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Three long-lived excited states of Tm
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Consideringp, d, andf attachments to thef4%6s? J:% ground state of Tm, we find no evidence for bound

Tm™ states. A survey of possible weak attachments to excited 3tates, however, suggests three long lived

states created bypGattachment to the f425d6s? J:%‘r’ , 157 excited states. Calculated binding energies for these

states are 254 meV for thi=8 state relative to its#425d6s? J=2 threshold and 258 and 173 meV relative to

the.]:lg7 threshold fordJ=9 andJ=10, respectively. These high4f1?5d6s%6p states have open decay channels

only to 4f1%s? J=1,3 and 4'?5d6s? J=3, resulting in emitted electrons of symmetey, eh, and ei. The
lifetimes for these long lived=8,9, 10states are estimated to be U8, 0.9 ms, and 6.6 ms, respectively.
DOI: 10.1103/PhysRevA.70.022502 PACS nuniber32.70.Jz, 32.70.Cs, 31.25.Jf, 31.15.Ar
[. INTRODUCTION these configurations are shown in Fig. 1. The odd parity

atomic states lie above 20 000 chand the even parity ones

Recently Davis and Thompson have observed two longbove 13 000 cit, so TnT 4f1%6s’¢¢ channels are always
lived (>56 us) states of T with electron affinitiestEA)  open. Note that the critical level in the spectrum is the
~1.0 eV [1]. Existing theoretical studies, admittedly rough, 4f'%5d6s> J=2 level at 15 271 cmt [13]. In order to be
of 6p attachment to the ground state predict an EAlong lived, attachments to higher levels would likely require
~110 meV [2], and a 4 attachment was estimated to be high enough binding energies to lie below this level, other-
unbound by 7.9 e\[3]. An early observation estimated the wise the open channel to thiL*zlE5 level would allow an
EA to be approximately 34 meVY4]. ejecteded, ep, or evenes electron.

Except for the two leftmost lanthanides, I[[8] and Ce Our experience with negative ions suggests that attach-
[6], and the rightmost lanthanide, i], no modern result ments are more likely into already occupied subshells and
suggests ground state EAs exceeding 150 f#%8-1Q, and  also yield larger EAs, e.g., attaching @ tito 6p" (n<6).
bound excited states of lanthanide anions are terra incognitg§omputationally, it is also easier to replater f attachment
A recent extensive review of anions has been made byo a given level with ars or p attachment to a different level,
Andersen11]. Thus the Davis and Thompson resyli$are  providing both yield the same configuration. An attached
so far unique. In this study, we took a more accurate look aglectron of higher azimuthal symmetry requires a more com-
6p and 4 attachment to the ground state, and also provideglete treatment of the core electrons, which we would prefer
an estimate for & attachment. We found no convincing evi- to avoid. lllustrations of these points may be found else-
dence that direct attachment to the ground state of ®frp,  where[6].

d, or f electrons was possible.

We then decided to investigate the possibility that these
Tm™ states[1] might correspond to attachmés)tto an ex- Il. METHODOLOGY
cited state of the Tm atom. A crucial property of such a
candidate would be its lifetime, which would have to exceed For lifetime calculations, we separate the wave function
56 us [1] in order to be observed. It is likely that the most into two orthogonal parts—the localized porti¢®), which
rapid decay mechanism would be that of relativistic autoiondecays asymptotically and the open channel portihE),
ization. Accurate calculation would be particularly challeng-which is asymptotically sinusoidal. The relativistic method-
ing since the relativistic methodology is incompl¢le?] for  ology [12] is an extension of the nonrelativistic methodology
ions of this complexity. For example, neither a fully auto- of Fano[14]. For 4f1%5d6s°6p states considered here, the
mated treatment of nonorthonormali®ON) nor a satisfac- open channels are formed by attaching a continuum electron
tory treatment of open channel coupling is currently avail-tg one of the three neutral atom thresholdg=3g@s? J:%,g or
able. The candidas) would also have to be sufficiently well 41254652 3=2 see Fig. 1. Orthogonality is imposed between

bound to an appropriate atomic threshold to yield EAs conyne parts byzorbital restrictions, i.d4f%%6s%];,5, v¢; and

sistent with what is observed]. 12 - : .
Our prime interest is in the lowest lying excited atomic [47%5d65°]o/, vfj are excluded from the localized portion of
the wave function.

configurations and their highdrstates, as these should pro- L . L

duce the fewest number of open channels and/or increase the The autoionization width for one open channel is given by
minimum azimuthal quantum number of the ejected electron,

thereby increasing the lifetime. Existing spedtt8] suggest N = _ _ 2

the odd parity configurations f#5d6s, 4f%6s6p, and [ = 2K PlHos ~ EJUEDF, @
4f1?5d6s6p as candidates. Even parity candidates include

4f125d6s? and 4136s6p. Possible highl thresholdg13] from  where the resonance enerfyis found from
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4f'25d6s6p J="7/, 22162 The new version is now “stand alone,” i.e., it can accept
either DesclauX15] or GRASP[18] input for the bound core
radial functions, evaluate magnetic Breit radial integrals
(needed for the autoionization widtrand converge for high
€, low € cases. The algorithm still lacks the ability to deal
with a multi-configurational corg16]. In the case of the

[4f125d6s%]g,.¢t; calculations we have avoided this problem
(there are 12 possible eigenvecioby using the one eigen-
vector dominanting the Tmthreshold, 42,4f5,,5d5,6s3/,
(coefficient of ~0.888.
1 18 92743 Our localized calculations begin with the generation of
4f75dbs J =" S one electron wave functions using Desclaux’s muilti-
configurational Dirac-FockMcDF) code [15]. These DF
functions are combined into determinantal many electron
wave functions. The basis members of our relativistic
configuration-interactiorfRCI) calculations are linear com-
binations of these determinants, created as eigenstats of
J=17, 16457 J,, 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
}4f 5d6s"6p  correlate a few important first order configuratiasse Sec.

Il C for more details.

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

notedv (v€) for even(odd) functions throughout this dis-
(=5, 80 cussion. These virtual orbitals are relativistic screened hydro-
genic orbitals, whose effective chargeg)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+vd =6d+7d+8d+--- +ed.
Calculations of EAs require equal treatment of both nega-
tive ion states and the corresponding neutral threshold with
L J=7,0 regard to excita’gions that are present in both spepies as well
as careful attention to exclusion effects that occur in only one
FIG. 1. Potential highd Tm 1 thresholds. The levels on the right Of the states. For example, when treating tipeatachment
are the three long-lived Thstates discussed in Sec. Ill C. Energies t0 @ Tmi 4f1?5d6s” state it is essential to include the same
[6] relative to the Tm ground state are given in ¢h amount of correlation to dbs pair excitations both with re-
gard to symmetry of virtuals(e.g., %6s—vsvp+vpvd
+vdvf+uvfvg) and saturation of virtualée.g., $16s— vpvd
2) +vpvd’ +vp'vd+uvp’vd’). In the same example excitations

4f126326p J:15/2 25 536

4f13656p J:n/2 18990

J:IS 15271 15063 5
4£125d6s” /2 14380 4 =30

J=9/, 13120 13224 ;_¢o

4f13652 4

|<CD|HDB_ E|Ui(€)>|2

E—E((I)):E PVfde

(E-e into the 6 subshellsingly occupied in the negative ion state
L only), such as & — 6puvp, favor the neutral threshold and
and the autoionization lifetime is given by tend to decrease the binding of the T@f'?5d6s%6p state.
C17 Conversely,(5d+6s)6p pair excitations and b single exci-
2.4189x 10 . . S
S=—as . (3 tations are present only in the negative ion state and thus
Ei I'(i) serve to increase the binding energy of the system. For this

study we treat the Tm4f1?5d6s’6p J=8 state as a[§,

In these formulafE(®) is the localized energyd|Hpg|P),  attachment to its natural TmAf'25d6s? J=2 threshold, di-
whereHpg is the Dirac-Breit Hamiltonian, and the integral in rectly comparing energies of the two states with equivalent
(2) is a principal-valued one. correlation as described above. The Tif1?5d6s6p J

The methodology{12,14 calls for theU;(e) to be or- =9, 10states are then positioned by comparing energies rela-
thogonal, not to interact with each other, and to be energyive to the Tn1 J=8 level. The placement of these levédge
normalized. Within a single open channel, these conditiongig. 1) determines the energy used for the continuum func-
are satisfactorily met, by use of the frozen core approximation for each available channel.
tion. The wave function is generated by a modified version An inclusive, automated codd 9] that internally gener-
of the continuum wave function solveicoNTwvsA) of  ates the necessary atomic structure and evaluates the matrix
Pergeret al. [16,17 which has recently been improvéti].  elements of” in (1) using full NON is in intermediate stages
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of development by our group, so several alternative auxiliaryfull treatment of NON, as we only account for overlaps with
codes needed to be prepared for this project. Our approach igrresponding orbitals, i.e{6s|6s) is accounted for, but
to break the matrix elements up by configuration, separatelx —~ . i d h tri | N
calculating the interaction of on@onrelativistig configura- vs|6s) s sti assumed zero, so the matrix elements
tion in the bra and one in the ket. The data are prepared as(4f'?5d6s6pvs| H|4f**5d6sei 5, are effectively set to zero
mock Rcl calculation, e.g., for the calculation of=10 (the basis functions are triple excitations with respect to one
(41?5d6s%6p|H| 4f1%6s%€i 3 We prepare a two configura- another if the DF radials are treated as equivaleitnilarly,

tion input file, and a modified version of the makei code  we ignore rotation of radials of the same symmetry, e.g.,
[20] was created to suppress printing of matrix elements thateplacement of the above integral with one of the form
do not contain one basis member from the @&25d6s°6p) RX(5S1/2, 6P3/2| 4f7/2, €137 and (6s|6s) with (6s|5s). Since
and one from the ket4f*%6sei). both (vs|§s> (~0.005 and <6$|§s> (~0.020 are much

Changes also needed to be made in the modified version —
of the RCI code in the preparation of the necesgirjnte- smaller thar(6s|6s) (~0.995, we assume that such errors

grals which arise from the expansion of the two electronintroduced by partial treatment of NON are small compared

C0u|omb Operator’ ]['42’ in terms Ofrl and rz: to Other d|ff|CU|t|eS discussed in SeC.. I C. )
Yo ‘ The R¥ integrals are evaluated using a recently improved
_ . " r [ f the continuum integral solveris) code of Perger
R(a,blc,d) = Pi1)P(1) + Qu1Q(D)] version o iuum Integ : . ge
(@ble,d) fo JO [Pa(DPe(1) + Q(DQ: )]r‘;’“l et al. [21,27. The final bit of preparation of integrals in-

. . volves collecting coefficients that appear for the saRfe
X [Py(2)P4(2) + Qy(2)Qq(2)]drdr,.  (4)  integral. For a typical calculation of the contribution of two

These integrals are initially prepared such that the argumenfPnfigurations, there may be several hundred basis functions
a andb are subshells from the bra, ancandd are from the N either the bra or the ket. Though not every pair of basis

ket. In the case that the bra and ket differ by two elections functions within those two nonrelativistic configurations pro-
a, b, ¢, andd all represent different nonrelativistic subshglls ducesR¥ integrals, those that do often duplicate integrals that

the application of the symmetry relatio(a,b|c,d) appear_in other pairs. To speed up the process of our final
=R¥(b,a|d,c) is the only simplification possible to reduce evaluations we first sum over the coefficients produced as

the number of stored integrals, and it does not disturb thiglescribed ab?(\{e so that for a given pair of bra/ket configu-
convention. However, when the bra and keonrelativistio rations, eaclR* integral is only evaluated once. The savings

configurations differ by one electron, other symmetry rela-ca"n be a facto_r of 20 or greater, and many of the evaluations
tions, such ast(a,b|c,d):R"(c,d|a,b), may also reduce over these pairs of conﬂgurat.lons g:ould ;ake 2 h or more on
the number of integrals but break the convention that the firsP!f 500 MHz Alpha Workstation without it

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- IIl. RESULTS

tion of the matrix elements in(1). For example, in A. Ground state attachments

the J=10 [4f1%6s%]; € channel, the evaluation of _
<4f125d6526p[ |H|4f12]é/5226§éi2> would result in the un- Chevary and Vosko'§2] estimated EA for the f43632_6p
- . — ) J=3 state is 110 meV with an estimated uncertainty of

modified code treating R'(4fs);, 5ds/5| 472, €l132)  and 54 mev, using Dirac-Hartree-FoglHF) density functional
RA(4f,,50s),| 450, €i132) (the “hat” indicating a radial theory. They were unable to obtain a DHF solution for Tm
function taken from the Tm calculation as equivalent, instead extrapolating this portion of the EA from the closest
which is clearly not the case when dealing with two nonor-Z (69.1) for which they were able to obtain a solution. Cor-
thonormal sets of radial functions. relation effects were treated using density functional theory.

A second code was prepared to partially treat NON, while We have managed to generate a DHF solution for Tm
reading RCI coefficients from the EA calculation RCI wave (Z=69.0 by using a multi-configurational approach for
functions. For each pair of basis membésa and ketthe  4f13(6s+5d)%6p+4f1%6p>. Inclusion of the 6—5d excita-
coefficient of eachR* integral is multiplied by their coeffi- tion is particularly important in generating a converged solu-
cients from the earlier RCI calculation as well as a NONtion for many anion states. We then proceeded to include
coefficient containing the overlap integrals of their commonsingle and double valence excitations istq, d, andf vir-
subshells. For example, an integral of the formtuals. Each virtual was represented by a single RSH, except

CoRk(651/2,6p3/2|Z?7/2,€i13/2) in the matrix element between for the p symmetry which_ had three virtualsz. For th%gtcz)mic
A8, A19,)50s/2657 1,632 and 4SAF7,5ds 651 /€113, Would threshold state we only included™4(6s+5d)? and 4%%6p

be passed to the next stage of the calculation with a ne onfigurations. At this stage, the Tmis unbound by

Coefficient,Cy,aCreCronCo, WHEreC, , is taken from the Trm 8 meV. Since the anion is overcorrelatgd, at least at the
4f125065%6p J=10 calculation,Ce is taken from the Tm valence stage, compared to the atom, we inferred that it was
- ket

4f13652J:% calculation, andty oy is a product of the overlap not likely that the anion would be substantially bound if a
. _ =~ —~ 6 more thorough treatment were done, so calculation efforts
integrals of the core orbital4fs;|4fs/)° (4f721417)°  ceased. The results should be regarded as inconclusive re-

<5d5,2|§a5,2>, and<631,2|é\sl,2>. The above approach is not a garding whether a shape resonance exists.
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Our 1993 RCI study of a possiblef attachment to the
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excited thresholds. These arg @Gttachments to the two

Tm 1 ground state predicted this level to be unbound byclosely spacedi=% and J=%' 4f'?5d6s? thresholds. The

7.9 eV [3]. This study only included the differential contri-
butions to the EA from pair excitations from thé dubshell.
Virtual symmetries from¢=0 to 6 were included withyd?,
vf?, andvg? the main contributors to the EA.

In this work, we include the “cross paird4f,3d+4s
+4p+4d+5s+5p+6s) which contribute to the EA an esti-

4f1%5d6s? J=8 andJ=10 states are clearly ap§, attach-
ment toJ=% and a Gy, attachment taJ=%', respectively.
Analysis of coefficients of basis members in the9 calcu-
lation indicate that it is predominantly gpf, attachment to
4f1%5d6s” J=1, but there is approximately 35% mixing with
basis members representing pgp attachment tQ]:l;‘r’. As

mated 111, 45, 168, 693, 139, 582, and 11 meV, respectivelynentioned in Sec. |, all three lie below tljal;‘r’ threshold

This means we now predict thé attachment to be unbound

(J=8 bound by 254 meV to thed=2 threshold andJ

by ~6.2 eV. Our estimate is obtained by computing these=9,10 bound to theJ== threshold by 258 and 173 meV,

pair effects for Tm and scaling them bﬁ to approximate
their effect on the EA3,23]. Use of this scale factor pre-

respectively, which allows only high azimuthal quantum
number ejected electrons in theAf*%6s’];,5:¢¢; and

sumes there is little change in the radials in going from the[4f125d632]9,ze€j channels.
anion to atom. Since we have ignored the effects of single As mentioned in Sec. II, correlation in the ket is deter-
symmetry changing excitations and exclusion effectsmined from the Tm calculation. For example, in calculating

(n€n’¢’ — 4fv€”) in the atom, which will only increase the
unboundedness, we see no evidence that attachment is

the J=10 matrix element4f*?5d26s6p|H|4f1%5d6sei), the
basis members of the ket are created by restricting the con-

bound. A possible & attachment to the atomic ground state tinyum function toei;3, and theJ of the 4135d6s subgroup

is discussed in Sec. Il B.

B. Excited state survey

So far, only HE, Be™, Ar™, and Ba have been found to
have long lived >0.26 us) excited statef24]. Of these, Ba

to % Careful treatment of the data preparation ensures that
each basis member §#f135d6s],,¢i has a one to one cor-
respondencéproperly orderefwith each basis member of
the 4f13d6s configuration in thelJ=5 calculation, which
supplies the RCI coefficients.

2

is potentially the most interesting in the present instance, as RCI correlation includes all single and double excitations

the state is 86s6p (“F) ng. The decay is only into the
ground state §eh continuum by means of the Breit opera-

tor. The decay time has been estimated to be in the rangations in the 4%

1-5ms[24,25. If the 4f" electrons in the transition metal

out of the &6%6p (Tm), 5d6s*> (Tmi J=3),
and &2 (Tm | J=1%,2) subgroups as well asf@s pair exci-

2
calculations(configurations with #+3
and 4! subgroups in the #%5d6s’6p and 4'?5d6s” calcu-

atom were to be essentially inactive, and the valence eledations were found to have negligible correlation effgcts

trons were coupled as in Baone might hope to produce a
long lived excited state. On the other hand)=2 valence
electron coupling requires that both the &nd G electrons
have their maximunj's (2 and3, respectivelyand these two
are likely less bound than their “partnerstif and ;.
DHF calculation on the #35d6s6p °I J=8 state using Des-
claux’s program[15] fails to converge, i.e., thedg,, eigen-
value approaches zero f@< 69.05. Anion states normally
converge, when they do, by using somewhat higheon-
verged radial functions as input. Approaching the anipn
changes irZ in the range 0.02-0.05 are typical for conver-
gence of consecutive solutions.

Continuing with the odd parity atomic thresholds, s 6
attachment to #35d6s calculated as #3(5d,+ 6s) fails to
converge forJ=2 or J=5 for Z<69.4. This also suggests

that a % attachment to the ground state is unbound. The

same inference can be drawfor 5d and & attachment to
the ground stapesinces attachments to ground state configu-
rations have EAs in the range of 0.5-1.3 g4], with the

higher end associated with transition metal atoms. For the

and @ ground state Tm possible attachments, the relevant

excited state Tm thresholdgfor s attachmentlie >2.0 eV

Additional second order effects were included in the form of
added correlation to the important configurations resulting
from 6s—5d and &°—6p? (typical mixing of 1.0% to
3.5%) in each species, e.g., thé'&d6s?6p calculations in-
clude configurations of the formf{#¥5d%v(ve, 4f1%5d%¢,
4f%6p2u€uve, and 41%6p3 1.

Contributions to the autoionization width of each impor-
tant decay channel are presented in Tables | and Il. The
dominant decay channel for each'#%d6s’6p Tm™ state is to
[4113%65%]7/0€€ 141/ (With minimum ¢ to make the totall
=8,9,10. For J=8,10this is the only channel with a con-
tinuum function of this symmetry. Fal=9 two other chan-
nels with the samel are available[4f%6%]s¢€i13, and
[4136%];/,€i11/». The former is several orders of magnitude
slower (see effective lifetime in Table) Ithan the dominant
channel, while the latter is of the same order. Bei8,10
the corresponding channels requird’'=¢+2, i.e.,
[4f1%65%]5,0€C ;.1 ,, ANA[41%65%];0€C o INtermediate cal-

gculations(not shown in Table )l suggest these channels of

higher symmetry are five to six orders of magnitude slower
than the dominanf4f36s?];,€f .1/, channel. As shown in

above the Tm ground state, which considerably exceeds theTable I, [411250682]g/26¢ 111/» (€=€~1) channels are ap-

known 6 attachment rangg24].

C. Three long-lived excited states

As presented in Fig. 1 we find from our EA calculations
three candidates for long lived attachments to highm |

proximately 50—100 times slower than the corresponding
[4f1365%]7/,€€ 141/ Channels. As in the decay to the Tirodd
levels, an additional channel is available fd=9, i.e.,
[41125d6%]o/0€( 712 (€hgj»), Which is~10 times slower than
the dominantground statgchannel. The channels presented
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TABLE |. Tm~ 4f'%5d6s’6p J=8,9,10 contributions to 4*36s?e¢ autoionization widths. Entries marke@®F| include 4'%5d
+65)%6p and 4'2(5d+6s)6p%; |DF) includes 43(5d+6s)?et, 4f13%6p?et, 4F1%(5d+63)?6pel, and 41%6p3el; and(20|(|20)) includes second
order configurations, triple and quadruple excitations with respect’®dbs26p (4f1%6s%e(). Energies are presented in units of 41@.u.

J=8 J=9 J=9 J=9 J=10
Contribution [411%6%]7 0600, [4F1%6%p€iney [411%67] 706l 130 [4F1%6%5 06, [4F1%657] 7061130
(DF|H|DF) 4435.83 5.47 -27.23 0.18 -37.50
(DF|H|4f1%6s2y € et) 785.48 0.55 3.52 0.17 0.90
(DF|H|4f1%6s6pu € et) —2455.59 3.36 36.54 0.17 -7.82
(DF|H|4f1%5d6s0 ( e€) -232.23 0.06 -0.17 0.00 0.09
(DF|H|20) -82.92 -1.24 3.44 -0.08 -0.75
(412506520 ¢ |H|DF + X)2 -1122.59 -9.81 -48.13 -0.74 -5.81
(411%5d6s6pu ¢ |H|DF +X)? 251.72 3.99 -41.17 -0.02 -2.28
(411%65%6pu £|H|DF +X)? -2164.30 -5.63 8.09 0.27 -7.44
(4f12%5026s0 ¢|H|DF + X)? 39.03 1.11 10.76 0.03 1.85
(41250650 €v €|H|DF + X)? -62.39 -0.38 -4.05 -0.01 -1.05
(4f12506p2u ¢ |H|DF + X)2 -209.50 -0.82 -3.36 -0.10 -0.54
(41%5026py £|H|DF + X)? -102.25 -2.42 -1.59 -0.01 -2.65
(4f125d6py €2 |H|DF + X)2° 9.18 0.48 -0.33 -0.02 0.19
(4f1265% (v ¢ |H|DF + X)? 1835.64 22.19 78.17 1.18 18.65
(4f1266p2 (|H|DF +X)2 -491.92 3.33 23.23 0.05 11.38
(4f12656pv ¢ H|DF +X)? -7.66 2.91 15.35 0.05 0.97
(20JH|DF +X)? 201.46 0.76 2.76 0.05 7.83
Total 626.99 23.91 55.83 1.17 -23.98
Effective lifetime 9.8us 6.7 ms 1.2ms 28s 6.7 ms

*The J=8 calculation also includes all co[eEtion in the ket.
PEntries withv ¢2 include v€?, vev¢’, andvlvl’.

in Table Il are slower than th@4f%6s?];,€f,.1/» ground  each calculation involve those configurations that represent
state channels with highérdue to the much smaller value of excitation into the DF radial functions, i.e., those that do not

€ in the continuum functior{see energy differences in Fig. contain virtual functions. These are collected as “DF” in
1). For comparison, an auxiliary calculation was made forTables | and II, and other configurations are collected by
J=10 for which theeh,,, energy was adjusted to match the type. We mcIude in our calculathns all matrix elements with
€13, function in the calculation of the ground state channel these DF configurations in the either the bra or(eetboth,

The effective lifetime of thignonphysical calculation is ap- except where described below. This approach assumes that

proximately three orders of magnitude smaller than the calmatrix elements with small coefficient configurations in both
culation with the correct energy, the bra and ket will be small with respect to the above con-

As an illustration of the effects of NON in these calcula- tributions (the p_ropqsed automated code would not make
such an approximation

tl?encst’ tr\:\cla € gﬁ:;?r,;ngﬁ free\;?r?éné:u;;"E;ij:slgél?;'osn;c trlwlatTnei-_ While the amount of cancellation from the DF to the total
9 P - TYPleorrelated autoionization width is largeearly an order of

cal values for the overlap integrals ar€0.99 for the core, magnitude in thg4136s],,ego, J=8 casg, much of it is

4f, and & subsh_ells, 0'90_9'99 ford5 and 0.85-0.95 for due to saturation of the basis set. Configurations representing
the € subshell; i.e.cyon varies from~0.80 10~0.97, de-  gjngle excitations from the DF configuration can be consid-
pending on which subshells the bra and ket have in commonyeq as providing corrections to the DF one electron radial
Cancellation of contributions decreases this effect, i.e., thg,nctions. For example, in thetf1%6s?],,,egq, J=8 calcula-
autoionization width is not simply reduced lyoy, but the  ion we could collect the contributions with regard to
effect is not negligible. For example, tH®F |[H|DF) con-  “pseudo-configurations” with the bra configurations
tribution of the[436s?],/,€gq/, J=8 autoionization width is  4f1%5d6s%6p, 4f'2d6s26p, and 425d6s?vp grouped to-
~6.9% larger with the omission of the partial NON treat- gether, greatly reducing the apparent cancellation of some of
ment, suggesting that this correction affects the effective lifethe largest contributions in Table(the 4435.83, —1122.59,
time of a given channel by 10% —15%. and —2164.30 entries are dominated by these configurations,

For purposes of analysis, we break down contributions tand such a reorganization would effectively add these to-
autoionization widths in terms of bra and ket configurations.gether to one contribution 6f1150. Even so, we note that
The largestin terms of RCI coefficienysconfigurations for there is still a great deal of contribution to this 8 calcula-
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TABLE II. Tm~ 4f125d6s%6p J=9, 10contributions to 4:%5d6s2¢ autoionization widths. Entries marked
(DF| include 4*%(5d+69)%6p and 4%5d+6s)6p%; |DF) includes 41%(5d+65)3e0 and 42(5d+65)6p2el;
and (20| (]20)) includes second order configurations, triple and quadruple excitations with respect to
41125065%6p (41125d65%(). Energies are presented in units of 3@.u.

J=9 J=9 J=10
Contribution [4125d657]g/0ehg), [4125d65%]9/2€h11/2 [41%5d65%]g/0€hy1/2
(DF|H|DF) -21.66 -0.90 72.40
(DF|H|4f1%5d6sy € et) 1.80 -0.46 -4.72
(DF|H|4f %%y € et) -2.09 0.21 0.60
(DF|H|4f1%5d6puy € €€) 0.09 -0.08 -0.42
(DF|H|4f1%502 ¢ et) -0.09 -0.01 -0.23
(DF|H|4f2%6s6pu ¢ () 4.42 -3.56 -22.81
(DF|H|20) -0.39 -0.07 10.78
(4f125d65% ¢|H|DF) 1.88 2.02 62.87
(4f12506s6pu ¢ |H|DF) -3.89 -0.51 -16.58
(411%65%6pu ¢|H|DF) 20.53 -2.84 29.78
(41250260 ¢|H|DF) 116 0.63 6.85
(4125065 €v € |H|DF) 0.62 -0.16 -1.78
(4f125d6p% ¢|H|DF) 0.54 -0.18 3.34
(4f125026py €¢|H|DF) -0.24 0.14 -1.31
(4t1%5d6py €2 H| DF)? 0.07 0.01 -0.59
(4f12652v€v?\H|DF) -19.19 -2.33 -139.56
(4f12656p2v?|H|DF> 1.22 -0.17 4.98
(41%6s6py¢?|H| DF)? -0.16 -0.15 0.84
(20JH|DF) -0.84 -0.05 -6.59
Total -16.22 -8.46 -2.15
Effective lifetime 14.6 ms 53.7 ms 0.8s

¥Entries withv €2 includev€?, vlvl’, andvlul’.

tion from configurations which are relatively small in other “pseudo-continuum” portions of these wave functions are
channels. In this case we expand our calculation to includsufficiently isolated that there is minimal mixirfec1 %) be-
configurations with virtual orbitalglabeledX in Table ) in tyeen these states. In fact, the calculation essentially repro-
both the bra and ket, thus including the sum over all matrixy,ces the Tm spectrum with two nearly degenerate states

elementqusing the same notation the other channels excludgrom the above basis functions with theZ core and one
2

(X|H|X) contributiong. The final autoionization width pre- : . : _5 .
sented in Table | for this channel is approximately twice thefrorn the basis function with thé_% core at approximately

) 1 .

incomplete sunti.e., the lifetime is decreased by a factor of the same energy d|ﬁeren§:§ as tve, 4f 6’ level (see Fig.

~4), 1). Due to this lack of mixing we have treated each of the
previously mentioned=9 cases with two continua of equal

Combining the effective lifetimes for the channels pre- h Is £ lifeti cul
sented in Tables I and Il results in estimated lifetimes for theE"€9Y as separate channels for purposes of lifetime calcula-

Tm 1 41125d6%6p J=8,9,10 of 9.8us, 0.9 ms, and 6.6 ms, 1°" o
respectively. As mentioned in Sec. II, our current methodol- Accuracy of these lifetimes is reduced for several reasons.

ogy does not support mixing between configurations with! " (X|H|X) contributions absent from tha=9 andJ=10

differing continuum functions, nor does our main RCI codec@lculations would likely affect the total less than in the
[20] allow calculations with continuum functions. We can, =8 case, but may not be insignificant. Also, the second order

however, approximate the effects of a continuum function€ffects introduced to correlate important configurations in the
using a diffuse (small Z*) virtual orbital. A separate EA calculation are themselves large contributors to the auto-

RCI calculation for the)=9 « was made using ai replace- ionization widths. This suggests there may be other triple and
ment virtual with Z* ~ 0.5. Relaxation of the cord in this  duadruple excitations that are missing that may also be non-

calculation allows simultaneous calculation of the negligible, e.g., #25d%v €€ is not present in the ket for the
[4f1%5d6S%6p] Zvi1g)p, [4f125d65%6p]7/20111/2, and  [4f'%s?];,e(; channels but could have a large matrix ele-

[4f125d6526p]gvi1?3 states. However, the localized and ment with 4'%5d%¢v¢ in the bra. ForJ=8 we have
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presented th¢4f1%6s?];,€04;, channel only. As previously IV. CONCLUSION

m?ggged’. intﬁrmed:a_te clgllc_:ullationsh Ii_rf1di_cate the " pci calculations predict three long-livedf45d6s°6p
[4 Jsi2€i11/2 channel is negligible to the lifetime. Test gataq of T bound to two Tm 4125d6<? thresholds:J

calculations for th¢4f'?5d6s°]o ,¢f7/, channel give an effec- _g (9.8 ) bound to Tmi J=22 by 254 meV,J=9 (0.9 m3
tive lifetime approximately an order of magnitude larger than, o \nq to Tm J= & by 258 mév andl=10 (é 6 m9 bound

1 . . 2 ) .
the [4f1%6]; ,¢ge/, value presented in Table I, suggesting to Tm ng by 173 meV. The latter two lifetimes are well

this channel may have some impact on dw8 lifetime. 5,6 the Seus limit of the apparatus of the recent experi-
However, our typical EA calculations are accurate to 2 ant [1] and have a similar splitting

-300 cm?, and are likely to err Foward a binding energy that (85 meV vs the experimental value of 50 mél). Neither

is too small. Thus, the position of the TmJ=8 level these binding energies nor possible weakly bound attach-
~100 cn1t above the Tm J=3 threshold is not sufficientto  ments to the Tm ground state[2] (see Sec. Ill A agrees
indicate whether this channel is even open, which is why Weyjith the experimental EAs of 1.029 and 0.979 eV.

have omitted a more thorough treatment of this calculation. However, there may be a possibility that the experiment is
Considering the potential error in placement of the™Tav-  |eaving the Tm atom in a more highly excited state, which
els, auxiliary calculations were made by altering several conthen would produce much higher EAs. Consideration of the
tinuum function energies by 250 ¢t and the resulting  Tm | spectrum suggests two possibilities: excited states of
changes to autoionization width contributions were approxi4f125d6s? lying at or above 22791 cth [13] (“EA”
mately 3% —4%. Finally, there are changes between interme=1 03 e\, which would be created by sp&letachment, or
diate and final calculations that suggest changes in autoiorh-f126326p states, e.g.J=% at 22902 cmt [13] (“EA”
ization widths of a factor of 2 simply due to changes in the__1 gg eV, if the detachment was fromds Calculated
wave functions from saturation of the virtual basis, additio_”photoionization cross-sections, not yet available, should be

of second order effects, and inclusion of the Breit operator inyyite helpful in eliminating orpossibly confirming these
the RCI calculations This last step, inclusion of the Breitgsiions.

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 correspondifg
integrals.

ACKNOWLEDGMENT

This work is supported by National Science Foundation
Grant No. PHY-0097111.

[1] V. T. Davis and J. S. Thompson, Phys. Rev.65, 010501
(2001).

[2] J. A. Chevary and S. H. Vosko, J. Phys. B, 657 (1994).

[3] D. Datta and D. R. Beck, Phys. Rev. 47, 5198(1993.

[4] M.-J. Nadeau, M. A. Garwan, X. L. Zhao, and A. E. W. Lith-
erland, Nucl. Instrum. Methods Phys. Res1R3 521(1997).

[5] S. M. O'Malley and D. R. Beck, Phys. Rev. &0, 2558
(1999.

[6] S. M. O'Malley and D. R. Beck, Phys. Rev. &1, 034501
(2000.

[7]1 S. M. O’'Malley and D. R. Beck, J. Phys. B3, 4337(2000.

[8] K. Dinov and D. R. Beck, Phys. Rev. A1, 1680(1995.

[9] E. N. Avgoustoglou and D. R. Beck, Phys. Rev.55, 4143
(1997).

GPO, Washington, DC, 1978

[14] U. Fano, Phys. Revl124, 1866(1961).

[15] J. P. Desclaux, Comput. Phys. Comm&).31 (1975.

[16] M. G. Tews and W. F. Perger, Comput. Phys. Commi#l,
205 (200)).

[17] W. F. Perger, Z. Halabuka, and D. Trautmann, Comput. Phys.
Commun. 76, 250(1993.

[18] F. A. Parpia, C. Froese Fischer, and I. P. Grant, Comput. Phys.
Commun. 94, 249(1996.

[19] D. R. Beck,rauTO code, unpublished.

[20] D. R. Beck,RrcI code, unpublished.

[21] W. F. Perger and V. Karighattan, Comput. Phys. Comnt6;).
392 (199)).

[22] M. G. Tews and W. F. Perger, private communication.

[10] H. H. Andersen, T. Andersen, and U. V. Pedersen, J. Phys. B23] D. R. Beck and C. A. Nicolaides, iBxcited States in Quantum

31, 2239(1998.

[11] T. Andersen, Phys. Re894, 157 (2004).

[12] Z. Cai, D. R. Beck, and W. F. Perger, Phys. Rev48, 4660
(1991).

[13] W. C. Martin, B. Zalubas, and L. Hagan, “Atomic Energy
Levels—The Rare Earth Elements,” NSRDS-NBS@0.S.

Chemistry edited by C. A. Nicolaides and D. R. Be@Reidel,
Dordrecht, 1978 p. 105ff.

[24] T. Andersen, H. K. Haugen, and H. Hotop, J. Phys. Chem. Ref.
Data 28, 1511(1999.

[25] P. L. Norquist, M. Tews, and D. R. Beck, Bull. Am. Phys. Soc.
46, 31(200D.

022502-7



