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Abstract

The dipole polarizability and adiabatic correlations of atomic ions are related to the energy
levels and oscillator strengths of the levels through bracketing inequalities. For systems with a
ground states’ 1S, the total oscillator strength is dominated by the unbranched intrassiell
1S—nsnp 1P transition, and the remaining oscillator strength can be narrowly bracketed using
the f-sum rule. Thus measurements of the lifetime of the lowest resonance transition can be
used to specify the polarizabilities and, alternatively, measurements of the polarizabilities can
be used to deduce lifetimes. Moreover, isoelectronic regularities in line strengths can be used
to obtain a comprehensive database from a small number of precision lifetime determinations.
These methods are applied homologously to produce values for polarizabilities and lifetimes
for the Mg, Zn, Cd and Hg isoelectronic sequences. To confirm the reliability of these
methods, fast ion beam lifetime measurements in P IV were performed using the arbitrarily
normalized decay curve (ANDC) method, and a test offtreum was made for Ba I, for

which precision measurements of both the polarizability and lifetimes exist.

PACS numbers: 32.70.Cs, 32.10.Dk, 32.30.Bv

1. Introduction a bracketing inequality 2] connecting g and f. The
bracketing can be very tight if the intrashell excitation energy
Electric dipole polarizabilitiesxry can be determined fromis significantly smaller than that of subsequent intershell
spectroscopic studies of high Rydberg states, interpreted usiagonance transitions.
the core polarization model]. Measurements of the energy ~ This inequality provides an alternative method to
levels of highn and¢ states are modeled as a hydrogenlikedetermine «q. If the dominant resonance transition is
system with a deformable central core of charge. Effectinbranched, the value afy can be accurately specified
polarizabilities of the core (one stage of ionization higher tha#sing a precision measurement of the lifetimeof that
the Rydberg ion) are then extracted as fitting parameters. transition. Similar relationships connecto the non-adiabatic
The quantityog can be theoretically formulated in termscorrelation factorg (a measure of the inability of the core
of a sum and integral over factors involving the oscillatdi® follow the motion of the outer electron), which allow this
strengthsf and energiesE of excitations from the ground quantity to be evaluated in the same manner.
state to accessible bound and continuum excited states. In [N an application to Kr VII, it has recently been
cases where these excitations are dominated by the lowggmonstrated 3 that significant improvements in the
lying (intrashell) resonance transition, this relationship cafjiainable accuracy of spectroscopic measurements now
establish a lower bound fowg. By invoking the f-sum permit this procedure to be inverted, with expe'rlmen.tal' results
rule, an upper bound can also be established, providi&H oy used _to specify \_/alues and uncertgmty limitsfor
and t. This can provide needed data in cases where
1present address: Department of Physics, Harvard University, Cambridgéect decay curve measurements are hindered by, e.g. severe
MA 02138, USA. blending and cascading problems. We have extended this
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inverse method utilizing existing precision polarizability dataontained in the line strength fact8s np [5]

to obtain accurate values for lifetimes in Si lll and P IV. Use

of this approach also raises concerns about the reliability of Ssnp = Shpins = [{(Wns|F [ Wnp) 2. (1)
earlier polarizability measurements in Pb IlI.

In order to verify the reliability of the prediction of In the non-relativistic Schrédinger approximation, this
lifetimes from polarizability measurements, a comprehensi@lantity is the same for all members of the transition
set of fast ion beam decay curve measurements were mad@figy between the two configurations, and differences
P IV. These were subjected to analysis using the arbitrar@mong oscillator strengths and transition probabilities are
normalized decay curve (ANDC) method][to account & result of perturbations in level energies and intermediate
for cascade repopulation. Also, to test the validity of theoupling effects. The quantit§sn, can either be computed
f-sum rule, a determination was made of the effectifdeoretically or treated as an experimentally measured
number of active electrons in Ba Il, a system for which higMpirical parameter. For absorption frond a0 lower level,
precision measurements exist for both the polarizability at@e oscillator strength is related to the line strength3jy [
the lifetimes of the lowest resonance transitions. )

Existing bases of semiempirically systematized lifetime fasnp = 5 Ensnp Shanp )
data can be both utiized and enhanced by the use afuantities in au). For an unbranchdd= 1 — 0 transition,

these relationships between polarizabilities and lifetimes. . " . : ;
Isoelectronic sets of lifetimes for unbranched transitions czEme lifetimenp is related to the oscillator strength by |

be cleared of wavelength and intermediate coupling factors 1 2cat
to yield a set of effective line strength factors. These factors - = Eﬁanp fs np- 3)
have been found to produce a nearly linear isoelectronic p 330

plqt when appropriqtely charge-scaled and plotted againsgff\ere Ensnp iS in au, butc, a and o, are in SI units to
suna_bly—chosen reciprocal screte_ned_ce.ntral chargc_e. T_hu o?npare with experiment.)
relatively small number of precision lifetime determinations

can produce a reliable data set for the entire sequence By The value ol for the ground state can be expressed in
) ) : tems of fos vp and Engs np for thens? 1Sp—nsn’p 1P R r
interpolation and extrapolation. nsnp nenp S* So-nsn'p 'R Rydberg

X _— . ies th h the relationshi
Through a systematic combination of the use of I|fet|messerles rough the relationshigi[

determined from polarizabilities, polarizabilities determined t frsmp
from lifetimes, and isoelectronic expositions, a database for ®d = Z = (4)
ag, Tp, and B is reported here for the Mg, Zn, Cd and W Tnsmp

Hg isoelectronic sequences. In addition, the isoelectronjfe qagger on the summation indicates that this also includes
database foryg is used to investigate the charge scaling, integral over continuum states. THesum rule B, 7]
behavior, both to permit isoelectronic extrapolation and E?rovides the additional relationship ’

study homologous trends.

+
Ne = frsnps (5)
2. Calculational formulation ° ; e

We consider here ions with ams? 1S, ground state outside whereNe is the number of active electrons.

a filled shell or filled subshell core. The oscillator strength  For ions with ns andns? ground states, the sum in
fasnp fOr the ground state excitation series® 'Sp—nsn’p  equation §) is characteristically dominated by the intrashell
1P is dominated by the strong intrashetkn transition. (For An =0 transition. This results from the strong cancellation
economy of notation, the explicit designation of the spectateffects that affect line strength factors fan # 0 transitions,

ns electron will be suppressed.) The excitation enerfigg, but do not occur for theAn=0 transition B]. Since

of these resonance levels are much higher for the intersiéié lowest resonance transition is unbranched, its oscillator
An # 0 cases than for the intrashelih = 0 case. The dipole strength can be specified directly from lifetime measurements
polarizability of these ions will influence the energy levels afising equation ). The f-sum rule provides a value for
high Rydberg states in atoms and ions of the adjacent (dive remaining summed oscillator strength, and the second
stage of ionization lower) isoelectronic sequence, from whigksonance levehs(n+1)p 1P provides a lower bound to
ag can be deduced using the long-range core polarizatienbsequent excitation energies. This yields a bracketing

model [1]. inequality P]
Here equations will be expressed in atomic units, with
energies in hartrees (2109737.31568549 cn) and lengths fsnp <ag< s np + Ne — fnsnp (6)
in Bohr radii ap (5.291772083nm). In standard notatian, B2 Eimp  Eienp
denotes the fine structure constant(37.03599976) andis
the speed of light (2.9979245810° nm ns?). If the width of the bracketing is small, then a reasonable

estimate for the value afq can be obtained by taking the

2.1. Relationships among quantities midpoint of the bracket

The quantum mechanical character of both the emission ag= fns.np + Ne — frsnp @)

lifetime 7,, and the absorption oscillator strengfhs np is B Easnp 2E§$(n+1)p’
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with an uncertainty given by the halfwidth of the bracket Table 1. Lifetimes and BF for Ba Il.
Ne — frsnp Transition 7(ns) BR%)® f E(au®
Aag = 2EZ 8) 652S,,—6p2Py, 7.928)°  26.7 0.3380(34) 0.092 318
ns (mDp 652S,,,—6p2Py, 6312209 257 0.7370(23) 0.100 023
This can be combined with the experimental uncertainties iS°Sy2—7p?Py2 0.255 036
the Iifetime_ mgasurement to specify the total uncertainty ing et and Johnson§].
the determination. bNIST [16].

Recent improvements in the accuracy of spectroscopieuskeet al[13).
measurements now permit this procedure to be inveBied¢  dAndra [14].
that experimental results fog are used to specify values and

uncertainty limits forfns np andnp. This can be accomplishedinsensitive to the value af Ne. The effect of the assumed core

by solving equation?) for fasnp contribution on the computations can be determined through
2o E2 N controlled variation of the quantit Ne.
f _“YdEnsm+pp ~ e 9) An experimental estimate oAN. could be obtained
nsnp = 5=3 2 : : L : >
2Eps nenyp/ Efsnp — 1 if a precision spectroscopic determination af could be

) o ] ) ) ] combined with a precision time-resolved measurement of
Differentiating equationd) and inserting equationg], the Top fOr the same ion. The lifetime can be converted to the

bracketing uncertainty is oscillator strengthf,s np Using equationd), and equation?)
can be solved foN to yield

Ne— f
Afnsre = 52 ) /;np 1 (10) f
ns,(n+1p/ =nsnp \
" . . . . Ne = fasnp + 2E§s,<n+l>p |:ad a EnZS “p:| ' (16)
In addition to adiabatic correlations sucheag a similar ns,np

relatlonshlp connectsﬁqs,np _to the lowest order no.n—ad.|§1bat|c-|-his expression can also be used to propagate the uncertainties
correlannﬂ_ [10], which is a measure of t_he inability Ofin ag and intpp, which can then be combined in quadrature.
the core to instantaneously follow the motion of the OUtRHnce the value oN. has been determined, it can be inserted

electron. Itis defined (in au) into equations13) and (L4) to specifyp.

1T fasnp
p= EZ E3 . A1) 551, Application to B& The Ba Il ion provides an ideal
. e test of this approach, since high precision data exist for both

By the same considerations has the bracketing inequality «q and the lifetimes. This system has only one out-of-shell
electron, and thus consists of doublets instead of singlets

fsnp <28< frsnp + Ne — fns,np. (12) and triplets. Correspondingly, slight modifications must be
Er?snp ST Er?s,np Eﬁ&(nﬂ)p made in the equations developed above to account for the fine
. structure of the lowest resonance transitions.
The central value is A high precision measurement of the polarizability of
fosmp  Ne— fasnp Ba Il has been madelf] using laser resonant excitation
T T (13)  stark ionization spectroscopy (RESIS). This yielded a value
nsnp ns.(n+1p ag(Ball) = 12388(5)a3. The lifetimes of the 67Py/, and 6p
and the halfwidth is 2P3/2 levels have been measured todgg = 7.92(8) ns [13]
andtgpz = 6.312(20) ns [14]. In this system, the decays of the
AB = Ne— f”S’”P. (14) 6p levels are branched both to the 6s ground state and to the
4EY (ne1p low-lying 5d levels. Thus conversion of the measured life-

. . times to line strengths requires knowledge of the branching
If the value of fnsnp can be specified by a measurement eithgf, tions (BF). Relativistic many-body perturbation theory
of zp OF Of &g, these expressions can be used to pres@ibe .50 jations have been reportadffor both the lifetimes and
BF of these levels. For the absolute lifetime calculations, the
2.2. Core contributions to N agreement with experiment is at the 2% level. It is reasonable
go assume that the relative calculations for the BF will be

Th ntity Ne can xpected t cl to two, th . , X
nu;l;]euraof )c/)ute-o‘li-shflf r?iepli((::t?gnsoir?ethe();?ouond sc;:alte of even higher accuracy. The input data and the reduction of
‘these lifetimes tdf -values are indicated in table

However, there could be small additional contributions from . .

. . L In terms of doublet levels, the corresponding version of
the closed inner core. The Ne-, Ni-, Pd- and Pt-like ionic coreés uation £6) becomes
are, however, relatively rigid (cflft] for calculations ofxq for q

the Ne and Ni sequences). To account for the possibility of an f f
inner core contribution to the oscillator strength, let Ne = fosep1+ fosopa+ 2E2q7p | 0t — 625691 _ & .
EGstl E636p3
Ne - 2 + A Ne, (15)

17

where ANe is a small fraction. If Ensn+1p > Ensnp the  Substitution of the values from table yields Ne = 2.204.
bracketing widths will be small, and the results will béVhile then =6 shell contains only one active electron, the

3
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n=5 portion of the core has the configuratior?5i. This Of these levels, and noting the energy dependencé.of,
result indicates that the core contributes slightly more tham equation ), correction factors can be constructed for the

one active electron to thé-sum. lower limits of bothag andg as
Substitution of values into the corresponding equations ¢ 1p0
for g g > — [co§9 +sirf 6 <3—1)} (23)
f f Ne— f f = g
656p1 656p3 — Tesepl— Tesep3
B e e (18) ang
6s6pl 6s6p3 6s7pl f 1po 2
, , B> c0520+sin29<3—1> , (24)
and its halfwidth Edsnp P
AB = Ne — fesep1 — fos6p3 (19) where ¢P/3P9) is the ratio of the singlet-to-triplet excitation
N 4E§’57pl energies. Since singlet—triplet mixing only redistributes the

oscillator strength and does not alter the number of active
yields a value8 = 605(25)38. electrons, it (unlike core excitation corrections) is included in
the Ne = 2 f-sum rule.

2.3. Intermediate coupling
3. Lifetimes deduced from measured

The relationships developed in secti@nassumed a single dipole polarizabilities

configuration with pure LS coupling. Both of these

assumptions can be investigated through analysis of tfere are several ions in these sequences for which dipole
energy spacings of the levels of thasnp configu- hojarizability measurements have been reported. Through the
ration. Intermediate coupling produc_es smg_let—tn_plet MiXingse of equation9), values for the lifetimes can be deduced.
between the'P} and P9 levels of this configuration. This Thjis approach is particularly valuable in cases in which direct
can be characterized by extracting the mixing amplitud@seasurement of the lifetime is strongly affected by cascading
from the measured energies of thenp 3P3, 3P}, 3P and g blending.

'P} levels [17]. Since there are three intervals and only | ifetime measurements in multiply-ionized systems are
two amplitudes (corresponding to the exchange Slater affhst commonly obtained by fastion beam excitation achieved
spin—orbit energiesy), the system is overdetermined. Thnroygh traversal of a thin foil. Since this excitation method is
two normalized amplitudes can be expressed as a singig, selective, it produces multiexponential decay curves. This
mixing angled. A solution involving only two of the splittings ¢an pe challenging to curve fitting methods in cases where
(taking the average energy of te= 1 levels) is givenby  the primary and one or more cascades have similar lifetimes.
1 [3CP+1P - 290 In such cases, the ANDC method] [can be utilized. This_
— [ 1 1 o’ _ 1] (20) method incorporates measured decay curves of the dominant
V2 P —3PD) cascades into the analysis of the primary in a correlated

(here the energy levels are designated by their spectroscorB%nner that effectively eliminates cascade effects.
symbols). - )
If the mixing angle deduced from this formula correctly3-1. Lifetime deduced from measuregfor Si Il

predicts the'P)—°P} splitting, this provides confirmation o ; ||| in the Mg sequence, a high precision measurement

of the single configuration assumption. The effects o aq has been madeifi, again using the RESIS technique.

intermedi.a_te coupling can also be inclqded by correctingg yielded the valuey(Silll) = 11.666(4) ag.

the transition array value fofsnp to Obtain the resonance  p£q this jon, the measurement of the 3483 lifetime is
(*So='PY) and intercombination' §&—°F%) values as complicated by an unfortunate blend of the wavelengti [

of the primary transition with its direct and indirect cascades,
as well as by similar values for the primary and cascade

For line strengthsS(Res) and(Int) deduced from measured"ferimes asti)redicted ftheoretL;alIy;{l. h | hs of
lifetimes, perturbations will generally cause the values 0;1 It can be gelen rom tfpoe that the wa;j/e (:]ngtd§ °
Swsnp for the two transitions to differ slightly. Thus, it is the primary 35 “S-3s3p Py transition and the direct

1
convenient to define two independent reduced line strengﬁ%scade 3s3fP}-3s3d'D; bOth have Wavglgngths 1206.5A.
Moreover, there are blends with the transition$ 3p,—3p3d

D9 at 1207.52 A and 3p'D,—3s4f1F § at 1210.46 A. (Here
the upper levels 3p3tD § and 3s4f'F § also act as indirect
that can be displayed on the same plot. In this study, we argscades through the 3s3d, and 3p D, levels.) Because
concerned only with the resonance transition. of the Doppler broadening inherent in fast ion beam detection
In cases where singlet-triplet mixing is significant, thenethods, it is virtually impossible to resolve these blends.
ground state oscillator strength is channeled through both the Measured lifetimes obtained from multiexponential curve
nominally labeled"P} and 3P levels. Since the triplet level fitting of the 3s3p P} decay have been reported as
lies below the singlet level, this is not accounted for in the.40(10) p0] and 0.41(9) nsZ1]. From table2, it can be seen
energy denominator of the portion of the inequality utilizinghat theoretical calculation& §] predict a very similar lifetime
the f-sum rule. Assuming tha$syp is the same for both of 0.44 ns for the direct cascade fron?3i%y. Moreover, the

cot(20) = +

S(Re9 = SisnpCOS0;  S(Int) = SinpSirF . (21)

S (Re9 = S(Reg/cogh; S(Int) = S(Int)/sirf e, (22)

4
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Table 2. Wavelengths and lifetimes of the primary and cascade  of this value ofay is substantially less than that obtained
transitions for ANDC analysis of ions in the Mg sequence. by the RESIS method, its accuracy in predicting,
Silil PIV remains competitive with direct lifetime measurements. Using
Transition MA)  z(ns)  A(R)  t(ns) equatlgns_ 9 and (0), the measurgd Valuad.(P V) =
6.3123] yields fas3p = 1.391(65). Using equation J), the

3s? 15— 3s3p'P?  1206.5 0407  950.7 0292 lifetime is deduced to bes, = 0.292(14) ns. The results are
333p1Pi’—3p2 15 1417.2 044° 11186 033 summarized in tablé
" _3s4s'S, 1312.6 111° 776.4 033 )

-3p? 1D, 2541.8 38 1888.5 99

-3s3d'D, 12065 022 8775 012 3.3. Lifetimes deduced from measusgdor Kr VII
“Deduced fromyg. This method has recently been appli€?] fo a precision
*Theoretical estimatelp]. measurement2p] of «y in Kr VII, again using the RESIS

method. The measured result was= 2.69(4)a3, and using

indirect cascades through3}D, from the 3p3dDS and 3s4f  this method the valuesy, = 0.096(3) ns andp = 1.71(3)a;
1F 9 levels are predictedlp] to be 0.43 and 0.61 ns. were deduced. This lifetime determination is consistent with

Thus, because of congruences between cascade &nfpst ion beam measuremeri27] and with theoretical
primary lifetimes it is impossible to reliably extract thefStimates8, 29, but represents a significant improvement
primary lifetime by multiexponential decay curve fittingin Precision. The results are summarized in tefble
Because of blending between the wavelengths of the primary
and cascade decay curves, it is also impossible to apply $he. Lifetimes deduced from measutgdor Pb 11|

ANDC method #] to this system to account for the cas:cadimﬂgd ) dv of dh in Pb
Since the spectral region and level system are not well suitibhg@ SPectroscopic study of g and h states in Pb II, Rass

to methods such as selective excitation by lasers, we m@stl39 used the polarization model to ob?fain a value for the
conclude that the lifetime of the 3s3j? level in Si Il dipole polarizability of Pb Il atg = 13.383; (1'982’55)'
cannot be measured with confidence using existing decay NS value yields an upper limitfesep < aaEgqqp =
curve methods. Fortunately, the high precision measuremént2>: Which exceeds the value fiig used in thef -sum rule,

of ag provides an alternative for determining, that is not and leads to non-physical results in equatin if we assume

affected by chance blending or cascade lifetime similaritiestat the intrashell transition dominates thesum, the value is
fesep =~ Ne & 2.5. The lifetime corresponding to this lifetime

Using equations9) and (0), the measured valugy =

1166622 yields fasgp = 1.61061). The small uncertainty in S Tep ™ 0.2. Thus, the values for neithégs s, nor zs, deduced
the measurement afy is clearly negligible compared to thefrom this measurement ofy is consistent with isoelectronic

bracketing uncertainty. Using equatioB),( the lifetime is trends B1]. A reexamination of this measurement @ is

deduced to bes, = 0.407(15) ns. The results are summarizedecomm_ended' ) . .
in table3. In view of these discrepancies, the valuergf obtained

from fast ion beam measuremen®l] is adopted and the
value ofway of [30] is rejected in all subsequent calculations
herein.
A spectroscopic investigation of P Il using vacuum sliding
spark excitation has been reporté28][ This study yielded 4. Fast ion beam lifetime measurements in P IV
the valuexy(P 1IV) = 6.31233, based on the (6-9)H levels
in P 1ll. No uncertainties were quoted, but a propagation difetime measurements were performed in the University
guoted wavelength tolerances and an examination of variancéSoledo Heavy lon Accelerator Laboratory. The facilities,
in our own weighted least squares fit to these data indicatethaluding a Danfysik 300 kV accelerator and an on-line data
minimum uncertainty oﬁ:0.0lag. analysis system have been described eadizr33).
For the 3s3@P3 level in P 1V, two lifetime measurements  Singly charged P ions of energies 170 and 240keV
using multiexponential curve fitting yielded conflicting resultsvere directed through thin (2.1-2/4g cnm?) carbon foils.
t3p = 0.22(2) [24] and 0.35(2) ns39]. It can be seen from Corrections were made for energy loss in the foil (typically
table2 that the direct cascades from?3}8, and 3s48S, are  5keV). The emitted radiation was dispersed with an Acton
both theoretically predicted.p] to have a lifetime of 0.33ns, 1-m normal incidence vacuum monochromator. Depending
very close to one of the measurements reported. The possitethe wavelength range, detection was achieved either with
effect of these cascades on the reliability of multiexponentialchannel electron multiplier and a 2400 lines Mngrating
fitting methods motivates the use of the ANDC methéjdér  (blazed at 800 A), or a Hamamatsu 7154 photomultiplier tube
a joint analysis of these decay curves. and a 1200linesmnt grating (blazed at 1500A). Decay
In order to resolve this discrepancy, we undertook fast iarurves were measured by recording the emitted intensity
beam measurements of the primary and cascade decay cuofea given spectral line as a function of distance from the
for an ANDC analysis. These measurements are descrifei, achieved by translating the foil relative to the point of
in section4, and yielded a result that confirms the analysigbservation. The decay curves were first analyzed using the
described below. multiexponential fitting program DISCRETE{], and then
The measured value aofy provides an independentby the ANDC method4], which corrects for cascading in a
means of determining this lifetime. Although the precisiorigorous way.

3.2. Lifetime deduced from measuregdfor P IV

5
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Table 3. Specification of lifetimes from measured dipole polarizabilities. Uncertainties are in parentheses, energies até]from [

Thp(NS)
n lon aq(@d) frsnp Fromay Measured Theory
3 Silll 11.6664)2 1.610(61) 0.407(15) .80(10)°, 0.41(9)° 0.408", 0.429%
3 PV 6.317 1.391(65) 0.292(14) .22(_2)9, 0.35(2)", 0.276", 0.295
0.287
4 KrVvil  2.69(5) 1.60(4) 0096(3)  0.101(10)' 0.0991", 0.0953
6 Pb 1l 1338 ~2.5 ~0.2 Q380(21)° 0.36C°

aKomaraet al[18]; PBerry et al[20]; °Livingstonet al[21]; YTachiev and Fischedp];
eSafronoveet al[22]; 'Magnusson and Zetterbergd; 9Curtiset al[24]; "Livingstonet al [25];
iThis work;ILundeen and Fahrenbacdg]; “Curtis [3]; 'Pinningtonet al[27];

MLiu et al[28]; "Chouet al[29]; °Rosset al [30]; andPCurtiset al [31].

The cascade scheme is indicated in tableMeasure- ! transitions are of similar magnitude. Thus the wavelength-
ments were made of the decay curves for the primary tragubed factor£10) causes the repopulation to branch strongly

sition from 3s3p'P ¢ at 950.655 A, the cascades from thé 3pthrough the 3p channel and to effectively bypass the 3s3d
and 3s44'S, levels at 1118.6 and 776.4 A, and the cascadeRgannel.

from the 3p? and 3s3dD; levels at 1888.5 and 877.5A. Un-  This demonstrates the power of ANDC analysis to

fortunately the decay curve of the3f, was obscured by a confirm the correlations between cascade-coupled decay

blend with the strong 3%S,,,-3p?P §,, resonance transition curves. It should be noted that the ANDC method has been

inPVat1118.551A. applied to other members of this sequen8®, B7-41], and
Attempts were made to resolve this blend by variation dfie relative contributions of the cascades from 343¢l and

the beam energy, and by comparing the exponential cont&pt D, could provide a probe of this configuration mixing.

on opposing wings of the line-width. (If the individual The ANDC method involves the consideration of the

contributions of the blended lines vary over the profile dhstantaneous population equation, expressed in terms of the

the line, the ANDC method can be extended to resolve theeasured decay curvégt) and of the detection efficiencies

blend B5, 36].) However, the P V line was too strong to bex of the cascades relative to the primary transition. For this

deblended by either of these methods. system, this equation can be written
Multiexponential curve fits yielded the following results
for the primary and the two unblended cascades: the 950 A diz/dt = Z2l2(t) +g3l3(t) — l1() /71, (25)

primary yielded two exponentials with lifetimes 0.35 and .
9.5ns; the 776.4 A cascade yielded two exponentials Wﬁere the |nd_|c_es L 2 and 3 deno_te th_e 950, 774.5 and
lifetimes 0.49 and 5.7ns; the 1888.5A cascade yield 18.6 A transitions. This can be rewritten in the form
a single exponential with a lifetime 8.1ns; and the d 1 [5(t) +els(t)
877.5 A cascade yielded two exponentials with lifetimes 0.2 - a[ln ] = o &2 [T}
and 4.4ns. The 1118.6 A decay curve yielded a lifetime
corresponding to the P V line with which it was blendedvheree = ¢3/¢». The quantities,, {> and¢s are then adjusted
Theoretical estimates for the lifetimes of the upper levels a6 fitting parameters to the measured values for the various
these decays are given in talzle decay curvedy. The numerical logarithmic derivative can be
An ANDC analysis was carried out on the primangonveniently performed using a moving polynomial 4g].
transition at 950 A and the cascades at 1888.5, 877.5 and An ANDC plot is shown in figurel. If the method
776.4A, but omitting the blended line at 1118.6 A. Thés successful, this plot is linear with the reciprocal lifetime
ANDC analysis rejected the inclusion of the 877.5A linespecified by the intercept on the ordinate. The intercept
but gave a good result with the inclusion of the 1118.6 arabtained here was 3.483Tscorresponding to a lifetime =
774.6 A cascades. 0.287 ns, in excellent agreement with the result obtained from
The rejection of the 3s3tD,—3s4f!F] cascade transition the polarizability data. There is some slight irregularity in the
at 877.5A by the ANDC mechanism was initially puzzlingANDC plot, presumably owing to the omission of the blended
since it is a member of the 3s3s3p—3s3d—3s4f... seriescascade. Thus the precision of the polarizability determination
In the Na sequence, the 3s—3p—3d—4f... series forms ignprobably higher than the ANDC measurement, which
unbranched link to the yrast chain of circular orbit transitiongionetheless provides a persuasive confirmation.
and dominates the repopulation of the lowest resonance

transition. However, Huttoret al [37] have pointed out a 5 Predictive systematization of line strength data

significant difference for Mg-like systems. for the ns>-nsnp isoelectronic sequences
In the Mg sequence cascading is altered by the existence

of the 3@ !D, level, which lies well below the 3s3pD, There is extensive empirical eviden@i]43-45] indicating
level in energy. Although the 3p3s4f transition is nominally that ions with two out-of-shell electrons exhibit a nearly linear
a two-electron jump, there is heavy configuration mixingoelectronic variation when the multiplet line stren@Qp
between the 3s3tD, and 3 D; levels, and the theoretical is quadratically scaled with nuclear charge and plotted against
line strengths19] of the 3s3d*D,—3s4f'F3 and 3p 'D,—3s4f a suitably chosen reciprocal screened charge.

(26)

6



Phys. Scr.77(2008) 015301 N Reshetnikowet al

converted to effective reduced multiplet valugéRes) using
equations 21). The quantityS can then be isoelectronically
parametrized using

3.5
P IV ANDC

3.0 7S =S/+B/(Z-0). (27)
It has been demonstratedq that for large Z the trend

25 approaches the hydrogenic lin8t, given by

2.0 Si=In’(n* - 1). (28)

-d(In I1)/dt

Thus, forn=3, 4, 5 and 65, = 324, 1080, 2700 and 5670.
Figure2 shows a plot o#Z? ~ S versus ¥(Z — C) for the
resonance transitions in each of these four sequences. Open
circles denote values deduced frapy measurements. Filled
circles denote values deduced fremp measurements. Filled
diamonds indicate the high-hydrogenic value§,.
(I2+el3)/n A weighted least-squares fit can be made to the measured
values for S. This can be interpolated to obtain values
for all members of the sequence, and used to specify the
corresponding values fofis np andag.

1.5

1 .0 | | | | |
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Figure 1. ANDC analysis for P IV. The intercept yields a reciproca
lifetime 3.483 ns?, corresponding ta, = 0.287 ns.

In these systems, it is possible to account for the effectsgf Det inati f d3f lifeti dat
intermediate coupling using the singlet—triplet mixing angles etermination of g and 3 from lifetime data

ol_Jtalned from equat|c_)n20). Here, we are goncerneq .only6_1_ Tabulations of results

with the resonance line strengtt&Res). First, empirical

line strength factorsS(Res) are deduced from measureliVe have used the lifetime database to compuge for
lifetimes using equation] and @). These values are thenmembers of the homologous Mg, Zn, Cd and Hg isoelectronic

2500 - Mg Sequence 5000 | Zn Sequence
3s?'So - 3s3p 'Pt 452 180 - 4s4p 1P}
2000
6000
= %)
D 1500 &
N 4000
1000
2000
500
00 01 02 03 04 05 06 07 %00 01 02 03
1/(Z-10.577) 1/(Z-28)
50000
Cd Sequence Hg Sequence
2180 - 555p P | 6s21S0 - 6s6p 1Pg
20000 | 552180 - 5s5p 1Pt 40000 | 682 1S0 - 6s6p L P?
B 30000 -
N VJ
N N
10000 20000 -
10000 |
0 Il | L L L 0 L L I L L
0.0 0.1 0.2 0.3 0.4 0.00 0.05 0.10 015 0.20
1/Z-45.73) 1/(Z-75)

Figure 2. Isoelectronic interpolation of the reduced line strengths for the homolagg8u§,—nsnp 1P ¢ transitions. Open circles denote
values deduced from,, measurements. Filled circles denote values deduceddiameasurements. Filled diamonds indicate the high-
hydrogenic asymptotes.
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Table 4. Analysis for the Mg isoelectronic sequence. Energies are fidin Brackets denote values obtained from isoelectronic
interpolation of line strengths as described48][

Z lon  Eagp@u)  Eag@y)  tes) Ry @ A@D

12 Mg 0.159705 0.224840 .@1) 1.830 74.4(27)  230.6(59)
13 Al 0272706 0487166 .0211)°  1.744 24.20(75) 43.8(8)

14 Si 0377649 0.804135 .4D7(15° 1610 11.666(4) 15.18(24)
15 P 0.479283 1.173360 .2D2A14° 1391 6.312(10) 6.43(11)

16 S 0579341 1.592596 .1B(1)° 1.464  4.49(13)  3.80(4)

17 Cl 0678653 2085826 .D659)° 1229 2.77(10)  1.99(2)

18 Ar 0777866 2596186 .0325)  1.169  2.00(7) 1.26(1)

19 K 0877263 3.168366 .DI(2)¢ 1.103  1.48(5) 0.825(8)

20 Ca 0977252 3.792302 .1m1)" 0.978  1.06(4) 0.530(5)

21 Sc  1.078074 4.467961  [0.078] 1.030  0.914(27)  0.415(3)
22 Ti 1179963 5.193858  [0.068] 0.986 0.730(21)  0.303(2)
23 V1283187 5971077 [0.060] 0.945 0.591(16)  0.2258(14)
24 Cr 1387992 6.802244  [0.053] 0.914  0.488(13) 0.1727(1)
25 Mn 1494669 7.680159  [0.048] 0.871  0.401(10)  0.1319(7)
26 Fe  1.603424 8611337 .23)  0.865 0.346(8)  0.1062(5)
27 Co 1714654 9841775 [0.039] 0.814 0.285(7)  0.0820(3)
28 Ni 1828466 10.631750 .@B16)Y  0.901 0.276(5)  0.0749(3)

3Liljeby et al[47]; PKernaharet al [48]; °This work.“Reistadet al[35];
°Engstromet al [38]; 'Reistadet al [39]; 9Biémontet al[49]; "Trabertet al[40)];
"Huttonet al[41]; IHuttonet al[37].

Table 5. Analysis for the Zn isoelectronic sequence. Energies are fidin Brackets denote values obtained from isoelectronic

interpolation of line strengths as described #¥][

z lon Easap(au) Esssp(@u)  tap(ns) fasap aq(@g) B@3)

30 Zn 0.212988 0.286 641 .33(7)? 1.548  37.5(34) 86.0(59)

31 Ga 0.322139 0.549267 .4¥(4)° 1.836  18.14(44) 27.9(4)

32 Ge 0.418603 0.839724 .AY3)° 1.837 10.68(19) 12.66(11)

33 As 0.510410 1.157491 .ZB3) 1.558  6.19(20) 5.96(9)

34 Se 0600220 1.492633 [0.16] 1620 4.61(11)  3.80(4)

35 Br 0.689132 1.865496 [0.126] 1.560 3.37(8) 2.42(2)

36 Kr 0.778 382 2.267 324 .096(3)° 1.598 2.70(5) 1.718(11)

37 Rb 0.867986  2.690311  [0.084] 1.468  2.00(4) 1.142(8)
38 Sr 0958553 3157864 [0.071] 1429 1597(33) 0.827(5)
39 Y 1.050367 3.646581  [0.061] 1.394 1.299(27) 0.615(4)
40 Zr 1143781 4.164263  [0.052] 1362 1.071(21) 0.466(3)
41 Nb 1239045 4710904  [0.046] 1334 0.895(17) 0.361(2)
42 Mo 1.336 523 5.191 224 [0.040] 1.307 0.755(15) 0.2829(14)
43 Tc 1436280 5891082 [0.035] 1282 0.644(12) 0.2262(10)
44 Ru 1538752 6524613 [0.031] 1260 0552(10)  0.1819(7)
45 Rh  1.644053 7.187109  [0.028] 1.238  0.477(8)  0.1477(6)
46 Pd 1752640 7.878569  [0.025] 1216 0.413(7)  0.1207(5)
47  Ag 1.864 776 8.598994  [0.022] 1.199 0.361(6) 0.0997(4)

aMartinsonet al[50]; "Anderseret al[51]; °Curtis [3].

sequences. The results are presented in tablésEnergy In cases where a lifetime measurement was made, the quoted

level and lifetime data were drawn from [ 71]. measurement uncertainties should be propagated and added in
Spectroscopic energy level source references are ingiadrature with the bracketing uncertainties to obtain the total

cated in the table captions. Lifetime measurements are ingfecision.

cated with quoted uncertainties in parentheses, drawn from Fragaet al [72] have made calculations of static dipole

references as footnotes. Isoelectronic interpolations for lifpelarizabilities for virtually all charge states of all elements

times are also indicated, enclosed in brackets. In three casesing the Hartree—Fock relativistic (HFR)J approximation.

Si lll, P IV and Kr VI, lifetime values were deduced These calculations give general qualitative agreement with

from measurements ofy. The lifetimes were first converted our determinations for the Mg and Zn sequences, but they

to oscillator strengths using equatio8).(The energies and become increasingly larger than our values for the Cd and Hg

oscillator strengths were then used to computeand Aag  S€QueNnces.

using equations?) and @) and to computes and A using Biémontet al [74] have commented on this fact, noting

equations13) and (L4). In the cases of Si lll, P IV and Kr VII that concerning the values of Fraga al, ‘It was verified

the calculation simply recovers the valuesagffrom which that consideration of the parameterg=2233 andr.=

the lifetimes were deduced. The uncertainties quoted in par@39 au of the Pb IIl ion leads to an overestimate of the

theses forg andg indicate only the bracketing uncertaintiespolarization effects’. Indeed, the value 22333)redicted by

8
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Table 6. Analysis for the Cd isoelectronic sequence. Energies are fiGirahd [52]. Brackets denote values obtained from isoelectronic
interpolation of line strengths as described #b][

Z lon  Esssp(@u)  Esgep(@u)  tsp(ns) fossp (@) B(@3)

48 Cd 0.199 078 0.298 404 .6b(5)2 1.419 39.7(38) 96.5(64)

49 In 0.287 203 0.500 174 .m(5)b 1.433 18.8(13) 31.7(13)

50 Sn 0364103 0741430 A¥3)° 1499 11.9(5)  16.0(4)

51 Sb 0437190 00997965 .3B4)" 1286 7.19(41) 8.0(2)

52 Te 0.508 979 1.269 863 .2B916)¢ 1.350 5.50(23) 5.26(9)

53 | 0.580 587 1.556 909 .DZ(Xll)f 1.288 4.04(17) 3.39(5)

54 Xe 0652745 1858006 .1657)°¢ 1328 3.28(11) 2.46(3)

55 Cs 0725947 2169508 [0.166] 1067 2.17(11) 1.447(25)
56 Ba 0800598 2512372 [0.142] 1028 173(11) 1.043(16)
57 la 0877008 2846534 [0.118] 1.027 1.44(6)  0.794(11)
58 Ce 0955477 3218386 [0.100] 1023 1.21(5)  0.614(8)
59 Pr 1013557 3.599236 [0.085] 1072 1.12(4)  0.540(6)

2L urio and Novick B3]; PAnsbacheet al[54]; °Pinningtonet al [55]; YPinnington
et al[56]; *Weighted average ob[7] and [58]; 'Weighted average oBp] and [60];
9Weighted average ob[7] and [61].

Table 7. Analysis for the Hg isoelectronic sequence Energies are ff#rgnd [31]. Brackets denote values obtained from isoelectronic
interpolation of line strengths as described Bi][ Polarizabilites are given both in theS coupling limit and with corrections for

intermediate coupling.

Z lon  Egsep(@u) Ees7p@u)  zep(ns) fosep  a(@l) B@

80 Hg 0.246 356 0.325018 .34(3)2 1.148 23.6(45) 46.4(69)

81 Tl 0344732 0557600 .B94° 1332 12.7(12) 18.3(11)

82 Pb 0434402 0807298 .3BO21)° 1302 7.8(6)  9.0(4)

83 Bi 0.522 165 1.056 673 .D43(l3)d 1.409 5.7(3) 5.69(15)

84 Po 0609173 1.297816 [0.176] 1430 43(2)  3.74(8)
85 At 0.697484 1542283 [0.133] 1443 333(14) 2.58(4)
86 Rn 0787549 1786749 [0.104] 1448 2.64(10) 1.85(3)
87 Fr 0880202 2031216 [0.0829] 1454 215(8) 1.37(2)
88 Ra 0975903 2275683 [0.0671] 1461 1.78(6)  1.043(14)
89 Ac 1074698 2520150 [0.0550] 1470 1.49(5)  0.810(10)
90 Th 1177075 2764617 [0.0455]  1.481 1.26(4)  0.640(7)
91 Pa 1.283438 3.009084 [0.0380] 1.492 1.08(3) 0.513(6)
92 U 1394129 3253551 [0.0319] 1506 0.94(3) 0.418(4)

AWeighted average oBB—68];°PHenderson and Curtis [69];
°Ansbacheet al[70]; YAnsbacheet al[71].

Fragaet al [72] compares unfavorably both with the valudransitions, the expected scaling is

13.3&3 deduced from spectroscopic data for Pb Il by Ross
et al [30], and with the value 74§ deduced from measured

frs (n+1)p o< CcONstant

2
Ens (n+p ¢ £

(An#0), (29)

lifetime data in table7. As discussed in section 3.2, both ofvhereas for intrashell transitions
these larger values farg(Pb 1) conflict with f-sum rules
and experimental line strength trends. The predictiongyof

for the Au isoelectronic sequence are also much larger thafl
recent empirical determinations for Au I-Bi V reported by fns,np/Eﬁs_np o« l/¢3;

Hendersoret al [75].

6.2. Theoretical predictions for charge scaling

The width of the bracketing inequality (and hence th
influence of its uncertainty) will be small iffnsnp is large;
Ensnp is small; andEns (n+1)p iS close to the ionization limit.
Some insights can be gained by considering isoelectroni

scaling.

We denote by the effective core charge seen by the fnsnp/Ensnp ¢ 1/¢%;

frsnp o

1/¢;

Ens,np x ¢

(An=0). (30)

Eqr determiningyy, the quantities in equatio®) scale as

frs (ne1yp/ Er?s,(n+l)p «1/¢* (31)

Thus, although the contribution df.sn, to the total f-sum
decreases relative to that of the intershell transitions with
increasingg, the ratio of the bracketing width to the lower
limit of g decreases as/%. (Notice that here the central

(o4
as

fns,

yalue ofag scales as the sum of a largg¢c? term and a
small 1/¢# term, in contrast to the hydrogenic value which,
involving only intershell transitions, scales ag“)

For determining8, the quantities in equatiorl{) scale

n+vp/ Er?s(n+1)p & 1/567 (32)

jumping electron (the nuclear charge minus the number &b the ratio of the bracketing width to the lower limit f

electrons save one). In terms of this quantity Cow@f] [ decreases even faster, as2l/For ag the relationship is more
(pp 436-9) has summarized the approximate isoelectrogismplicated, but for very largg the bracketing and the upper
variation of oscillator strengths and energies. For intershéhit scale together.

9
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Table 8.Scaling. It has been noted7p] that gold and mercury differ in
Sequence B, d, Pe By ds Ps melting points, densities, electrical conductivities, the ability
to amalgamate with noble metals, etc, by greater factors than
;Ar? 5251 f_ ; 2132 g'&é %1?5 (i'_% %% vi'rtulally any other pair of neighbors in the Periqdic table.
Cd 548.0 204 238 2667 178 328 Similarly, Tl Il is more stable than Tl I, Pb lll is more
Hg 2314 205 208 1509 2.09 3.15 stable than Pb Il, and Bi IV is more stable than Bi lll.

Relativistic calculations have also explained the difference in
color between gold and silverT].

6.3. Charge scaling of the results Only the first four members of the Hg sequence

are radioactively stable, and measurements of the atomic
structure properties of its radioactive members are lacking.
However, the atomic properties of the radioactive members

The polarizability data in table$-7 were fitted to the charge
scaling equations

B, By have applications in, e.g. modeling calculations of radiation
ad = m; B= m- (33) transfer in astrophysical and controlled fusion plasmas. Thus
P semiempirical extrapolations can provide useful estimates for
The fitted values are listed in takfte the ions in this seqguence with > 84.
7. Relativistic effects in the Hg sequence 8. Conclusions

Homologous comparisons of these four isoelectronicor atomic systems in which the ground state oscillator
sequences reveal interesting trends. It can be seen freffength is dominantly concentrated in one low-lying
tables4-7 that the oscillator strengthésn, decrease with resonance transition, the method described here provides
increasing ionicity, consistent with th&n = 0 scaling with 3 powerful means to interconnect measurements and
1/¢ that was predicted in equatiol3@). However, table7 predictions of the quantitiesy, # and 7. If a precision
reveals that for the Hg sequence the oscilldig, is nearly measurement of is available,ag and g can be deduced.
constant over the sequence, as would be expected fopigrnatively, if a precision measurementafis available
An # 0 transition as predicted in equatioBd. In all four andg can be deduced. Moreover, screening parametrizations
sequences thEns n, energy decreases withas expected, so of line strength data permit isoelectronic interpolation of a few
the difference in scaling resides in the line strength factor. precise measurements to obtain estimates of these quantities
The origin of this behavior lies in significant relativisticfor the entire sequence. The Mg, Zn, Cd and Hg sequences
corrections that affect Hg and its isoelectronic sequeiibe [ satisfy these criteria very well, and the results presented here

77). In earlier studies of the Cdtp] and Hg B1] sequences, provide an extensive database spanning both homologous and
multiconfiguration Dirac Hartree Fock (MCDHF) calculationgsoelectronic sequences.

showed that Gsand 6s6p remain lower than plunging levels
from the 5f and 5g subshells for all ions through uraniu
In contrast, for the Cd sequence, plunging levels from

;f S‘ébzstrk‘]e”‘lﬂe””{ b th? 552'0 "f;]’e's abogej ?0 &”d for The work was supported by NASA Grants NAG5-11440
- € aTievels replace -as the ground state. VIoreover,, , NNGO6GC70G, and by the National Science Foundation
whereas the mixing angle reduction could be accomp“Sheaant to the University of Toledo Research Experiences

l'\J/Isng the gcgéddlnger formz,avlllzrgmlﬂnsl coluE).Ilng ;or :Ee |_for Undergraduates (REU) Program. We are grateful to the
g, chan sequences, calcuiations for the onymous reviewer for insightful comments.

sequence indicated a significant difference between the Dirac
transition matricegs;|r |P12) and (Sy/2|r | ps/2), requiring
use of the Dirac formalism anf coupling. References
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