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Branching fractions were measured for electric-dipole transitions from phepper levels to the $levels
in neutral krypton atoms. The measurements were made with a wall-stabilized electric arc and a 2-m mono-
chromator for the spectral lines in the visible, and with a hollow cathode lamp and the NIST 2-m Fourier-
transform spectrometer for the lines in the near infrared. A semiempirical calculation, based on accurately
known lifetimes for six upper levels, was used to calculate lifetimes for which accurate measurements do not
exist. This resulted in a complete set of lifetimes for gil [8vels. Branching fractions and lifetimes were used
to calculate transition rates for theo5s transitions. The relative uncertainties of the transition rates range
from less than 1% for the strongest lines to about 10% for the weakest lines. Our data also reveal that most of
the previous measurements appear to have been affected by opacity effects in the light sources.

PACS numbds): 32.70.Cs, 32.70.Fw

[. INTRODUCTION better from recent BGLS measurements by Schetitl. [2].
Our primary purpose here is to find reliable estimates for the

The transitions from thebto 5s levels in neutral Kr give  lifetimes of the remaining four B levels. We will do this
rise to the most prominent lines in the Kemission spec- with a semiempirical theoretical approach that is based upon
trum (see Fig. 1 for a simplified energy-level diagramife-  intermediate coupling theory. In addition, we have evaluated
times with subpercent uncertainties for six of the tgm 5 the published experimental data to have an alternate set of
levels have recently been measured with beam-gas lastifetimes. Although these lifetimes are less accurate than the
spectroscopy(BGLS) by Schmoranzer and Volgl] and semiempirical ones, they provide bounds for the semiempir-
Schmittet al.[2]. We will show below how the six lifetimes ical lifetimes.
from BGLS can be used in an intermediate coupling calcu-
lation to predict accurately the lifetimes of those four levels
that were not accessible to BGLS. The resulting complete set
of lifetimes for the P levels inspired us to make accurate A comparison with the six reference lifetimes from BGLS
measurements of branching fractions for ap-5s transi- [2] divides the experimental data sets from literature in two
tions in Kri to obtain electric-dipole transition rates with classes of different reliability. The results from experiments
uncertainties limited only by the accuracy of the radiometricemploying selective laser excitatid®,9,10 and from the
calibration. only wall-stabilized arc emission experimg® carried out

To date, the most extensive measurements of transitiofo far generally fallwith a few explainable exceptiongito
rates in Kn were carried out by Chang, Horiguchi, and Set-a =8% tolerance band around the six reference lifetimes
ser [3] who have measured transition rates for afi-5s (see Table )l The pulsed-laser lifetime measurements en-
transitions but with an accuracy of only 30%. Similar mea-countered some problems for the closely spaced levels 2
surements were made by Fonseca and Canmipdd who  and 2pg due to fast collisional mixing that resulted in non-
used a low-pressure spectral lamp as an excitation source aradponential decay curves. Apart from these two levels, the
lifetimes measured in an electron excitation experiment foresults agree within=8% with the BGLS lifetimes. A ten-
absolute measurements of transition rates. A number of othelency toward underestimated error bars, however, is obvious
experiments used thermal plasma sources, either walfor all three experiments. The lifetimes resulting from the arc
stabilized electric arcs in the experiments by Ernst andemission experimeni6] also agree within=8% with the
Schulz-Gulde[6] and Brandt, Helbig, and Nick7] or a  BGLS results despite an uncertainty af30% the authors
shock tube in the experiment by Kaschek, Ernst, antt Bo quote for their absolute intensity scale. The exception here is
ticher [8]. These experiments depended on plasma diagnoshe level 2g, for which saturation problems were not ad-
tics and the transition rates have relative uncertainties thaquately treated.
are generally not much better thanl0% even for strong These measuremenisummarized in Table) lare the best
transitions. measured lifetimes for the remaining foup Sevels. The
estimated relative uncertainties are aroun8%. Other ex-
periments which employed pulsed electron excitation
[11,12,5 or the Hanle effecf13—-14 all have produced at

The lifetimes of six of the ten B upper levels are known least one result far outside of the8% tolerance range and
with relative standard uncertainties of the order of 0.2% omwill therefore not be considered further.

A. Experimental lifetimes

Il. UPPER LEVEL LIFETIMES
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B. Semiempirical lifetimes

The 5p levels in krypton decay exclusivelgapart from
some very weak far-IR channels for the four highegtl&v-
els through the transitions of theps5s array. In a typical
semiempirical calculation for this transition arrés.g., Lilly
[17], see column CA in Table )J the wave functions of the
initial and final configurations/=4p°5p andy’ =4p°5s in
intermediate coupling are expressed in terms of LS-coupled
wave functiong yLSJIM):

|i,JM>=LES |yLSIM)a(yLSJi), (1)

[£,'M")=">, [yL'S'I'M")a(y'L'S'J',f)
L's’

(2

(i andf denote the coupled initial and final stgteBhe mix-

ing coefficientsa(yLSJ,-) can be determined from experi-
mental energies with a semiempirical fit procedure in the
manner described by Lillj17]. Once the mixing coefficients
have been determined, the reduced dipole matrix elements
(i||D]|f), which are proportional to the transition rat&s ,

may be expressed in terms of the reduced matrix elements in
LS coupling. The latter can be reduced further, using angular
momentum theory, to

FIG. 1. 5 and 5 energy levels of Kr. The levels are labeled

in J.K-coupling notation which is the most appropriate for the spec-
tra of the noble gases. The primed and unprimed levels are distin-
guished by their different core angular momedga The core level

of the unprimed levels is @ 2P, whereas it is $° 2P, for the
primed levels. The two $levels with angular momenta of 0 and 2
cannot decay into the ground state via electric-dipole transitions.
Several transitions from5 levels to 40° 4d levels in the infrared
near 10000 nm are outside the wavelength range that was acceg,

sible in our experiments.

(yLSJ|D[[y'L'S'J")

SLJ
L
3

In the single-electrorfor Coulomb) approximation, the re-
uced dipole matrix element is proportional to the dipole
transition momentr ., :

=65g(23+1)Y323" +1)Y(— 1)L+1+s+y{

X(yLS|[D[[y'L'S").

TABLE |. Experimental lifetimes of the Kr5p states(Uncertainties are given in parentheges.

Experimental lifetimegns)

Level WSA2[6] PLP[3] PLP[9,10 BGLS®[1] BGLS°[2] BEM
2p; 5p'[1/2],  24.61.5 24.62.0
2p, 5p'[3/2], 32.01.9 26.90.3 29.52.4)
2p; 5p'[1/2], 27.21.6) 26.81.7) 28.07530)
2p, 5p'[3/2], 27.91.7) 27.21.6 29.40242)
2ps  5p[1/2], 23.41.4) 23.51.0) [10] 23.51.9
2ps  5p[3/2], 28.61.7 2540.8 26.40.5 [10]  27.356) 27.34516)
2p;  5p[3/2]; 32319 29.711.0 29.516) 29.61917)
2pg  5p[5/2], 29.64.6) 26.52.0 32.50.9 [9] 32.109) 32.04147)
2ps  5p[5/2]5 34.6(°2) 28.712.00 30.21.4) [9] 27.737) 27.69418)
2p1o  5p[1/2]; 40.91.7) 40.93.3

AVall-stabilized arc emission. Quoted uncertainties do not include the uncertainty of the absolute intensity
scale for the transition rates af 30%.
b ifetimes from pulsed laser excitation.

‘Lifetimes from beam-gas-laser spectroscopy.

dBest estimate of non-BGLS experimental lifetimes.
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TABLE Il. Semiempirical lifetimes and decomposition lir§ terms for the Ki 5p states.

LS decompositiorf (%) Far-IR Lifetimes(ns)

Level 'Is 1p Ip 33 3p 3D pranched (%) CAC€[17] This work®
2p, 5p'[1/2], 43 57 0.246 24.37 24.580.85
2p,  5p'[3/2], 34 21 44 0.034 29.10 28.590.07
2p;  5p'[1/2], 19 16 61 3 0.106 26.35 28.88.07
2p, 5p'[3/2]; 24 1 1 74 0.0045 30.65 29.34.04
2ps  5p[1/2], 57 43 23.54 23.120.85
2ps  5p[3/2], 22 75 4 25.43 27.340.02
2p;  5p[3/2], 53 24 23 30.09 29.620.02
2ps  5p[5/2], 44 4 52 34.03 32.050.06
2py  5p[5/2]5 100 28.77 27.780.02
2py0  5p[1/2]; 4 83 14 40.30 38.181.07

®Recalculated from the parameters given by Ljly].

bTotal far-IR (5p-4d) decay rate over total decay rate. Estimated uncertairtp0%.

‘Intermediate coupling with transition moment from Coulomb approximation.

dIntermediate coupling with S-dependent transition moments from Table IIl. Note the excellent agreement
of these semiempirical lifetimes with the experimental BGLS lifetimes in Table 1.

(yLS||D||y'L'S’>=(2L+1)1/20'77,, (4) been accurate enough for our purposes, we determined the
transition moments from the six reference lifetimes from
BGLS.

where . . .
In total, six different nonzero transition moments are

needed for the description of thgp5s array. They corre-

_ * spond to the six allowed transitions InS coupling (see
Tyy' = \/§f0 Usp(T)er Usqr)dr ®) Table 11l). In one case, for the transitiorp5D —5s 3P, the
transition moment may be calculated directly from the life-
time of the level g since both the initial {D3) and the
final state ¢P,) of the only decay channel are pure states in

S coupling. Generally, the transition moments have to be
determined by means of a nonlinear least-squares-fit proce-
éjure that adjusts the transition moments so as to get best
agreement of the calculated lifetimes with the six reference
lifetimes from BGLS. The results are summarized in Table
Whe e usetheransiion mament 3.0 au that |1, The Cte® sanderd uncerames of he semiempiics
was obtained in the semi-empirical calculation by Lilly7] : I y >au

propagation of the uncertainties of the reference lifetimes,

we find that, on average, the six experimental BGLS Iife-the uncertainties in the ener arametee=[17]), and the
times can be reproduced no better than within 7%. The pre- gy p !

dictions from this semiempirical model for the remaining unﬁ%réa:anr:zs Ofngg?rizggtg?] lét'tr;% ?;?:fgénd%ézt_'gﬁu ling coef-
lifetimes are presumably not more accurate than the reconk .o s of th%y$ and % configurationsisee Table I;)wegre
mended experimental values afgee Table )l It appears 9 ) : ;
unlikely that the mixing coefficients of thessand 5p con- recalculated from the Slater- and spin-orbit parameiiers

figurations are responsible for the lesser accuracy of thg!udmg theal(L+1) correctio] given by Lilly [17]. The

semiempirical lifetimes since the reproduction of the experi-SIX reference states (B4, ... d for which the lifetimes are

mental energies by the semiempirical intermediate coupling TABLE Il
method is quite goofiL7]. The problem is the assumption of '
one single transition moment,,,, for the entire transition

array. To refine the semiempirical model, we assumed
L S-dependent transition moments,,,(L,S,L",S") that cor-

andusp(r), usg(r) are the radial wave functions of the va-
lence electron. In this simple semiempirical model, the rela
tive transition rates, and thus the lifetime ratios, depend o
the intermediate-coupling coefficieragyL SJ,-) of the 5p
and 5 configurations, and the absolute scale is given by on
single transition moment,,,, for the entire $-5s transition
array.

LS-dependent transition moments for the IKr
5p-5s transition array.

Transition Transition moment (a.u)

respond to LS-dependent radial functiowng,(LS) and 5pls — b5slp 3.22£0.18
Usg(L'S") in Eq. (5). These are similar to those used, for 5pP — b5slP 3.146+0.003
example, in Hartree-Fock calculations. We further assumed 5p!'D — 5s'P 3.205+-0.014
that spin-orbit interaction only results in a mixture of LS 5p3s — 5s°P 3.173+0.057
terms but not in a modification of the radial wave functions.  5p3p — 553 2.853+0.073
Since a calculation of these transition moments from first 5p3p — 5s3p 3.085-0.001

principles or from experimental energies would not have
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2. 3 3.1 32 33 34 3.5
- 1/4m Wall-
[~ T - L T T T T T T T T T T T ] monochromator stabilized arc
26 \\\\ 1
2 25 \ RN ] FIG. 3. Schematic of the experimental setup for the measure-
. b ~~o ] ments with the wall-stabilized arc. The radiation from the arc or the
: i T~ J radiometric standard lamp were imaged onto the entrance slit of a
g B Ts~al 2m-monochromator by a curved mirror, CM. A flat mirrdd, that
ﬁ 2 i was mounted on a turntable allowed to alternate between both light
L ] sources. A small fraction of the light was imaged onto the entrance
A T T e slit of a 1/4-m monochromator with a beam splitter, BS. This mono-
85 3 3.1 3.2 3.3 3.4 3.5 chromator remained set to the Kline at 760.2 nm to monitor the
» 1 L stability of the arc discharge. The experimental setup for the mea-
Transition moment 6('S, P) (atomic units) surements with the NIST 2-m Fourier transform spectrometer was

FIG. 2. Dependence of lifetimes and branching fractions of the'dem'c"le but the imaging system was enclosed in a box that was

levels 2, and 2 on the transition moment(1S,’P). The top purged with water vapor- and carbon-dioxide-free air.
part of the figure shows how the measured branching fraction de- . o
termines the transition moment which, in turn, determines the lifePUilt from. The 2o, state allows for a very precise lifetime
time, as illustrated in the bottom part of the figure. calculation because it relates to the four accurately deter-
mined transition moments only. The lifetime predictions for

) the other three levels are less accurate because they include
known very alccurgtely are. mostly built from the four ggnificant contributions from the two less accurate transition
LStgrms P, "D, °P, and °D. The four cor(espc')ndmg moments. Our semiempirical predictions agree very well
transition moments could thus be deduced with high accugith the best previous experimental valugse column BE

rac%/ (see T3ab|e Ill. The trgnsitioq moment of the transition in Table ) but they are of superior accuracy and we used
5p °S—5s°P was determined with a somewhat greater Un-em for the normalization of our transition rates.

certainty from the lifetime of the [2; state. This state is the
only one in the set of reference states that contains a relevant
contribution(16%) from the 3S term. The!S term only con- IIl. BRANCHING FRACTIONS

tributes to the statest and 2os that are notincluded inthe  The measurement of branching fractions for the transition
set of reference states. For the determination of the transitiopym, 5p levels presents a formidable task owing to the meta-
e l l
moment of the transition |5°S—5s"P, we resorted 10 giaple nature of the lowerssand 5' levels(see Fig. 1 that
branching fractions as additional criteria. Particularly, Wemay render the lamp discharge column optically thick for
used branching fractions of the weak decay chann@ls 2 yransitions to those levels. We have measured branching
—1s, and Ps— 1s, that are sensitive to the transition mo- fractions for 30 lines arising from (& levels in the wave-
ment sought aftgr. The dependence of thg b_ranchmg fractloqgngth range from 556.2 to 1878.5 nm in two separate ex-
for these transitions and the upper-level lifetimes on the tranperiments. The spectral lines in the visible part of the Kr
sition moment is shown in Fig. 2. The attainable accuracy folgpectrum were measured in air with a wall-stabilized arc dis-
the transition moment, however, is limited by the uncertaintycharge and a 2-m Czerny-Turner monochromator. The infra-
in the branching fractions. _ red portion of the spectrum was measured with a hollow-
As a last technical detail, we note that for the four highesicathode lamp and the NIST 2-m Fourier transform
Sp levels (2, - - -2p,) there are weak far-IR decay channels gpectrometer. The comparison of the results from the two
to states of the @ configuration that have to be accounted gifferent experiments made it easier for us to notice system-
for. For this purpose we used the theoretical transition rategtic errors due to optically thick transitions in the light
calculated by Aymar and Coulomt@8]. Because of the soyrces. The four s -4d transitions(see Fig. 1 near 10 000

huge discrepancies between length- and velocity-form resultgm were outside the range of either experiment.
for the 5p-4d transition rates, we used the greater velocity-

form results with a pessimistic uncertainty estimate of
+100% (see Table I\

The uncertainties of the four semiempirical lifetimage The experimental setup for the measurements is shown
Table Il) for the states B, 2p,, 2ps, and 24 vary be-  schematically in Fig. 3. In our experiment, we used the wall-
tween 0.1% and 3.7% depending on 1h® terms they are stabilized arc previously described in detail by Musielok

A. Wall-stabilized arc measurements

022505-4



ACCURATE TRANSITION RATES FOR THE p-5s. ..

PHYSICAL REVIEW A 62 022505

TABLE IV. Branching fractionsF,; and absolute transition ratég; for all 30 5p-5s transitions in neutral Kr.

Upper level Lower level A (nm) 7(ng @ Fii(WSA) P Fi(HCL) © A(10°s™h)
5p'[1/2], (2py) 553/2]; (1s,) 557.31  24.58+0.85 <1073 <0.04
5s'[1/2], (1s,) 768.52 >0.999 40.640.2
5p'[3/2], (2p,) 593/2], (1ss) 556.22  28.53:0.07 0.003+0.004 0.130.01
55[3/2]; (1s,) 587.09 0.026:0.004 0.710.14
55'[1/2]; (1s,) 826.32 0.97%0.005 34.16:0.19
5p'[1/2], (2ps)  58[3/2], (1ss) 557.03 28.0750.03 0.028-0.0016 0.98 0.056
55[3/2], (1s,) 587.99 0.0020.0002 0.058 0.006
55'[1/2], (1ss) 785.48 0.5730.008 20.4%05
55'[1/2], (1s,) 828.11 0.398 0.014 14.1805
5p'[3/2]; (2p.) 55[3/2], (1ss5) 567.25 29.402:0.042 0.00044 0.0001 0.015:0.003
593/2], (1s,) 599.39 0.001% 0.0002 0.056:0.007
55'[1/2], (1ss) 805.95 0.4650.014 15.83:0.49
55'[1/2], (1sy) 850.89 0.5330.015 18.1+0.51
5p[1/2], (2ps) 593/2]; (1s,) 758.74  23.12+0.85 0.9965-0.0033  43.16:0.6
5s'[1/2], (1sy) 1212.35 0.00350.0003  0.1%0.015
5p[3/2], (2pe) 59[3/2], (1s5) 760.15 27.3450.016 0.7430.007 0.75%0.008 27.32.0.18
55[3/2], (1s,) 819.01 0.248 0.009 0.2410.008 8.94-0.22
5s'[1/2]; (1sy) 1373.89 0.0083 0.0003 0.3%0.01
5p[3/2], (2p,) 59[3/2], (1ss) 769.45 29.618 0.017 0.12%0.004 0.1270.004 4.270.11
593/2], (1s,) 829.81 0.868 0.005 29.310.18
5s'[1/2]p (1s3) 1286.19 0.003%0.0002 0.0760.005
5s'[1/2]; (1s,) 1404.57 0.00230.0001 0.106:0.006
5p[5/2], (2ps) 593/2], (1ss) 810.44 32.04%0.047 0.288:0.015 0.287%0.009 8.96-0.29
59[3/2], (1s,) 877.68 0.708:0.01 0.716-0.009 22.1%0.29
5s'[1/2], (1sy) 1547.40 0.00260.0001  0.08% 0.004
5p[3/2]5 (2pe) 55[3/2], (1s5) 811.29 27.6940.018 1.00 1.00 36:40.09
5p[1/2]; (2P10) 55[3/2], (1ss) 892.87  38.13:1.07 0.873+0.004 22.890.65
55[3/2], (1s,) 975.18 0.126:0.004 0.126:0.004 3.120.14
55'[1/2], (1ss) 1672.65 0.00480.0002  0.126:0.006
5s'[1/2]; (1s,) 1878.55 0.0028 0.0001 0.0740.003

3 ifetimes of the upper levels are experimental lifetimes from Schetitil. [2] (see also Table) land semiempirical lifetimes from Table
Il. Semiempirical lifetimes are printed in italics.

bWall-stabilized arc measurement.

“Hollow-cathode lamp measurement.

et al. [19]. The space near the electrodes was operated iands of the arc. As indicated in Fig. 3, either the wall-
argon while the midsection of the arc channel contained hestabilized arc or a tungsten strip standard lamp were imaged
lium with a small admixture of krypton. The fraction of onto the entrance slit of a 2-m Czerny-Turner monochro-
krypton in helium was maintained below 0.3% to avoid self-mator by a concave mirror with a magnification factor of
absorption of krypton lines. The arc was operated at a currergpproximately 1.3. A beam splitter was placed in the beam
of 50 A. To check for optical thickness, the krypton spectrapath to reflect a fraction of the light into the 0.25-m mono-
were measured with varying amounts of krypton in the dis-chromator that was used to monitor the discharge stability.
charge. This monochromator was set to the 760.2-nm line of.Kr
When the wall-stabilized arc is operated in helium, spec-The total intensity of this line was measured with a photo-
tral lines remain narrow and continuum emission is low be-multiplier tube and a chart recorder and showed less than 1%
cause of the low electron density in a helium arc. This facili-fluctuation during our measurements. The krypton spectra
tates more accurate line intensity measurements becausere recorded with a charged-coupling device camera that
spectral lines are well isolated and the ratio of line to con-was mounted at the exit plane of the monochromator. The
tinuum intensity is high. It was not necessary to achieve locameasured spectral line profiles were first corrected for the
thermal equilibrium conditions in the arc plasma, because wepectral response of the experimental system, as determined
were only interested in the measurement of branching ratiowith the standard lamp, and the residual continuum was sub-
of spectral lines. The measurements were performed in @acted. The lines were then integrated by fitting a spline
side-on configuration to avoid interloping argon lines andfunction to the data using a program package published by
argon plasma continuum radiation that are emitted at th&enka[20] that yields the integral of the spectral line with-
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TABLE V. Compilation of experimental and theoretical transition rates for3s transitions in Kn.

Upper level  Lower level X (nm) A, (10°sH 2  [6] [4.5] [7] (8] [3] [17] [18]° [18]°¢
5p'[1/2],  553/2, 557.31 <0.04 0.09 009 006 0437 0.251
5s'[1/2]; 768.52 40.6420) 40.7 40.2 45.2 41.19 49.6 329
5p’'[3/2], 5s[3/2], 556.22 0.1011) 0.23 0.36 0.18 0.27 0.49 0.595 0.201
5s[3/2], 587.09 0.7114) 1.48 1.8 0.86 1.6 1.92 2.39 0.933
5s'[1/2]; 826.32 34.1619) 29.5 32.8 42.8 35.3 32.31 41.1 32.2
5p'[1/2],  583/2], 557.03 0.98(56) 171 24 137 1.9 318 391 1.32
5s[3/2]; 587.99 0.058) 0.13 0.049 0.093 0.14 0.198 0.0848
5s'[1/2], 785.48 20.4(050) 19.5 20.6 21.2 20.27 25.4 18.0
5s'[1/2]; 828.11 14.160) 15.6 13.3 19.5 14.2 14.62 18.8 14.7
5p'[3/2]; 5s[3/2], 567.25 0.0183) 0.02 0.022 0.02 0.01 0.00455 0.00168
5s[3/2]; 599.39 0.0507) 0.09 0.052 0.07 0.06 0.0841 0.0397
5s'[1/2], 805.95 15.8349) 15.8 15.7 22.6 17.5 16.44 21.2 15.8
5s'[1/2]; 850.89 18.1051) 20.0 18.3 19.1 16.37 20.6 17.1
5p[1/2], 55[3/2]; 758.74 43.16) 42.8 582 438 428 524 33.8
5s'[1/2]; 1212.35 0.1505) 0.04 0.01 0.00143 0.000407
5p[3/2], 553/2], 760.15 27.3019) 258 27.3 356 286 3028 386 25.5
553/2], 819.01 8.9422) 915 9.3 125 104 923 116 8.88
5s'[1/2]; 1373.89 0.31) 0.3 0.13 0.164 0.356
5p[3/2], 55[3/2], 769.45 4.2711) 47 44 441 501 652 4.42
5s[3/2]; 829.81 29.3(19) 26.3 29.5 29.0 28.40 36.0 28.3
5s'[1/2], 1286.19 0.076®) 0.10 0.03 0.0345 0.0664
5s'[1/2]; 1404.57 0.1060) 0.13 0.05 0.0633 0.141
5p[5/2], 55[3/2], 810.44 8.9629) 11.0 109 11.7 816 999 126 9.5
5s[3/2]; 877.68 22.1129) 22.8 20.2 22.9 19.59 26.1 22.2
5s'[1/2],  1547.40  0.08) 009 004 00477 0131
5p[3/2]; 5s[3/2], 811.29 36.1®) 28.9 39.0 34.8 35.03 446 33.7
5p[1/2], 55[3/2], 892.87 22.865) 307  26.2 198 2230 284 26.1
553/2], 975.18 3.1814) 3.4 428 263 343 3.75
5s'[1/2], 1672.65 0.1260) 0.15 0.05 0.0617 0.201
5s'[1/2]; 1878.55 0.07®) 0.17 0.03 0.0344 0.143
% rom Table IV.
b_ength form.
“Velocity form.

out requiring that the apparatus function be known analytithe one used with the wall-stabilized arc. The entire imaging
cally. system was enclosed in a purge box that was continuously
purged with water vapor and carbon-dioxide-free air to sup-

B. Hollow-cathode lamp measurements press absorption by these gases in the near infrared.

The experiment described in the previous section was un- Many lines were strongly self-absorbed when pure kryp-
suited for measurements in the infrared because it was set gﬁn was used as a carrier gas in the hollow-cathode lamp
in air. A second experiment in a purged environment waglischarge. This problem was partly overcome when the par-
therefore carried out to measure the intensity of lines in thdial pressure of krypton in the discharge was reduced by us-
infrared. This used a high-resolution Fourier transform specing @ neon-krypton mixture in the hollow-cathode lamp. We
trometer to observe spectra of a hollow cathode lamp. also found that the spectra obtained with high currents where

The high-current hollow cathode lamp we used was dethe copper density in the discharge is high show self-
veloped by Danzmanat al. [21]. For our measurements, it absorption only in the very strongest lines. We assume that
was equipped with a cathode made of oxygen-free coppehe metastable $states were depopulated by charge-transfer
that is easy to operate and has no lines that blend with theollisions with copper atoms in the hollow-cathode lamp dis-
krypton lines of interest. The hollow-cathode lamp was op-charge.
erated with between 130 Pa and 250 Pa of argon or neon as The NIST 2-m Fourier transform spectrometdescribed
a carrier gas for the discharge with an admixture of betweein Nave et al. [22]) was used to measure the spectra of the
0.5 Pa and 10 Pa. The discharge current was varied betweéollow-cathode lamp and the standard lamp. A resolution of
100 mA and 500 mA. The experimental setup was similar toaround 0.01 cm® was used for the measurements of the
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krypton spectra. For the near-IR region, a quuid-nitrogen-irz:orm to put all the intensities in all spectra on the same

cooled llndlum—antlmomde detector was used whereas siliCofp ative intensity scale. This normalizing factor was usually

photod|odes were used to reCOFd spectra below 1,000 M. T&osen such that the intensity of one strong line common to
improve the signal-to-noise ratio, colored glass filters were,; gnectra was 1, hence making the intensities relative with
employed to restrict the bandpass of the spectrometer to ﬂ}%spect to that strong line. This approach was found to be
wave number range of interest. The spectral sensitivity of the,, o raliable than using a weighted mean of the intensities,
optical and detection systems was calibrated with the stalis jines in some of the spectra may be affected by self-
dard lamp before and after measurements of the spectra sorption, or be too weak to be measured. The weighted

the light from the hollow-cathode discharge. Some residual lative intensitv of the ling. then found usi
self-absorption was evident for the strongest lines even dean relative intensity ot the Ink; was then found using

low krypton partial pressures. For those lines, we relied on
the results from the experiment with the wall-stabilized arc, To= 1 s
I

where these lines remained optically thin. S e 1%

ki

ala
Wiil ki

, (€)

C. Data analysis and uncertainties

It is common that the the uncertainty of experimentalWhereWIfi is a weighting factor. The weighting fa(_:tor chosen
transition rates is limited by the uncertainty of the measurefor the hollow-cathode measurements was the signal-to-noise

ment of the upper-level lifetimes and not by the uncertaintyatio of the line. The small uncertainty of the normalization
of the branching fraction measurement. In our case, the sitJin€ intensity is due to its high signal-to-noise ratio. These
ation is reversed. The uncertainty of the branching fractiorPranching ratios are converted to branching fractions and

measurement is limited by the uncertainty of the radiometridransition rates using Eqe5) and (7). .
calibration, which is around 2%. The uncertainties of the Absolute transition rates are then determined from the

upper-level lifetimes are generally much lower. In this sec-méan values of between 5 and 9 independent measurements

tion we will describe in detail how the uncertainties for the Of the relative intensities and experimental lifetime data.

branching fractions were calculated. They are presented in Table IV, along with the lifetimes of
The transition rateA,; of a transition from a particular the upper levels used to determine the transition rates. The

upper levelk to lower leveli can be calculated from a mea- uncertainties_giyen in the tabIe. result from the estimated

surement of the upper-level lifetimg and a measurement of Standard deviation of the branching fractions and the uncer-

the branching fractior,—the fraction that the transition to tainty of the I|_fet|me d_ata. The estimated standard_dev!atlon

i contributes to the total decay rate: of t_he branching frac_tlon_s dep_ends on th_e uncertainty in the
weighted mean relative intensity, which in turn depends on

the individual measurements of the intensity through @j.

. (6)  and the uncertainty in the radiometric calibration of the spec-

> A trometer.

] The estimated uncertainty in the individual measurements

The branching fractions can in turn be calculated from theOf the intensity was taken as the intensity divided by the

relative intensitied,; of the lines(in photons/ by S|gngl-to-n0|se ratio:l &,/ wy; . When photon noise is the
dominant source of uncertainty, the square of the signal-to-
ki noise ratio must be used as the weighting factor in @y.
Fri= : (7)  We chose to weight the individual intensity measurements
E i with the signal-to-noise ratio to account for a significant sys-
J tematic component in the uncertainty that may result from

where the sum is over all the lower levels to which the u erself-absorption or line blends.
PP The statistical component in the uncertainty of the

level can decay. . Lo . A
Several independent measurements of the spectrum ~ Weighted mean relative intensity. (1) can then be de-
were made with different operating conditions for the'ved by applying the law of propagation of uncertainty to

Agi

1
Aki:_Fki ’ where Fki:
Tk

hollow-cathode lamp. The relative intensflﬁ{ of each spec- Eq.(9)
tral line in each measured spectrumwas calculated from ~ 2
the observed intensitly; and the relative efficiency of the T)=1/> ki 1
. usta( kl) ~a « |
spectrometee(o) at the wave numbes of the spectral line @\ | form Wii
by
where the sum is again over all the observations of the lines.
<o k(o) This must be added in quadrature to the uncertainty in the
hi= e(o)’ 8 radiometric calibration of the spectrometer, which was esti-

mated at 3.3% for one standard deviation. This estimate in-
where the relative efficiency of the optical system was aseludes the uncertainty in the supplied calibration of the stan-
sumed to be constant over the width of the spectral linedard lamp (1.5% for one standard deviatipnand a
These intensities were then divided by a normalizing factoicontribution of 3% for the measurement of the standard lamp
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FIG. 4. Ratio of transition rates from several earlier experiment: . . .
G ato ottransition rates from several earlier experments FIG. 5. A comparison of our transition rates with the complete

and our resdlts set of H-5s transition rates measured by Chang, Horiguchi, and
spectrum. The total uncertainty in the measurement of thSEtserB]
weighted mean relative intensities is thus Gulde[6] by about 10%. The results of Kaschekal. 8]
T V= \/ 2 5 2 differ from ours by a constant scaling factor of 1.3, on aver-
Uha) = Vs ia) +(0.033 )" (10 age. Only in the case of the line at 810.4 nm, all other ex-

0,
The uncertainty in the measurement of the branching fracpetll'rr?snr;ﬂsctii[;IZ):\ZeZ?ffeoruernr(:eeSli)lLt?/?/lezea p?)rgvfjous measure-
tionsu(F) is derived by applying the law of propagation of ments and our results is that our transition rates for the set of

uncertainty to Eq(7) to give weak lines near 600 nm are much lower than all previous
w21 B measurements with the exception of the experiment by

u(Fy)= ki ,+ ki 2 > ul(ly). Brandt, Helbig, and Nic7]. This strongly suggests that
(2 T ) (E I_-) ] many of the earlier experiments had problems with self-
ki =~ 'k absorption of the strong lines around 800 nm, which would

(11 make the weak lines in a set of transitions from a particular
upper level appear stronger.
This is combined in quadrature with the uncertainty in the It is also interesting to compare our results with the the-
lifetime u(7,) to give the uncertainty in the transition rate oretical calculations because all calculations were
u(Ay): intermediate-coupling calculations in the Coulomb approxi-
mations whereas our semiempirical lifetimes were obtained
1 F2 with a modified intermediate-coupling scheme. Figure 6
Awi) = \/— 2(Fii) +— u%(my) (12)  compares our results to the most recent calculations. The
earlier calculations by Murphj23] are not included because

For the wall-stabilized arc measurements, the transition rates 10

and their uncertainties were calculated similarly. P re e e e e v
2a ]
IV. DISCUSSION OF RESULTS v e v
o~ v
Our transition rates for B-5s transitions in Kn are listed & 10'%% m i £y = ¥ "
in Table IV. Also listed in Table IV are our experimental §< A 4s 8 4 #]
branching fractions and the lifetimes that were used to caI—E 4 1
culate the transition rates. <x v
In Table V and Fig. 4 we compare our transition rates — *![" a T
with several experimental results. The only other measure<¢ P o
ment that includes the lines in the IR is that of Chang, o R A Lilly[21]
Horiguchi, and Setsdi3] and a comparison of those results A M Aymaretal. [23] (length)
with our data is shown in Fig. 5. The results by Fonseca anc 001 a Lv M hmres B ey
Campos[4,5], 'presented in' Fig. 4, were recalculated using BT o T R Ty TR VT B o s T
the same lifetime data as in our work. For the set of strong Wavelength (nm)

lines around 800 nm, our transition rates are in good agree-
ment with most of the results obtained by Fonseca and Cam- FIG. 6. A comparison of our transition rates with theoretical
pos[4,5] and differ from those obtained by Ernst and Schulz-transition rates.

022505-8



ACCURATE TRANSITION RATES FOR THE p-5s. .. PHYSICAL REVIEW A 62 022505

they were superseded by those of Li[li/7]. For the stron- ACKNOWLEDGMENTS

gest lines near 800 nm, the best agreement, within 10% on

average, was found between our data and calculations made K.D. gratefully acknowledges financial support from the
by Aymar and Coulombgl8] with a velocity dipole opera- Maria Sktodowska-Curie Foundation through Grant No.
tor, while there is a constant disagreemémtfactor of 1/3 ~ MEN-NIST-96-260. We are grateful to W. L. Wiese, NIST,
when they used a length dipole operator. A similar discrepk. Musiot, Jagiellonian University, Krake, and H. Schmo-
ancy was found with calculations made by Lil$7]. We  yanzer, University of Kaiserslautern for helpful discussions
note that the discrepancies for the weak lines near 600 N4 continued support. G.N. and U.G. were supported by

and in the IR are considerable but there appear to be nRsT Contract Nos. 43SBNB867005 and 43SBNB960002 to
conspicuous systematic trends as we found in the experimerp_[arvard College Observatory.

tal data.

[1] H. Schmoranzer and U. Volz, Phys. StA7, 42 (1993. [12] M.V. Fonseca and J. Campos, Phys. Revl7A 1080(1978.

[2] A. Schmitt, N. Pisella, U. Volz, and H. Schmoranzer,6ith [13] D.A. Landman and R. Dobrin, Phys. Rev.8\1868(1973.
International Colloquium on Atomic Spectra and Oscillator [14] J.-P. Lemoigne, X. Husson, and J. Margerie, Opt. Commun.
Strengths for Astrophysical and Laboratory Plasmas (ASOS6). 15, 241(1975.

Abstracts of Contributed Oral Papers and Poster Papext-  [15] S.A. Kazantsev, A.G. Rys, and M.P. Chaika, Opt. Spektrosk.
ited by J. TatumUniversity of Victoria, Victoria, BC, 1998 44, 425(1978 [Opt. Spectrosc44, 249 (1978].
p. 143. _ _ [16] M.B. Gorny, S.A. Kazantsev, B.G. Matisov, and N.T.

[3] R.S.F. Chang, H. Horiguchi, and D.W. Setser, J. Chem. Phys.  plazhaevs. J. Phys. 82, 322 (1985.

73, 778(1980. [17] RA. Lilly, J. Opt. Soc. Am.66, 245 (1976.

[4] V. Fonseca and J. Campos, PhysicaT, 312 (1979. [18] M. Aymar and M. Coulombe, At. Data Nucl. Data Tabk
[5] V. Fonseca and J. Campos, J. Physl® 3957(1980.

; 537(1978.
%S} \'II'VEBraEnrgtSt \E/In(?_'EI.chh:rllzd-Ci(ul_ie,l\liizigjegg;higeég;?ég [19] J. Musielok, W.L. Wiese, and G. Veres, Phys. Re61A3588
' L ’ T T (1995.
(1982. |
[8] K. Kaschek, G. Emst, and W. Bicher, Physica CL23 238 [20] R.J. Renka, SIAMSoc. Ind. Appl. Math. J. Sci. Stat. Com-
(1984. ' ' put. 8, 393 (1987).
[9] B.D. Cannon, W.L. Glab, and R. Ogorzalek-Loo, Phys. Rev. Al21] K. Danzmann, M. Gother, J. Fischer, M. Kock, and M.
47, 147 (1993. Kuhne, Appl. Opt.27, 4947(1988.
[10] C.A. Whitehead, H. Pournasr, M.R. Bruce, H. Cai, J. Kohel,[zz] G. Nave, C. J. Sansonetti, and U. Griesmarourier Trans-
W.B. Layne, and J.W. Keto, J. Chem. Ph$62, 1965(1995. form Spectroscopyl997 OSA Technical Digest Series Vol. 3
[11] A.L. Osherovich and Ya.F. Verolainen, Leningrad State Uni- (Optical Society of America, Washington DC, 199p. 38.
versity VestnikN4, 140 (1967. [23] P.W. Murphy, J. Opt. Soc. Anb8, 1200(1968.

022505-9



