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The critical nuclear charge Z.. required to bind a nucleus plus two electrons in a heliumlike atom has
recently been an area of active study, resulting in a disagreement with earlier calculations and with the value
obtained from the radius of convergence 1/Z* of a 1/Z expansion of the energy. In order to resolve the
disagreement, have performed high-precision variational calculations in Hylleraas coordinates. With the
double basis set method, we have been able to obtain good convergence for Z very close to Z,., which
together with the Hellmann-Feynman theorem yields the value Z, = 0.91102822407725573(4),
corresponding to 1/Z, = 1.097 660 833 738 559 80(5). This value is in agreement with the value obtained
by Baker er al. [Phys. Rev. A 41, 1247 (1990)]. A significant feature of the results is that the outer electron
remains localized near the nucleus, even at Z = Z_, and the bound state evidently changes smoothly into a
shape resonance for Z < Z... A qualitative polarization potential is proposed to account for the resonance,

and the radial distribution function for the electron density is calculated.
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The critical nuclear charge Z,. is the minimum charge
required for an atomic system to have at least one bound
state. For Z < Z_., the ground state becomes unstable against
electron detachment. For real physical systems, Z can only
take on integer values, but there is great interest in studying
the analytic properties of the function E(Z), where E is
the ground state energy and Z is a continuously variable
parameter. At the outer fringes of stability near Z = Z,
electron correlation effects play a crucial role in stabilizing
the system, and from such studies one can learn about
correlation effects in real physical systems. The passage
from stability to instability can also be analyzed as a phase
transition, as was emphasized by Kais and Shi [1].

Since hydrogenic atoms always have an infinity of
Rydberg states, the simplest example is a heliumlike atom
consisting of a nucleus of charge Ze and two electrons in a
bound state. Z = 2 corresponds to neutral helium with an
infinity of bound states, and Z = 1 to H™ which, as was
proved by Hill [2,3], has only a single 15> 'S bound state
(the 2p? 3P state in the photodetachment continuum is also
bound [4]). As Z is further reduced below Z = 1, one
electron moves progressively further away until it becomes
unbound at the critical value Z, = 0.911. At this point, the
total nonrelativistic energy E(Z) of the two-electron system
is just the energy E(Z) = —Z?/2 atomic units (a.u.) of the
s core (assuming infinite nuclear mass). In constrast, the
excited states become unbound at Z = 1, as studied by
Katriel, Puchalski, and Pachucki [5].

Following early studies by Stillinger and co-workers
[6-8], Baker et al. [9] performed extensive variational
calculations to determine an accurate value for Z,, and its
relationship to the radius of convergence 1* = 1/Z* for the
1/Z expansion
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Their work and subsequent analysis of the perturbation series
by Ivanov [10] seemed to indicate that Z* = 0.911028,
and Z, = Z* to within the accuracy of the calculation.
However, recent calculations by Guevara and Turbiner [11]
yielded the smaller value Z. = 0.910850, in clear disag-
reement with Z*. In addition, Zamastil et al. [12] obtained
Z* =0.9021 from a new numerical analysis of only the
first 20 coefficients (out of 400) of the perturbation series
calculated by Baker et al. [9].

The purpose of the present work is to establish a
definitive value for Z, in order to resolve the existing
contradiction in the literature, and to study the physical
nature of the atomic system in the vicinity of Z.. The early
calculations by Stillinger [6—8] suggested that the system
may persist as a bound state in the continuum, even for
Z < Z.. However, this possibility has been questioned
by Reinhardt [13] in an analysis based on the complex
rotation method. Our results indicate that the outer
electron remains localized near the nucleus even for
Z =7, and that the system moves smoothly from a
bound state for Z > Z_ to a shape resonance just above
threshold for Z < Z,, in agreement with the analysis of
[14] and [15].

In order to explore the behavior of the system for
values of the nuclear charge Z very close to Z., we have
performed high-precision variational calculations in
Hylleraas coordinates to solve the Z-scaled Schrodinger
equation for a two-electron atom with infinite nuclear
mass
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where r; is the electronic distance for electron i and
ri2 = |[ry —r,|. The Z-scaled atomic unit of distance is
ay/Z, where a, is the Bohr radius, and E = E/Z°.

The multiple basis set method described by Drake
[16,17] was used for the present calculations. This method
has been used by Drake and co-workers to calculate
high-precision eigenvalues for He, H™, and Ps™ [18],
and especially the higher-lying Rydberg states [19]. In
the present work, calculations were performed in quadruple
precision arithmetic with double and triple basis sets, using
wave functions of the symmetrized form
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with ¢ = 2 for a double basis set and g = 3 for a triple basis
set. For fixed values of the nonlinear parameters a,, and f3,,,
we calculate the optimized linear parameters c; ;; by use
of the inverse iteration method to find the eigenvalues.
In addition, the energy is minimized with respect to all
four (for a double basis set) or six (for a triple basis set)
nonlinear parameters, the derivatives of the energy with
respect to these parameters being calculated analytically.
As a consequence of the optimization, the nonlinear
parameters separate naturally into blocks corresponding
to different length scales of the physical problem. For a
double basis set, for example, the parameters «; and S,
describe the asymptotic behavior of the first and second
electron respectively, while a, and f, describe the short-
range behavior of the first and second electron. This feature
allows one to track separately the behavior of each electron
at different distance scales, making the use of the multiple
basis set method especially suited to an investigation of
the critical nuclear charge problem where the length scales
for the two electrons are very different.

The ground-state energy of the system was calculated for
values of Z between 1 and 0.910 (Fig. 1). With a double
basis set, we set Q, = Q; with the additional truncation
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FIG. 1. Nonrelativistic atomic energy E (assuming infinite
nuclear mass) for different values of the nuclear charge Z.

i+j+k+]i—j £Qy+7 for p=2 (the short-range
sector). The convergence of the variational atomic
energy as a function of the number of terms in the basis
set degrades only slowly when the nuclear charge is
decreased. Extrapolation to an infinite basis set gives 16
significant digits at Z = 1 and 13 significant digits close to
the critical point. In addition, because the bound state gets
exceedingly close to the detachment threshold when the
nuclear charge approaches the critical value, basis sets
with increasing sizes are needed to see it. It was found that
a significant improvement in the rate of convergence could
be achieved with a smaller number of basis functions if a
triple basis set was used with Q, = Q; and Q3 = Q; — 8
(Fig. 2). The most accurate results close to the critical
point were obtained with triple basis sets containing up to
2276 terms (Table I).

The variational calculation giving an upper limit to the
true energy, the smallest value of Z at which the calculated
energy lies below the detachment threshold gives an upper
bound to the exact value of the critical charge Z,. It was
found by Baker et al. [9] that Z. < 0.911 03. As shown in
Table I we find Z,. < 0.911 0282240773, which is con-
sistent with [9], but more restrictive.

A better determination of Z,. can, in principle, be obtained
by extrapolation. In the work of Guevara and Turbiner [11], a
set of nine values of the atomic energy calculated to 12 digits
for values of Z between 0.95 and 1.35 was fitted to a Puiseux
series with half-integer powers of (Z —Z,) to yield Z, =
0.910850 (with no estimate of the uncertainty). The varia-
tional energies were calculated with the quasirandom
method described by Korobov [20], with wave functions
of the form >, ¢;exp(—a;ry — Birs — vir12), where the
nonlinear parameters «;, f;, and y; are chosen randomly from
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FIG. 2 (color online). Convergence behavior at Z = 0.911 028
2240773 for double (black circles) and triple (red squares) basis
sets containing N functions (E is the variational energy from a set
of N functions, E, the energy extrapolated to N = o).

173001-2



PRL 112, 173001 (2014)

PHYSICAL REVIEW LETTERS

week ending
2 MAY 2014

specified intervals. The authors mention that the calculation
could not be performed for Z < 0.95 due to a dramatic
decrease in the rate of convergence below this point.

We do reproduce this result if we use the same data set
and the same fit function, but we are also able to show that
the accuracy of the above extrapolation is rather poor.
Indeed, the multiple basis set method allows a much closer
approach to the critical point, with the benefit of a more
controlled extrapolation. A linear extrapolation using the
first six points in Table I (where a bound state still exists)
gives Z. = 0.911028 224 07725573(8). The uncertainty
was evaluated by predicting the value of Z at the sixth
point from a linear extrapolation using the other five
points. Including higher powers of Z does not improve
the accuracy. Another approach is to note that by the
Hellmann-Feynman theorem

where H is the Hamiltonian of the system, y the wave
function, and dv the volume element. Expression (4) can
be evaluated with the variational wave function calculated
at a given Z. At Z=0.9110282240773, we obtain
dE/d(1/Z) = 0.2451890639(1). This value agrees with
a direct evaluation of the slope from our data set, which
gives dE/d(1/Z) =0.2452(1), in agreement with the
value 0.245 obtained by Baker et al. [21]. Furthermore,
the use of a linear extrapolation close to the critical
point is substantiated by the Hellmann-Feynman theorem,
together with the proof by the Hoffmann-Ostenhof’s and
Simon [22] that the wave function remains square integrable
at the critical point, as was already pointed out by Baker
et al. [9]. A linear extrapolation with the value of the
slope obtained from the Hellmann-Feynman theorem
yields Z.=0.91102822407725573(4), or 1/Z.=
1.097 660 833 738 559 80(5), in agreement with the direct
linear extrapolation but with a slightly smaller error bar. This
is our final recommended value for Z,.

TABLE 1. Extrapolated nonrelativistic atomic energy FE
(assuming infinite nuclear mass) from a triple basis set including
up to 2276 terms for different values of the nuclear charge Z.

Z (a.u.) E/7Z? (a.u.)
0.911 0282240778 —0.500 000 000 000 16079(1)
0.911 0282240777 —0.500 000 000 000 13125(1)
0.911 0282240776 —0.500 000 000000 101 71(1)
0.911 0282240775 —0.500 000 000 000072 17(1)
0.911 028224077 4 —0.500 000 000 000 042 64(2)
0.911 0282240773 —0.500 000 000000013 08(1)
0.911 0282240772 —0.499 999 999 999 983 54(1)
0.911 028224077 1 —0.499 999 999 999 954 00(1)
0.911 028 2240770 —0.499 999 999 999 924 46(1)

Finally, we find that well-defined eigenvalues continue
to appear for Z < Z,, corresponding to positive energies
for the outer electron (Table I). Furthermore, the nonlinear
parameter f; describing the asymptotic behavior of the
outer electron does not tend to zero as Z — Z,., as would
happen if the outer electron would move to infinity at the
critical point. On the contrary, as shown in Fig. 3, 3, still
stabilizes to a well-defined value, independent of the size
of the basis set and of its structure (double or triple). The
fact that the outer electron remains characterized by a
finite length scale at the critical point indicates that the
wave function not only is square-integrable at this point, as
was proven by the Hoffmann-Ostenhof’s and Simon [22],
but also remains localized at a finite distance from the
nucleus.

These observations point to the existence of resonances
induced by the shape of the atomic potential. In a simplified
model, we consider the combination of a long-range
Coulomb repulsion of the form —(Z —1)/r and a short-
range attraction due to the polarization of the core,
corresponding to a charge-dipole interaction of the form
—ay/r* (where a, is the dipole polarizability, with
ay =9/(2Z*) for a hydrogenic ion [23]), resulting in
the potential
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Strictly speaking, the polarization model does not apply to
an S state, due to the divergence of the 1/r* operator in this
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FIG. 3 (color online). Inverse nonlinear parameter r as a
function of the nuclear charge Z for 0.910 < Z < 1 (0.910 is
the smallest value of Z at which g, still stabilizes to a well-
defined value).
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FIG. 4 (color online). Variation of the model potential V(r)
from Eq. (5) with Z = 0.9. Also shown is the electron density
p15(r) for a hydrogenic s electron (red dotted line), and the
change in electron density Ap(r) = 2p(r) — p;,(r) (red solid
line) due to the second electron (at Z = Z,).

case. However, when this model potential is evaluated at
Z = 0.9 (Fig. 4), it does exhibit a potential well with a peak
around 5 a.u., in qualitative agreement with the distance
scale found by the variational calculation (Fig. 3). Hence,
we believe that this model potential supports the claim that
for Z < Z, the system exhibits shape resonances just above
threshold.

To further elucidate the electronic structure near the
critical nuclear charge, we have calculated the radial
electron density distribution function

0 rit+ry

p(r)dry = ”ldrl/ Vzdrz/ rlzd”12|1l/(r1,r2,”12)|2
0 [r—1,|

(6)

at Z=2Z,., such that [°p(ri)dr; =1 is the complete
three-dimensional normalization integral over both elec-
trons. The results are included in Fig. 4. To show directly
the effect of the outer electron on the density distribution,
the quantity plotted is

Ap(r) =2p(r) — pi,(7), (7

where p(r)dr = r*dr|2e~"|* is the radial density distri-
bution in Z-scaled atomic units for a hydrogenic 1s electron.
Both curves are plotted in the figure for comparison. Since
2p(r) = p1,(r) for r < 1, the two terms nearly cancel in (7)
and so Ap(r) is very small near the nucleus. One might
intuitively expect that Ap(r) - 0 for all r as Z - Z,,
corresponding to the outer electron moving out to infinite
distance and becoming unbound, while leaving behind a
hydrogenic 1s electron. The actual curve is profoundly
different, with Ap(r) remaining localized behind the poten-
tial barrier formed by the combined effect of the long-range
Coulomb repulsion and short-range polarization attraction,
as shown in the figure. The exponential decrease is con-
sistent with Eq. (19) of Ref. [9]. For Z < Z_, the quasibound
particle can tunnel through the barrier and escape to produce
a shape resonance in the elastic scattering cross section.

To conclude, we have shown that the multiple basis set
method is especially suited to an investigation of the
critical nuclear charge problem for two-electron atoms.
From high-precision variational calculations with triple
basis sets, together with the Hellmann-Feynman theorem,
we obtain Z. = 0.911028224 077 25573(4) which is by
far the most accurate value in the literature. It confirms the
value found by Baker er al. [9] but excludes the value
obtained by Guevara and Turbiner [11]. We also observe
the transition of the system from a bound state to a shape
resonance as the nuclear charge goes through the critical
point. A simplified model potential is proposed to explain
the formation of these resonances. A more detailed study
of the structure of the variational wave function at and
below the critical point, and the inclusion of mass polari-
zation effects, should shed more light on the physical
nature of the system in this region of parameter space. In
addition, we now plan a new calculation of the coefficients
of the 1/Z expansion.
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Note added in proof.—We have recently learned that
Schwartz [24] has obtained a value for Z. that agrees with
ours to 12 significant figures.

*gdrake@uwindsor.ca
[1] S. Kais and Q. Shi, Phys. Rev. A 62, 060502 (2000).
[2] R.N. Hill, Phys. Rev. Lett. 38, 643 (1977).
[3] R.N. Hill, J. Math. Phys. 18, 2316 (1977).
[4] G. W.E. Drake, Phys. Rev. Lett. 24, 126 (1970).
[5] J. Katriel, M. Puchalski, and K. Pachucki, Phys. Rev. A 86,
042508 (2012).
[6] F. H. Stillinger and D. K. Stillinger, Phys. Rev. A 10, 1109
(1974).
[7]1 F.H. Stillinger and T. A. Weber, Phys. Rev. A 10, 1122
(1974).
[8] F. H. Stillinger, J. Chem. Phys. 45, 3623 (1966).
[9] J.D. Baker, D.E. Freund, R.N. Hill, and J. D. Morgan,
Phys. Rev. A 41, 1247 (1990).
[10] L. A. Ivanov, Phys. Rev. A 51, 1080 (1995).
[11] N.L. Guevara and A. V. Turbiner, Phys. Rev. A 84, 064501
(2011).
[12] J. Zamastil, J. Cizek, L. Skala, and M. Simanek, Phys. Rev.
A 81, 032118 (2010).
[13] W.P. Reinhardt, Phys. Rev. A 15, 802 (1977).
[14] A.V. Sergeev and S. Kais, Int. J. Quantum Chem. 82, 255
(2001).
[15] J. Dubau and 1. A. Ivanov, J. Phys. B 31, 3335 (1998).
[16] G. W.F. Drake and A.J. Makowski, J. Opt. Soc. Am. B 5,
2207 (1988).
[17] G. W.F. Drake, Long-Range Casimir Forces: Theory and
Recent Experiments on Atomic Systems (Plenum, New York,
1993).

173001-4


http://dx.doi.org/10.1103/PhysRevA.62.060502
http://dx.doi.org/10.1103/PhysRevLett.38.643
http://dx.doi.org/10.1063/1.523241
http://dx.doi.org/10.1103/PhysRevLett.24.126
http://dx.doi.org/10.1103/PhysRevA.86.042508
http://dx.doi.org/10.1103/PhysRevA.86.042508
http://dx.doi.org/10.1103/PhysRevA.10.1109
http://dx.doi.org/10.1103/PhysRevA.10.1109
http://dx.doi.org/10.1103/PhysRevA.10.1122
http://dx.doi.org/10.1103/PhysRevA.10.1122
http://dx.doi.org/10.1063/1.1727380
http://dx.doi.org/10.1103/PhysRevA.41.1247
http://dx.doi.org/10.1103/PhysRevA.51.1080
http://dx.doi.org/10.1103/PhysRevA.84.064501
http://dx.doi.org/10.1103/PhysRevA.84.064501
http://dx.doi.org/10.1103/PhysRevA.81.032118
http://dx.doi.org/10.1103/PhysRevA.81.032118
http://dx.doi.org/10.1103/PhysRevA.15.802
http://dx.doi.org/10.1002/qua.1047
http://dx.doi.org/10.1002/qua.1047
http://dx.doi.org/10.1088/0953-4075/31/15/007
http://dx.doi.org/10.1364/JOSAB.5.002207
http://dx.doi.org/10.1364/JOSAB.5.002207

PRL 112, 173001 (2014) PHYSICAL REVIEW LETTERS ek ending

2 MAY 2014
[18] G. W.F. Drake, M. M. Cassar, and R. A. Nistor, Phys. Rev. between successive entries in Table II; J.D. Morgan,
A 65, 054501 (2002). (private communication).
[19] G. W. F. Drake and Z.-C. Yan, Phys. Rev. A 46, 2378 (1992). [22] M. Hoffmann-Ostenhof, T. Hoffmann-Ostenhof, and
[20] V.I. Korobov, Phys. Rev. A 61, 064503 (2000). B. Simon, J. Phys. A 16, 1125 (1983).
[21] The value 0.235 in Eq. (44) of Ref. [9] is a typographical [23] G. W.F. Drake, Adv. At. Mol. Opt. Phys. 31, 1 (1993).
error for 0.245, as one can see by calculating differences [24] C. Schwartz, (private communication).

173001-5


http://dx.doi.org/10.1103/PhysRevA.65.054501
http://dx.doi.org/10.1103/PhysRevA.65.054501
http://dx.doi.org/10.1103/PhysRevA.46.2378
http://dx.doi.org/10.1103/PhysRevA.61.064503
http://dx.doi.org/10.1088/0305-4470/16/6/007
http://dx.doi.org/10.1016/S1049-250X(08)60087-7

