


TABLE IV: Results of CI calculations for the 1S° state of LiPs for a series of J, with fixed Linty = 3. The 3-body energy of the
system, relative to the energy of the Li™ core, is denoted by E (in hartree). The threshold for binding is -0.19273850 hartree,
and e gives the binding energy (in hartree) against dissociation into Ps(2p) + Li(2p). The core annihilation rate in units of
s™! is given in the I'. column. The numbers in square brackets indicate powers of 10. Other aspects of the table design are

identical to those of III.

J n Ner E € (re) (rp) I,

1 20 4200 —0.17291946 —0.01981904 6.86606 12.84274 4.5441[4]
2 40 16400 —0.18449498 —0.00824351 6.75226 11.69309 6.5727[4]
3 60 45000 —0.18828973 —0.00444877 6.89326 11.50143 6.5611[4]
4 80 85000 —0.19007657 —0.00266192 7.04675 11.56062 6.1767[4]
5 100 129200 —0.19107655 —0.00166195 7.18989 11.69580 5.7955[4]
6 120 177200 —0.19169133 —0.00104717 7.32070 11.85451 5.4761[4]
7 140 225200 —0.19209300 —0.00064550 7.43986 12.01755 5.2173[4]
8 160 273200 —0.19236789 —0.00037061 7.54860 12.17700 5.0080[4]
9 180 321200 —0.19256282 —0.00017568 7.64806 12.32954 4.8376[4]
10 200 369200 —0.19270505 —0.00003345 7.73914 12.47367 4.6972[4]
11 220 417200 —0.19281127 0.00007278 7.82273 12.60906 4.5806[4]

J — oo extrapolations

1-term eq. (5) —0.19300706 0.000268567 7.97681 12.85861 4.3656[4]
2-term eq. (5) —0.19310120 0.000362688 8.09858 13.06361 4.2226]4]
3-term eq. (5) —0.19315143 0.000412934 8.19533 13.23002 4.1331[4]
4-term eq. (5) —0.19318032 0.000441825 8.27254 13.36466 4.0698[4]

are coupled to zero, the next two electrons are in the
I3 = Iy = 1 orbits (with the total angular momentum
coupled to 1) and their spins are coupled to 1. Finally,
the positron is placed in an Iy = 1 orbit and the total
orbital angular momentum is coupled to 1.

The threshold for binding is the Li(2p) (E =
—7.4101565 hartree [51]) plus the Ps(2p) energy. So the
energy threshold for an absolute variational proof of bind-
ing is at —7.4726565 hartree. The energy and expectation
values of the SVM LiPs wave functions are listed in Table
II. The best variational energy was —7.472871 hartree,
equivalent to a binding energy of 2.15 x 10~* hartree.
The energy optimization was not fully completed and the
binding energy of the CI calculation is probably more re-
liable. The primary purpose of the SVM calculation was
to give an absolute proof that the unnatural parity state
of LiPs was electronically stable.

D. NaPs

The calculations upon NaPs were very similar in scope
and scale to those carried out upon LiPs. About the only
difference was that an extra ¢ = 1 orbital was added to
the electron basis.

The energies of the Na(3s) and Na(3p) states in
the model potential were —0.18885491 and —0.11156287
hartree. The experimental binding energies are
—0.188858 and —0.111547 hartree respectively [52].
Electronic stability requires a total 3-body energy of

—0.17406287 hartree and the binding energy ey is de-
fined as e; = —((E) + 0.17406287). The energy of the
3P¢ excited state of Na™ is —0.11342529 hartree, i.e the
Na(3p) has an electron affinity of 0.002262 hartree with
respect to attaching an electron to the 3P¢ state. This is
reasonably close to the original value of Norcross, 0.00228
hartree [49].
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FIG. 5: The binding energy of the 2*S° state of NaPs as a
function of J. The directly calculated binding energy is shown
as the solid line while the J — oo limits using eq. (5) with
1, 2 or 3 terms are shown as the dashed lines. The Na(3p) +
Ps(2p) dissociation threshold is shown as the horizontal solid
line.



TABLE V: The energy of the 2*S° state of NaPs as a function of .J. Energies are given relative to that of the Na™ core while
the threshold for binding is —0.17406287 hartree. The column n_ gives the total number of occupied electron orbitals, while
n4+ gives the number of positron orbitals. Other aspects of the table design are identical to those of IV.

J n_ ny Necr E € (re) (rp) I,
1 21 20 4620 —0.15378569 —0.02027718 7.74287 13.88608 1.4441[5]
2 41 40 17220 —0.16614255 —0.00792032 7.58513 12.48950 2.2339[5]
3 61 60 46220 —0.17033251 —0.00373035 7.71039 12.16854 2.2948[5]
4 81 80 86620 —0.17231600 —0.00174687 7.85240 12.16161 2.1849[5]
5 101 100 131220 —0.17341763 —0.00064523 7.98365 12.25289 2.0625[5]
6 121 120 179620 —0.17408661 0.00002375 8.10085 12.37548 1.9577[5]
7 141 140 228020 —0.17451658 0.00045371 8.20440 12.50450 1.8733[5]
8 161 160 276420 —0.17480552 0.00074266 8.29583 12.62983 1.806015]
9 181 180 324820 —0.17500636 0.00094349 8.37645 12.74713 1.752315]
10 201 200 373220 —0.17514972 0.00108685 8.44734 12.85449 1.7093[5]
J — oo extrapolations
1-term eq. (5) —0.17538587 0.00132300 8.56412 13.03133 1.63839[5]
2-term eq. (5) —0.17549381 0.00143094 8.65082 13.17118 1.59424[5]
3-term eq. (5) —0.17554787 0.00148500 8.71500 13.27807 1.56638[5]
4-term eq. (5) —0.17557663 0.00151376 8.76225 13.35833 1.54841[5]
Table V gives the energies and radial expectation val- 25
ues as a function of J while figure 5 shows the variation
of 5 as a function of J. Once again the three and four
term extrapolations seem to be converging to a common — 2.0 T
energy. In this case the J — oo correction increases the 83)
binding energy by about 40 % from 10.87 x 10~ hartree E 15 4 i
to 15.14 x 10~% hartree. The binding energy of the NaPs e
unnatural parity state is about twice as large as that of s}
PsH. 210 T
The annihilation rate with the core electrons was 5,
Teore &~ 1.5 x 10° 57! is small. Although this is 3 times ® 05 i
larger than I'core for LiPs, in absolute terms the annihi-
lation rate is still small.
0.0

E. KPs

The calculations upon KPs were very similar in scope
and scale to those carried out upon LiPs. About the only
difference was that an extra ¢ = 1 orbital was added to
the electron basis.

The energies of the K(4s) and K(4p) states in
the model potential were —0.159520 and —0.10018265
hartree. The experimental binding energies are
—0.159516 and —0.100176 hartree respectively [52].
Electronic stability requires a total 3-body energy of
—0.16268265 hartree and the binding energy ¢z is defined
as £7 = —((E) +0.16268265). The energy of the 3P ex-
cited state of K~ is —0.104498 hartree, i.e the K(4p) has
an electron affinity of 0.004322 hartree with respect to
attaching an electron to the 3P¢ state. This is close to
the original value of Norcross, 0.00437 hartree [49].

Table VI gives the energies and radial expectation val-
ues as a function of J while figure 6 shows the variation of

FIG. 6: The binding energy of the %S° state of KPs as a
function of J. The directly calculated binding energy is shown
as the solid line while the J — oo limits using eq. (5) are
shown as the dashed lines. The K(4p) + Ps(2p) dissociation
threshold is shown as the horizontal solid line. lines.

€00 as a function of J. The three and four term extrapola-
tions seem to be converging to a common energy. In this
case the J — oo corrections increase the binding energy
by about 20% from 17.36 x 10~ hartree to 21.80 x 10~*
hartree. The KPs system has the largest binding energy
of all the systems considered in this paper.



TABLE VI: The energy of the 2S° states of KPs as a function of J. The threshold for binding is —0.16268265 hartree and
and the energies are given relative to that of the Kt core. Other aspects of the table design are identical to those of Table V.

J n_ ny Ncr E € (re) (rp) I

1 21 20 4620 -0.14168301 -0.02099965 8.49503 14.71924 3.4488[5]
2 41 40 17220 -0.15457885 -0.00810380 8.29108 13.13410 5.4508[5]
3 61 60 46220 -0.15914469 -0.00353796 8.39896 12.70578 5.7120[5]
4 81 80 86620 -0.16132591 -0.00135675 8.53370 12.64979 5.4824[5]
5 101 100 131220 -0.16253700 -0.00014566 8.66023 12.71399 5.1917[5]
6 121 120 179620 -0.16326995 0.00058729 8.77291 12.81839 4.9358]5]
7 141 140 228020 -0.16373804 0.00105538 8.87154 12.93315 4.728015]
8 161 160 276420 -0.16405038 0.00136772 8.95749 13.04566 4.5629[5]
9 181 180 324820 -0.16426580 0.00158314 9.03227 13.15085 4.4319[5]
10 201 200 373220 -0.16441830 0.00173564 9.09676 13.24589 4.3282]5]

J — oo extrapolations

1-term eq. (5) —0.16466950 0.00198684 9.20300 13.40245 4.1575[5]
2-term eq. (5) —0.16478114 0.00209848 9.27933 13.52387 4.0541[5]
3-term eq. (5) —0.16483516 0.00215250 9.33339 13.61318 3.992415]
4-term eq. (5) —0.16486273 0.00218008 9.37076 13.67636 3.9562]5]

V. SUMMARY

A number of PsX systems (X = H, Li, Na and K) are
seen to have electronically stable 24S° complexes that
are stable against auto-ionization, and in addition these
states only decay slowly by positron annihilation. All the
particles in these effectively four-body complexes are in
a relative P-state with respect to each other. The most
unusual of the systems is LiPs since the 2#S° states are
of Borromean type. The sequence of calculations suggest
that there would also exist unnatural parity 2#S° com-
plexes of RbPs and CsPs; and most likely they would
have binding energies larger than KPs.

Due to their low binding energies, these systems can
be expected to have a structure composed of an Ps(2p)
cluster loosely bound to an atomic X(np) excited state.
This has been confirmed by the correlation functions for
PsH which were computed using the SVM.

Although these complexes are electronically stable and
decay very slowly by electron-positron annihilation there
are other decay processes that act to shorten the lifetime.
These complexes can emit a photon, decaying to a state
of 24P¢ symmetry. For example, a Ps(np) fragment in
the complex can emit a photon decaying to a Ps(1s) type
fragment. The Ps(1s) fragment could then annihilate by
the 2v or 3y process. In addition, the resulting 2*P°
state could also decay by auto-ionization. The lifetime
of these states can be expected to be comparable to the
lifetime of the fragments against single photon decay, e.g.
X(2p) — X(1s). So the overall lifetimes of the states can
be expected to be of order 1078 - 10~ seconds.

It is unlikely that any of these complexes will be iden-
tified in the laboratory in the near future. The formation
of positronic compounds is known to be notoriously dif-
ficult [53]. That these states are unnatural parity states
compounds the difficulty since such states are not readily
formed in normal collision systems. For example, the 3P°
ion states [21-23, 49] that could serve as suitable parents
have never been identified in the laboratory.

Besides the PsH and APs systems, there are other re-
lated physical systems that could have unnatural parity
bound states. For example, there is the possible exis-
tence of a new bi-exciton excited state [54]. While the
Ps™ ion might not have a stable 3P state, it is known
that the (M ™, e™, e™) ion is stable for Mt /m, < 0.4047
and M™T/m, > 16.8 [47, 48]. Tt could be expected that
a bi-exciton state, (e~,e”,h, h), with 13°S° symmetry
would be electronically stable when the mass ratios make
the P¢ state of the charged exciton (e~,e”,h) stable.
The system might also exhibit Borromean binding, there
might be a bound bi-exciton state even though neither
of the 3P¢ (e~,e™,h) or (e~ ,h,h) states was stable.
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