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Lifetime of the 2 3P, state of He-like **’Au
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An experiment has been performed at the Gesellschaéhwerionenforschung accelerator facility using
a beam-foil time-of-flight technique with a newly developed chemical vapor deposition diamond particle
detector to measure the lifetime of théR, state,7(2 3P,), of the two-electron ion*’Au’"" (He-like gold
with the resultr(2 3P,) =22.16(0.81) ps. The mechanism for the decay of this state is by a hyperfine-induced
radiative transition to the 1S, ground statéhyperfine quenching The lifetime is therefore determined by a
number of fundamental atomic and nuclear parameters not normally involved in radiative decay of allowed
transitions. The experimental result is compared to several theoretical calculations.
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[. INTRODUCTION tions[2—4] are accurate at the ppm level whereas the most
elaborate calculations at high[5-9] claim accuracy of only

The radiative decay of the®P, state of He-like ions with a few percent. Accurate experimental measurements per-
nonzero nuclear spin is mainly to the'$, ground state and formed at highz can therefore provide benchmark values for
occurs by a rare mechanism in atomic physics often referretheoretical work. In addition to the fine structure and the
to as hyperfine quenchind]. Normally, thisJ=0—J=0 2 3P, decay rate, the lifetime of the®P,, state depends also
transition is rigorously forbidden by the angular-momentumon an exotic EIM1 two-photon decay mode. While this de-
selection rules, and in ions with zero nuclear spin this stateay rate is extremely small at loi%; the rate scales approxi-
will decay by a fully allowed electric dipole transition to the mately asZ'? and contributes about 2% to the total rate at
23S, state. However, in ions with nonzero nuclear spin theZ=79 [9,10]. Thus accurate higi- measurements of the
hyperfine interaction will mix a small amount of the’®, 2 3P, lifetime will be also sensitive to this two-photon decay
state into the 2P, wave function. Because the decay rate ofmode.

the 2°P; state to the ground state'$, is relatively large, Finally, the lifetime depends importantly on nuclear pa-
the radiative decay of the mixed state is dominated by theameters. In the case df’Au, the situation is particularly
hyperfine-quenching modasee Fig. L interesting for two reasons. First, there exist in the literature

The calculation of the decay rate of the mixed state to théwo highly precise, but discrepant values for the nuclear
ground state involves several atomic parameters, includingnagnetic momenf11]. In units of the nuclear magneton,
the decay rate of the 3P, state and the 3P,-23P, fine-  these areu,=0.1457469), experimental method is atomic
structure splitting. The fine-structure splitting is of particularbeam magnetic resonanceriginal work, Ref.[12]), and
interest, because it is determined by the electron-electron inz; = 0.148 1588), experimental method is nuclear magnetic
teraction and the two-electron ion is the simplest atomic sysresonancéoriginal work, Ref[13]). This difference of about
tem in which it can be studied. Because of the rapid scalind..7% leads to a difference in the hyperfine-quenched lifetime
of the relativistic part of this interaction with atomic number of about 2.8% because of the quadratic dependence on the
Z, measurements at high provide a particularly sensitive nuclear magnetic momeht4]. Second, because of the high
test of the relativistic theory. Calculations of the fine- value ofZ, the decay rate is sensitive to the distribution of
structure generally include the effects of relativity by a per-nuclear magnetisniBohr-Weisskopf effegt It has been es-
turbation expansion in the parametéa()2. The problems timated[8] that atZ= 79 this effect will contribute 3% to the
associated with this approach for two-electron ions at @igh decay rate. Therefore lifetime measurements of hyperfine-
are illustrated by the fact that in heliunZ €2) the calcula- quenched atomic states in the highrange offer an alterna-

tive method to investigate these nuclear properties.
With respect to fine-structure measurements, we note that
*Electronic address: s.toleikis@gsi.de direct measurements of the®R,-2 3P, fine-structure split-
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ting using radio-frequency spectroscopy or laser spectrosus experimentf21,23. A schematic of the setup is shown
copy have been performed in H&5], Li* [16], and F* in Fig. 2. The 200 MeWi gold ion beam emerging from the
[17]. However, extension of direct methods to higieis SIS accelerator is passed through an Al stripper foil of thick-
experimentally not feasible and indirect methods must beiess 46.3 mg/ctn This stripper foil removes the residual
used. Measurements using UV and x-ray spectroscopy iglectrons, producing an appreciable fraction of H-like gold
which the fine structure is inferred as the difference betweemvhich is separated from unwanted charge states with a dipole
measured levels have been performed and summarized inagnet and collimators. The H-like beam emerging from the
review articles by Martirj18] and Desesquellg49]. In the  dipole then passes through a Ni target foil of thickness
experiment we report here, the fine structure can be inferred.5 mg/cnd thereby producing excited He-like ions by
from the measured decay rate of the hyperfine-quenched deingle-electron capture. Our estimation is that about 1% of
cay of the 2P, state. The use of this method to make pre-the He-like ions are in the %P, state of interest.

cise measurements of the fine-structure splitting was first The velocity of the ions is determined by their circulation
demonstrated in A§* [20,21] and subsequently applied to frequency in the heavy-ion synchrotron SIS. The final veloc-
Ni%* [22] and GG?* [23]. The measurement described in ity of the ions has to be corrected for energy losses in the
this paper extends the method to the high&dsbn so far  stripper and in the target foil. These energy losses have been
investigated, Al . calculated with a computer code callediMa, which was
developed at GSJ24,25. Table | summarizes all contribu-
tions which lead to the final energy of the gold ions of
Eion=194.770(0.520) MeW.

The experiment has been performed at the Gesellschaft A pair of Ggi) x-ray detectors are located outside the
flr Schwerionenforschun¢GSl) heavy-ion synchrotron fa- vacuum chamber on opposite sides of the ion beam behind
cility located in Darmstadt, Germany. We have used the samthe Ni target foil. The x rays emitted by the decay of the
basic beam-foil time-of-flight techniqgue employed in previ- excited He-like ions are viewed by the detectors through a
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FIG. 2. Schematic of the experimental setup. For a better overview the two quadrupoles of the charge-state spectrometer are not
shown.
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TABLE I. Velocity determination of the gold ions. The energy 80 -

VeI detector MOVE (a)
values are given in (Me\). 70] raw energy spectrum
Extraction energySIS) 200.0 +0.5 60 -
Energy loss in Al strippér 5.079 +0.520 ‘E 50+ 23Po i 1130
=]
Energy straggling +0.508 3 407
Target inhomogeneity +0.051 30+ i
TheorydE/dx° +0.102 20
b \
Energy loss in Ni targét 0.151 +0.520 10%%%%%%
i 0 T ‘I : T T T T T 1

Energy. straggling . :,:0.520 20~ 30 40 80 ©0 70 B1 %
Target inhomogeneity +0.001 photon energy [keV]
TheorydE/dx? +0.003

40+
Final energy 194.770 +0.520 detector MOVE (b)
B 0.5621 +0.0006 coincidence energy spectrum
y 1.2091 +0.0006 30

2P >1'S
Calculated withaTiva based on Refd24,25]. P . =
bUncertainty<29% [25]. § 20
o

pair of collimators. These collimators prevent the detectors 104 i
from viewing prompt x rays emitted by the beam at the tar- : J \

get. The position of one detector is fixed while the other alfl b i | ‘J‘ it
detector is movable. A precision translator is used which es- ol ittt ) AR AR
tablishes the change in the position of the detector with an 50 60 70 80 90
accuracy<s1 um. The raw data are obtained by varying the photon energy [keV]

distance between the target foil and the movable detector and
by measuring the ratio of counts from théR,-1 1S, tran-
sition in the movable detector to the counts in the fixed deg s The significant background reduction is shown in Fig.
tector. Measuring the ratio allows normalization directly to 3(b).

the ion population in the excited state of interest and elimi-

nates many systematic errors associated with the normaliza-

tion to the integrated beam current. Thereby, a decay curve IIl. ANALYSIS AND RESULTS

can be traced out and a measurement of the decay length canpor each position of the normalization detector, the ratio

be obtained. of counts from the peak of interest ¢P,-11S, hyperfine-

In this experiment we have employed a particle detectouenched transitigrin the movable detector to the counts in
mounted downstream of a charge-state spectrometer consisire normalization detector is calculated for several positions
ing of a quadrupole doublet and a bending magnet. Thigf the movable detector. The count rates of these peaks are
allows us to separate the different charge states of the goldetermined by fitting a Gaussian shape plus linear back-
ion beam[26] which are present after the beam passes the Nground to the peak. From these ratios the decay curves can
target foil. The particle detector is a newly developed 32-foldbe extracted and are plotted as a function of the position of
strip chemical vapor deposition diamond detector with a dethe movable detector for two different positions of the fixed
tection area of 6840 mn?. The advantages of this new detector[see Figs. &) and 4b)]. The decay curves cover
type of particle detector are its time resolution below 50 pgust more than two decay lengths. This fact clearly limits the
and its single-particle count rate capability of up toachievable accuracy. The error bars come from the uncer-
10% ions/s[27,28. Using this detector in connection with the tainty due to the fitting procedure of the x-ray spectra and are
charge-state spectrometer, in a beam-foil time-of-flight ex-of statistical nature at thedl level. In order to extract the
periment we have been able to measure the x rays in coincéecay length, both decay curves are fitted with a single ex-
dence with He-like ions counted in the diamond detectorponential without background. The statistical errors of the fit
This enables us to eliminate spurious x rays observed from parameters are estimated by a bootstrap met®®®0. This
variety of other sources. This is shown in FigaBwhich  method, which can be assimilated for a Monte Carlo—type
shows a raw sample x-ray spectrum of the movable detectosimulation, provides a rigorous way to calculate the statisti-
Besides the line of interest the x-ray spectrum contains a latal errors of the fit parametetas our present jit which are
of background, especially th€« lines from the lead colli- not well represented by the square root of the diagonal ele-
mator material. Due to the coincidence method, one can alments of the correlation matrix, as expected for a least-
most get rid of the background with appropriate conditionsquare-fit method. In our case, we calculate the statistical

e 1
Ml‘m Ul

FIG. 3. Sample energy spectra of the detector MOVE.
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0.14 TABLE IIl. Comparison of the lifetimer of the 23P, state be-
§ . @ tween experiment and theory. Our experimental value is the
S ?\i\ weighted mean of the two decay curves.

Z
< RN
w \{N\ i (X7Au) 7 (ps) Reference
2 NG .
S \i Experiment 22.160.81
2
E \{ Theory (Johnsoi [8,9]
E 0.01q|Normalization position "A" \i\ No BW,*no E1M1 0.148158 23.04
E = data points T“ No BW? with E1M1° 0.148158 22.62
3 best fit e With BW,2 with EIM1°  0.148158 23.31

T T T T T T T T T T 1 ' 1 b

& & 1001 1212 1a 15 16 17 18 18 With BW,2 with EIM1°  0.145746 23.95

relative position of detector MOVE [mm] Theory (Indelicatd [14]

01- No BW?2 with EIM1P 0.148158 22.23
< % (b) with BW,2 with EIM1°  0.148158 22.92
* ™ with BW,2 with EIM1°  0.145746 23.55
g g
w \ 3Bohr-Weisskopf effect.

o S byvalue taken from Ref[9].
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FIG. 4. Measured decay curves for two normalization positions. z.ind'y the Lorent3z factorcf. Ta,?'e ). The final resu_lt for the
lifetime of the 2°P, stater(2 °Py) and a comparison with
o different calculations are summarized in Table Il. The given
error of the decay length as the standard deviation of th@ror for the lifetime is associated with the fitting procedure
mean error extracted from a series of 20.000 fits of ZOOOde is the On|y major contribution to the total error. Other
synthetic decay curves, elaborated from the fitted functiorpossible errors such as the uncertainty of the velocity of the
where we add randomly the normalized residuals betweefpns (see Table)l, delayed cascade feeding, misalignment of
each interaction. This fitting procedure gives for both posi-the setup, and dead time effects of the readout electronics are
tions of the normalization detector the following values of assumed to contribute t€ 0.1 ps to the total error.
the decay length: at positionA, 1=4.55(0.18) mm with a
reducedy®=1.13 and at positiom, | =4.26(0.49) mm with
a reducedy?=1.22. The extracted decay lengths of both
normalization positions are in agreement with each other. A Here the lifetime of the 3P, state in He-like gold has
careful analysis of the fitting procedure has shown that théween measured with an accuracy of 3.7%. The limiting factor
data can be described best using a single exponential withoirt this measurement has been low statistics. But in a beam-
background. This is underlined by the fact that no positionfoil time-of-flight experiment here this measurement has
dependent background effects could be found. The countintaken advantage of using coincidences between He-like ions
rate of the movable GB detector was almost independent of and x rays emitted from the excited metastable state in order
the position and both GB detectors had comparable count- to clarify the x-ray spectra. Unfortunately, the reached accu-
ing rates. This indicates that the two @edetectors have racy is not sensitive enough to the different contributions
seen a lot of ion-beam dependent background despite, aradich as the nuclear magnetic moment, the Bohr-Weisskopf
maybe because of, the collimatdsee Fig. 8)]. Here the effect, and the two-photon decay mode E1M1 as each of
possibility of using coincidences in order to reduce the backthem contributes at the 2—3 % level to the lifetime of the
ground was a crucial improvement in comparison to previou® 3P, state(see Table ). Due to these uncertainties, it is not
experiments. Also, no evidence of possible cascade contribossible to extract a value for the’R,-2 3P, fine-structure
tions could be found. If there are any cascades into thie;2  splitting. On the other hand, under the assumption that the
state we would expect cascades into thEP2 state. This atomic calculation§5—9] are accurate at the 1-2 % level, it
would show up as a resolved line which results from decayould be possible to determine these nuclear parameters if
to the ground state. We see no evidence for such a line. Thisne improves the experimental accuracy by one order of
fact is also in good agreement with recent theoretical calcumagnitude. This improvement should be possible as the lim-
lations[31]. iting factor up to now has only been low statistics.

IV. DISCUSSION AND CONCLUSION
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