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Consideringp, d, andf attachments to the 4f136s2 J= 7
2 ground state of TmI, we find no evidence for bound

Tm− states. A survey of possible weak attachments to excited TmI states, however, suggests three long lived
states created by 6p attachment to the 4f125d6s2 J= 15

2 , 17
2 excited states. Calculated binding energies for these

states are 254 meV for theJ=8 state relative to its 4f125d6s2 J= 15
2 threshold and 258 and 173 meV relative to

theJ= 17
2 threshold forJ=9 andJ=10, respectively. These highJ 4f125d6s26p states have open decay channels

only to 4f136s2 J= 7
2 , 5

2 and 4f125d6s2 J= 9
2, resulting in emitted electrons of symmetryeg, eh, and ei. The

lifetimes for these long livedJ=8,9,10states are estimated to be 9.8ms, 0.9 ms, and 6.6 ms, respectively.
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I. INTRODUCTION

Recently Davis and Thompson have observed two long
lived s.56 msd states of Tm− with electron affinities(EA)
,1.0 eV [1]. Existing theoretical studies, admittedly rough,
of 6p attachment to the ground state predict an EA
,110 meV [2], and a 4f attachment was estimated to be
unbound by 7.9 eV[3]. An early observation estimated the
EA to be approximately 34 meV[4].

Except for the two leftmost lanthanides, La[5] and Ce
[6], and the rightmost lanthanide, Lu[7], no modern result
suggests ground state EAs exceeding 150 meV[4,8–10], and
bound excited states of lanthanide anions are terra incognita.
A recent extensive review of anions has been made by
Andersen[11]. Thus the Davis and Thompson results[1] are
so far unique. In this study, we took a more accurate look at
6p and 4f attachment to the ground state, and also provided
an estimate for 5d attachment. We found no convincing evi-
dence that direct attachment to the ground state of TmI of p,
d, or f electrons was possible.

We then decided to investigate the possibility that these
Tm− states[1] might correspond to attachment(s) to an ex-
cited state of the TmI atom. A crucial property of such a
candidate would be its lifetime, which would have to exceed
56 ms [1] in order to be observed. It is likely that the most
rapid decay mechanism would be that of relativistic autoion-
ization. Accurate calculation would be particularly challeng-
ing since the relativistic methodology is incomplete[12] for
ions of this complexity. For example, neither a fully auto-
mated treatment of nonorthonormality(NON) nor a satisfac-
tory treatment of open channel coupling is currently avail-
able. The candidate(s) would also have to be sufficiently well
bound to an appropriate atomic threshold to yield EAs con-
sistent with what is observed[1].

Our prime interest is in the lowest lying excited atomic
configurations and their higherJ states, as these should pro-
duce the fewest number of open channels and/or increase the
minimum azimuthal quantum number of the ejected electron,
thereby increasing the lifetime. Existing spectra[13] suggest
the odd parity configurations 4f135d6s, 4f126s26p, and
4f125d6s6p as candidates. Even parity candidates include
4f125d6s2 and 4f136s6p. Possible highJ thresholds[13] from

these configurations are shown in Fig. 1. The odd parity
atomic states lie above 20 000 cm−1 and the even parity ones
above 13 000 cm−1, so Tm− 4f136s2e, channels are always
open. Note that the critical level in the spectrum is the
4f125d6s2 J= 15

2 level at 15 271 cm−1 [13]. In order to be
long lived, attachments to higher levels would likely require
high enough binding energies to lie below this level, other-
wise the open channel to thisJ= 15

2 level would allow an
ejecteded, ep, or evenes electron.

Our experience with negative ions suggests that attach-
ments are more likely into already occupied subshells and
also yield larger EAs, e.g., attaching a 6p into 6pn sn,6d.
Computationally, it is also easier to replaced or f attachment
to a given level with ans or p attachment to a different level,
providing both yield the same configuration. An attached
electron of higher azimuthal symmetry requires a more com-
plete treatment of the core electrons, which we would prefer
to avoid. Illustrations of these points may be found else-
where[6].

II. METHODOLOGY

For lifetime calculations, we separate the wave function
into two orthogonal parts—the localized portionsFd, which
decays asymptotically and the open channel portion,UisEd,
which is asymptotically sinusoidal. The relativistic method-
ology [12] is an extension of the nonrelativistic methodology
of Fano [14]. For 4f125d6s26p states considered here, the
open channels are formed by attaching a continuum electron
to one of the three neutral atom thresholds: 4f136s2 J= 7

2 , 5
2 or

4f125d6s2 J= 9
2, see Fig. 1. Orthogonality is imposed between

the parts by orbital restrictions, i.e.,f4f136s2g7/2,5/2 v, j and

f4f125d6s2g9/2 v,̄ j are excluded from the localized portion of
the wave function.

The autoionization width for one open channel is given by

Gsid = 2pukFuHDB − EuUisEdlu2, s1d

where the resonance energyE is found from
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E − EsFd = o
i

PVE de
ukFuHDB − EuUisedlu2

sE − ed
s2d

and the autoionization lifetimet is given by

tssd =
2.41893 10−17

oi
Gsid

. s3d

In these formula,EsFd is the localized energykFuHDBuFl,
whereHDB is the Dirac-Breit Hamiltonian, and the integral in
(2) is a principal-valued one.

The methodology[12,14] calls for the Uised to be or-
thogonal, not to interact with each other, and to be energy
normalized. Within a single open channel, these conditions
are satisfactorily met, by use of the frozen core approxima-
tion. The wave function is generated by a modified version
of the continuum wave function solver(CONTWVSA) of
Pergeret al. [16,17] which has recently been improved[16].

The new version is now “stand alone,” i.e., it can accept
either Desclaux[15] or GRASP[18] input for the bound core
radial functions, evaluate magnetic Breit radial integrals
(needed for the autoionization width), and converge for high
,, low e cases. The algorithm still lacks the ability to deal
with a multi-configurational core[16]. In the case of the
f4f125d6s2g9/2e,̄ j calculations we have avoided this problem
(there are 12 possible eigenvectors) by using the one eigen-
vector dominanting the TmI threshold, 4f5/2

6 4f7/2
6 5d3/26s1/2

2

(coefficient of,0.888).
Our localized calculations begin with the generation of

one electron wave functions using Desclaux’s multi-
configurational Dirac-Fock(MCDF) code [15]. These DF
functions are combined into determinantal many electron
wave functions. The basis members of our relativistic
configuration-interaction(RCI) calculations are linear com-
binations of these determinants, created as eigenstates ofJ2,
Jz, and parity. Correlation consists primarily of single and
double excitations with respect to the DF configuration, with
some second order triple and quadruple excitations added to
correlate a few important first order configurations(see Sec.
III C for more details).

Excitations into subshells that are unoccupied in the DF
configuration(s) include one electron “virtual” orbitals, de-

notedv, sv,̄d for even(odd) functions throughout this dis-
cussion. These virtual orbitals are relativistic screened hydro-
genic orbitals, whose effective charges,Zp’s, are chosen
through an energy minimization process. Such virtual orbit-
als represent the unoccupied Rydberg series and continuum
orbitals of the same symmetry, and in this case we find two
sets of virtuals sufficient to saturate the radial space, i.e.,
vd+vd8.6d+7d+8d+¯ +ed.

Calculations of EAs require equal treatment of both nega-
tive ion states and the corresponding neutral threshold with
regard to excitations that are present in both species as well
as careful attention to exclusion effects that occur in only one
of the states. For example, when treating the 6p attachment
to a TmI 4f125d6s2 state it is essential to include the same
amount of correlation to 5d6s pair excitations both with re-
gard to symmetry of virtuals(e.g., 5d6s→vsvp+vpvd
+vdvf +vfvg) and saturation of virtuals(e.g., 5d6s→vpvd
+vpvd8+vp8vd+vp8vd8). In the same example excitations
into the 6p subshell(singly occupied in the negative ion state
only), such as 6s2→6pvp, favor the neutral threshold and
tend to decrease the binding of the Tm− 4f125d6s26p state.
Conversely,s5d+6sd6p pair excitations and 6p single exci-
tations are present only in the negative ion state and thus
serve to increase the binding energy of the system. For this
study we treat the Tm− 4f125d6s26p J=8 state as a 6p1/2

attachment to its natural TmI 4f125d6s2 J= 15
2 threshold, di-

rectly comparing energies of the two states with equivalent
correlation as described above. The Tm− 4f125d6s26p J
=9,10states are then positioned by comparing energies rela-
tive to the Tm− J=8 level. The placement of these levels(see
Fig. 1) determines the energy used for the continuum func-
tion for each available channel.

An inclusive, automated code[19] that internally gener-
ates the necessary atomic structure and evaluates the matrix
elements ofG in (1) using full NON is in intermediate stages

FIG. 1. Potential highJ Tm I thresholds. The levels on the right
are the three long-lived Tm− states discussed in Sec. III C. Energies
[6] relative to the TmI ground state are given in cm−1.
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of development by our group, so several alternative auxiliary
codes needed to be prepared for this project. Our approach is
to break the matrix elements up by configuration, separately
calculating the interaction of one(nonrelativistic) configura-
tion in the bra and one in the ket. The data are prepared as a
mock RCI calculation, e.g., for the calculation ofJ=10
k4f125d6s26puH u4f136s2ei13/2l we prepare a two configura-
tion input file, and a modified version of the mainRCI code
[20] was created to suppress printing of matrix elements that
do not contain one basis member from the bras4f125d6s26pd
and one from the kets4f136s2eid.

Changes also needed to be made in the modified version
of the RCI code in the preparation of the necessaryRk inte-
grals which arise from the expansion of the two electron
Coulomb operator, 1 /r12, in terms ofr1 and r2:

Rksa,buc,dd =E
0

` E
0

`

fPa
ps1dPcs1d + Qa

ps1dQcs1dg
r,

k

r.
k+1

3 fPb
ps2dPds2d + Qb

ps2dQds2dgdr1dr2. s4d

These integrals are initially prepared such that the arguments
a andb are subshells from the bra, andc andd are from the
ket. In the case that the bra and ket differ by two electrons(
a, b, c, andd all represent different nonrelativistic subshells),
the application of the symmetry relationRksa,buc,dd
=Rksb,aud,cd is the only simplification possible to reduce
the number of stored integrals, and it does not disturb this
convention. However, when the bra and ket(nonrelativistic)
configurations differ by one electron, other symmetry rela-
tions, such asRksa,buc,dd=Rksc,dua,bd, may also reduce
the number of integrals but break the convention that the first
two arguments come from the bra. The modified code must
then suppress the symmetry reductions, so that there is
no ambiguity as to the origin of radial functions in evalua-
tion of the matrix elements in(1). For example, in
the J=10 f4f136s2g7/2ei13/2 channel, the evaluation of
k4f125d6s26puH u4f126s26peil would result in the un-

modified code treating R4s4f5/2,5d5/2u4f̂7/2,ei13/2d and

R4s4f7/2,5d5/2u4f̂5/2,ei13/2d (the “hat” indicating a radial
function taken from the TmI calculation) as equivalent,
which is clearly not the case when dealing with two nonor-
thonormal sets of radial functions.

A second code was prepared to partially treat NON, while
reading RCI coefficients from the EA calculation RCI wave
functions. For each pair of basis members(bra and ket) the
coefficient of eachRk integral is multiplied by their coeffi-
cients from the earlier RCI calculation as well as a NON
coefficient containing the overlap integrals of their common
subshells. For example, an integral of the form

c0R
ks6s1/2,6p3/2u4f̂7/2,ei13/2d in the matrix element between

4f5/2
6 4f7/2

6 5d5/26s1/2
2 6p3/2 and 4f̂5/2

6 4f̂7/2
7 5d̂5/26ŝ1/2ei13/2 would

be passed to the next stage of the calculation with a new
coefficient,cbracketcNONc0, wherecbra is taken from the Tm−

4f125d6s26p J=10 calculation,cket is taken from the TmI

4f136s2 J= 7
2 calculation, andcNON is a product of the overlap

integrals of the core orbitals,k4f5/2u4f̂5/2l6, k4f7/2u4f̂7/2l6,

k5d5/2u5d̂5/2l, andk6s1/2u6ŝ1/2l. The above approach is not a

full treatment of NON, as we only account for overlaps with

corresponding orbitals, i.e.,k6su6ŝl is accounted for, but

kvsu6ŝl is still assumed zero, so the matrix elements

k4f125d6s6pvsuH u4f̂135d̂6ŝei13/2l are effectively set to zero
(the basis functions are triple excitations with respect to one
another if the DF radials are treated as equivalent). Similarly,
we ignore rotation of radials of the same symmetry, e.g.,
replacement of the above integral with one of the form

Rks5s1/2,6p3/2u4f̂7/2,ei13/2d and k6su6ŝl with k6su5ŝl. Since

both kvsu6ŝl s,0.005d and k6su5ŝl s,0.020d are much

smaller thank6su6ŝl s,0.995d, we assume that such errors
introduced by partial treatment of NON are small compared
to other difficulties discussed in Sec. III C.

The Rk integrals are evaluated using a recently improved
version of the continuum integral solver(CIS) code of Perger
et al. [21,22]. The final bit of preparation of integrals in-
volves collecting coefficients that appear for the sameRk

integral. For a typical calculation of the contribution of two
configurations, there may be several hundred basis functions
in either the bra or the ket. Though not every pair of basis
functions within those two nonrelativistic configurations pro-
ducesRk integrals, those that do often duplicate integrals that
appear in other pairs. To speed up the process of our final
evaluations we first sum over the coefficients produced as
described above so that for a given pair of bra/ket configu-
rations, eachRk integral is only evaluated once. The savings
can be a factor of 20 or greater, and many of the evaluations
over these pairs of configurations could take 2 h or more on
our 500 MHz Alpha Workstation without it.

III. RESULTS

A. Ground state attachments

Chevary and Vosko’s[2] estimated EA for the 4f136s26p
J=3 state is 110 meV with an estimated uncertainty of
54 meV, using Dirac-Hartree-Fock(DHF) density functional
theory. They were unable to obtain a DHF solution for Tm−,
instead extrapolating this portion of the EA from the closest
Z (69.1) for which they were able to obtain a solution. Cor-
relation effects were treated using density functional theory.

We have managed to generate a DHF solution for Tm−

sZ=69.0d by using a multi-configurational approach for
4f13s6s+5dd26p+4f136p3. Inclusion of the 6s→5d excita-
tion is particularly important in generating a converged solu-
tion for many anion states. We then proceeded to include
single and double valence excitations intos, p, d, and f vir-
tuals. Each virtual was represented by a single RSH, except
for the p symmetry which had three virtuals. For the atomic
threshold state we only included 4f13s6s+5dd2 and 4f136p2

configurations. At this stage, the Tm− is unbound by
48 meV. Since the anion is overcorrelated, at least at the
valence stage, compared to the atom, we inferred that it was
not likely that the anion would be substantially bound if a
more thorough treatment were done, so calculation efforts
ceased. The results should be regarded as inconclusive re-
garding whether a shape resonance exists.
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Our 1993 RCI study of a possible 4f attachment to the
Tm I ground state predicted this level to be unbound by
7.9 eV [3]. This study only included the differential contri-
butions to the EA from pair excitations from the 4f subshell.
Virtual symmetries from,=0 to 6 were included withvd2,
vf2, andvg2 the main contributors to the EA.

In this work, we include the “cross pairs”s4f ,3d+4s
+4p+4d+5s+5p+6sd which contribute to the EA an esti-
mated 111, 45, 168, 693, 139, 582, and 11 meV, respectively.
This means we now predict the 4f attachment to be unbound
by ,6.2 eV. Our estimate is obtained by computing these
pair effects for Tm− and scaling them by1

14 to approximate
their effect on the EA[3,23]. Use of this scale factor pre-
sumes there is little change in the radials in going from the
anion to atom. Since we have ignored the effects of single
symmetry changing excitations and exclusion effects
sn,n8,8→4fv,9d in the atom, which will only increase the
unboundedness, we see no evidence that a 4f attachment is
bound. A possible 5d attachment to the atomic ground state
is discussed in Sec. III B.

B. Excited state survey

So far, only He−, Be−, Ar−, and Ba− have been found to
have long liveds.0.26msd excited states[24]. Of these, Ba−

is potentially the most interesting in the present instance, as
the state is 5d6s6p s4Fd J= 9

2. The decay is only into the
ground state 6s2eh continuum by means of the Breit opera-
tor. The decay time has been estimated to be in the range
1–5ms[24,25]. If the 4fn electrons in the transition metal
atom were to be essentially inactive, and the valence elec-
trons were coupled as in Ba−, one might hope to produce a
long lived excited state. On the other hand, aJ= 9

2 valence
electron coupling requires that both the 5d and 6p electrons
have their maximumj ’s (5

2 and 3
2, respectively) and these two

are likely less bound than their “partners” 5d3/2 and 6p1/2.
DHF calculation on the 4f135d6s6p 5I J=8 state using Des-
claux’s program[15] fails to converge, i.e., the 5d5/2 eigen-
value approaches zero forZ,69.05. Anion states normally
converge, when they do, by using somewhat higherZ con-
verged radial functions as input. Approaching the anionZ,
changes inZ in the range 0.02–0.05 are typical for conver-
gence of consecutive solutions.

Continuing with the odd parity atomic thresholds, a 6s
attachment to 4f135d6s calculated as 4f13s5d3/2+6sd3 fails to
converge forJ=2 or J=5 for Z,69.4. This also suggests
that a 5d attachment to the ground state is unbound. The
same inference can be drawn(for 5d and 6p attachment to
the ground state) sinces attachments to ground state configu-
rations have EAs in the range of 0.5–1.3 eV[24], with the
higher end associated with transition metal atoms. For the 5d
and 6p ground state TmI possible attachments, the relevant
excited state TmI thresholds(for s attachment) lie .2.0 eV
above the TmI ground state, which considerably exceeds the
known 6s attachment range[24].

C. Three long-lived excited states

As presented in Fig. 1 we find from our EA calculations
three candidates for long lived attachments to highJ Tm I

excited thresholds. These are 6p attachments to the two
closely spacedJ= 15

2 and J= 17
2 4f125d6s2 thresholds. The

4f125d6s2 J=8 andJ=10 states are clearly a 6p1/2 attach-
ment toJ= 15

2 and a 6p3/2 attachment toJ= 17
2 , respectively.

Analysis of coefficients of basis members in theJ=9 calcu-
lation indicate that it is predominantly a 6p1/2 attachment to
4f125d6s2 J= 17

2 , but there is approximately 35% mixing with
basis members representing a 6p3/2 attachment toJ= 15

2 . As
mentioned in Sec. I, all three lie below theJ= 15

2 threshold
(J=8 bound by 254 meV to theJ= 15

2 threshold andJ
=9,10 bound to theJ= 17

2 threshold by 258 and 173 meV,
respectively), which allows only high azimuthal quantum
number ejected electrons in thef4f136s2g7/2,5/2e, j and

f4f125d6s2g9/2e,̄ j channels.
As mentioned in Sec. II, correlation in the ket is deter-

mined from the TmI calculation. For example, in calculating
the J=10 matrix elementk4f125d26s6puH u4f135d6seil, the
basis members of the ket are created by restricting the con-
tinuum function toei13/2 and theJ of the 4f135d6s subgroup
to 7

2. Careful treatment of the data preparation ensures that
each basis member off4f135d6sg7/2ei has a one to one cor-
respondence(properly ordered) with each basis member of
the 4f135d6s configuration in theJ= 7

2 calculation, which
supplies the RCI coefficients.

RCI correlation includes all single and double excitations
out of the 5d6s26p sTm−d, 5d6s2 (Tm I J= 9

2),
and 6s2 (Tm I J= 7

2 , 5
2) subgroups as well as 4f6s pair exci-

tations in the 4f136s2 calculations(configurations with 4f13

and 4f11 subgroups in the 4f125d6s26p and 4f125d6s2 calcu-
lations were found to have negligible correlation effects).
Additional second order effects were included in the form of
added correlation to the important configurations resulting
from 6s→5d and 6s2→6p2 (typical mixing of 1.0% to
3.5%) in each species, e.g., the 4f125d6s26p calculations in-

clude configurations of the form 4f125d2v,v,̄, 4f125d3v,̄,

4f126p2v,v,̄, and 4f126p3v,.
Contributions to the autoionization width of each impor-

tant decay channel are presented in Tables I and II. The
dominant decay channel for each 4f125d6s26p Tm− state is to
f4f136s2g7/2e,,+1/2 (with minimum , to make the totalJ
=8,9,10). For J=8,10 this is the only channel with a con-
tinuum function of this symmetry. ForJ=9 two other chan-
nels with the same, are available,f4f136s2g5/2ei13/2 and
f4f136s2g7/2ei11/2. The former is several orders of magnitude
slower (see effective lifetime in Table I) than the dominant
channel, while the latter is of the same order. ForJ=8,10
the corresponding channels require,8=,+2, i.e.,
f4f136s2g5/2e,,8±1/2

8 andf4f136s2g7/2e,,8±1/2
8 . Intermediate cal-

culations(not shown in Table I) suggest these channels of
higher symmetry are five to six orders of magnitude slower
than the dominantf4f136s2g7/2e,,+1/2 channel. As shown in

Table II, f4f125d6s2g9/2e,̄,̄+1/2 s,̄=,−1d channels are ap-
proximately 50–100 times slower than the corresponding
f4f136s2g7/2e,,+1/2 channels. As in the decay to the TmI odd
levels, an additional channel is available forJ=9, i.e.,

f4f125d6s2g9/2e,̄,̄−1/2 seh9/2d, which is,10 times slower than
the dominant(ground state) channel. The channels presented
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in Table II are slower than thef4f136s2g7/2e,,+1/2 ground
state channels with higher, due to the much smaller value of
e in the continuum function(see energy differences in Fig.
1). For comparison, an auxiliary calculation was made for
J=10 for which theeh11/2 energy was adjusted to match the
ei13/2 function in the calculation of the ground state channel.
The effective lifetime of this(nonphysical) calculation is ap-
proximately three orders of magnitude smaller than the cal-
culation with the correct energy.

As an illustration of the effects of NON in these calcula-
tions, we performed several auxiliary calculations that ne-
glect the partial NON treatment as discussed in Sec. II. Typi-
cal values for the overlap integrals are.0.99 for the core,
4f, and 6s subshells, 0.90–0.99 for 5d, and 0.85–0.95 for
the 6p subshell; i.e.,cNON varies from,0.80 to,0.97, de-
pending on which subshells the bra and ket have in common.
Cancellation of contributions decreases this effect, i.e., the
autoionization width is not simply reduced bycNON, but the
effect is not negligible. For example, thekDF uH uDFl con-
tribution of thef4f136s2g7/2eg9/2 J=8 autoionization width is
,6.9% larger with the omission of the partial NON treat-
ment, suggesting that this correction affects the effective life-
time of a given channel by 10% –15%.

For purposes of analysis, we break down contributions to
autoionization widths in terms of bra and ket configurations.
The largest(in terms of RCI coefficients) configurations for

each calculation involve those configurations that represent
excitation into the DF radial functions, i.e., those that do not
contain virtual functions. These are collected as “DF” in
Tables I and II, and other configurations are collected by
type. We include in our calculations all matrix elements with
these DF configurations in the either the bra or ket(or both),
except where described below. This approach assumes that
matrix elements with small coefficient configurations in both
the bra and ket will be small with respect to the above con-
tributions (the proposed automated code would not make
such an approximation).

While the amount of cancellation from the DF to the total
correlated autoionization width is large(nearly an order of
magnitude in thef4f136s2g7/2eg9/2 J=8 case), much of it is
due to saturation of the basis set. Configurations representing
single excitations from the DF configuration can be consid-
ered as providing corrections to the DF one electron radial
functions. For example, in thef4f136s2g7/2eg9/2 J=8 calcula-
tion we could collect the contributions with regard to
“pseudo-configurations” with the bra configurations
4f125d6s26p, 4f12vd6s26p, and 4f125d6s2vp grouped to-
gether, greatly reducing the apparent cancellation of some of
the largest contributions in Table I(the 4435.83, −1122.59,
and −2164.30 entries are dominated by these configurations,
and such a reorganization would effectively add these to-
gether to one contribution of,1150). Even so, we note that
there is still a great deal of contribution to thisJ=8 calcula-

TABLE I. Tm− 4f125d6s26p J=8,9,10 contributions to 4f136s2e, autoionization widths. Entries markedkDFu include 4f12s5d
+6sd36p and 4f12s5d+6sd6p3; uDFl includes 4f13s5d+6sd2e,, 4f136p2e,, 4f12s5d+6sd26pe,, and 4f126p3e,; andk2Ousu2Old includes second
order configurations, triple and quadruple excitations with respect to 4f125d6s26p s4f136s2e,d. Energies are presented in units of 10−9 a.u.

J=8 J=9 J=9 J=9 J=10

Contribution f4f136s2g7/2eg9/2 f4f136s2g7/2ei11/2 f4f136s2g7/2ei13/2 f4f136s2g5/2ei13/2 f4f136s2g7/2ei13/2

kDFuHuDFl 4435.83 5.47 −27.23 0.18 −37.50

kDFuHu4f126s2v,̄e,l 785.48 0.55 3.52 0.17 0.90

kDFuHu4f126s6pv,e,l −2455.59 3.36 36.54 0.17 −7.82

kDFuHu4f125d6sv,̄e,l −232.23 0.06 −0.17 0.00 0.09

kDFuHu2Ol −82.92 −1.24 3.44 −0.08 −0.75

k4f125d6s2v,̄uHuDF+Xla −1122.59 −9.81 −48.13 −0.74 −5.81

k4f125d6s6pv,uHuDF+Xla 251.72 3.99 −41.17 −0.02 −2.28

k4f126s26pv,uHuDF+Xla −2164.30 −5.63 8.09 0.27 −7.44

k4f125d26sv,̄uHuDF+Xla 39.03 1.11 10.76 0.03 1.85

k4f125d6sv,v,̄uHuDF+Xla −62.39 −0.38 −4.05 −0.01 −1.05

k4f125d6p2v,̄uHuDF+Xla −209.50 −0.82 −3.36 −0.10 −0.54

k4f125d26pv,uHuDF+Xla −102.25 −2.42 −1.59 −0.01 −2.65

k4f125d6pv,2 uHuDF+Xlab 9.18 0.48 −0.33 −0.02 0.19

k4f126s2v,v,̄uHuDF+Xla 1835.64 22.19 78.17 1.18 18.65

k4f126s6p2v,̄uHuDF+Xla −491.92 3.33 23.23 0.05 11.38

k4f126s6pv,2uHuDF+Xlab −7.66 2.91 15.35 0.05 0.97

k2OuHuDF+Xla 201.46 0.76 2.76 0.05 7.83

Total 626.99 23.91 55.83 1.17 −23.98

Effective lifetime 9.8ms 6.7 ms 1.2 ms 2.8 s 6.7 ms

aThe J=8 calculation also includes all correlation in the ket.
bEntries withv,2 includev,2, v,v,8, andv,̄v,̄8.
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tion from configurations which are relatively small in other
channels. In this case we expand our calculation to include
configurations with virtual orbitals(labeledX in Table I) in
both the bra and ket, thus including the sum over all matrix
elements(using the same notation the other channels exclude
kXuHuXl contributions). The final autoionization width pre-
sented in Table I for this channel is approximately twice the
incomplete sum(i.e., the lifetime is decreased by a factor of
,4).

Combining the effective lifetimes for the channels pre-
sented in Tables I and II results in estimated lifetimes for the
Tm I 4f125d6s26p J=8,9,10 of 9.8ms, 0.9 ms, and 6.6 ms,
respectively. As mentioned in Sec. II, our current methodol-
ogy does not support mixing between configurations with
differing continuum functions, nor does our main RCI code
[20] allow calculations with continuum functions. We can,
however, approximate the effects of a continuum functions
using a diffuse (small Zp) virtual orbital. A separate
RCI calculation for theJ=9 ei was made using avi replace-
ment virtual withZp,0.5. Relaxation of the coreJ in this
calculation allows simultaneous calculation of the
f4f125d6s26pg7

2
vi13/2, f4f125d6s26pg7/2vi11/2, and

f4f125d6s26pg5
2
vi 13

2
states. However, the localized and

“pseudo-continuum” portions of these wave functions are
sufficiently isolated that there is minimal mixings,1%d be-
tween these states. In fact, the calculation essentially repro-
duces the TmI spectrum with two nearly degenerate states
from the above basis functions with theJ= 7

2 core and one
from the basis function with theJ= 5

2 core at approximately
the same energy difference as theJ= 5

2 4f136s2 level (see Fig.
1). Due to this lack of mixing we have treated each of the
previously mentionedJ=9 cases with two continua of equal
energy as separate channels for purposes of lifetime calcula-
tion.

Accuracy of these lifetimes is reduced for several reasons.
The kXuHuXl contributions absent from theJ=9 andJ=10
calculations would likely affect the total less than in theJ
=8 case, but may not be insignificant. Also, the second order
effects introduced to correlate important configurations in the
EA calculation are themselves large contributors to the auto-
ionization widths. This suggests there may be other triple and
quadruple excitations that are missing that may also be non-

negligible, e.g., 4f125d2v,̄e, is not present in the ket for the
f4f136s2g7/2e, j channels but could have a large matrix ele-

ment with 4f125d2v,v,̄ in the bra. For J=8 we have

TABLE II. Tm− 4f125d6s26p J=9,10contributions to 4f125d6s2e,̄ autoionization widths. Entries marked

kDFu include 4f12s5d+6sd36p and 4f12s5d+6sd6p3; uDFl includes 4f12s5d+6sd3e,̄ and 4f12s5d+6sd6p2e,̄;
and k2Ou su2Old includes second order configurations, triple and quadruple excitations with respect to

4f125d6s26p s4f125d6s2e,̄d. Energies are presented in units of 10−9 a.u.

J=9 J=9 J=10

Contribution f4f125d6s2g9/2eh9/2 f4f125d6s2g9/2eh11/2 f4f125d6s2g9/2eh11/2

kDFuHuDFl −21.66 −0.90 72.40

kDFuHu4f125d6sv,e,̄l 1.80 −0.46 −4.72

kDFuHu4f126s2v,e,̄l −2.09 0.21 0.60

kDFuHu4f125d6pv,̄e,̄l 0.09 −0.08 −0.42

kDFuHu4f125d2v,e,̄l −0.09 −0.01 −0.23

kDFuHu4f126s6pv,̄e,̄l 4.42 −3.56 −22.81

kDFuHu2Ol −0.39 −0.07 10.78

k4f125d6s2v,̄uHuDFl 1.88 2.02 62.87

k4f125d6s6pv,uHuDFl −3.89 −0.51 −16.58

k4f126s26pv,uHuDFl 20.53 −2.84 29.78

k4f125d26sv,̄uHuDFl 1.16 0.63 6.85

k4f125d6sv,v,̄uHuDFl 0.62 −0.16 −1.78

k4f125d6p2v,̄uHuDFl 0.54 −0.18 3.34

k4f125d26pv,uHuDFl −0.24 0.14 −1.31

k4f125d6pv,2uH uDFla 0.07 0.01 −0.59

k4f126s2v,v,̄uHuDFl −19.19 −2.33 −139.56

k4f126s6p2v,̄uHuDFl 1.22 −0.17 4.98

k4f126s6pv,2uH uDFla −0.16 −0.15 0.84

k2OuHuDFl −0.84 −0.05 −6.59

Total −16.22 −8.46 −2.15

Effective lifetime 14.6 ms 53.7 ms 0.8 s

aEntries withv,2 includev,2, v,v,̄8, andv,̄v,̄8.
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presented thef4f136s2g7/2eg9/2 channel only. As previously
mentioned, intermediate calculations indicate the
f4f136s2g5/2ei11/2 channel is negligible to the lifetime. Test
calculations for thef4f125d6s2g9/2ef7/2 channel give an effec-
tive lifetime approximately an order of magnitude larger than
the f4f136s2g7/2eg9/2 value presented in Table I, suggesting
this channel may have some impact on theJ=8 lifetime.
However, our typical EA calculations are accurate to 2
−300 cm−1, and are likely to err toward a binding energy that
is too small. Thus, the position of the Tm− J=8 level
,100 cm−1 above the TmI J= 9

2 threshold is not sufficient to
indicate whether this channel is even open, which is why we
have omitted a more thorough treatment of this calculation.
Considering the potential error in placement of the Tm− lev-
els, auxiliary calculations were made by altering several con-
tinuum function energies by 250 cm−1, and the resulting
changes to autoionization width contributions were approxi-
mately 3% –4%. Finally, there are changes between interme-
diate and final calculations that suggest changes in autoion-
ization widths of a factor of 2 simply due to changes in the
wave functions from saturation of the virtual basis, addition
of second order effects, and inclusion of the Breit operator in
the RCI calculations This last step, inclusion of the Breit
operator, affects the autoionization widths by approximately
5%, but explicit calculation of radial integrals involving the
Breit operator in(1) were found to be negligible, three to
four orders of magnitude smaller than the correspondingRk

integrals.

IV. CONCLUSION

RCI calculations predict three long-lived 4f125d6s26p
states of Tm− bound to two TmI 4f125d6s2 thresholds:J
=8 s9.8 msd bound to TmI J= 15

2 by 254 meV,J=9 s0.9 msd
bound to TmI J= 17

2 by 258 meV, andJ=10 s6.6 msd bound
to Tm I J= 17

2 by 173 meV. The latter two lifetimes are well
above the 56ms limit of the apparatus of the recent experi-
ment [1], and have a similar splitting
(85 meV vs the experimental value of 50 meV[1]). Neither
these binding energies nor possible weakly bound attach-
ments to the TmI ground state[2] (see Sec. III A) agrees
with the experimental EAs of 1.029 and 0.979 eV.

However, there may be a possibility that the experiment is
leaving the Tm atom in a more highly excited state, which
then would produce much higher EAs. Consideration of the
Tm I spectrum suggests two possibilities: excited states of
4f125d6s2 lying at or above 22 791 cm−1 [13] (“EA”
,1.03 eV), which would be created by a 6p detachment, or
4f126s26p states, e.g.,J= 13

2 at 22 902 cm−1 [13] (“EA”
,1.06 eV), if the detachment was from 5d. Calculated
photoionization cross-sections, not yet available, should be
quite helpful in eliminating or(possibly) confirming these
options.
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