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Experimental M1 transition rates in K XI, K xv, and K Xvi
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Transition probabilities of three magnetic dipol®l{) transitions in multiply charged ions of potassium
have been measured using the Livermore electron beam ion trap EBIT-2. Our results for the atomic level
lifetimes are 4.440.10 ms for Kxi (F-like) 2s2p® 2P%,,, 4.470.10 ms for Kxv (B-like) 2s%2p 2P,
and 7.6-0.5 ms for Kxvi (Be-like) 2s2p 3P3. The results confirm the accuracy of most predictions to within
3% of ground-state and 7% of excited-state transitions.
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I. INTRODUCTION Il. EXPERIMENT

The measurements were carried out at Lawrence Liver-

Electric dipole forbidden transitions, that is, magnetic d"more National Laboratory, using the electron beam ion trap

pole (M1) and electric quadrupolé=Q) transitions, between _EBIT-2. The actual ion trap region was imaged by tie

the fine structure levels of multiply charged ions are the ori- :
in of many of the solar coronal lines and are of great inter-L0-CM-diameter quartz lenses onto the photodetector, a low-
9 dark-rate, half-inch-diameter, end-on-cathode photomulti-

est for plasma diagnostics. Their transition rates are used toIier (Hamamatsu type R2557 with a 401K spectral sensitiv-

determln_e species de_nsmes in astrophysical p".”‘sma? and aff{? curve). Filters centered at wavelengths 345 fimandpass
needed in the modeling of the plasma edge in fusion tes . .

) N . ) .—of 5 nm full width at half maximuny 425 nm(bandpass 11
devices. B- and F-like ions feature just a single such Imenm) and 465 nnibandpass 10 njriet pass(with about 70%
each, corresponding to the transitior&2p >P$,,~?P3,, and ’ P P

2B 200 240 _ i transmission the light of the three transitions of interest, at
2s 2p_ P3o—"Pip, respectlvely, within the ground_ _term. 344.8 nm K4 (K xv), 425.6 nm K% (K x1), and 463.5 nm
The simplest system with su¢measurableM1 transitions 15+ (K xv1), respectively, while rejecting other lines and

in an excited configur.ation is the four-electr(Be-Iikg) ion. most of the background lightfor example, scattered light
For low-charge-state ions, thes2p °P3-level predominantly  from the hot filament of the electron gurSinceM1 transi-
decays via a magnetic quadrupolM2) transition to the tions usually dominate the optical spectra of electron beam
singlet ground state<? 'S,. Further along the isoelectronic jon traps[8,10,11, the use of such interference filters was
sequence, beyon&=12, the M1 decay branch to the deemed sufficient.
2s2p3P? level dominates by several orders of magnitude Potassium vapor was diffused into the trap from an oven.
[1-3]. The gas load caused no notable change in the vacuum read-
For M1 andE2 transitions, the transition probability de- ings. The presence of potassium in the trap was ascertained
pends mostly on angular coupling factors and the energpy producingK x rays in He-like potassium ions with an
interval. However, recent experimental transition rate datalectron beam energy set at tk¢ L dielectronic resonance
for argon Z=18), an element with prominent coronal lines near 2500 eV.
arising from all three aforementioned transitions, do not all For the lifetime measurements, the electron beam ion trap
agree with each othgd—8], and only some of them are was operated in a cyclic mode. The data were sorted into 0.1-
compatible with theory. In order to improve on the under-ms-wide time bins and accumulated over up to 23 h per
standing of systematic errors, we studied the same transitionsansition. About every 0.24 s the accumulated ion cloud was
in a neighboring element, potassiu= 19). Such ions with  purged from the trap. The electron beam was switched on for
odd atomic numbers have a relatively low cosmic abundancebout 0.18, ionizing and exciting the ion cloud in the trap.
and consequently are not prominent in solar spectra, but thehen the electron beam was switched off for about 60 ms,
wavelengths of the transitions of inter¢8{ are well suited which let the ion cloud expand to a new equilibrium at a
for the sensitivity range of our detectors. The expected lifesomewhat larger diameter, but still held the ions in the so-
times are shorter than those in argon by a factor of 2, whicltalled magnetic trapping modé2]. The switching time of
is beneficial for precise measurements by our experimentahe electron beam was 3@s. The electron beam energies
techniques. were chosen about 100 to 300 eV above the respective pro-
duction thresholds.
The signal ratgabove backgroundn the decay part of
*Also at IPNAS, Universitede Liege, B-4000 Lige, Belgium. the data sets ranged from 5 to 50 counts per minute for K
Permanent address: FaKultair Physik und Astronomie, Ruhr- and Kxv, but reached only 2 counts per minute fox¥. A
Universitd Bochum, D-44780 Bochum, Germany. Email address:total of three such curves was collected forxK three

traebert@ep3.ruhr-uni-bochum.de curves for Kxi, and two data sets for Kvi. The ratio of the
"Permanent address: Department of Physics, University of Al-curve maximum to the tailbackground onlyreached 30 for
berta, Edmonton AB, T6G 2J1, Canada. K xi and 60 for Kxv, but was as low as 2 for Kvi. This
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ratio reflects the combination of excitation efficiency, filter Counts

transmission, and photomultiplier response relative to the h .

(constank detector dark rate. The excitation efficiency is dif- 1000 "'n‘ K1 4 (B B “ke)

ferent for ground-state and excited-state configurations. It "- Sum-60
. . . . 1004 %

also varies with the electron beam energy in relation to the " .

production threshold, as does the charge state distribution in ar "t ow Ee

the trap. The quality of the various data sets is, of course, 10 § P

reflected in the statistical errors obtained from their analyses. W .

The measured value for the intensity decay rate is modi- 1 I
fied by the underlying loss rate of ions from the observation 0 10 20 30 40 50 60 70 80
zone(by thermal evaporation of the ion cloud along the mag- Time (ms)
netic field, charge-changing collisions with the neutral rest
gas, or diffusion across the magnetic fieldhe loss rate FIG. 1. Photon signaflogarithmic scalg obtained with Kxv,

needs to be measured in order to derive the atomic lifetim@fter the electron beam in EBIT-2 is switched éffiagnetic trap-
from the apparent lifetime. Temporal developments in seyPing modg. A background contribution of 60 counts per channel
eral charge states of multiply charged ions are best studied {2 Peen subtracted from the data.

the x-ray range, where spectral lines from several charge
states can be detected simultaneously with an energ)ﬁ. _
dispersive detector. However, owing to the filled K shell, the igher charge Stamh?“ then, after a radiative cascade, re-
Be-, B-, and F-like ions of present interest feature no X_ra)populate the level of interest.

transitions. In order to obtain an estimate of the ion loss

rates, we resorted to charge exchaf@¥) measurements on IIil. DATA ANALYSIS AND RESULTS

more highly charged ions_that have x-ray decay channels. Sample data are shown in Fig. 1. In the decay curve
With electron beam energies of about 10 kV, bare, H-, angynalysis, the background was treated as flat, while one to
He-like ions of potassium were easily produced and theikhree exponentials were used to describe the primary decay
x-ray emission after electron capture detected by a germasnd any additional components associated with either spec-
nium (EG&G Ortec IGLET) detector that viewed essentially tral blends or cascade transitiotiscluding those introduced
the same volume as the optical detector. The charge states oy CX processes Data evaluation was restricted to the part
the ions observed in the x-ray range are not very differenbf the decay curves after the first 1 ms in order to avoid
from the ones that are important for our optical measurepossible stray influences of the switching processes or of ion
ments, so that rather similar confinement times are expectedloud relaxation on the decay curves. The trapping times
Nevertheless, we associate an uncertainty of 50% with theere measured in alternation with the optical decay curves
magnitude of this small correction to our optical decay ratesand forced systematic corrections of the raw lifetime results
After the electron beam is switched off, the ion cloud as aby 1-2%, and half of this correction was assumed as the
whole develops toward lower ionization stages. CX pro-uncertainty of the correction.
cesses may feature different time histories depending not In order to test for the influence of transients and back-
only on ion velocity, collision cross section, and density ofground fluctuations, data sets were truncated at the beginning
the neutral gasthe main collision partngy but also on the or tail. Cutting off early data points beyond the switching
rank of a given charge state fraction in the charge state digime caused a rapid increase of the statistical uncertainty, but
tribution. This dilemma ideally requires one to measure theno significant change of the mean lifetime value. In contrast,
CX processes for each charge state of interest, which is néutting off the background-dominated tail of the data curves
generally possible in an electron beam ion trap. With a relaresulted(in some case@sn variations of the primary lifetime
tively shallow trap(150 V nominal potential difference be- result that exceeded the statistical uncertainty of the lifetime
tween middle and end drift tubgghe measured ion storage value determined from the full curve. This implies that the
time constant varied from 220 ms to 500 ms. With a deepebackground itself may be structured and, in its temporal
trap (350 V), an additional fast component with a time con- shape, may depend on the operating conditions. Because of
stant of order 25 ms appeared in the x-ray data. Howevethis systematic error, we increased the érror estimates of
optical data of the various potassium ions recorded with shalthe primary atomic lifetime results for Xi and Kxv to
low or deep traps show little difference. Thus the fast com-about twice the purely statistical valdef about 1% appro-
ponent must relate to contaminants of othesually heavy  priate for the evaluation of the individual full curves.
ion species that are easily captured in a deep trap. Only the Because of the weaker photon signal foxW, the statis-
slow component was used for the correction of the opticatical uncertainty of the background dominates the error bud-
lifetime results. In the optical data curve with the best con-get in this case, rendering the aforementioned systematic er-
trast of signal to background and with the highest countingor problem insignificant. We thus find lifetimes of 4.44
statistical reliability, a weak slow second decay component=0.10 ms for Kxi (transition rate 2246 s ') and of
showed with the same time constant as the ion storage life4.47-0.10 ms for Kxv (transition rate 2266 s ). For
time determined in the x-ray channel. We ascribe this decaik xvi, our analysis yielded an atomic lifetinfafter ion stor-
component to CX eventsgelectron capture by ions in a age time correctionof 7.6=0.5 ms (transition rate 131
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TABLE I. Comparison of predicted and measured lifetiméder Deviation of lifetime
the upper levels of the ground states irxiKand Kxv. from theory in percent
07 F-like ions
7 (M9 Reference 5 - LLNL EBIT
K xi 2s22p® ?P9), 014 I
LLNL EBIT
Theory 5 - 1' +
4.33 [15] o EKT HSR HSR
4.35 [16] |
4.30° [16] @
4.27 [9] 18 19 20 21 22
Experiment 10 -
4.44+0.10 This work LLNL LLNL B-like ions
K xv 2322p2pgl2 5 EhBIT EBIT *
Theory 01"
4.50 [16] 5 HSR
457 [16] 10 BT
452 [17] 15 J I nisTEBIT
4.57 [9] (b) T T T T T
4.58 [18] 18 19 20 21 22
4.56 [19] 15 1 .
Experiment 10 {oxford Be-like ions
4.47+0.10 This work ] eetT | LN EBIT
#Theoretical results adjusted for experimental transition energy. 0 -
5
+9 s 1. All results are presented in Table | together with 10 1 EXT
the various theoretical predictions. () 15 4
T T T T

1
18 19 20 21 22

IV. DISCUSSION Nuclear charge Z

The general interest in the transitions studied here is re- - L
flected ?n a number of calculations. In Tables | and I, we Fl(-B' 2. Lifetime data for th-e tr_ansmon |(a)2the225§2p5 2p2/2
. . > ~level in the ground state of F-like iond) the 2s°2p “P3,, level in
compare our _results only with ca_llculatlons that explicitly the ground state of B-like ions, arid) the 2s2p PS excited level
pr0V|.de_ transmo.n. rate§ for pota_tssml(m'-.or more references of Be-like ions. In(a) and (b), all data are normalized to the theo-
on similar transitions in other ions, s¢8].) For all three  |etica) results given by Chenet al. [16] after semiempirical cor-
cases of present interest, the electric quadrupB) (con- rection for experimental transition energies.(t, the data are nor-
tribution to the decay amplitude is lower than the magnetiGnalized to the theoretical results given by Safroneval.[2]. The
dipole (M1) amplitude by more than three orders of magni-horizontal bars indicate the scatter range of selected predictions
tude, and we disregard ti€2 contribution. The present life- predictive uncertainties are much largéfhe experimental data are
time results for Kxi and Kxv are compatible with the the- from an electrostatic Kingdon tra(EKT) [4,5], from the NIST,
Oxford and LLNL EBITS[ [6—8] and this work(full symbols], and
TABLE II. Predicted and measured lifetime data for the from a heavy-ion storage ringHSR) [13,14].
2s2p 3PS level in Kxvi. The (0.8%9 M2 ground state decay rate
[1] has been added where needed for determining the predicted

lifetime. . . . .
oretical expectations(after correction for experimental
A(sY 7 (ms) Reference transition energigs and they alsc_) fit the same isoelectronic
trend as do the results of heavy-ion storage ring W14
Theory and data from the EBIT-2 trap for other elemefgse Figs.
140 7.14 [1] 2(a) and Zb)].
134 7.40 [20] The predictions for theM1 decay rate of the Kvi
155 6.40 [21] 2s2p 3P} level cluster near 140 ¢. Our experimental re-
131 7.57 [9] sult overlapgwithin the error bar with most of the calcula-
223 4.46 [22] tional results(Table lI), including the latest and probably
136 7.29 [2] most elaborate ond&]. The previously claimed @ discrep-
Experiment ancy of Arxv experiments with theory5], which had al-
131+9 7.6-05 This work ready been contradicted by electron beam ion trap results

from two different experimentg7,8], is, therefore, not sub-
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stantiated by our data on X1 either[Fig. 2(c)]. ACKNOWLEDGMENTS
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