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SECOND BOUND STATE FOR THE HYDROGEN NEGATIVE ION*
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It is frequently stated that the 1s%!S state is the only bound state of H™, although
Holdien estimated that the 2p%°P state may also be bound. We show by a variational
calculation that the 2p2°P state is definitely bound below the 7 =2 threshold of hydrogen.

The best eigenvalue obtained is —0.125350 a.u.

The hydrogen negative ion (H™) accounts for
most of the long-wavelength continuous absorp-
tion in the solar atmosphere, while the reverse
process of radiative attachment contributes to
the continuous emission spectrum of high-cur-
rent arc discharges (for reviews, see Brans-
comb!'?), It is often stated that the 1s*'S ground
state is the only bound state of H™, although
Holdien® estimated by a semiempirical proce-
dure that the 2p2°P state may also be bound by
not more than 0.004 eV. We report in this Let-
ter that the 2p?°P state of H™ is definitely bound
below the n =2 excitation threshold and is one of
the few firmly established bound excited states
of negative ions. The problem is of theoretical
interest because the hydrogen-atom core poten-
tial is asymptotically non-Coulombic and can
support at most a finite number of bound states.*

The 2p23P state of helium has long been recog-
nized as a bound state imbedded in the autoioniz-
ing continuum and has been produced through
electron impact by Burrow and Schulz.® The au-
toionization process is forbidden within the LS-
coupling approximation because there is no over-
lapping continuum below the »n =2 threshold of the
correct angular momentum and parity. The

Table I. H™ 2p% 3P 22-term variational energy for
various values of the scale factor 3.

E
B (a.u.)
0.45 —0.1248335
0.40 —0.1249943
0.30 —-0.1252329
0.22 —0.1253216
0.20 -0.1253310
0.18 —-0.1253341
0.16 —-0.1253266
0.14 —0.1252981
0.10 ~0.1250816
0.05 —-0.1248720
0.02 -0,1249780
B—0 ~0.1250000
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2p2°P state of H™ is similarly bound provided
that it lies below the n =2 threshold at E =—%
a.u. A variational upper bound on the energy
was obtained as follows.

The nonrelativistic Schr&dinger equation for
H™ is

HY =E ¥, (1)
where

H=-3V2=3V,2=1/r,=1/r,+1/r,,.

A variational approximation to ¥(2p%3P) was con-
structed by expansion in a correlated basis set
of the form
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and P,, indicates the interchange of electrons 1
and 2. The integers 7,j, and 2 were chosen such
thati=1, j=1, =0, and i +j+k <N. The linear
coefficients a;;, were determined by solution of
the secular problem, the scale factor o was set
equal to its hydrogenic value 0.5, and 8 was ad-
justed to minimize the energy.

The energy is given as a function of 8 for the
22-term basis set in Table I. The energy clear-
ly passes through a minimum in the neighbor-
hood of 8=0.18 and eventually tends to —% a.u.
as B —-0. The apparent variational eigenvalue of
an unbound state of H™ typically approaches -1/
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(27?) a.u. from above, as 8- 0, without exhibit-
ing a minimum. The optimized energies are giv-
en for three basis sets in Table II. The lowest
eigenvalue, £ =-0,125350 a.u., is an upper bound
and lies distinctly below the » =2 threshold of hy-
drogen. The corresponding lower bound on the
electron affinity is 0.0095 eV, which is a factor
of 2.3 larger than the semiempirical estimate of
Holdien.?

The optimum value of 3=0.18 is suprisingly
large and indicates that the state is more com-
pact than one might expect. The root-mean-
square radius [(r,2+7,2)|*/? is 20.3 a.u., which is
less than that of an np 2P hydrogen atom in the »
=4 level. The state is not too large to exist even
in relatively dense plasmas and may thus be ob-
servable,

The 2p%3P state of H™ may exist in significant
quantities in the solar atmosphere. It can be
formed by the radiative attachment of an elec-
tron to a hydrogen atom or by collisional excita-
tion from the ground state of H~. Once formed,
the 2p?3P state can radiate either into the 1skp °P
continuum or to the 2s2p 3P autoionizing state
with a lifetime of about 10”77 sec. Taking the po-
sition and width of the 2s2p 3P resonance to be
9.740 and 0.0006 eV, respectively,® the 2p%3P-
2s2p 3P transition occurs at 3670 cm ™! with a
width of about 50 cm ™2,

A similar calculation for the 2p3p !P state did
not produce a bound state in H~. No other excit-
ed bound states are known to exist if one excludes

Table II. H™ 2p” 3P variational energies.

E
No. of terms (a.u.)
22 —0.1253341
35 -0.1253395
50 —-0.1253504

autoionizing states. Results for the positions and
radiative lifetimes of the 2p*3P and 2p3p *P
states of the remainder of the helium isoelec-
tronic sequence will be presented in a forthcom-
ing publication.
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Angular correlations between K and L x rays in Pb were measured. The angular cor-
relation functions for the K-L , and K-L g cascades were found to be W (6) =1 + (4.13 +0.36)
xlO'ZPZ(cose) and W (6) =1+ (1.22 +0.42) x10'2P2(cos0), respectively. These results
are in relatively good agreement with theoretical predictions only when the small ad-
mixtures of magnetic quadrupole radiation in the x-ray transitions are taken into ac-

count.

Allowed atomic x-ray transitions are generally
considered to proceed by purely electric dipole
radiation and the contributions to these transi-
tions of radiations of higher multipolarity are
usually overlooked. To the best knowledge of the

author no such contributions have ever been ex-
perimentally demonstrated. However, the con-
tribution of magnetic quadrupole radiation to the
atomic x-ray transitions increases relative to
the electric dipole contribution with increasing
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