Th|Pa| U [Np|Pu|Am|/Cm|Bk | Cf |Es |[Fm|/Md|No | Lr




Positron-atom binding
Stochastic Variational calculations by Mitroy and Ryzhikh (1997 on)
Configuration Interaction by Mitroy and Bromley (2002 on)
Configuration Interaction + many-body by Dzuba et al. (1999-2000)
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Positron-atom binding
Stochastic Variational calculations by Mitroy and Ryzhikh (1997 on)
Configuration Interaction by Mitroy and Bromley (2002 on)
Configuration Interaction + many-body by Dzuba et al. (1999-2000)

1 : 2
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Binding by model alkali atom
J. Mitroy, M.W. J. Bromley and G. Ryzhikh, . Phys. B 32,2203 (1999)
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M.W.J. Bromley and |. Mitroy, Excited, bound and resonant
positron-atom systems, |. Phys.: Conf. Ser. 199,01201 1 (2010)
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More candidates for binding

Conditions for binding
ag > 40 a.u.

I <10 eV
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Positron annihilation
For nonrelativitistic positrons in electronic environment

Probability of
annihilation per
unit time

Trsc X

QED

i Density of the

electrons at the
positron

Annihilation rate in the positron bound state

Z
[ = wrgc/Z(S(ri —1)|Wo(ry,...,rz,v)|*dry ... drgdr

Annihilation cross section for the positron with momentum Kk on a target

Oq =TT — /25 i — )| Wy(ri,...,rz,1)|?dry ... drydr

ro = e*/mc

Estimate in atomic units:

2 -~ 10—4,

c~ 137
o, ~ 1077



Z.tr for atoms and small molecules

Atom Zett Molecule ' Z.g V4

H 8.5 calc. H, 15 2

He 3.94* N, 31 4

Ne 5.99 O 37 6

Ar 26.8 ™ CO 39 4

Kr 65.7 CO; 55 | 20

Xe 401 N,O 78 | 20

SFe 86 | 70

. Ko, ot O | 319 I8
Heyland,Wright (1975-82) (UCL) NO, 1090 23

% [wata et al. (1995) (UCSD)

NH; 1600 | 10




Positron annihilation: many-body theory
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Positron annihilation: many-body theory

Z
Lo = /Z(S(ri —1)|Wy(ry,...,rz,r)|%dr; ... drgdr
i=1

Annihilation vertex and corrections
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Zetr for hydrogen
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Kohn variational calculation, van Reeth &
Humberston, J. Phys. B 31,L231 (1998)
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Annihilation on noble gases
Krypton
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Annihilation on noble gases
Krypton

100 —————F————1——T7——7—

0 01 02 03 04 05 06 07 0 04 02 03 04 05 06 07 0 '01 02 03 04 05 06 07
Momentum (a.u.) Momentum (a.u.) Momentum (a.u.)

Thermally averaged Zesr at room T

Atom He Ne Ar Kr Xe

Oth order, static 0.69 0.97 0.74 0.68 0.61
Oth order, Dyson .34 2.30 6.86 14.6 71

total, Dyson 3.78 5.53 26.5 66.4 402

Exp. (gas) 3.94 5.99 26.8 65.7 320

Exp. (trap, UCSD) | - : 338 | 90.] 40|




Positron annihilation in molecules

Martin Deutsch (1917-2002)

- Discovery of Ps (1951)
- Measurement of lifetime of Ps
- Single-triplet Ps energy splitting

Rapid annihilation of positrons
in Freon-12, CClyF;

The Times 22 October 2002
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Positron annihilation in molecules

Martin Deutsch (1917-2002)

- Discovery of Ps (1951)
- Measurement of lifetime of Ps
- Single-triplet Ps energy splitting

Rapid annihilation of positrons
in Freon-12, CClyF;

For room-temperature positrons

F
Leff = K2+ k2 5

Paul & Saint-Pierre (1963): Zeg~ 10* for CsHi0 and CCly

Tao (1965): Zetr~ 1600 for Clo (UNSW)
Heyland et al. (1982),Wright et al. (1985): C3Hs, ...

The Times 22 October 2002




Z.tt for alkanes and substitutes

Molecule | Zs Z
H> |5 2
N> 31 4
o)) 37 6
CO 39 4

CO, 55 20
N20O /8 20
SFe¢ 86 70
H,O 319 |8
NO> 1090 23
NH; 1600 10




Z.tt for alkanes and substitutes

Molecule X=H X=F X =Cl X =Br
CX4 142 54.4 9 530 39 800
C2X6 660 |52 68 600 :
C3Xs 3 500 317 : :
CaXio |1 300 - . .
CsXi2 37 800 : : :
CeXi4 120 000 630 : :
C7Xie 242 000 - - -
CsXis 585 000 | 064 : :

CoXa0 643 000 - ; _
CioX22 728 000 - _ _
Ci2X26 | 780 000 - _ ;
Ci6X34 2 230 000 - _ ;
Iwata, Greaves, Murphy, Tinkle and Surko, PRA 51,473 (1995)



Chemical sensitivity of Zetr

Benzene Cyclohexane Toluene
© @ O

Zeti = 15,000 20,000 190,000
para-Xylene ortho-Xylene meta-Xylene

CHs CH3 CHj,

CHgj;

CHa CHj,

200,000 180,000 210,000

Fluorobenzene 1 4-Difluorobenzene Pentafluorobenzene Hexafluorobenzene

N F F F
o or oI o
H H F F F F
F H F
34,000 10,700 1,800 1,200
Chlorobenzene Bromobenzene Aniline Nitrobenzene
72,300 172,000 400,000 430,000

K.Iwata et al, PRA 51,473 (1995)
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Positron capture into dense spectrum of VFR
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Resonant annihilation in alkanes
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Measuring Zcsr as a function of positron energy

S.]. Gilbert, L. D. Barnes, J. P. Sullivan and C. M. Surko, Phys. Rev. Lett. 88, 043201 (2002)
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S.J. Gilbert, L. D. Barnes, J. P. Sullivan and C. M. Surko, Phys. Rev. Lett. 88,043201 (2002)
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Dependence of Z.tr on positron energy for alkanes
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Positron capture by VFR of infrared-active modes
G. F Gribakin and C. M.R. Lee, Phys.Rev. Lett. 97, 193201 (2006)
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For infrared-active vibrations this coupling is mediated by the dipole potential
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Positron capture by VFR of infrared-active modes
G. F Gribakin and C. M.R. Lee, Phys.Rev. Lett. 97, 193201 (2006)

For infrared-active vibrations this coupling is mediated by the dipole potential

d-r

Calculation of the elastic (capture) width for vth resonance
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Fundamentals and elastic widths in CH;Cl

TABLE 1. Characteristics of the vibrational modes of CH;Cl.

Mode Symmetry g, o,*(meV) d,(aun.) o,d> (au)
v, a I 363 00191 4.87 X 1070
v, a I 168 00176  1.91 X 10
v, a, 1 91 00442  6.52 X 106
vy 2 373 0.0099 1.34 X 107°
Vs 2 180 0.0162 1.74 X 107°
Ve e 2 126 0.0111 5.66 X 107’

“Mode energies w, and dipole amplitudes d, from Ref. [29].
[29] L.M. Bishop and L. M. Cheung, J. Phys. Chem. Ref. Data

11, 119 (1982).
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TABLE 1. Characteristics of the vibrational modes of CH;Cl.

Mode Symmetry g, ,*(meV) d,(au) w,d’ (a.u.)
v, a I 363 00191 4.87 X 1070
v, a I 168 00176  1.91 X 10
v, a, 1 91 00442  6.52 X 106
vy 2 373 0.0099 1.34 X 107°
Vs 2 180 0.0162 1.74 X 107°
Ve e 2 126 0.0111 5.66 X 107’

“Mode energies w, and dipole amplitudes d, from Ref. [29].

[29] L.M. Bishop and L. M. Cheung, J. Phys. Chem. Ref. Data
11, 119 (1982).

xk = 0.043 a.u.

Annihilation width vs elastic width:

|€()| = 25 meV
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Putting it all together: total Zef
T = Z(res) 4 Ze(lccifir)

7 I'e F
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Averaging over the positron energy distribution in the beam
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Function A (E£) describes the shape of a resonance as observed with the beam
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Theory vs experiment for halomethanes

Halogen-substituted methane: CH3Hal
all 6 vibrational modes infrared active

CHsF
[Barnes, Gilbert and Surko, PRA 67 032706 (2003)]

CH;sCl, CH3Br
[Barnes,Young and Surko, PRA 74 012706 (2006)]
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CDsHal - same binding
energy as CHsHal, but
different vibrational
spectrum
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Similarity between Zfr and spectrum of modes

Vibrational modes act as “doorways” into VFR
G. F Gribakin and P. M.W. Gill, Nucl. Instrum. Methods B 221, 30 (2004)
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Zero-range potential model for positron binding
G. F Gribakin and C. M. R. Lee, Nucl. Instrum. and Methods B 247, 31 (2006)
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Zero-range potential model for positron binding
G. F Gribakin and C. M. R. Lee, Nucl. Instrum. and Methods B 247, 31 (2006)
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Binding energies for alkanes: theory vs experiment
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Binding energies for alkanes: theory vs experiment
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‘ Theory predicts emergence of the 2nd positron bound state! '



2D density of the bound states
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Dependence of Z.tr on positron energy for alkanes
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C-H vibrational mode w =~ 0.37 eV

Barnes et al. PRA 67,032706 (2003)



Dependence of Z.tr on positron energy for alkanes
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C-H vibrational mode w =~ 0.37 eV



Open questions

® Positron binding to open-shell atoms?

® Positron-atom electronic Feshbach resonances?

® Positron binding fo nonpolar molecules?

® Positron annihilation rates in molecular bound states?
® Positron coupling to non-IR-active vibrations?

e Quantitative description of enhancement of
resonances due to vibrational mode coupling (IVR)?
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