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Hyperfine quenching and measurement of the 2 P0 —2 P, fine-structure splitting
in heliumlike silver (Ag +)
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The hyperfine-quenched transition 2 Po—1 'So has been observed in heliumlike silver (Ag ) in the

two isotopes ' Ag and ' Ag. The lifetime for the transition has been measured for each isotope and

found to be ~0(107)=3.98(37)X 10 ' sec and ~o(109)=2.84(32) X 10 ' sec. From the measured life-

times a value is inferred for the absolute value of the 2 Po—2 P, fine-structure splitting ~EEO i i in

Ag '+ with the result ib,Ev, i
=0.79(04) eV, where the uncertainty is the experimental uncertainty tak-

en at the 1o. confidence level. This result is compared with calculations based on the

multiconfigurational Dirac-Fock method, the unified method, and recent results from the relativistic

configuration-interaction method.

PACS number(s): 32.30.Rj, 12.20.Fv, 31.30.Jv, 32.70.Fw

The fine-structure splittings of the (ls)(2p, &2) 23'
states [1] in two-electron ions (b,Ez J) are determined
largely by the electron-electron interaction. The mea-
surement of these splittings constitutes, therefore, a test
of theories of this interaction in the simplest atomic sys-
tem in which it can be observed. Because of the rapid
scaling of the relativistic part of this interaction with
atomic number Z, measurements at high Z provide a par-
ticularly sensitive test of the relativistic theory. Calcula-
tions of fine-structure splittings generally include the
effects of relativity by a perturbation expansion in the pa-
rameter (Za) . The problems associated with this ap-
proach at high Z are illustrated by the fact that in ordi-
nary helium (Z =2) the calculations are accurate at the
ppm level, whereas the most elaborate calculations at
Z =47 are accurate at only the few percent level [2,3].

The measurement reported here is of the interval

EEo, in the two-electron ion Ag +. In even-even iso-
topes with nuclear spin I =0, the radiative decay
2 Po—1 So is strictly forbidden and the 2 Po state under-
goes an E1 decay to the 2 S& state with a calculated life-
tirne [4] of r(2 Po)=8.598X10 ' sec. Silver has, how-

ever, two stable isotopes with nuclear spin I =
—,', ' Ag

and ' Ag, which have nuclear magnetic moments
p(' Ag) = —0.1135@& and p( ~Ag) = —0.1305pz [5].
These isotopes exhibit hyperfine coupling which causes a
mixing of the 2 Po and 2 P& states. The 2 P, state de-
cays rapidly by an E1 transition to the 1 'So ground state
with an unperturbed lifetime [4] of r(2 P, ) =6.211
X 10 ' sec. The mixing induced by the hyperfine cou-
pling therefore causes the perturbed 2 Po state to decay
directly to the 1'So ground state. A transition induced
in this way is referred to as a hyperfine-quenched transi-
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tion. These transitions are extremely rare in atomic
physics, and were recently examined in Ni [6].

Since the 2 Pp and 2 Pi states are very nearly degen-
erate in Ag +, the perturbed lifetime of the 2 Pp state
when hyperfine structure is present can be obtained with
high accuracy by solving the two-level system:

IpE +i0

8 )p

8 ip

IiEi+ 8'ii+i
=0,

~&o=( 2'P,
~ Hhf~ 2'P, ), W)) =

(2 P, ~Hh&, ~2 P, ), and EO, I 0 (E„I"&) are the unper-
turbed energies and radiative widths of the 2 Po (2 P&)
levels, respectively, and Hhf, is the hyperfine-structure
Hamiltonian. The real and imaginary parts of Ao (A, ,)

provide the perturbed energies and lifetimes of the 2 Pp
(2 P, ) levels. A fully relativistic calculation of the matrix
elements has been made and the parameters I p and I,
evaluated [4]. Values of these parameters for Ag + are
given in Table I. Using these results with Eq. (1), a value
of ~b,EO, ~

can be determined from the measured 2 Po
lifetimes. This method was recently applied to Gd + [7],
and has also been previously applied to ' Ag + [8]. The
precision of the ' Ag +

experiment was limited, howev-
er, by Auctuations in the beam position as well as the use
of a single isotope. The measurement reported here
reAects an improvement in precision by a factor of rough-
ly 5.

This experiment was performed using the beam-foil
time-of-flight technique on a 35-MeV/A silver beam pro-
vided by the GANIL accelerator (Caen, France). The ex-
tracted beam from the accelerator was passed through a
4.81-mg/cm Be stripping foil, and emerged containing
approximately 25% hydrogenlike silver (Ag46+). The
Ag + beam was separated from the other charge states
by a high-resolution magnetic spectrometer system
(LISE). The pure Ag + beam was then passed through a
400-pg/cm carbon capture foil which produced the ex-
cited 2 Pp state of Ag + of interest. The 2 Pp —1'Sp
hyperfine-quenched transition from this state was then
observed downstream of the foil by two solid-state detec-
tors mounted on opposite sides of the beam, as shown in
Fig. 1. One of the detectors was fixed and used for nor-
malization purposes. The second detector was movable
and the time-of-Bight data were obtained by finding the
ratio of counts in the movable detector to counts in the
fixed detector as a function of the position of the movable
detector. With this arrangement normalization is done
directly to the ion population in the excited state of in-
terest.

The initial beam energies prior to stripping were deter-
mined using the precise GANIL alpha spectrometer and

Vacuum
chamber Fixed

detector

46+ 45+Q

Ag

were found to be Eo(107)=36.4436 MeV/A and
Eo(109)=35.0146 MeV/A. The energy loss through the
Be foil was measured using the GANIL LISE spectrorne-
ter, and was found to be in good agreement with pub-
lished tables [9]. A correction was then made for the en-
ergy loss through the C foil based on published tables [9].
The final corrected velocities were found to be
P(107)=0.2675(1) and P(109)=0.2622(1).

A sample spectrum obtained with the movable detector
is shown in Fig. 2. The large peak (22.6 keV) contains
counts from the decay of interest 2 Pp ~1 Sp as well as
counts from the transition 2 S,~1'Sp. The second
peak (22.8 keV) contains counts from the cascade decays
2 P2 ~ 1 'So and 2 'P, ~ 1 'So. The third peak (23.2
keV) is due to transitions in the H-like (Ag +) ions that
are excited in the carbon foil. Each spectrum from the
movable and fixed detectors was fit by first subtracting a
linear background determined by interpolating between
the background counts on the low-energy and high-
energy sides of the peaks. The peaks themselves were
then fit to three Gaussians as shown in Fig. 2.

The raw data used to determine the lifetimes and the
fine structure consist of similar spectra taken at many
fixed-detector —movable-detector separations for each of
the two isotopes ' Ag + and ' Ag +. The curves ob-
tained by taking the ratios of movable to fixed detector
counts in the large peak (22.6 keV) at each detector posi-
tion are shown in Figs. 3 and 4 for the two isotopes

Ag + and ' Ag +. Each decay curve was fit to the
sum of two exponentials, corresponding to the transitions
2 Pp~ 1 'Sp and 2 Si ~1 'Sp. A three-exponential
combined fit to the two isotopes together was also per-
forrned. One exponential corresponded to the
2 S] ~ 1 Sp decay in both isotopes, since this decay
length is independent of isotope once appropriate correc-
tion has been made for the differing velocities. One ex-
ponential was then used to fit the 2 Pp~1 'Sp decay in
each of the two isotopes. This combined fit yielded near-
ly identical results to the individual fits, and the results of
the two types of fit were averaged to obtain the final mea-
sured decay lengths.

After correcting the measured decay lengths by the ap-
propriate Lorentz contraction factors, the lifetimes of the
2 S, and 2 Pp states were determined and are shown in
Table II. No correction has been made for possible cas-

TABLE I. Parameter values (in eV) for Eq. (1).
Carbon
capture

oil Moveable
detector

ovea e
collimator

107
109

—0.012 22
—0.01405

—0.015 31
—0.017 60

7.656 X 10
7.656 X 10-'

1.060
1.060 FIG. 1. Schematic design of the time-of-Aight apparatus.
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TABLE II. Lifetimes for the 2 S& and 2 Po states (values

in sec).
TABLE III. Experimental results and comparison with

theory (values in eV).

107
109

7 (2 S&)

1.11(02)X 10
1.12{02)x 10-"

~ (2 Po)

3.97(37)X 10
2.84(32) x 10-"

MCDF Unified
Experiment method method Relativistic CI
(This work) (Ref. [3]) (Ref. [2]) (Ref. [13])

!b,EO, ! 0.79(04) 0.753 0.933 0.788

cade contributions, but the residual plots shown in Figs.
3 and 4 show no monotonic residuals from the exponen-
tial fits. From the measured 2 Po lifetimes it is possible
to deduce values for

~ AEo, ! =!E,—Eo! by using Eq. (1).
We obtain !EEO, (107)!=0.81(05) eV and

!bEO, (109)!=0.77(07) eV. The agreement between the
two values of !b,EO i! for the two difFerent isotopes
within the experimental error is an important check on
the consistency of the experiment and the theoretical in-
terpretation of the data. Taking a weighted average of
!EEO i! for the two isotopes yields our final value

!bEO i ~
=0.79(04) eV. We note that this uncertainty is

less than 5% of the natural linewidth of roughly 1 eV for
this transition.

The experimental errors are determined by uncertain-
ties associated with the fitting procedures and are taken
at the lo. confidence level. Systematic error associated
with the experiment arises mainly from uncertainty in the
beam velocity, which is negligible. The error associated
with the theory used to determine the fine-structure split-
ting from the measured lifetimes arises mainly from the
estimated accuracy of I &. Two of the other theoretical
parameters, I 0 and 8'», have very little inhuence on the
final result, and 8'&0 is calculable to a high precision.
The value of I, is determined from the MCDF code of
Desclaux [3,4], and values using this method are in agree-
ment with the variational calculations of Drake [10] and
relativistic random-phase approximation calculations of
Johnson and Lin [11] at the few percent level. Taking
this level of agreement between the values obtained by
the various methods as a measure of the uncertainty in
theoretical parameters leads to an uncertainty of about
1% in the final reported value. We emphasize, however,
that the final uncertainty stated with the reported

!b,EO, ! value is the experimental uncertainty only and

contains no allowance for possible theoretical error.
The experimental value may be compared to three

theoretical approaches as shown in Table III. The
multiconfigurational Dirac-Pock (MCDF) method [3,12]
has the effects of relativity built into the calculation from
the beginning. Drake's unified method [2] begins with
high-precision variational wave functions and energies,
which are then used to treat the effects of relativity and
quantum electrodynamics by perturbation theory. Our
result is in agreement with the MCDF result, and differs

by 3.5o. from the unified method value. Chen, Cheng,
and Johnson have very recently completed relativistic
configuration-interaction (CI) calculations [13]. These
calculations begin with the construction of two-electron
basis functions from configuration products of one-
electron basis orbitals. The variational principle is then
applied to determine the wave functions and energies of
the states. The results include the Coulomb interaction
and the retarded Breit interaction, and are corrected for
QED and mass polarization effects using Drake's unified

method results. This relativistic CI result is in excellent
agreement with the reported experimental value.
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