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M1 transition rate in CI*?* from an electron-beam ion trap and heavy-ion storage ring
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The transition probability of the magnetic dipoléi() transition Z?2p 2P° J=1/2 to J'=3/2 (A
=574.19 nm) in the B-like ion GF" has been measured using two different light sources, the Heidelberg
heavy-ion storage ring TSR and the Livermore electron-beam ion trap EBIT-I. Our results for the atomic level
lifetime are 21.2-0.6 ms from the heavy-ion storage ring and 215 ms from the Livermore electron-beam
ion trap. Particular attention has been paid to systematic errors, making this experiment a common reference
for atomic level lifetime measurements in the visible spectrum.
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[. INTRODUCTION ion traps[7]. With the Livermore electron-beam ion trap, gas
injection works besthence Ar was studied firstand potas-
Electric dipole transitions between the fine-structure lev-sium could be injected as a vapor. The present injector for
els of a given term are forbidden because of the parity seledhe Heidelberg storage ring, by contrast, is a tandem accel-
tion rule. The lowest multipole order radiations permitted areerator that requires negative ions; this precludes the use of Ar
magnetic dipole §11) and electric quadrupoleEQ) transi- and would not yield sufficient ion beam currents of potas-
tions, and such transitions between the fine-structure leve@Um ions. Therefore we elected to use chlorize=(17),

of multiply charged ions are the origin of many of the solarWhich can be produced as a strong ion beam for tandem
coronal lines and are also of great interest for plasma diagdccelerators and which can also be bled into the electron-

nostics[1]. Their transition rates are used to determine speP€2M ion trap from compounds with a high vapor pressure.

cies densities in astrophysical plasmas and are needed in t ggen?gse[%](:h;ﬁgnﬁsh%?ﬁgggnaI?r:ggnﬁas\t'g Ik;]ergr?g\]/:/]gltllcegzltin
modeling of the plasma edge in fusion test devices. B- an '

F-like ions feature just a single such line each c:orresponding';Shed as constltulents of thg coronal emission of the[Siin
itions 8220 2p0,..2p0 200 520 200 By isoelectronic comparison, laboratory data on several
to the transitions &72p “Py;,“Pg;, and 5°2p° “P5,—"P12,  jons help to clarify the experimental situation, and they assist
respectively, within the ground term. Since B-like ions arej, assessing the validity of the laboratory data obtained for
the simplest ions with such a fine-structure transition in thgnhe elements of primary interest. ThrbkL transitions have
ground term, we will concentrate on these here. The electriggen studied in Ar and K. Two of these were in B- and E-like
quadrupole E2) contribution to the decay amplitude is jons, while the third one was avi 1 transition in an excited
lower than the magnetic dipoleM1) amplitude by more configuration of the Be-like ion. Of these three, only one, the
than four orders of magnitude, and we therefore disregard thgl 1 transition in the B-like ion GF* (Clxi), has a wave-
E2 contribution. length (574.19 nm [10,1]] that is compatible with the sen-
For M1 andE2 transitions, the transition probability de- sitivity range of our detectors. The expected level lifetime of
pends mostly on angular coupling factors and the energgbout 21 ms is longer than that in argon by a factor of 2,
interval. However, recent experimental transition rate datavhich is a challenge to the experimental techniques at the
from various ion traps for argonZ(=18), an element with electron-beam ion trap. In fact, it is the longest radiative
prominent coronal lines from B- and F-like ions, do not all lifetime studied on an electron-beam ion trap so far. For the
agree with each othéR—4]. Only the results obtained at the heavy-ion storage ring, such a lifetime is in an optimum
Livermore electron-beam ion trap EBIT-Il are compatible range. We therefore undertook to learn about systematic er-
with theory. Livermore data on a neighboring element, po-ors that affect lifetime measurements with an electron-beam
tassium Z=19) [5], are also available, as well as resultsion trap when using detectors for visible light.
from lifetime measurements on titaniun € 22) [6], ob-
tained at the Heidelberg heavy-ion storage ring TSR. In order Il. EXPERIMENT
to gain a better understanding of the systematic errors in-
volved, it would be good to be able to study a reference
transition in the same element with both devices. This is of The measurements at the Heidelberg Max Planck Institute
particular interest for atomic lifetimes of many milliseconds, of Nuclear Physics TestSpeicherRing TSR followed the pat-
since this is a range close to what has been perceived as thern established previousii2,13. Negative chlorine ions
upper limit for any such lifetime studies using electron-beamwere produced from an Ag&iAg mixture in a sputter ion
source, injected into a tandem accelerator, stripped to posi-
tive charge stateg™ by being passed through a dilute gas in
*Electronic address: traebert@ep3.ruhr-uni-bochum.de the accelerator high-voltage terminal and accelerated further

A. Heavy-ion storage ring
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to an energy of about 45 MeV. At the exit of the accelerator, Counts
the ions were stripped again, this time in a thin carbon foil. 10000
Magnetic fields then selected ions of the desired charge state
q=12" (ion energy 44.3 MeY, and only ions of this single
charge state and well-defined energy were then guided to the
heavy-ion storage ring, some 100 m away.

A beam current of about A was available for injection
into the storage ring, where multiturn injection and the stack-
ing technique[14] raised the ion current in the ring up to
about 100uA. The ion source was operated in a pulsed
mode. Each of the pulses was long enoggbout 1 m§to
fill the storage ring with a continuous ion beam accumulated
over some 30 revolutions. At a ring circumference of 55 m,  FIG. 1. Photon signalogarithmic scalgobtained with Ckin at
the stored-beam section has a total length=df 7 km. After  the heavy-ion storage ring. A background contribution of 45000
the multiturn injection, the ions were left coasting until being counts per channel has been subtracted from the data.
ejected in preparation for the next storage cycle.

A fraction of the ions existed in collisionally excited lev- despite comparable rest gas pressures. However, the charge-
els from the ion-foil interaction in the stripper. The ion travel exchange cross sections decrease rapidly at the higher veloci-
from the source to the ring required approximately.6, ties (MeV ion energies[15—17. This decrease more than
which is much shorter than the level lifetime of interest. Thiscompensates the increase in the velocity, resulting in a rate
travel time was long enough, though, to let all higher-lying coefficient(ov) that is smaller in the storage ring than in the
excited states decay to the two levels of the ground state, orien trap. The ion beam current was monitored on-line by a
of which is the level of present interest, and to thus increaséeam profile monitor that senses the ions produced in the rest
their population over what was already reached in the progas. The ion storage time constant was then used to correct
duction process. Moreover, very high-lying excited stateghe apparent time constant of the optical decay.
would be quenched in the motional electric fields of the Within the coasting period of the 0.2 s cycle time, the
beam steering magnets. beam current changes very little. The ion storage time con-

The circulating ion cloud was stored for about 0.2 s, orstant was calculated, based on Nikolaev's early a4, as
about ten predicted lifetimes of the level of interest, so thagbout 46 s. Such estimates have agreed with measurements
the optical fluorescence signal could be observed and folen comparable ions in earlier experiments. A fit to the beam
lowed well into the background. A clock pulse, preceding theprofile monitor signalover a time range of 200 myields a
injection phase by about 1 ms, gated on each photon detebeam lifetime of order 17 s, corroborating the calculational
tion period. Photon counts were accumulated into 200 seestimate. Such a long storage time in relation to the optical
guential channels, each 1 ms wide. The resulting data filekfetime of about 20 ms implies a correction by 0.1% or less.
provided a record of the fluorescence intensity emitted by th&elativistic time dilation ¢=1.00136) requires a similarly
stored-ion cloud as a function of time, that is, a photon signasmall, but opposite, correction, the sum of which is presently
decay curve. negligible.

A bialkali-cathode photomultiplier tubéPMT, model There are not many systematic variations of the experi-
EMR 541N, with a short-wavelength cutoff near 300 )nm mental conditions at the heavy-ion storage ring that one can
was employed for the optical observations, in combinationcheck for their influence on the resulf3]. Since in the
with the same interference filter that was used for the Liverpresent case the correction for the ion storage time amounts
more EBIT-I experimentgcentral wavelength near 570 nm, to less than 0.1%, it seemed unnecessary to do further tests
bandpass 50 nmSince the transition of interest is the only on this correction.
one from the only long-lived level of the single-charge-state The largest uncertainties are those associated with the
ions stored, the filter is not so much needed to discriminatelata evaluation. The signal-to-background ratio varies with
against other spectral lines of Qhone are expectgdbut the stored-ion beam current and with different settings of
only against any ambient light. In fact, the hot vacuumamplifiers and discriminator thresholds. Out of a total data
gauges in the nearby sections of the storage ring had to keccumulation time exceeding 4000 min, data records of
switched off, because their stray light would be noted in thepoorer run condition§some 10% of the totalwere after-

PMT signal. wards excluded from the evaluation. Thus data from more

The storage-ring technique has excellent charge-state sthan 16 injections remained, or an accumulation time per
lectivity and employs background pressures on the order afata channel of about 17.6 min. The full data sample is
5% 10 ! mbars. This combination yields an optically clean shown in Fig. 1. Truncating data curves in the beginning
environment with ions of a well-defined charge state exclu{after injection, for a possible settling-down peripdor
sively stored in the ring. Nevertheless, there are ion losses lymes up to 20 ms, or truncating the curve téiy up to 50
collisions with the rest gas. Because of the high ion velocityms) for artifacts of the fit procedure, had no noticeable effect
charge-exchange collisions may be expected to be more fren the level lifetime obtained from a single-component ex-
guent in the storage ring than in the electron-beam ion tragponential fit. The individual fit results remained within the
yet the confinement is regularly higher in the former device statistical uncertainty of the typical value. This uncertainty,
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however, is dominated by the dark rate of the photomultiplier 108 — . . :
of about 45 counts per second. We obtain as the heavy-ion cl12+
storage ring lifetime result for the @Il 2s2p? %P3, level a of] Sum - 17800
value of 21.2-0.6 ms(transition rate 47.21.3 s 1). ]
B. Electron-beam ion trap ,10°k 1
[=4
The measurements were carried out at the University of § %

California Lawrence Livermore National Laboratory, using 107
the electron-beam ion trap EBIT-I. This is the origirfaist
even electron-beam ion trapl9] that later was converted
into SuperEBIT[20]. At present, it is operating again in the
low-energy EBIT-1 mode €20 keV). Like SuperEBIT21],
EBIT-1 is capable of running at electron-beam energies well 10° L : L . S
below 1 keV. In this experiment, electron-beam energies of 0 20 40 T?Ome (r::) 100 120140
700 eV to 1600 eV were used to produce the desired charge-
state CI?* for the optical observations. Energies of 10 keV  FIG. 2. Photon signallogarithmic scali obtained with Ck,
were used for the production of H-like and bare ions, so thakfter the electron-beam in EBIT-1 is switched @fiagnetic trapping
the ion loss rate from the stored-ion cloud might be moni-modg. A background contribution of 17 800 counts per channel has
tored in the x-ray rangg22]. been subtracted from the data, leaving about 200 background counts
The actual ion trap region was imaged by tivd 10-cm-  per channel for display reasons.
diameter quartz lenses onto the photodetector, a low-dark
rate, half-inch diameter, end-on-cathode photomultiplierexciting the ion cloud in the trap. Then the electron-beam
(Hamamatsu Type R2557 with a 401 K spectral sensitivitywas switched off for about 120—-150 ms, which let the ion
curve. M1 transitions usually dominate the optical spectracloud expand to a new equilibrium at a somewhat larger
of electron-beam ion trapet,21,23, and thus wavelength diameter, but still held the ions in the so-called magnetic
selection by interference filter was deemed sufficient, even asapping modg24]. The switching time of the electron-beam
several ion charge states were present in EBIT. Two filteraicceleration voltagé‘anode voltage) was of order 3Qus.
were used alternatively; one with a transmission curve centhe electron-beam energies were chosen about 100 to 900
tered at a wavelength of 570 nibandpass 50 nm, peak eV above the production threshold of the’€lion (i.e., the
transmission of about 50p6the other at 577 nntbandpass ionization limit of the CH* ion) of 592 eV.
10 nm, peak transmission of about 70%/ost of the stray The signal rate in the decay part of the datasets ranged up
light that passed through the filters originated from the hoto 900 counts/min. The true dark rate was about 2 counts/s,
filament of the electron gun and was further reduced by runer 120 counts/min. A total of nine decay curves was col-
ning the latter at lower than usual electrical currents. lected. The excitation efficiency varies with the electron-
Chlorine was ballistically injected into the trap from a beam energy in relation to the production threshold, as does
reservoir of trichloroethylene. The gas injector was run athe charge-state distribution in the trap. The statistically best
pressures in the range fromx1.0 8 Torr to 4x 107 Torr. results were obtained at the lowest gas injection pressures
The actual presence of chlorine in the ion trap region wasnd the lowest electron-beam energies. The quality of the
ascertained by producini§ x rays in He-like chlorine ions various datasets is, of course, reflected in the statistical errors
with an electron-beam energy set at téL dielectronic  obtained from their analyses. The sum of the data obtained at
resonance near 2100 eV. The vacuum pressure readings time lower injection pressures in our range are shown in Fig.
the electron gun region below the actual trap were about 2. In the decay curve analysis, the background was treated as
X 1071° Torr. The actual vacuum in the trap region is muchflat. The straightness of the data in Fig(after subtracting
better, because the surfaces are at liquid He temperatureost of the backgroundcorroborates this assumption. Data
(while the aforementioned vacuum gauge is in a compartevaluation was restricted to the part of the decay curves after
ment with the hot electron glinHowever, there is no direct the first few milliseconds after switching off the electron-
measurement of the pressure inside the trap volume, artiteam, in order to avoid possible stray influences of the
only the pressure range, of normally well below 1B Torr, switching processes or of ion cloud relaxation on the decay
can be inferred. This is why any such lifetime measurementurves. The statistical reliability of the EBIT data was suffi-
needs to be accompanied by a measurement of the ion losgent to yield an error bar as little as 1.5%, on a mean life-
rate (the inverse of the storage time consjanhich relates time of about 20.5 ms.
to the vacuum conditions inside the trap regisee below The apparent value for the intensity decay rate is modified
For the lifetime measurements, the electron-beam ion trafrom the true(atomig value by the underlying loss rate of
was operated in a cyclic mode. The data were sorted int@ns from the observation zon®y thermal evaporation of
0.1-ms-wide time bins and accumulated over 200—400 mirhe ion cloud along the magnetic field, charge-changing col-
per parameter setting. About every 0.15-0.2 s the accumuisions with the neutral rest gas, or diffusion across the mag-
lated ion cloud was purged from the trap. The electron-beametic field. The loss rate needs to be established in order to
was switched on for intervals of 30—60 ms, ionizing andderive the atomic lifetime from the apparent lifetime. Tem-
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poral developments in several charge states of multiply TABLE I. Comparison of predicted and measured lifetimder
charged ions are best studied in the x-ray range, where spethe 25?2p 2P, upper level of the ground state in &li. The com-

tral lines from several charge states can be detected simultautations are labeled by the usual acronyms of the computer algo-
neously with an energy-dispersive detector. However, owingjithms.

to the filledK shell, the B-like ions of chlorine do not feature
any x-ray transitions. In order to obtain nevertheless an esti- 7 (Mg Reference
mate of the ion loss rates, we resorted to charge-exchange

(CX) measurements on more highly charged ions that have ~ 'heory _
x-ray decay channels. At electron-beam energies of about 10 ~ 21.05 [26] Scaled-Thomas-Fermi
kV, plenty of bare, H- and He-like ions of chlorine were 20.55 [27] mcoF
produced. 21.09 [27] mcDF

The x-ray detector, a germaniu(BG&G Ortec IGLET) 21.06 [28] MCHF
detector, viewed practically the same volume as the optical 21.14 [29] mcDF
detector. The X-ray spectrum shoyvs I_ight from the production 21.19 [30] MCDF
of He- and H-like ions, with H-like ions being apparently 21.08 [31] SUPERSTRUCTURE
less abundant by at least one order of magnitude. Most of

> ; 21.13 [32] rgDO
this light is from levels that decay promptly, and most of the Experiment
emission ends when the electron-beam is shut off. However, (21.2+0.6) Heavv-ion storage rina. this work
there is some delayed emission from CX reactions, when D Y ge ring,

(21.1£0.5) LLNL EBIT-I, this work

bare ions in a collision with neutral rest gas particles capture
an electron to become H-like, or when H-like ions capture anﬂ_r
electron and thus turn into a He-like ion. It is imperative to
do the CX measurement on ions of the same temperature 59
in the optical experiment, because the rate coefficients de- i
pend on the ion velocity. Therefore the same ion trap deptiPnes. In Table |, we compare our results only with calcula-
and electron densitfpeam currentduring production have tons that explicitly provide transition rates for chlorine. The
to be maintained. However, producing the more highlypresent lifetime results for G, from two very different
charged ions by stepwise ionization takes more time, so thexperiments, agree fully with each other. They are compat-
conditions are not quite the same. ible with the theoretical expectations after these are corrected
The decay curve of th& x-ray signal showed a time for experimental transition energies, and they also fit to the
constant of about 240 ms. This ion lifetime, after a linearsame isoelectronic trend as do the results of heavy-ion stor-
adjustment for charge stat€X is proportional to the ion age ring work[6] and data from the EBIT-II trap on other
charge, at least for fast ions—but we have relatively slowelementgsee Fig. 3. Theory is corroborated at the 2% level
ions), would indicate an ion storage time of B-like ions of Cl of our experiments for the ground complex inxal, simi-
of about 320 ms. This, however, is still an underestimatejarly to the heavier ionéwith their shorter level lifetimes and
since experience shows that the capture cross section into thénce smaller systematic error correctipnssing both the
K shell is much larger than that for capture into thehell. LLNL electron-beam ion trap and a heavy-ion storage ring.
In a comparable experiment on’®e, close in time to the Cl  Evidently, the usual theoretical uncertainty estimates for
experiment, a storage time of 5 s was found. In that experithese transitions of 10—20 % are rather conservative.
ment, charge-exchange produdeshell x-rays were studied At the heavy-ion storage ring, the largest factor limiting
in place of theM-shell ions of interest. The latter value,

heory results afterwards adjusted for the experimental transition

adopted to Ckin, would require a systematic correction of £ 5 ——

the measured lifetime by 0.1 ms. A fit to the lifetime data as g LLNL Em'_ EBIT TSR

a function of injection pressure (4108 Torr to 4 £ } I

x 10" 7 Torr) indicates a shift of the mean lifetime by up to § 0 4{{ ” 1

0.2 ms. An ion storage time as short as 500(ars estimate 5 |TsR [,_,_N,_EB,T

derived from the above, assuming a moderate effedf-of ‘g sl |

versusL-shell CX) would necessitate a correction by almost Y EKT

1 ms. The present experiment yields no clue to resolve this % B o

dilemma. We therefore apply a systematic shift by the mean E -10F sequence

of the alternative corrections, 0.5 ms, and associate with it an 2 NIST EBIT

uncertainty of the same size. This ion storage time correction § 45 ) e

uncertainty of almost 2.5% dominates the error budget. 16 17 18 ‘92 20 22 2z A

Combining all errors, we derive a lifetime value of 21.0

+0.5 ms(transition rate 47.61.1 s %) for CI*?" from the FIG. 3. Lifetime data for the £2p 2P, level in the ground

Livermore EBIT-I experiment. state of B-like ions from CF* through T#*. The data are normal-

ized to the theoretical results given by Gakaet al. [31], which

IIl. DISCUSSION AND CONCLUSION include a semiempirical correction for experimental transition ener-

gies. The experimental data other than those foxiClare from an
The general interest in the transitions studied here is reelectrostatio(Kingdon) trap (EKT) [2], from the NIST and LLNL
flected in the number of calculations, including very recentEBITs [3-5,25, and from the heavy-ion storage ring T$&.
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the precision of the measurement was the dark rate of thdata range on this transition has been extended. This pro-
available photomultiplier. At the Livermore EBIT, a PMT vides a reliable check of theoretical predictions both for a
with a smaller cathode area and selected for a lower dark rateumber of individual elements and for an expanded section
was available. Here the limiting factor was the precision withof the isoelectronic sequence. Second, the present perfor-
which the ion storage time could be obtained. The ion stormance limit of the electron-beam ion trap techniques for
age time was expected by Wargeéhal. to be the limiting  atomic lifetime measurements in the visible has been tested
factor for any atomic lifetime measurement using electron-and established for lifetimes up to about 20 ms. This implies
beam ion trap$7]. A lower limit of the ion storage time was a test for ion traps that have been set up for atomic lifetime
then estimated to be 100 ms. We now confirm the expectameasurements: If the present lifetime result orxiClor the
tion from a subsequent stud24] that ion storage times in equivalent lifetimes in Ak and Arxiv cannot be reproduced,
the electron-beam ion trap can be much longer, thus enablindpe experimental technique must be considered insufficient
the measurement of atomic lifetimes that might be close t@and the systematic uncertainties higher than presumed.
100 ms, or even longer, as long as the ion storage time can emong all the traps for highly charged ions, so far only the
reliably determined. An insufficient correction for the finite heavy-ion storage ring and the electron-beam ion traps at
effective ion storage time inside the trap results in an as©Oxford [25] and Livermore have passed this test.
sumed lifetime value that falls short of the true atomic life-
time. Such a deviation, in fact, is evident for several of the
earlier forbidden-line lifetime measurements on highly
charged ions of argon that were carried out on the NIST The work at the University of California Lawrence Liver-
EBIT and on an electrostatikingdon) ion trap (Fig. 3. more National Laboratory was performed under the auspices
The present combination of a measurement of the samef the U.S. Department of Energy under Contract No.
atomic lifetime in a heavy-ion storage ringhere the sys- W-7405-Eng-48. E.T. acknowledges travel support from the
tematic errors are smallgsand an electron-beam ion trap German Research AssociatigpFG), as well as financial
(where the choice of elements and ease of operation is muaupport from FNRS$Belgium). E.H.P. and E.T. received sup-
greatey has yielded several benefits. First, the lifetime ofport from NSERC(Canada A.G. Calamai(Boone, NG
interest has been determined with accuracy and the previoksndly lent the phototube used in the Heidelberg experiment.
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