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Lifetime of the 2 3P0 state of He-like 197Au
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An experiment has been performed at the Gesellschaft fu¨r Schwerionenforschung 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 the 23P0 state,t(2 3P0), of the two-electron ion197Au771 ~He-like gold!
with the resultt(2 3P0)522.16(0.81) ps. The mechanism for the decay of this state is by a hyperfine-induced
radiative transition to the 11S0 ground state~hyperfine 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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I. INTRODUCTION

The radiative decay of the 23P0 state of He-like ions with
nonzero nuclear spin is mainly to the 11S0 ground state and
occurs by a rare mechanism in atomic physics often refe
to as hyperfine quenching@1#. Normally, this J50→J50
transition is rigorously forbidden by the angular-momentu
selection rules, and in ions with zero nuclear spin this s
will decay by a fully allowed electric dipole transition to th
2 3S1 state. However, in ions with nonzero nuclear spin
hyperfine interaction will mix a small amount of the 23P1
state into the 23P0 wave function. Because the decay rate
the 23P1 state to the ground state 11S0 is relatively large,
the radiative decay of the mixed state is dominated by
hyperfine-quenching mode~see Fig. 1!.

The calculation of the decay rate of the mixed state to
ground state involves several atomic parameters, includ
the decay rate of the 23P1 state and the 23P0-2 3P1 fine-
structure splitting. The fine-structure splitting is of particu
interest, because it is determined by the electron-electron
teraction and the two-electron ion is the simplest atomic s
tem in which it can be studied. Because of the rapid sca
of the relativistic part of this interaction with atomic numb
Z, measurements at highZ provide a particularly sensitive
test of the relativistic theory. Calculations of the fin
structure generally include the effects of relativity by a p
turbation expansion in the parameter (Za)2. The problems
associated with this approach for two-electron ions at higZ
are illustrated by the fact that in helium (Z52) the calcula-

*Electronic address: s.toleikis@gsi.de
1050-2947/2004/69~2!/022507~5!/$22.50 69 0225
d

te

e

f

e

e
g

r
n-
s-
g

-

tions @2–4# are accurate at the ppm level whereas the m
elaborate calculations at highZ @5–9# claim accuracy of only
a few percent. Accurate experimental measurements
formed at highZ can therefore provide benchmark values f
theoretical work. In addition to the fine structure and t
2 3P1 decay rate, the lifetime of the 23P0 state depends als
on an exotic E1M1 two-photon decay mode. While this d
cay rate is extremely small at lowZ, the rate scales approxi
mately asZ12 and contributes about 2% to the total rate
Z579 @9,10#. Thus accurate high-Z measurements of the
2 3P0 lifetime will be also sensitive to this two-photon deca
mode.

Finally, the lifetime depends importantly on nuclear p
rameters. In the case of197Au, the situation is particularly
interesting for two reasons. First, there exist in the literat
two highly precise, but discrepant values for the nucle
magnetic moment@11#. In units of the nuclear magneton
these arem I50.145 746(9), experimental method is atomi
beam magnetic resonance~original work, Ref. @12#!, and
m I50.148 158(8), experimental method is nuclear magne
resonance~original work, Ref.@13#!. This difference of about
1.7% leads to a difference in the hyperfine-quenched lifeti
of about 2.8% because of the quadratic dependence on
nuclear magnetic moment@14#. Second, because of the hig
value of Z, the decay rate is sensitive to the distribution
nuclear magnetism~Bohr-Weisskopf effect!. It has been es-
timated@8# that atZ579 this effect will contribute 3% to the
decay rate. Therefore lifetime measurements of hyperfi
quenched atomic states in the high-Z range offer an alterna
tive method to investigate these nuclear properties.

With respect to fine-structure measurements, we note
direct measurements of the 23P0-2 3P1 fine-structure split-
©2004 The American Physical Society07-1
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FIG. 1. Level scheme of He-like gold with
transition energies, decay modes, and transit
probabilities indicated. Numbers are taken fro
Refs.@5–9#. The transition probabilities are in 1/
with numbers in brackets indicating powers
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ting using radio-frequency spectroscopy or laser spect
copy have been performed in He@15#, Li1 @16#, and F71

@17#. However, extension of direct methods to higherZ is
experimentally not feasible and indirect methods must
used. Measurements using UV and x-ray spectroscop
which the fine structure is inferred as the difference betw
measured levels have been performed and summarize
review articles by Martin@18# and Desesquelles@19#. In the
experiment we report here, the fine structure can be infe
from the measured decay rate of the hyperfine-quenched
cay of the 23P0 state. The use of this method to make p
cise measurements of the fine-structure splitting was
demonstrated in Ag451 @20,21# and subsequently applied t
Ni261 @22# and Gd621 @23#. The measurement described
this paper extends the method to the highestZ ion so far
investigated, Au771.

II. EXPERIMENT

The experiment has been performed at the Gesellsc
für Schwerionenforschung~GSI! heavy-ion synchrotron fa
cility located in Darmstadt, Germany. We have used the sa
basic beam-foil time-of-flight technique employed in pre
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ous experiments@21,23#. A schematic of the setup is show
in Fig. 2. The 200 MeV/u gold ion beam emerging from th
SIS accelerator is passed through an Al stripper foil of thi
ness 46.3 mg/cm2. This stripper foil removes the residua
electrons, producing an appreciable fraction of H-like go
which is separated from unwanted charge states with a di
magnet and collimators. The H-like beam emerging from
dipole then passes through a Ni target foil of thickne
1.5 mg/cm2 thereby producing excited He-like ions b
single-electron capture. Our estimation is that about 1%
the He-like ions are in the 23P0 state of interest.

The velocity of the ions is determined by their circulatio
frequency in the heavy-ion synchrotron SIS. The final velo
ity of the ions has to be corrected for energy losses in
stripper and in the target foil. These energy losses have b
calculated with a computer code calledATIMA , which was
developed at GSI@24,25#. Table I summarizes all contribu
tions which lead to the final energy of the gold ions
Eion5194.770(0.520) MeV/u.

A pair of Ge~i! x-ray detectors are located outside t
vacuum chamber on opposite sides of the ion beam be
the Ni target foil. The x rays emitted by the decay of t
excited He-like ions are viewed by the detectors throug
r are not
FIG. 2. Schematic of the experimental setup. For a better overview the two quadrupoles of the charge-state spectromete
shown.
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LIFETIME OF THE 23P0 STATE OF He-LIKE 197Au PHYSICAL REVIEW A 69, 022507 ~2004!
pair of collimators. These collimators prevent the detect
from viewing prompt x rays emitted by the beam at the t
get. The position of one detector is fixed while the oth
detector is movable. A precision translator is used which
tablishes the change in the position of the detector with
accuracy<1 mm. The raw data are obtained by varying t
distance between the target foil and the movable detector
by measuring the ratio of counts from the 23P0-1 1S0 tran-
sition in the movable detector to the counts in the fixed
tector. Measuring the ratio allows normalization directly
the ion population in the excited state of interest and eli
nates many systematic errors associated with the norma
tion to the integrated beam current. Thereby, a decay cu
can be traced out and a measurement of the decay length
be obtained.

In this experiment we have employed a particle detec
mounted downstream of a charge-state spectrometer con
ing of a quadrupole doublet and a bending magnet. T
allows us to separate the different charge states of the
ion beam@26# which are present after the beam passes the
target foil. The particle detector is a newly developed 32-f
strip chemical vapor deposition diamond detector with a
tection area of 60340 mm2. The advantages of this new
type of particle detector are its time resolution below 50
and its single-particle count rate capability of up
108 ions/s@27,28#. Using this detector in connection with th
charge-state spectrometer, in a beam-foil time-of-flight
periment we have been able to measure the x rays in co
dence with He-like ions counted in the diamond detec
This enables us to eliminate spurious x rays observed fro
variety of other sources. This is shown in Fig. 3~a! which
shows a raw sample x-ray spectrum of the movable dete
Besides the line of interest the x-ray spectrum contains a
of background, especially theKa lines from the lead colli-
mator material. Due to the coincidence method, one can
most get rid of the background with appropriate conditi

TABLE I. Velocity determination of the gold ions. The energ
values are given in (MeV/u).

Extraction energy~SIS! 200.0 60.5

Energy loss in Al strippera 5.079 60.520

Energy stragglinga 60.508
Target inhomogeneity 60.051
TheorydE/dxb 60.102

Energy loss in Ni targeta 0.151 60.520

Energy stragglinga 60.520
Target inhomogeneity 60.001
TheorydE/dxb 60.003

Final energy 194.770 60.520
b 0.5621 60.0006
g 1.2091 60.0006

aCalculated withATIMA based on Refs.@24,25#.
bUncertainty<2% @25#.
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cuts. The significant background reduction is shown in F
3~b!.

III. ANALYSIS AND RESULTS

For each position of the normalization detector, the ra
of counts from the peak of interest (23P0-11S0 hyperfine-
quenched transition! in the movable detector to the counts
the normalization detector is calculated for several positi
of the movable detector. The count rates of these peaks
determined by fitting a Gaussian shape plus linear ba
ground to the peak. From these ratios the decay curves
be extracted and are plotted as a function of the position
the movable detector for two different positions of the fix
detector@see Figs. 4~a! and 4~b!#. The decay curves cove
just more than two decay lengths. This fact clearly limits t
achievable accuracy. The error bars come from the un
tainty due to the fitting procedure of the x-ray spectra and
of statistical nature at the 1s level. In order to extract the
decay length, both decay curves are fitted with a single
ponential without background. The statistical errors of the
parameters are estimated by a bootstrap method@29,30#. This
method, which can be assimilated for a Monte Carlo–ty
simulation, provides a rigorous way to calculate the stati
cal errors of the fit parameters~as our present fit!, which are
not well represented by the square root of the diagonal
ments of the correlation matrix, as expected for a lea
square-fit method. In our case, we calculate the statist

FIG. 3. Sample energy spectra of the detector MOVE.
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TOLEIKIS et al. PHYSICAL REVIEW A 69, 022507 ~2004!
error of the decay length as the standard deviation of
mean error extracted from a series of 20.000 fits of 20.
synthetic decay curves, elaborated from the fitted funct
where we add randomly the normalized residuals betw
each interaction. This fitting procedure gives for both po
tions of the normalization detector the following values
the decay lengthl: at positionA, l 54.55(0.18) mm with a
reducedx251.13 and at positionB, l 54.26(0.49) mm with
a reducedx251.22. The extracted decay lengths of bo
normalization positions are in agreement with each othe
careful analysis of the fitting procedure has shown that
data can be described best using a single exponential wit
background. This is underlined by the fact that no positio
dependent background effects could be found. The coun
rate of the movable Ge~i! detector was almost independent
the position and both Ge~i! detectors had comparable coun
ing rates. This indicates that the two Ge~i! detectors have
seen a lot of ion-beam dependent background despite,
maybe because of, the collimators@see Fig. 3~a!#. Here the
possibility of using coincidences in order to reduce the ba
ground was a crucial improvement in comparison to previ
experiments. Also, no evidence of possible cascade contr
tions could be found. If there are any cascades into the 23P0
state we would expect cascades into the 21P1 state. This
would show up as a resolved line which results from de
to the ground state. We see no evidence for such a line.
fact is also in good agreement with recent theoretical ca
lations @31#.

FIG. 4. Measured decay curves for two normalization position
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With the measured decay lengthl, the lifetimet is then
determined by

t5
l

cbg
, ~1!

wherec denotes the speed of light,b the velocity of the ions,
andg the Lorentz factor~cf. Table I!. The final result for the
lifetime of the 23P0 statet(2 3P0) and a comparison with
different calculations are summarized in Table II. The giv
error for the lifetime is associated with the fitting procedu
and is the only major contribution to the total error. Oth
possible errors such as the uncertainty of the velocity of
ions ~see Table I!, delayed cascade feeding, misalignment
the setup, and dead time effects of the readout electronics
assumed to contribute to<0.1 ps to the total error.

IV. DISCUSSION AND CONCLUSION

Here the lifetime of the 23P0 state in He-like gold has
been measured with an accuracy of 3.7%. The limiting fac
in this measurement has been low statistics. But in a be
foil time-of-flight experiment here this measurement h
taken advantage of using coincidences between He-like
and x rays emitted from the excited metastable state in o
to clarify the x-ray spectra. Unfortunately, the reached ac
racy is not sensitive enough to the different contributio
such as the nuclear magnetic moment, the Bohr-Weissk
effect, and the two-photon decay mode E1M1 as each
them contributes at the 2–3 % level to the lifetime of t
2 3P0 state~see Table II!. Due to these uncertainties, it is no
possible to extract a value for the 23P0-2 3P1 fine-structure
splitting. On the other hand, under the assumption that
atomic calculations@5–9# are accurate at the 1–2 % level,
could be possible to determine these nuclear paramete
one improves the experimental accuracy by one order
magnitude. This improvement should be possible as the
iting factor up to now has only been low statistics.

TABLE II. Comparison of the lifetimet of the 23P0 state be-
tween experiment and theory. Our experimental value is
weighted mean of the two decay curves.

m I(
197Au! t (ps) Reference

Experiment 22.1660.81

Theory ~Johnson! @8,9#
No BW,a no E1M1 0.148158 23.04
No BW,a with E1M1b 0.148158 22.62
With BW,a with E1M1b 0.148158 23.31
With BW,a with E1M1b 0.145746 23.95

Theory ~Indelicato! @14#

No BW,a with E1M1b 0.148158 22.23
With BW,a with E1M1b 0.148158 22.92
With BW,a with E1M1b 0.145746 23.55

aBohr-Weisskopf effect.
bValue taken from Ref.@9#.
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@26# H. Bräuning et al., GSI Scientific Report No. GSI 2000-1
1999 ~unpublished!, GSI Scientific Report No. 91, 2000~un-
published!.

@27# E. Berdermann, K. Blasche, P. Moritz, H. Stelzer, and B. Vo
Diamond Relat. Mater.10, 1770~2001!.

@28# P. Moritz, E. Berdermann, K. Blasche, H. Stelzer, and B. Vo
Diamond Relat. Mater.10, 1765~2001!.

@29# B. Efron, Stat. Sci.1, 54 ~1986!.
@30# G. Simpson, Astron. Astrophys.162, 340 ~1986!.
@31# S. Fritzsche, Th. Sto¨hlker, O. Brianzanescu, and B. Fricke

Hyperfine Interact.127, 257 ~2000!.
7-5


