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Lifetime of the 3p 2Py, level in Na-like Kr2%*
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We have measured the lifetime of thg 8P, level in Na-like KP%", using beam-foil excitation and
cascade-corrected analysis. Our restit45.2+2 ps, has half the uncertainty of previous experimental data for
highly ionized Na-like ions, and permits an important test of theoretical methods. Recently, tetithn
[Phys. Rev. A51, 143(1995] pointed out a seemingly systematic one-standard-deviation difference between
theoretical and experimentélvalues of 3 2S;,,— 3p 2P5, transitions for Na-like ions witZ>20. Our more
precise result indicates that these small differences are coincidental and insignificant, confirming the reliability
of theoretical calculations for this systef$1050-29477)03804-3

PACS numbd(s): 32.30—r

I. INTRODUCTION malized decay curvé ANDC) method[7] that greatly re-
duces or totally eliminates the effects of cascading. By the

During the past decade there has been both experimentate of ANDC methods the lifetimes of thgp3evels have
and theoretical activity in the specification of low-lying tran- been determined for several Na-like ions between Si and Cu
sitions in Na-like ions. These essentially one-electron sysf8—16]. In this context, Huttoret al.[16] reported results for
tems usually produce strong and well-isolated spectral lineg=22-29 which showed an unexpected deviation from rela-
that are well suited to experimental measurement, and theg#istic Hartree-Fock calculatiorfd.7]. This result stimulated
data are needed in many specific applications. Because oew calculations, using the semiempirical Coulomb approxi-
their relatively simple structure, these systems are also ahation with a Hartree-Slater cofd 8], relativistic many-
fundamental importance for testing the reliability of atomic hody perturbation theory19] and the relativistic distorted-
structure calculations. wave approximation[20]. For the 3 2S;,-3p 2Py, f

Experimental data for lifetimes of thepdevels(and thus  yalues, all of these new calculations were in agreement with
for the 3s-3p oscillator strengthsare available for many  the experimental resultincluding subsequent measurements
Na-like ions through A8*. The result for neutral Na has i X", AuPST [21], and NB®* [22]). However, for the
been of particular interest because of the high quoted accug 23,,,-3p 2P, transitions in Na-like Fe, Ni, Nb, and Xe
racy (0.18% to which it had been measured by beam-lasefhe experimentaf values were consistently 10% lower than
methods1], and the fact that it differed from elaborate the- theoretical calculations. Although these differences are sys-
oretical calculation$2] by more than five times the quoted tematic, they are comparable to the quoted accuracies of the
uncertainties. Recently this discrepancy has been resolved Bydividual measurement, and thus inconclusive at this level
a new beam-laser experime®], a precise linewidth deter- of precision. In order to provide a definitive comparison be-
mination[4], and by measurements which use the alternativgween experiment and theory, we have carried out a measure-
approaches of photoassociative spectroscopy of ultracold ainent of the 3 2S,,-3p 2Py, oscillator strength in Na-like
oms[5]. The oscillator strength for the Nas33p transition K25+ (which lies in a gap in existing high measurements
deduced from these measurements agrees very well with thgyyr measurement is accurate to within 4%, and agrees well
oretical calculation$2], but the methods are not applicable with theoretical calculations, and conclusively demonstrates

to highly ionized systems. In the case of Mthere is good  the reliability of theoretical calculations for this system.
agreement between the results of a beam-laser $&idynd

theoretical predictions. For multiply charged Na-like ions all
existing experimental results were obtained by beam-foil ex-
citation. In contrast to the selective nature of the beam-laser
excitation process, decay curves obtained from beam-foil ex- The measurements were made at the Institute of Physical
citation must be analyzed for the effects of cascade repopwand Chemical ReseardRIKEN), using the RILAC heavy-
lation. Inaccuracies can occur if cascading is heavy and thimn accelerator and a standard beam-foil setup. Beams of
analysis is made solely by multiexponential curve fitting. Kr*** ions, accelerated to an energy of 168 MeV, were sent
However, by measuring the decay curves of the primanthrough a 4Qug/cn? carbon foil. Typical ion currents, mea-
level and all levels that significantly replenish its population,sured with a Faraday cup on the downstream side of the foil,
it is possible to make a joint analysis by the arbitrarily nor-were 100-150 nA4—6 particle nA. The light emitted by
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FIG. 1. Three sections of a beam-foil spectrum of {68.4
MeV). The lines belonging to Na-like K¥* are indicated, together FIG. 2. The beginning of the primaryp3®P5, and cascade

with two transitions in Mg-like K#**. BG indicates the places 3d 2Dy, decay curves, together withiscreTE fits. The decay
where the background decay was measured. curves were followed for 2 ns.

the excited ions was dispersed by a 2.2 m McPherson, Niit can be neglected in the present case. Xhe-1 transitions
KON grazing incidence spectrometer, equipped with a 600n very highly charged Na-like ions are orders of magnitude
lines/mm grating and a channel electron multiplier detectorfaster than  lifetimes and their repopulation does not affect
The spectrometer viewed the beam at an angle of 90°, and it§e lifetime determination of 8 [9,11]. In particular, the
entrance slit was placed close to the be@d® mm from the theoretical lifetimes of thegdand 4d levels in KP*" are 0.58
center of its 6 mm diamin order to maximize the time ps and 0.32 ps, respectivel0], and their decay takes place
resolution of the systerfimportant because of the short life- very close to the foil, in a region not included in our decay-
times studiefl Using 50 um spectrometer slits, linewidths curve analyses. We measured the decay of the primary tran-
full width at half maximum(FWHM) of about 0.4 A were ~sition 3s °S;;-3p ?Py, (178.994 A and those of the cas-
obtained in the region studigd40-180 A. Beam-foil spec-  cades from 8 D, (140.891 A and & Dy, (159.920 A.
troscopy at ion energies above approximately 100 MeV ig=xamples of decay curves are shown in Fig. 2. Note that
hampered by the comparatively high beam-dependent backhese two curves, representing 3P, and 3 *Dsy, levels,
ground caused by, e.g., x rays and electrons striking the effollow quite similar patterns.

trance slit. Techniques employing electric fielgégth added After subtraction of “background decay,” which was
refinements to the methods described in R22] were used measured in line free regions of spectBG in Fig. 1), the

to reduce these backgrounds close to the foil. Thus, for théirst step in analyzing the decay curves was to perform a
strongest lines, signal-to-noise ratid ) close to 15 were multiexponential fitting with the programiSCRETE[25]. Be-
obtained, 4-5 times higher than those obtained for earliegause of vignetting by the foil and the high background rate
experiments of this type. All decay data were corrected forclose to the foil, it was necessary to omit the first few points
background through a subtraction of the intensity decayrom the analysis. The results were relatively insensitive

curve in the region between the spectral lines studied.  (less than 1%to the points excluded in this truncation. The
values obtained in this manner yielded a primary decay time
IIl. RESULTS AND DISCUSSION of 56.4+3.4 ps, a growing-in cascade of 38.6 ps, and a long-

lived cascade of 630 ps. While these values serve primarily
The 3-3p and 3-3d transitions in Na-like Kr were as a high-frequency filter to prepare the data for analysis by
readily identified in our beam-foil spectra using the accuratehe ANDC method, the growing-in value shows reasonable
wavelengths given by Readet al. [23]. In the spectral re- agreement with theoretical lifetim¢&8] of the °D5, (26.74
gion of interest we also observed intense lines belonging tps) and 2D, (36.44 p$ levels as well as with our experi-
Mg-like Kr, classified by Sugaet al. [24]. A partial spec- mental values for these leve(see below. The long-lived

trum is depicted in Fig. 1. component is probably an effective manifold of cascades
In our experiment the decay curve of thp 3P,, levelis  from higher levels.
influenced by cascading, mainly from the 3D 5, and®Ds, The next step was to analyze the 3P, decay by the

levels. Cascading froms#°S and 4d 2D is also possible, but  ANDC method through the implementation of the computer
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TABLE I. Experimental and theoreticalp3?P, lifetimes and 3 2S,,,-3p 2Py, oscillator strengths in

Na-like Kr?%",
Lifetimes (ps) Oscillator strength
Level Experiment Theory Experiment Theory
3p 2Py, 45.2+22 45.86 0.2126+0.009 0.2094%
45.4% 0.213%
56.4+3.4°
(—38.6;630"

8ANDC, recommended experimental value.

bResults of the multiexponential fit, cascade lifetimes in the parentheses. A negative sign denotes a
growing-in cascade.

‘Theodosiou and Curtigl 8].

dSampson, Zhang, and Fon{eX0].

programcANDY [26]. As in all Na-like ions, the decay times mental line strengths are here compared with straight lines

of the 3p and 3 decay curves are quite close in value, so itthat connect the lowZ values to the hydrogenic limits08

is necessary that both be incorporated into the analysis. land 218 at infiniteZ. In making this extrapolation, we have-

situations such as this, multiexponential fits are unreliableaccounted for small deviations from the linearity of the line

whereas ANDC analysis can produce quite accurate resul&rengths at extremely high by using a correction factd®

[16,22,24. (C=0.9964 in K) obtained from the relativistic formulation
The ANDC analysis indicated that thel 3D, level was  of hydrogenlike line strengthor details see Ref27]).

the dominant source of cascade repopulation, and a reliable

result could be obtained by including only this cascade.

However, when cascades from both the 2D, and

3d 2Dy, levels were included the uncertainties were re- e thus conclude that no discrepancy between theory and
duced. The resulting value for th3 Py, lifetime, 45.2 ps  experiment exists fof values for the 8 2S,,,-3p 2Pa, tran-
(see Table), is about 20% shorter than the value that Wassition in highly charged Na-like ions. Higher precision was

obtained by multiexponential fitting. This is typical for an required for this verification than was necessary for
ANDC analysis in cases where the lifetimes of the primary

and cascading levels are close to each other. The ANDC
value was only weakly sensitive to the choice of the fit re-

gion, showing a deviation about the mean value of less than
2%. This, together with the uncertainty in the time base as-

IV. CONCLUSION

sociated with the beam velocitfbelow 199, is the main 1000k T T T T ]
source of uncertainty in the measurement. Since the ANDC Na sequence
method is based on relationships among measured decay T 3525,,-3p 2Py 312 .

curves, it makes no assumptions regarding the multiexponen- 12-312

tial representation of the decay curve, and provides a test of
its validity through the requirement that the extracted life- L
time be independent of the fitting region selected. For com-
pleteness, the decay times of thé 2D, and 3 ?D, lev- 800
els obtained from multiexponential fits are also mentioned & |
here. However, these valu€31.0 and 46.1 ps, respectively BN
are significantly longer than theoretical predictiof3] 400
qguoted above. The fits are undoubtedly distorted by cascade I
repopulation along the yrast chai(8d-4f-5g-6h, eto.
However, this indirect cascading is automatically included in 200
the ANDC analysis of the B %P, level.

Table | lists our ® 2P, lifetime, its corresponding
value, and theoretical resulf48,20. The statistical uncer- L L L ,
tainty is =0.9 ps whereas the total error estimateti ps. 005 0.10 915 020 0.25

Y . ; 11{Z-10)

Our result is in excellent agreement with theoretical values
[18,20, and from this fact we must conclude that the appar- £, 3. The transition probabilities for thes®p resonance
ent systematic trendn which the measuredl values in the  jines in Na-like ions. The quantitg?S/C (where S is the line
four ions, Fe, Ni, Nb, and Xe, all lie one standard deviationstrength in a.u. an@ a relativistic correction, see téxs plotted vs
below the theoretical estimafeis coincidental, and not in-  1/z—10). The experimental data are from Re8-16, 21, 22and
dicative of a discrepancy between experiment and theorythis work, whereas the lines connect the theoretical values, based on
The situation for the Na-like ions is illustrated in Fig(&1  the Coulomb approximation Hartree-SlatgiCAHS) method
updated version of a similar figure in RER7]). The experi- [18,27.

"Wz -2

theory

o
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the 35 2S,,,-3p 2P, transition because thep®P, lifetime

is significantly longer that those of th@ 3P, level and the
3d 2Dy, 3d 2Dy, cascade levels. The reliable determina-
tion of the 3 2P, lifetime made more stringent demands
on the experimental time resolution, and required a thoroug
ANDC analysis, both of which were carried out in our mea-
surement.
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