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Hyperfine transitions in ultracold hydrogen-antihydrogen collisions
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We consider the hyperfine transitions in ultracold collisions of hydrogen (H) and antihydrogen (ﬁ) atoms.
The cross sections for transitions between various spin states are calculated. We show that hyperfine transitions
in H-H collisions are basically driven by the strong force between proton and antiproton.
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I. INTRODUCTION

The synthesis of low-energy antihydrogen atoms [1,2] and
the on-going experiments on their trapping [3,4] have stimu-
lated interest in the interaction of antiatoms with ordinary
matter [5-12].

In the present work we investigate hyperfine transitions in
hydrogen-antihydrogen collisions. We find that the main
source of such transitions is the strong force, whereas the
leptonic contribution is negligibly small. This is in contrast
to spin exchange in atom-atom collisions (see [13,14], and
references therein) where the strong-force effects are usually
negligible. We show that the long-range van der Waals inter-
action between atoms and antiatoms greatly enhances the
strong-force effects. The standard model extension theories
indicate that the hyperfine structure of antihydrogen should
be rather sensitive to possible CPT violation [15], which
motivates projects of spectroscopic measurements of that
structure [16]. Studies of cross sections for spin exchange
might provide another, collisional way to compare the hyper-
fine structures of hydrogen and antihydrogen. We show that
possible differences could be inferred from the trends in en-
ergy dependence of the cross sections.

II. FORMALISM

The spin state of the colliding H-H system can be de-
scribed in terms of 16 spin basis vectors. The basis set which
conserves spin of (pp) and (ee) pairs will be denoted
1S5 M(p.5)+S(e.2)»M 0. z)) and will be called as the S repre-
sentation. The asymptotic Hamiltonian that describes the
separated H and H atoms is diagonal in the basis with given
(pe) and (pe) spins Fyy and F, respectively. Such basis set
will be denoted |Fy, My, Fg,Mp) and will be called the F
representation. We follow the usual notation for the hyperfine
states of the H atom, i.e., |[Fy=0,My=0)=a, |Fy=1,My
=-1)=b, |Fy=1,My=0)=c, and |Fy=1,My=1)=d. The
corresponding spin states of H are denoted &, E, ¢, and d. The
colliding H-H system is described by the four-body Hamil-
tonian,

H=H, + 2 W,(S,r,), (1)

where I:I,,, is the nonrelativistic spin-independent Hamil-
tonian which includes kinetic energy and Coulomb interac-
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tion energy of all particles. Wa(sa,ra) are the spin-dependent
pair interactions for the particle-pair «= pp, pe, pe, pe, pe,
or ee, arising from the account of lowest-order relativistic
corrections to the nonrelativistic Hamiltonian.

As pointed out in [6,7,17-19], the rearrangement transi-
tions to protonium (Pn) and positronium (Ps) occur mainly at
internuclear distances smaller than the rearrangement radius
R,=1 a.u.. For internuclear distances above R, the adiabatic
approximation, leading to separation of leptonic and had-
ronic motion, is well justified. This allows the description of
ultralow energy H—-H scattering within the one-channel
model based on the nonrelativistic Hamiltonian [17,18]

Hnr = Tkin + Vapt + Vad(R) . (2)
The above Hamiltonian describes the interatomic motion in a

fixed adiabatic leptonic state, f"km is the operator of kinetic
energy of internuclear motion, V,,(R) is the adiabatic poten-

tial in a given leptonic state, and \A/op, is the effective com-
plex potential that accounts for inelastic rearrangement [ 18].

In the following we will discuss the ultralow energy col-
lisions of H and H in the ground leptonic state. We will use
the adiabatic interaction potential V,_,(R) obtained in Ref.
[20]. We note that V,4(R) is independent of the leptonic spin
state. Hence, the spin-exchange transitions in H-H colli-
sions can occur only when the (relativistic) spin-dependent

terms VAVa(sa,ra) are taken into account. This is in contrast to
the case of HH, where due to the Pauli principle the adiabatic
potential is different in singlet and triplet electronic states, so
that the main contribution to spin transition rates comes from
the effective spin dependence of the nonrelativistic adiabatic
potential, while the explicitly spin-dependent interaction ap-
pears as a perturbation. We will show that the spin-exchange
reactions in H—H collisions are particularly sensitive to the
spin-dependent strong force between proton and antiproton.

For (pe) and (p2) spin-dependent pair interactions W, we
adopt the effective form [13]

- a

Wiep).@p) = aHF(Se,E' ip,ﬁ) = %(FQ -3/2), (3)
where ay=2.157X 1077 a.u. is the hyperfine constant, Sez
is the electron (positron) spin, i, ; is the proton (antiproton)
spin, and F=s+i is the total spin of the (pe) or (pe) pair. The
above interaction correctly reproduces the ground-state hy-
perfine splitting of separated H and H atoms.
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The influence of the VAV@@ or W(pg) terms is expected to be
small due to the Coulomb repulsion that prevents the in-
volved particles from approaching each other. These terms
are neglected in our Rapid Communication.

The spin-dependent interaction W(eg) is responsible for the
fine structure and annihilation in positronium [21]. Here we
use

W(eE) = aob‘(rPs)ﬁO + al C%rPs)ﬁl 5 (4)

where a’=-4.3Xx10"*-i4.9x 10 a.u. and a'=3.3x 107
—i4.3X 107 a.u. are the singlet and triplet interaction con-
stants and  Py=|Sp,;=0,0)(Sp,=0,0| and P,=3,[Sp
=1,M)Sp,=1,M| are the projection operators on the sub-
space of singlet or triplet states of positronium. The above
effective form of interaction conserves spin (as required by
the CP invariance of Ps) and correctly reproduces the energy
shift and annihilation lifetimes of parapositronium and ortho-
positronium.

The leading contribution to the interaction W(,,,;) is given
by the strong force, localized within R<<R ;=1 fm. Its influ-
ence on H—H scattering can be accounted for through the
imposition of strong-force boundary condition on the wave
function of interhadronic motion F(R), at distances R;<<R
<R, [22]. Such a boundary condition is equivalent to the
action of the zero-range pseudopotential [23]:

L2 d
Vo= @i aiﬁl)ﬁ(R)<£R>, (5)

where M stands for the reduced mass of pp, 7, are the
projection operators on the subspaces of singlet and triplet
protonium states, and a';' are the S state, strong-force scat-
tering lengths a®=(1.73-i1.24) X 10~ a.u. and a! =(1.55
—-i0.94) X 107> a.u. We use the model predictions [24],
which take into account the full set of existing NN data [25].

To proceed with the calculation of spin-exchange rates
within the effective adiabatic model one needs to find the
contribution of all spin-dependent terms in Eq. (1) to the
effective internuclear interaction. We will accommodate
these terms to the first order of perturbation theory. To do so
we need to average the spin-dependent interactions that de-
pend on leptonic coordinates over the unperturbed leptonic
wave function ¥, ;(R,r,,r;) (calculated without the account
of spin-dependent interactions). Such averaging will involve
only the (ee) interaction [Eq. (4)]

‘/}ee(R)=f |\I,e,E(R7re7rE)|2WeEdredrE’ (6)
VeelR) = A(R)(apPy + @) Py). (7)

We use the values of coalescence probability A(R)
=|W,(R,r,=r;)|* from Ref. [11].

The scattering state vector |¢) is a superposition of basis
spin states:

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 80, 010502(R) (2009)
)= 2 F(R)|w):  w=FuMy,Fg.Mpg. (8)
o

The R-dependent expansion coefficients play role of had-
ronic wave functions of HH in a given spin state of four
particles. These wave functions can be found from the solu-
tion of the coupled equation system:

> (W|H-EWFR),,=0, 7=12,..,16. (9
y3

Here F (R) s, is @ 16X 16 solution matrix whose first index
labels the outgoing channel, second index labels the incom-
ing channel, ', u, and # stand for the sets of spin quantum
numbers Fy, My, Fg, Mzg.

We utilize the fact that, for interatomic distances R
~1 a.u. and below, the characteristic values of the local
adiabatic potential are much greater than the hyperfine split-
ting. At these distances, the hyperfine terms may be ne-
glected in solution (9) even at the zero-energy limit. The
equation  system can be  decoupled in the
|S(p,ﬁ)’M(p,ﬁ)’S(e,a’M(e,E)> representation. The uncoupled so-
lutions F,, ,(R) are subject to the following boundary condi-
tions at the rearrangement radius R=R, [26]:

[ﬁ’(Rr)ﬁ_l(Rr)]M,#’ = 5M,M’p(Rr)COt[5+ 6‘:((-[7;7)]’ (10)

where p(R,)=V2MV_4R,) is a classical local momentum
given at the internuclear separation R,. The phase shift &
takes into account the effect of the optical and adiabatic po-
tentials accumulated at distances below R,. The account of
strong forces is achieved by adding to the phase shift & the
spin-dependent strong-force phase shift é‘f L(,”ﬁ>=—27TMafL(,”’7>
[26]. The additivity of phases is explained by vanishing con-
tribution of the optical potential to the phase shift at dis-
tances R<R,, a characteristic for strong forces. The phase
shift & is calculated using the model nonlocal optical poten-
tial [26] and is taken to be §=0.7+i0.3.

Boundary condition (10) for the (decoupled) equation sys-
tem is suitable in the S representation. The equivalent bound-

ary condition for the asymptotically correct solution & in the
F representation can be obtained by means of a unitary trans-

formation U= <S(p",;) M5>Sz Mg | Fy, My, Fg, M)
[14] and becomes ®'(R,)D~'(R,)=U*F'(R,)F ' (R,)U. The
solution matrix 613, in which now the hyperfine energy split-
ting is taken into account, satisfies the equation system:

2

-1d A I
{(ﬁﬁ+vad(R)—E>I+U+V(eE)U+Q](I)(R)=O,
(11)

where 7 is an identity matrix and Qisa diagonal (16X 16)
hyperfine energy matrix which gives the threshold energies
(0, ayp or 2ayyp) in channels with different combinations of
quantum numbers Fy and Fg.

The solution matrix obtained in this way gives access to
the S matrix (and so far to the cross sections) of interest.
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FIG. 1. (Color online) The spin-exchange cross-sections o,z ,4q
(solid line), 07,z (dashed line), and o.;_, 7 (dotted line).

III. RESULTS AND DISCUSSION

We present three types of typical behavior of spin-
exchange cross sections as function of collision energy. The
results for spin-exchange cross sections o,z _.,z and Oz .2
and o.;_,4; are shown on Fig. 1.

According to the CPT invariance the energies of the da

and ad states are equal and so the reaction da— ad takes
place even in the limit of vanishing collision energy, E—0.
In that limit the cross section tends to constant value,
O yaaa(E)—0.01 a.u.? (solid line on Fig. 1). The spin aver-
aged elastic cross section is much larger o,,=466 a.u. [26].

Reaction da— cd can only occur above the threshold energy
0 jasca=apr (see Fig. 1, dashed line). The cross sections for
conjugated reactions are the same so that o,z .;=0 .74z

The inverse reaction cd— da is exothermic (the released en-
ergy is ayp or 2ayy) so it behaves like 1/v, where v is the
incident channel velocity. Such behavior is presented by dot-
ted line on Fig. 1. We mention that the violation of CPT
invariance, if it were to come about, would manifest itself in
the radical change in the spin-exchange cross sections. In
particular, the energy difference between hyperfine levels of
H and H (induced by the CPT violation) would result in the
appearance of new reaction thresholds. Consequently, the

cross sections of reactions da = ad would demonstrate the
above mentioned (v and 1/v) threshold behavior, instead of
tending to the established constant value in the limit £—0.

For the increasing collisional energies, i.e., in the case E
> ayp, all spin-exchange cross sections tend to the same
limit. In such a case the hyperfine splitting can be neglected
even in the asymptotic states. Therefore the S matrix is di-
agonal in S representation. This suggests that the contribu-
tion of the (ee) spin-dependent potential [Eq. (7)] is negli-
gible. Indeed we found that the scattering lengths aq
=5.665-i2.216 a.u. and a;;=5.677-i2.216 a.u. in the
states |S,;=1,5,;=0) and [S,5=1,S,;=1) are almost identi-
cal to the scattering length a;=5.666—-i2.216 a.u. calculated
without inclusion of the potential [Eq. (7)]. Thus we come to
the conclusion that the rate of spin exchange in H-H colli-
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sions is determined by the pp strong interaction. To demon-
strate the sensitivity of the spin-exchange cross sections to
the strong forces we calculated the mentioned cross sections
for another set of Coulomb corrected pp strong-force scatter-

ing lengths obtained in earlier NN potential models [27,28]
a® =(1.07-i1.45) X107 au. and  al.=(1.68-i1.06)
X 107 a.u.. The corresponding cross sections turned to be
approximately four times greater, in particular,
(E—0)—0.04 a.u.?

The short-range character of strong forces enables the fac-
torization of nuclear and atomic interactions. At short dis-
tances, where spin transitions take place, the energy differ-
ence between various hyperfine states can be neglected.

Oda—ad

Using the explicit form of the transformation matrix U and
the zero-range pseudopotential [Eq. (5)], one can get the
transition amplitude between different spin states in the dis-
torted wave approximation:

1

faﬁ— ”\If"*(O)*lf“(O) (12)

Here ‘Ifo (R) is the wave function (calculated without taking
into account the strong interaction) corresponding to the ini-
tial (final) spin state « (B). Since the higher partial wave
functions tend to zero at the origin, the spin exchange cross
section is then

2
_§|asr sc| |\I,0 0)\1,0
I’a

Oup= (13)

where p, g is the channel momentum. Introducing the
S-wave Jost function ¥ L0)=1/f,(p,), taking into account
its near-threshold relation to the HH scattering length a,
f1(p) —f(0)exp(=ip,a) [29], and exploiting small differ-
ence (ayp) between energy in spin states « and B, one ob-
tains

] 0
sc

2f1(0)

Numerical calculations [17,26] give a=5.2—il1.8 a.u. and
1/]f,(0)[?=29 067. In the case p,=pg. the cross section in
the zero-energy limit tends to the constant value: oy
=ml(al,—a’)/2f3(0)>. For collision energies below
107 a.u. formula (14) obtained in the distorted wave ap-
proximation is accurate within few percent with the results of
our coupled channel numerical calculation [Eq. (11)].

2

“Lexpl2 Im a(p,+pp)] (14)

3

O'aﬁz’ﬂ'

In case of the exothermic reaction (such as cd—da or

bd— aa) there is an energy excess in the final channel:
AEg=nayp and n=1,2. It follows from Eq. (14) that the
cross sections for such reactions behave like d,,/v in the limit
E—0, with d,= (\ZMnaHF/M)exp(2 Im a\2Mnayg)oy.

The cross sections of inverse reactions (da— cd or aa— bd)
show a characteristic threshold behavior of type
pd,/N2Mnayy. For increasing energies E> ayp all spin-
exchange cross sections tend to the same limit. Within the
zero-range potential model of strong forces, this limit is
given by o=exp(4 Im ap)oy,.
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The remarkable feature of the obtained results is the fac-
torization of the spin-dependent strong-force effect and the
long-range atomic interaction [Eq. (14)]. While the first ap-
pears through the difference of singlet and triplet strong-
force scattering lengths, the second is given by the Jost func-
tion for the interatomic motion of the H—H pair. This later
factor [|1/f,(0)[*] strongly enhances (approximately 10°
times) the effect of strong forces, due to focusing of the flux
of p—p toward each other by the attractive adiabatic poten-
tial V,,, whose long range is determined by the tail of the van
der Waals interaction.

IV. CONCLUSIONS

In conclusion we found that spin-exchange transitions in
H-H collisions are caused mainly by the strong force. This
mechanism of spin exchange is a unique feature of atom-
antiatom interaction, without counterpart in atom-atom colli-
sions. The corresponding transition amplitudes are propor-
tional to the difference between singlet and triplet strong-
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force scattering lengths, but the cross sections have the
molecular scale due to the large enhancement of the strong-
force effect; this enhancement (approximately 10°) originates
from the presence of the long-range atom-antiatom interac-
tion. This opens the perspective to study strong force effects
in HH spin-exchange collisions. The energy behavior of the
spin-exchange cross sections turns out to be sensitive to the
difference between hyperfine energy levels in H and H
(which might occur due to CPT violation). If such a viola-
tion takes place the threshold behavior of the spin-exchange
cross sections is radically different in comparison to the CPT
invariant case. This suggests alternative experimental way of
comparing H and H hyperfine structures.

ACKNOWLEDGMENTS

We would like to acknowledge the support from the
Swedish Research Council, the Wenner-Gren Foundations,
and the Royal Swedish Academy of Sciences. One of the
authors (A.Yu.V.) would like to thank E. Shulgina for very
useful discussions.

[1] G. Gabrielse et al., Phys. Rev. Lett. 89, 233401 (2002).
[2] M. Amoretti et al., Nature (London) 419, 456 (2002).
[3] G. Gabrielse et al., Phys. Rev. Lett. 100, 113001 (2008).
[4] G. B. Andresen et al., J. Phys. B 41, 011001 (2008).
[5] P. Froelich, Adv. Quantum Chem. 41, 185 (2002), and refer-
ences therein.
[6] P. Froelich, S. Jonsell, A. Saenz, B. Zygelman, and A. Dal-
garno, Phys. Rev. Lett. 84, 4577 (2000).
[7]1 S. Jonsell, A. Saenz, P. Froelich, B. Zygelman, and A. Dal-
garno, Phys. Rev. A 64, 052712 (2001).
[8] A. Voronin and J. Carbonell, Nucl. Phys. A. 689, 529 (2001).
[9] E. Armour and C. W. Chamberlain, J. Phys. B 35, 1489
(2002).
[10] P. K. Sinha, P. Chaudhuri, and A. S. Ghosh, J. Phys. B 67,
052509 (2003).
[11] P. Froelich et al., Phys. Rev. A 70, 022509 (2004).
[12] E. Armour, Y. Lin, and A. Vigier, J. Phys. B 38, L47 (2005).
[13] H. T. C. Stoof, J. M. V. A. Koelman, and B. J. Verhaar, Phys.
Rev. B 38, 4688 (1988).
[14] B. Zygelman, A. Dalgarno, M. J. Jamieson, and P. C. Stancil,
Phys. Rev. A 67, 042715 (2003).
[15] R. Bluhm, V. A. Kostelecky, and N. Russell, Phys. Rev. Lett.
82, 2254 (1999).
[16] E. Widmann and B. Juhasz, Hyperfine Interact. 172, 107
(2006).
[17] A. Voronin and J. Carbonell, Nucl. Instrum. Methods Phys.

Res. B 214, 139 (2004).

[18] B. Zygelman, A. Saenz, P. Froelich, and S. Jonsell, Phys. Rev.
A 69, 042715 (2004).

[19] E. A. G. Armour, C. W. Chamberlain, Y. Liu, and G. D. R.
Martin, Nucl. Instrum. Methods Phys. Res. B 221, 1 (2004).

[20] K. Strasburger, J. Phys. B 37, 4483 (2004).

[21] V. B. Berestetskii, L. P. Pitaevskii, and E. M. Lifshitz, Quan-
tum Electrodynamics: Landau and Lifshitz Course of Theoret-
ical Physics V4 (Butterworth-Heinemann, Oxford, 1982).

[22] S. Jonsell, A. Saenz, P. Froelich, B. Zygelman, and A. Dal-
garno, Can. J. Phys. 83, 435 (2005).

[23] Yu. N. Demkov and V. N. Ostrovskii, Zero-Range Potentials
and Their Applications in Atomic Physics (Plenum Press, New
York, 1988).

[24] B. El-Bennich, M. Lacombe, B. Loiseau, and S. Wycech, Phys.
Rev. C 79, 054001 (2009).

[25] E. Klempt, F. Bradamante, A. Martin, and J.-M. Richard, Phys.
Rep. 368, 119 (2002).

[26] A. Y. Voronin and P. Froelich, Phys. Rev. A 77, 022505
(2008).

[27] M. Kohno and W. Weise, Nucl. Phys. A. 454, 429 (1986).

[28] J. Carbonell, J.-M. Richard, and S. Wycech, Z. Phys. A 343,
325 (1992).

[29] R. G. Newton, Scattering Theory of Waves and Particles
(Springer-Verlag, New York, 1982).

010502-4



