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Leptonic annihilation in hydrogen-antihydrogen collisions
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We consider the question of competition between leptonic and hadronic annihilation in matter-antimatter
interaction. The rate of direct positron-electron annihilation in cold hydrogen-antihydrogen collisions has been
calculated. The presence of leptonic annihilation introduces an absorptive, imaginary component to the
hydrogen-antihydrogen scattering length; this component ix 18* a.u. for the singlet state of the leptonic
spins, and 1.X 1077 a.u. for the triplet state. Leptonic annihilation is shown to be about 3 orders of magnitude
slower than proton-antiproton annihilation.
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The recent success in the synthesis of antihydrogen atonieforethe hadrons do?
at CERN[1,2] and the prospects of experiments with cold The cross section for proton-antiproton annihilation has
and trapped antihydrogen have drawn attention to the phydeen obtained in the distorted wave approximation, using the
ics of atom-antiatom interactions. adiabatic internuclear interaction in the initial chanif@].

When we think about the encounter of an antiatom withThis means that the approaching nuclei are assumed to move
an atom we tend to imagine only one possible outcome: anin the field of the surrounding leptons. This assumption
nihilation. However, atom-antiatom scattering can result in avould turn out to be a wishful thinking in case the leptons,
number of collisional reactions. In the case of ultracoldinstead of creating the interaction potential, would directly
hydrogen-antihydrogen collisions, we have previously calcuannihilate each other as the atoms come close. As a conse-
lated the cross sections for elastic scattering, rearrangemegtience, one would have bare-nuclei interaction without any
collisions, proton-antiproton in-flight annihilation, and for- leptonic screening. Most importantly, if direct leptonic anni-
mation of the hydrogen-antihydrogen molecuile radiative  hilation would turn out to occur with large probability, this
association[3—7]. Our calculations show that, in a certain would be an important loss channel for antihydrogen when
energy range, the rate of the rearrangement reactionH interacting with ordinary matter. In the present work we
— Pn+P3$ is comparable to the rate of proton-antiproton an-Show that this isnot the case, i.e., during the collision the

S — . leptons annihilate on a very different time scale compared

nihilation in flight (H+H—e"+e+ other products This

findi f ith oth lculati £ th with the hadrons. Therefore, direct leptonic annihilation is a
inding conforms with other calculations ot the rearrangeé-pqjigiple loss channel in cold hydrogen-antihydrogen colli-
ment proces$8-10.

. . L sions and the leptonic potential is a useful concept in consid-
Since the electromagnetic interaction is much weaker tha@ring atom-antiatom collisions.

the strong nuclear force, one might expect that, in an atom-  Thg gjrect leptonic annihilation in hydrogen-antihydrogen
antiatom collision, proton-antiproton annihilation will be the .qjiisions occurs according to

dominant process. However, the strong force is characterized _

by a very short interaction range. The electromagnetic inter- H+H—p+p+2yorp+p+3y. (1)

action between the atoms, on the other hand, is characteriz . . .
by the effective long-range van-der-Waals interactions. Pro%dthls process occurs during the collisional approach, the
rons get stripped from their leptons and start to interact as

cesses of an electromagnetic nature, such as rearrangemaglfi‘fj - . .
into positronium and protonium, can therefore occur over are nuclema';he Coulomb_and strong interactions.

much larger range of internuclear distances. Indeed, our pre- The prc_)bablllty of leptonic an.n|h|l_at|on. in flight may be
vious results show that the cross section for the rearrang@Pt@ined in the contact approximation, i.e., assuming that

ment collision is surprisingly large and only slightly smaller elecltron-posnr?rlhan?|h|Ie|1t|otr1 OCC#LS at tthefexac.th'protl_nt O.f
than that for proton-antiproton annihilation in flight. The coalescence of the two eptons. Ine rate of annihiiation 1S
present paper is devoted to the question: how fast is th@otained as a product of Fhe leptonic proba_bl_llty_ density for
positron-electron annihilation? coalescence and the positron-electron annihilation rate con-

Large rearrangement implies strong interparticle correlaStant; integrated over all space
tion, meaning that during the slow-H collision the leptons )\ge=(‘P(kf)(fe,faRﬂAe%(fe‘ r€)|‘1’f<f)(feyfaR)>, 2
might have plenty of time “to find each other.” In addition, ) . .
the rate constant fag*-e~ annihilation is larger than that for WhereW, '(re,re,R) is the four-body scattering wave func-
the p-p annihilation. Could that be so that during the slowtion in the initial channel. The latter is an eigenfunction of
hydrogen-antihydrogen encounter, the leptons will annihilatehe total HamiltoniarH
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H‘I'(k’i')(re, r&R) = Eiqf(k?(re, raR), (3) I S N S S SRR
. . .- . I 2 ¢ 2° |rp_re| |I’§—I’g[ |I’p—l’g[
and asymptotically describes two atoms colliding with en-
ergy € =k’/2u. E; is the total energy of the collisional sys- N 1 1 R
tem and thus equal to the sum of the internal energies of the r5—re |re-rd’

two atoms(-1.0 a.u. in the case of hydrogen and antihydro-

gen in their & ground statesand the kinetic energy,. Here ~ The leptonic potentiaV|*®(R) is then used for solving the

and in the following atomic unitghartrees are used, if not Schrédinger equation describing the nuclear motion

specified otherwise. B 1
The annihilation constami®® is given as the number of <_ _V2R+Vi(R)>Xk~ =Exc (8)

annihilation events per unit density and unit time. It is ob- my : :

tained from the life time of positronium, which for the sin- |, Vi(R):V:ep(R)—llR.

glet state is7,,=1.25x10'%s and for the triplet state The leptonic eigenvalue problecs) is solved by means
is 75,=1.42x 10" s. The positronium decay rate is related to of the variational methogb] expanding wave functios as a
the decay constantia A=1/7=A%{¢55(0)|?, which yields  |inear combination ofN) basis functionsp,
A*=87/1,,=4.86x 10°° a.u. for para-positronium and®® N
=87/ 73,=4.28X 10°° a.u. for orthopositronium. _
Even though the hydrogen-antihydrogen system is not an ¥= 2 Ci#j- 9
eigenstate with respect to charge conjugation of the leptons, =
the same selection rules as for the positronium ground staféhe trial wave functionsp; are expressed in prolate spheroi-
apply, i.e., two-photon decays for the molecular singlet statelal coordinates, properly symmetry adapted, and of the same

and three-photon decays for the triplet states. explicitly correlated form as introduced by Kotes al. [11]
The ratio of triplet collisions to singlet collisions will de- .
d h . | diti istical mi 2re€ K _ _
pen o_nt_ e experimental con _ltlons. For a statls_tlca m|>_<ture o= — (e—alge—azggrﬂlﬂewzr,ggpj ég;,]ang,-
the ratio is 3 to 1. In a magnetic trap only the spin-polarized R eze fe e

states can be held, i.e., the electron spin will be parallel to
the magnetic field, while the positron spin, being parallel to

the magnetic moment, will point in the opposite direction.\yhere the rational numberg and 5 and the positive inte-
Hence, the spin-polarized -H system corresponds tMs  gersp;, q;, andy; characterize the basis set.and 3 were
=0 and the collisions will be in the singlet and triplet statesoptimized variationally as a function of the internuclear dis-
in equal proportions. tanceR.

To obtain the annihilation cross section, the annihilation The factorization of the wave function due to the Born-
rate in Eq(2) is divided by the flux- of the oncoming atoms Oppenheimer approximation in E¢) allows to structure
the annihilation rate given in Eg2),

AeeJ Vi Rrerafare=rodr, (4 A= (PR 1 1) A8 o~ 1| W (Rirerg) (1D)

+(- 1)(qj+aj)e_“2§e_alf_e+/327]e+ﬁlﬂe—§gigg 7,2_1 7]@) , (10

O'eE: )\—ze: —(27T)3
°F K

where the integratiodr is over all space coordinates. _
As is apparent from Eq4), in order to calculate the cross =AeeJ dVRIin(R)|2P(R), (12
section for leptonic annihilation in flight we need the scatter-
ing wave function in the initial channel of the colliding sys- where P(R) denotes the conditional probability density for
tem,\If(kT). The latter may be obtained by means of the for-the electron and positron to coales@ any place in the
malism developed in our previous WofR,5]. leptonic coordinate sparehile the hadrons are at a distance
We solve the hydrogen-antihydrogen scattering problenR apart,
in a distorted wave approximation based on the separation of

the leptonic and hadronic motions. The total wave function P(R) :f | (R 1) 2(r o = ro)dVadV,. (13)
of the system is written as
‘I’f:)(re,faR) = i(rer<Rx (R), (5) Using expansiorng9) in Eqg. (13) one gets

where the leptonic wave functiofj(r,r<; R) depends on the P(R) =f dVef dVa2, €y (Rir el oi(Rir e, e I = 9.
interhadronic distance in a parametric way. In this approxi- i

mation, the solution of the problem separates into two parts. (14)
One first calculates the leptonic potential for the hadroni

C.. . . . .
motion by solving the leptonic eigenvalue problem Since the basis functiong are expressed in prolate spheroi-

dal coordinates both the volume element and the delta func-

HI®Py: = VIP(R) s, (6) tion must be accordingly transformed.
' ' With the aid of P(R) and x (R) the direct leptonic anni-
where the leptonic Hamiltonian !?-9 is given by hilation rate can be calculated according to EtR). The
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FIG. 1. The leptonic coalescence probability denstR) in FIG. 2. Contribution to the leptonic annihilation for different

atomic units(gasheci isz szhown_ together with the hadronic radial jnterhadronic distances, i.e., the product of the hadronic radial den-
density|fo(R)| =|in(R)| R? (solid, scaled to fit into plotfor a col- sity |Xk (R)[2R2=|f,(R)[2 and the leptonic coalescence densitR).

lision energy of 107 a.u. Shown is the result for a collision energy of 1G.u.

hadronic wave functiom in Eq.(8) is obtained numerically As an example, the hadronic radial density is shown for a
after performing a part|al wave decomposition, as described,|iisional energy =107 a.u. in Fig. 1. As is apparent from

in [5]. E oo
. g. (12), the direct leptonic annihilation rate depends on the
The leptonic coalescence dendR{R) has been evaluated product of the hadronic density arR(R). This product is

as a function of the internuclear distanRein the interval - .
. ; ; shown in Fig. 2. Clearly, the range witR<0.8 adds only a
0.8<R<8.0 using up to 908 basis functions The P(R) minor, though nonnegligible, part to the integral in E&2).

calculated this way goes to zero for largevalues(see Fig. According to the test calculation mentioned above we esti
1). This is expected since in the linfk the ground-state . o . .
). | P — grou mate this contribution to be on the order of 10%. This accu-

HH system dissociates into separatédls) and H(1s) at- 50y s sufficient for the purpose of this work, which is to

oms. In this case the electron and positron densities are Spgge 3 reliable order-of-magnitude estimate of the role of the

tially separated and do not overlap
In the limit R— 0 P(R) is simply given by the coalescence Isecpggglfngnnlhnanon channel in the hydrogen-antinydrogen

?ri':"sl% of Pc?usrlltcriosntgjtrg \L,Jvz'\?g tfrlleng)l(grl:C'ggoermogzatr@(%os" The result of the present calculation of the direct leptonic
=1/(8m) 9 annihilation rate is presented in Fig. 3. This figure shéovs

For smallR distances we might expect inaccuracies in logarithmic scalgthe cross section as a function of the

P(R) related to the limitation of the presently employed basis " T y T y T
functions to correctly represent positroniysj. An error of 10*
about 5% is found for the positronium energy. Usually, one

expects the error in the energy to be quadratic compared t(.— 10°F
the one of the wave function. Therefore, we might expect an

error of about 22% foP(R) at the distances where the posi- E 1_
tronium character of thélH wave function becomes domi- % 102
nant. This happens below the critical distanRg=0.74 S T
where thep-p pair does not bind the leptons; the latter can be § 14*
freed in form of positroniuni12]. Because of that, leptonic 8 -

coalescence densit?(R) has been smoothly extrapolated ~ 10°
from its value aR=0.8 a.u. to the correct positronium value

at R=0. The resulting?(R) is shown in Fig. 1. 10° . | . | . | .
The extrapolation procedure is justified if the final result 10" 108 10 10% 102
does not critically depend on the leptonic coalescence den g [a.u]

sity for R<0.8 a.u. Fortunately, the importance of this

range turns out to be small. Even if one disregards the inter- FIG. 3. The cross section for the leptonic annihilation in flight in
val R< 0.8 completely there is no more than a 7% differenceatomic units. Solid line: Ieptonlc annihilation for the triplet
between this result and the one obtained when using a cowellisions 0% =(3.5% 108)/\¢ @ (obtained with A%e=4.3
stant value of the integrand in E@L2) (e.g., its value aR x107° a. u) Dashed line: leptonic annihilation for the singlet col-
=0.8 a.u) for all R<0.8 a.u. The reason is the small prob- lisions 0% =(4.0x 109/ & (obtained with A%*=4.9
ability density of the hadronic scattering wave function in x 107 a.u). For comparison, the upper curydotted represents
this R range. the cross section fopp annihilation in flight,aPP=0.14N; ao.
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collisional energy. As one would expect, the cross section oPP APP |Xk_(o)|2yg0

increases for decreasing collision energies, since the leptons e | (3)|I2P(3) 2.1 =4.7x 10°.

have more time to interactand annihilatg In the low- o AT Xk

energy limit the cross section for leptonic annihilation showsgince y, (R) is considerably enhanced B0 (see Fig. 5 in
the behavior characteristic for inelastic collisions and ex-Ref. [5])'the p-p annihilation dominates oves*—e~ annihi-
pected from the Wigner's threshold law. The cross section igation. This estimate is confirmed by the full calculation. The
09¢=(4.0x105)/ g & for the singlet state ands®® cross section for the in flight annihilation of thee-e* pair

=(3.5x 10°9)/\¢ & for the triplet state. The inelasticity due according to Eq(1) has been found to be 3610° times

to leptonic annihilation induces an imaginary component insmaller than the corresponding crass section for praton-

: . . antiproton annihilation. Assuming the accuracy of the
the hydrogen-antihydrogen scattering length. This COmpof:)resent result to be about 10 %, a more precise calculation is

nent can be obtained 1‘;4#0;«9 and is 8, =1.4X 10%a  pot likely to change the basic conclusion of this work,
for the singlet ang3-=1.2X 10" g, for the triplet case, re- namely that direct leptonic annihilation in flight is a negli-

spectively. gible effect in hydrogen-antihydrogen scattering at low tem-
As seen from Fig. 3 the direct hadronic annihilation peratures.

(05‘9:0.14/\5; [3]) is about three orders of magnitude more  The leptonic annihilation is nevertheless observable in
likely than leptonic annihilation in flight in the entire range hydrogen-antihydrogen collisions. Its main appearance is,
of considered energies. This result appears counterintuitivBowever, due to indirect processes, namely the intermediate
in the sense that the annihilation reaction constant for pardormation of positronium as a consequence of rearrangement
positronium islarger than that for protonium(Ag,=1.69 cqlllsmns. In that case the leptons are I|ke_ly to annlh_|la_te
%107 a.u). However, at any interhadronic distanBethe with a certain time delay after hadronic annihilation. This is

leptonic coalescence density has to be weighted by the hadecause regardless the final state of positronium its lifetime
ronic probability density at that distance. Because of that'> longer than that of the most probable final state of proto-

e*-e” annihilation occurs mainly within the intervalR hium with N=23.

=1 a.u. aroundR=3 a.u.(see Fig. 2 with the probability This research has been variously supported by the Na-
proportional toP(R=3)|fo(R=3)|°AR, whereas the hadrons tional Science Foundation through grants to the Center for
annihilate basically aR=0 with the probability proportional  Ultracold Atoms and to the Institute for Theoretical Atomic
to |x,(R=0)[*Yqo (where the spherical harmoniy repre-  and Molecular Physics. We acknowledge the financial sup-
sents the angular part of the hadronic wave fungtidimne  port to P.F. and S.J. from the Swedish Research Council and
relative probability of the two processes should be thereforgo A.S. from the Stifterverband fuir die Deutsche Wissen-

roughly on the order of schaft
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