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Lifetime of the 3p 2P, level in sodiumlike bromine (Br xxv)
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Using the beam-foil spectroscopy technique, we have measured the decay time @f 3Rg3evel in
sodiumlike bromine. The results, using an arbitrarily normalized decay curves analysis, are in good agreement
with the most recent theoretical calculations. They also confirm an earlier experimental result in sodiumlike
krypton, suggesting that some previous measurements of the lifetimeg ®P3, states of nearby isoelec-
tronic ions are too high.S1050-29478)06507-X]

PACS numbsgps): 32.30.Jc, 32.70.Cs, 34.50.Fa

INTRODUCTION tained between theory and experiment, recent laser measure-
ments in sodium itself having resolved a longstanding dis-
Wavelength and lifetime measurements and calculationsrepancy[5]. However, the measurements of Huttehal.
of the resonance line transitions in the alkali-metal isoelect13] indicated that the B, transition rates for ions in the
tronic sequences are the most extensive among manyAtermediate range af=22-29 in Ti, Fe, Ni, and Cu are
electron atoms. The case of a singlelectron ground state Systematically about one standard deviatisr10 % below
outside a closed p® shell always gives rise to a strong reso- all the most accurate and recent theories. More recent mea-
nance transition to then¢+1) p state, allowing precision surements in Nty14] and in Xe[9] also indicated the same
spectroscopic measurements, and also accurate atomic strgenall but systematic deviation from theory, whereas mea-
ture calculations. For example, the-6p transitions in ce- surements of the(3,,, decay rates agree with the same set of
sium have been the focus of very precise laser-excitatiogalculations. Thus, there is a slight theoretical or experimen-
measurementdl ] and calculation$2] in support of observa- tal discrepancy for the (3;, decay rate, at least in this inter-
tions of atomic parity nonconservati¢g]. Very precise de- mediateZ region.
terminations of the dipole transition moment for neutral Li ~ The authors of Refl14] have more recently applied the
[4], Na[5], and K[6] have recently been made in studies of beam-foil decay curve technique to study the same decays in
low-temperature molecular dimer spectra accomplished= 36, Krxxvi [15]. Their result, with a precision quoted at
through laser trap technology. These transition moments cab?, gives a value for the,, rate slightly above the theo-
be related to the corresponding exponential lifetimes withinretical values. This result would suggest that the theoretical
the assumptions inherent in the Weisskopf-Wigner formulavalues might be correct and the earlier work of Hutton and
tion [7], but the accuracy of these relationships has not beegollaborator§9,13,14 might be too low, with an error of the
tested to these levels of precision in the 0.1% rei@jeThe  same order as their quoted error limits. It is clearly desirable
3p 2Py,35; lifetimes of the sodium isoelectronic sequencefor an independent measurement to be made for a sodiumlike
have been measured over a large range of nuclear charge g in this range. Hence, we have made precise measure-
to Z=79 (Au68+) for the J=1/2 level [9], and up toZ  ments of the By, decay rate in BKxv.
=54 (Xe43+) for the J=3/2 level[9].
Recent theoretical (_jevelopments for Fhese alk.altlilike se- EXPERIMENT
guences have also yielded more precise transition rates:
Johnsoret al.[10] have applied the many-body perturbation =~ We used the beam-foil technique to measure the decay
theory (MBPT) to obtain accurate solutions to the wave lifetimes of the 189-A resonance transition
equations in the sodium sequence. These calculations are ifis 2S,,,—3p 2P, in sodiumlike bromine, Bkxv. We used
proved over their previous calculatioh] by including all a 190-MeV energy bromine-ion beam produced at the Ar-
third-order random-phase approximati@RPA) corrections. gonne ATLAS accelerator. The ¥4 charge-state beam was
Two other calculations, in particular, show good agreemenmomentum-analyzed and directed into the foil-target cham-
with their results: the multiconfigurational Hartree-Fock cal-ber on the atomic physics beamline. Many experimental de-
culations of Kim and Cheng11] typically yield lifetimes tails of this system have been described previo{8). For
4-5 % less than those of Johnsenal. [10], while semi- these measurements, photons emitted approximately 90° to
empirical calculations of Theodosiou and Cufti€] differ ~ the ion-beam axis were analyzed by the 600-I/mm grating of
by 2% or less for the whole isoelectronic sequence. a McPherson 247, 2.2-m grazing incidence monochromator
At the low-Z end of the sequence good agreement is obequipped with a microchannel-plate position-sensitive
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FIG. 2. An example of a single ANDC analysis. The straight-

e fit yields an intercept of 50.510.65 ps, the lifetime of the
P3 level.

FIG. 1. A partial channel-plate spectrum taken at an observinqin
position close to the exciter foil. The inset shows the relevant tran-
sitions used in the ANDC analysis. All transitions in the spectrum

have been identified. two 3d decays into the,, State at 167 and 172 A are par-

tially resolved in the spectrum, and thus their decays can be

photon-counting detector. The standard entrance slit of th?reated separately, or in combination. Final results utilize the

m_onochromator was remov_ed, and repla_ced by an aUXiIiarXombination: both decays have the same form, since #oth
slit placed on the Rowland circle, but within approximately Sstates 0=3/2 andJ=5/2) have the same Iifetim'es to better

mm of the ion-beam axis. This enhanced the spatial resolt% . e .

: A : han 1%, and highem states also have lifetimes independent
tion to close to the value of the slit width used, typically 0.2 f fine structuregto within the precision of the exper?ment
mm. Spectra were normalized to beam charge collected in g We used an integral formulation of the ANDC calculé-

shielded Faraday cup, approximge& m down-beam from . : o
: . . tion. Previous work in this system also used ANDC analyses,
the interaction chamber. Typical beam currents at the 6—mmBut with slightly different a%proache[&?;—lﬂ. Just as it ?;

diam target were 50 nA3 pnA). Spectra were taken in a . e
time-resolved mode, synchronized to the beam-pulse Strué:_lear that a standard multiexponential fit to strongly cascaded

ture. A fast timing signal from the channel plate was used t decay curves may give rise to systematic errors in the life-

gate the spectrum to times of arrival of the dispersed photorﬁé\n’\qjeD Cgej:ziltlsgs]t,eclzthrll? SéssouIsrgg?irrt:?rteéoofgssutreemgfg etrr;grs
at the channel plate. y a y :

Decay curves were obtained by repeating data collectio The ANDC equations can be writtdd7,1§ in terms of

at 51 equidistant positions of the target foil along the beanﬁ1e Lntensmdes ?{f thehprlhmary decay iuﬁt) anﬁ 'tths doml-l
direction. The separation between successive foil position ant cascadby(t), which are connected through the popula-

was 0.198 mm, corresponding to a delay time of 9.73 ps. Alon equation
typical run consisted of three sets of measurements as the foil rdly 1dt= 1, (t) — 14(1). )
was moved up and down beam, and took several hours.
This was integrated over various time intervajsand tg
RESULTS within the decay curve to yield a set of relationships

We show a typical spectrum in Fig. 1, with the dominant mi=a(t),tp) —b(t,,tp) &, 2
transitions identified. Thes3,,- 3p4/, transition occurs at 229
A, and was observed in a separate spectrum. The beam eyyhere
ergy of 190 MeV was selected to minimize blending from te
the strong magnesiumlike resonance transitions that occur at a(t, vtF):ft dt Li(O)/[11(te) = 1a(t) ], 3
wavelengths close to sodiumlike transitiog; of interest here. l
The strongest blend is the magnesiumlikeé,; decay that _|'F
occurs at the same wavelength, 167.7 A, as the sodiumlike b(t;te) = ftl dt T2(O/La(te) =1a(t)] “)
3ds;, decay. By comparison with spectra taken at lower
beam energies, we verified that the blending is very small alhe quantitiesr; and ¢ were obtained by their least-squares
190-MeV beam energy. The other relevans-3p and adjustment to the experimental values aft,,tg) and
3p-3d transitions are all well resolved from strong yrast b(t,,tg).

Rydberg transitions. The integral form of the ANDC analysis consists of cal-
We used the arbitrarily normalized decay cur¢dsIDC)  culatinga(t, ,tg) andb(t, ,tg) for several time differences to
analysis[17,18 to account for the cascading present in theobtain a linear plot in the two parameters whose slope is the
3s-3p decay curves. This cascading is dominated by thdixed relative efficiency, and with an intercept equal to the
3p-3d transitions, and hence can be easily removed usingrimary lifetime. An example is shown in Fig. 2 for one of
ANDC analysis applied to the@Band 3 decay curves. The our bromine runs. Tha(t,,tg) andb(t, ,tg) parameters are
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TABLE I. A comparison of theoretical and experimental lifetim@s ns) for the 3p 2Py, level: Theo-

retical results are from Kim and Chen, REE1] (KC), Theodosiou and Curtis, R€fL2] (TC), Johnsoret al.

Ref.[10] (MBPT), while the experimental references are given in the last column.

lon Z KC TC MBPT Expt. Ref.(yean
Siv 14 1.132 1.140 1.140.05 [22] (1993
Svi 16 0.596 0.600 0.60.02 [23] (1983
Clwvi 17 0.470 0.475 0.470.01 [24] (1989
Ar viil 18 0.366 0.385 0.388 0.389.01 [25] (1986
Cax 20 0.275 0.277 0.3080.02 [26] (1996
Ti xu 22 0.208 0.209 0.2040.013 [13] (1988
Fexvi 26 0.123 0.129 0.130 0.138.009 [13] (1988
Ni xvii 28 0.1042 0.105 0.1130.008 [13] (1988
Br xxv 35 0.0508 0.0512 0.0496).002 This work
Kr xxvi 36 0.0438 0.0458 0.0462 0.045P.002 [15] (1997
Nb xxxi 41 0.0272 0.0274 0.0290.002 [14] (1995
Xe XLv 54 0.006 06 0.006 27 0.006 37 0.0068.0006 [9] (1995

quite strongly correlated, as pointed out by Pinnington anaiently robust that no smoothing was necessary. Further tests
Gosselin[20], and discussed below, and care must be takemcluded removal of data points from the front end of each
in deciding the choice of time intervals used. A differential data set and also from the end of each data set. In both cases,
form of ANDC analysis has also been ugé8], the equation the results gave consistency within the quoted fitting error, as
being written in terms of the two intensities and the logarith-long as the signal-to-background ratio remained above ap-
mic derivative at each point. proximately 2. Further tests included varying the number of
The two forms are mathematically equivalent; however,data channels for each of the spectral lines fropa,3and
the results are differently affected by statistics of the mea3ds, 5,, and using the separatediz, 5, decays. These re-
sured decay curves. If the differential form is used with nosults confirmed the stability of the results, but were not used
smoothing of the input data, large variations of the ANDCin the final data analysis.
plot lead to very imprecise lifetime results. The previous The average for seven sets of data leads to a lifetime for
measurements on other members of the sodium isoelectronine 3p ?P,, level of 49.5-1.1 ps. Adding other errors
sequencg¢13-15 have utilized the integral form; however, (beam velocity 0.5%, possible systematic errors due to un-
in addition, the original data had first been nonlinear leastknown blends, and additional weak cascadesthis value,
squares fitted to a sum of multiexponential decays. The reyields a result that is accurate to 4% or 2 ps.
sulting fits were then used as inputs to an integral ANDC
analysis[21]. Since the goal of ANDC analysis is to avoid
the problems associated with multiple exponential analysis
(which has been shown to lead to erroneous lifetimiess The goal of this work is to clarify the comparisons be-
not clear whether this process is necessarily optimized ofiveen theory and experiment for the 3P, lifetime in the

free of systematic errors. isoelectronic sequence for nuclear charges greater than 25.
In our analysis, we have avoided utilizing such a smooth-

ing process. Instead, care has been used to optimize the re
duction to the ANDC plot shown in Fig. 2: in a systematic 1}
study of the ANDC technique, Pinnington and GossERf) Xe Ni
pointed out that because of the strong correlations of the
a(t, ,tg), b(t,,tg), andA=[1(tg) —1,(t,)] parameters, it is
important that the relative errors in the three parameters ber
minimized and kept as equal as possible. In such cases, thd o -
standard deviations of the ANDC fit become meaningful. We .
verified qualitatively their suggestions: the error in edch
parameter, which is the difference between initial and final
intensities, should be minimized; this is most easily accom-
plished by taking time intervals, with an initial timg al-
ways at the peak of the decay curve, while the final time . e,
pointstg span each data set, going from the second channel
to a final channel at the end of the decay. We verified that
when smallA parameters are included in the ANDC plot,  F|G. 3. Isoelectronic comparison of theory and experiment for
such as taking short time differences on the tail of the decayhe 3p,, level. The data are normalized to the many-body pertur-
curve, the poor statistics lead to curvature at each end of thgation theory results of Johnsat al. [10], showing good agree-
plot. ment between theory and experiment for krypf@B] and bromine
The area parameters a(t, ,tg) andb(t,,tg) were suffi-  (this work).

DISCUSSION
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Our measurements, together with those of neighboring ionsmes, which grows as the statistics worsens. Although the
are compared with theoretical values in Table I. Since thavork of Kink et al. [15] used the same data-smoothing pro-
most recent many-body calculatiofs0] are expected to be cess as those results obtained in neighboring ions, their sta-
very accurate, we have normalized all other theoretical an@istics were much better, and thus, no systematic shift is seen.
experimental values to their results in the graphical plot ofThis data smoothing may be the reason for the previous
Fig. 3 for the rangeZ=14 to Z=54. Our measurement small deviations.

agrees well with the MBPT theory, as well as with the semi-

empirical result§12]. Our result in Br is consistent with the

result of Kink et al. [15] in Kr. All previous measurements ACKNOWLEDGMENTS

had yielded lifetimes greater than theory e 25.

Hence, our result strongly supports the conclusion of We thank the Argonne ATLAS operators for providing
Kink et al.[15] that these previous experimental results mayexcellent bromine-ion beams for the experiment. A.E.L.,
have had small systematic errors. Our analysis of the effedt.J.C., and R.W.D. acknowledge support for this work from
of statistics on the data-smoothing process in ANDC analysithe Division of Chemical Sciences, Office of Basic Energy
suggests just such a systematic change in the predicted lif&ciences, of the U.S. Department of Energy.
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