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Measurements and calculations of metastable level lifetimes in FeX, FeXI , FeXII , FeXIII ,
and FeXIV
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Lifetimes of metastable levels in the ground term of Fe ions within the 3s23pk, k51 – 5, isoelectronic
sequences have been measured. These measurements were performed utilizing ions that were selected by mass
to charge ratio while transported from an electron cyclotron resonance ion source to a Kingdon ion trap, where
they were captured and then confined for periods of up to 2.1 s. During this storage period, selected emission
wavelengths of transitions from metastable levels in the visible or near-ultraviolet spectral regions were
isolated using interference filters, and the time-dependent fluorescence intensities were measured using a
photomultiplier tube. Measurement precisions on the order of 2% were achieved in favorable cases. The
measured lifetimes aret~FeX, 3s2p5 2P1/2)513.6460.25 ms,t~FeXI, 3s23p4 1D2)59.8660.22 ms,t~FeXII ,
3s23p3 2P3/2)51.8560.24 ms, t~FeXII , 3s23p3 2P1/2)54.3860.42 ms, t~FeXII , 3s23p3 2D3/2)520.35
61.24 ms, t~FeXIII , 3s23p2 1D2)56.9360.18 ms, andt~FeXIV , 3s23p 2P3/2)517.5260.29 ms. These re-
sults are compared with existing and with new theoretical calculations, which have estimated uncertainties on
the order of 10–25 %.

DOI: 10.1103/PhysRevA.63.032515 PACS number~s!: 32.70.Fw, 32.50.1d
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I. INTRODUCTION

Iron is an important and pervasive astrophysical elem
due to the significance of its nuclear binding energy to ste
evolution and to the synthesis of the elements. Forbid
transitions of the ions of Fe are consequently prominen
the solar corona, such as the well-known ‘‘red’’ an
‘‘green’’ coronal transitions, occurring in FeX and FeXIV

respectively, which are commonly observed in other as
physical environments as well. Lifetimes of these and sim
forbidden transitions are important to certain remote plas
diagnostics@1#. Consequently the energies and transiti
rates of metastable levels in the ground and excited term
Fe ions have been frequently calculated. Measurement
the lifetimes of ground term metastable levels of ions w
low charge using traps@2# have continued since the tech
nique was originated in the 1970s@3#. However, laboratory
lifetime measurements for long-lived levels of more high
charged ions, to test these calculations, have become
sible only relatively recently@4–6#. The innovations respon
sible for the present measurements include~1! the develop-
ment of the electron cyclotron resonance ion source@7#,
which can provide a stable source of multiply charged me
ion beams; and~2! the capture of these ions, followin
charge-to-mass selection, into a Kingdon ion trap@8,9#,
where they are stably confined under ultrahigh-vacuum c
ditions.

The present measurements were completed on transi
between ground term levels of FeX through FeXIV , which
have wavelengths in the visible or ultraviolet spectral
gions, and which have lifetimes>2 ms. Due to thel23

*Physics Division, Bldg. 203, Argonne National Laboratory, A
gonne, IL 60439.
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dependence of magnetic dipole (M1) transition rates, these
conditions tend to be related. The lower limit of the lifetim
measurements is set by ion settling in the trap followi
capture, while the upper limit is set by ion-neutral collisio
resulting in a change in charge due to electron capture@10#.

Experimental wavelengths are available for many forb
den transitions of Fe ions@11#, so the present lifetime mea
surements provide some data to test whether the accu
~currently 10–50%! of theoretical transition rate calculation
is limited by the accuracies of the calculated wavelengths
of the matrix elements. This was not feasible for earlier m
surements on ions of Mn@12#. Ab initio theoretical transition
rate calculations based on relativistic configuration inter
tion theory, including low-order QED corrections, are fou
to be improved when experimental wavelengths are used
still differed from experiment by 2–3 standard deviations
the experimental error.

II. APPARATUS AND TECHNIQUE

The electrostatic Kingdon trap used to confine ions
these measurements, and the operation of the electron c
tron resonance~ECR! ion source used to produce the met
stable Fe ions, have been thoroughly documented in a re
publication @9#, which should be consulted for details an
technique. Multiply charged Fe ions were produced in
ECR ion source when Fe metal was evaporated from an
ally inserted thermal oven into the source region. Oxyg
was used to support the ECR plasma, except for a beam
Fe111 where nitrogen was used to optimize output. Sta
beams of Feq1 (5,q,13) with electrical currents betwee
1.4–0.5mA were produced in this manner. A pulsed~100
ms! beam of Fe ions, with a charge-to-mass ratio selec
using a 90° bending magnet, was electrostatically focus
deflected, and decelerated prior to entering the midplan
the Kingdon trap, where ions were captured by pulsing
©2001 The American Physical Society15-1
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TABLE I. New calculations using theB-spline basis set with the modifiedGRASP2code, including Breit
and QED corrections, of particular lifetimes and energy-level separations. These are compared with m
values.

Ion Transition

Energy-level
separations~a.u.! Lifetime ~ms!

Measured
lifetime ~ms!

Expt. Theory ab initio semiemp.

FeX

(3p5)

2P3/22
2P1/2 20.071 47 20.071 28 14.54 14.42 13.6460.25

FeXI

(3p4)

3P221D2 20.172 02 20.170 78
10.8 10.65 9.8660.22

3P121D2 20.114 28 20.116 43
FeXII

(3p3)

4S1/22
2D3/2 20.189 39 20.211 52 16.29 22.57 20.3561.24

FeXIII

(3p2)

3P221D2 20.134 48 20.141 72
6.26 7.23 6.9360.18

3P121D2 20.176 69 20.184 34
FeXIV

(3p)

2P1/22
2P3/2 20.085 17 20.085 92 17.01 16.57 17.5260.29
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central wire. Fe ion storage time constants in the Kingd
trap were typically.1.5 s for these measurements, at pr
sures near 5310210Torr. The detected photon count from
the metastable decays consistently showed an initial
transient with a time constant of 1.260.3 ms, thought to be
associated with ion settling in the trap following captu
This transient, plus the slower signal changes associated
the metastable level decays, were fitted to two exponen
plus a constant background. In some analyses, the data p
associated with the transient were removed from the fit.

III. THEORY

New calculations of rates and energy-level separations
many of the levels presently studied have been comple
using a relativistic multiconfiguration method based on
complete set of discreteB-spline orbitals. These orbital
were solutions of the radial Dirac equation for an electr
moving in a central potential, but confined to a cavity with
finite radius @13#. Atomic state functions were constructe
for the desired state by taking a known linear combination
configuration state functions from theB-spline single-
particle orbitals, chosen to have the same total angular
mentum and parity. The contribution to the matrix eleme
from the Coulomb Hamiltonian were coupled with the firs
order Breit interaction@14#, and with the Lamb shift in low-
est order. A configuration interaction matrix as large as 20
relativistic configurations, based on a much smaller num
of nonrelativistic configurations, was diagonalized by app
ing the variational principle to the energy functional wi
respect to the mixing coefficients, subject to the wa
function normalization condition. This leads to the config
ration interaction equation, which determines the mixing
efficients and the corrected energy levels. The ma
contributions to the atomicM1 transitions came from nearb
states with the same parity. Correlation effects were inclu
by adding odd configuration state functions. Since the ene
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separations were calculated, the transition rate results c
be compared with adjusted rates using experimental wa
lengths. Employment of the experimental energy separat
in the transition rate calculation constitutes a semiempir
approximation, which has been tested as well. The exp
mental and theoretical energy-level separations and theab
initio and semiempirical lifetimes appear in Table I, alo
with the experimental lifetimes and uncertainties.

Because of the astrophysical significance of Fe ions, p
ticularly in solar physics, the transition rates presented in
work were previously calculated a number of times with d
ferent theoretical models using varying degrees of appro
mation. Eidelsberg, Crifo-Magnant, and Zeippen@15# were
among the first to tabulate transition rates for forbidden lin
observed in astronomical sources. The calculations w
taken from the literature prior to 1981, or extrapolated alo
isoelectronic sequences. All of the experimental lifetim
presented in this work were included. Subsequently M
doza and Zeippen calculated the transition rates within
3s23p2 @16#, 3s23p3 @17#, and 3s23p4 @18# configurations
of Fe ions, using a scaled Thomas-Fermi model. During
same time period, Huang and co-workers calculated ene
levels and transition rates for FeX @19#, XI @20#, XII @21#, XIII

@22#, and XIV @23# using the multiconfiguration Dirac-Foc
~MCDF! method. Kaufman and Sugar@13#, as well as Fuhr,
Martin, and Wiese@11#, tabulated these and other calcul
tions. More recent theoretical work for FeX @24# and FeXI

@25# by Bhatia and Doschek used configuration-interact
wave functions, with each configuration an expansion
terms of Slater states built from Slater orbitals. Results of
previous calculations pertinent to the present measurem
appear in Table II.

IV. MEASUREMENTS

A. FeX, 3s23p5 2P1Õ2

The ground term of FeX is a two-level system with the
upper 2P1/2 level decaying through a magnetic dipole (M1)
5-2
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TABLE II. Previously calculated lifetimes of levels of FeX–Fe XIV ions pertinent to the present mea
surements. Many of these lifetimes are plotted in Fig. 6. References and lifetimes for related MnIX –XIII ion
levels plotted in Fig. 6 can be found in Ref.@12#.

Ion Level Theoretical lifetime~ms! Reference

FeX 3s23p5 2P1/2 18.20 @24#

16.59 @19#

14.44 @11,13#
14.37 @15#

13.64~25! present expt.
FeXI 3s23p4 1D2 10.55 @15#

9.99 @20#

9.84 @11,18#
9.83 @13#

9.81 @25#

9.86~22! present expt.
FeXII 3s23p3 2P3/2 1.67 @11,13,21#

1.64 @15#

1.55 @17#

1.85~24! present expt.
3s23p3 2P1/2 4.08 @11#

3.98 @13,21#
3.84 @15#

3.63 @17#

4.38~42! present expt.
3s23p3 2D3/2 20.79 @11,13,21#

18.87 @15#

16.20 @17#

20.35~1.24! present expt.
FeXIII 3s23p2 1D2 9.69 @13#

7.24 @11,22#
6.45 @16#

6.29 @15#

6.93~18! present expt.
FeXIV 3s23p 2P1/2 16.63 @11,13,15,23#

17.52~29! present expt.
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transition to the2P3/2 level at the well-known ‘‘red line’’
wavelength of 637.5 nm. Based on the multiplicity of t
two levels, the population of the upper level is estimated
be around 33%. Slow transitions between highly exci
metastable levels above the ground term were also obse
@26#, suggesting that the initial populations may be som
what smaller than the above estimate. These upper le
are known to predominantly cascade into the2P3/2 level
via M1 transitions, and do not effect the measured2P1/2
lifetime @11#. A cooled red-sensitive photomultiplie
tube with a quantum efficiency near 5% was used to col
the data, which appears in Ref.@27#. The lifetime t~FeX,
3s23p5 2P1/2)513.6460.25 ms, with a final precision o
1.8%, was determined. It agrees best with the earlier ca
lations tabulated by Eidelsberg, Crifo-Magnant, and Zeipp
@15# and Kaufman and Sugar@13#; see Table II.

B. FeXI , 3s23p4 1D2

The dominantM1 transitions within the ground term o
FeXI and their associated theoretical transition rates@11# are
03251
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ct
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n

shown in Fig. 1. Assuming a statistical weight for the pop
lation of the sublevels within the ground term, approximate
33% of the stored ions should be in the1D2 level. The con-
tribution to this population from the rapidly cascading1S0
level is expected to be insignificant due to the very sm
branching ratio ~<1%! and relatively small upper-leve
population. The 1D2 level decays predominantly throug

FIG. 1. The ground term level diagram for FeXI, with transition
rates and wavelengths from Fuhr, Martin, and Wiese@11#. Unla-
beled decay paths are predominantly associated withM1 transi-
tions.
5-3
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two M1 transitions to the3P2 and 3P1 levels. Observation
of this level decay was made using the first of these tra
tions having a branching ratio of 91%. A beam current of
mA of Fe101 ions obtained from the ion source resulted
roughly 5.03105 stored ions per cycle. The logarithm of th
photon count data set including data from 23104 trapping
cycles is plotted as a function of time in Fig. 2, together w
the residuals of the fit. The first few data points, correspo
ing to an initial ion transient, and the background, were
moved prior to fitting, and the remaining data were fitt
with a single exponential. The resulting decay constant w
tm59.8160.21 ms. Correcting for the finite ion storag
time, a level lifetime of t~FeXI, 3s23p4 1D2)59.86
60.22 ms is obtained. The only calculation not within o
standard deviation of the measurement is that tabulate
Ref. @15#.

C. FeXII , 3s23p3 2P3Õ2 , 2P1Õ2 , and 2D3Õ2

The level diagram for the ground term of FeXII appears in
Fig. 3. Fe111 beam currents of 0.78 and 0.52mA were ob-

FIG. 2. Photon count data for the FeXI 3P2-1D2 transition at
264.9 nm, with the background subtracted, fitted by a single ex
nential. The residue of the fit is also shown. Initial data poi
representing a rapid signal transient were removed prior to the
which yielded a decay time constant of 9.8160.21 ms.

FIG. 3. The ground term level diagram for FeXII , showing the
theoretical rates and wavelengths of the primary decay modes@11#.
All of the decay paths shown are predominantly associated w
M1 transitions.
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tained on two consecutive days. The stronger of the t
currents resulted in roughly 53105 stored ions.

The 2P3/2 level decays principally through fourM1 tran-
sitions. Isolation of the2D3/2-

2P3/2 decay at 256.5 nm was
achieved using an interference filter centered at 265 nm, h
ing a transmission efficiency at this wavelength of on
1.2%. Based on the level population estimate, andM1
branching ratios, only 5.7% of the stored ions contributed
this measurement. An unweighted double exponential fi
the data, including a constant background, resulted in a
time of t~FeXII , 3s23p3 2P3/2)51.8560.24 ms. The rela-
tively large uncertainty in this measurement is a result of
weak signal strength and close proximity in time to the init
ion transient. The calculation by Mendoza and Zeipp
which lies 1.25 standard deviations from the measuremen
in worst agreement.

The 2P1/2 level decays by anM1 transition, and at the 1%
level an E2 ~electric quadrupole! transition, to the2D3/2
level with a wavelength calculated to be near 307 nm.
though the2P3/2 population cascades into the2P1/2 level, the
branching ratio is less than 0.1%, small enough to be
nored. The2D3/2-

2P1/2 transition, which represents 29% o
the total decay rate of the upper level, was observed exp
mentally using an interference filter centered at 308.8 n
Fluorescence from 2.53104 trapping cycles was collected
Since data beyond 7.3 decay constants seemed to decay
slowly than expected, the last 50 data points were discar
and a flat background was assumed. The remaining d
accounting for 99.9% of the level decay, were fitted with
unweighted double exponential plus a constant~see Fig. 4!,
resulting in a measured lifetimet~FeXII , 3s23p3 2P1/2)
54.3860.42 ms. All theoretical calculations fall below th
result, with the closest calculation falling within one standa
deviation of the experimental error.

OneM1 transition near 240 nm accounts for the decay
the 2D3/2 level population estimated to start at around 20
However, this decay may not have a single exponential

o-
s
t,

th

FIG. 4. Plot showing data for the first direct observation of t
FeXII 2D3/2-

2P1/2 transition near 307 nm. The photon count da
were fitted by a double exponential and constant background
sulting in a decay time constant of 4.3760.42 ms.
5-4
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pendence, since all of the upper-level populations discus
above cascade into this level with non-negligible rates. T
2D3/2 level population as a function of timep3/2(t) can be
described using the following rate equation@12#:

p3/2~ t !5~0.404!exp~248.1t !2~0.073!exp~2598.3t !

2~0.037!exp~2245.1t !1~0.006!exp~22.7t !.

~1!

The terms in this expression do not represent contributi
from specific upper levels; rather they have been grou
mathematically. The first term corresponds to the decay
interest, while the second and third terms cause an initial
in the model data. Fitting the model with a single expone
tial, after discarding the first few ms of data corresponding
roughly three time constants of the cascading2P1/2 level,
produced a time constant within 1% of the decay time in
first term of Eq.~1!.

An interference filter centered at 250 nm, having a ba
width of 1262 nm, was used in this measurement becaus
240-nm filter was not readily available. Since the2D3/2-

2P3/2
transition discussed above was also within the passban
double exponential was used to fit the fluorescence data.
shorter time constant initially generated by the fit match
the lifetime of the 2P3/2 level, and was therefore fixed a
t15t(2P3/2). The longer exponential decay was associa
with the level lifetime t(FeXII , 3s23p3 2D3/2)520.35
61.24 ms. The closest calculation is within one standard
viation of this measurement.

D. FeXIII , 3s23p2 1D2

The ground term levels of FeXIII are shown in Fig. 5
along with the prominentM1 transitions. Measurement o
the fast~1 ms! decay of the1S0 population was not feasible
with this apparatus. However, the population of the1D2
level is not expected to be significantly increased by casc
ing from the upper1S0 level due to the small statistica
population of this level, only 7%, and minimal weight of th
1D2-1S0 branch. The1D2 level lifetime was measured b
isolating the stronger of the twoM1 transitions using an
interference filter centered at 337 nm. After correcting for
ion storage time, a lifetimet(FeXIII , 3s23p2 1D2)56.93
60.18 ms was obtained.

Disparities between the tabulated decay rates for the1D2
level make this measurement particularly interesting. T

FIG. 5. The ground term level diagram for FeXIII , showing the
theoretical rates and wavelengths of the primary (M1) decay modes
@11#.
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M1 decay rates to the2P2 and 2P1 levels of 57.5 and 45.7
s21, tabulated by Kaufman and Sugar@13#, result in a life-
time of 9.69 ms, 40% higher than measured. Despite cit
the same reference, Huang’s MCDF calculation@22#, Fuhr,
Martin, and Wiese@11# listedM1 rates of 75 and 63 s21, and
when small (,1%)E2 components are included a lifetim
of 7.24 ms is obtained, differing from experiment by 4.5%
The present semiempirical calculation yields the same re
as Ref.@11#, which is the closest to the measurement. Eide
berg, Crifo-Magnant, and Zeippen@15# cited even faster de
cay rates of 87 and 72 s21, leading to a lifetime of 6.29 ms
which is 9% faster than measured. Subsequently Mend
and Zeippen@16# recalculated the decay rates, and theirM1
rates were 84.7 and 70.1 s21, leading to a1D2 level lifetime
of 6.45 ms, which is 7% shorter than the experimental va
of 6.9360.18 ms.

E. FeXIV , 3s23p 2P3Õ2

The level diagram and fluorescence data associated
the 2P1/2-

2P3/2 ‘‘green line’’ transition in FeXIV were pre-
sented in Ref.@27#. Although a Fe131 beam current of only
0.5 mA was obtained the large, 67%, statistical weight of t
upper level benefited this measurement. The measured
lifetime t(FeXIV , 3s23p 2P3/2)517.5260.29 ms. All calcu-
lations fall within 5% of this value, but the present calcul
tion lies closest.

V. OVERVIEW

The theoretical transition rates contributing to a giv
level lifetime depend on two calculated parameters: the tr
sition wavelength, or energy-level separation, and the ma
element. ForM1 transitions, the matrix element depends
the angular parts of the wave function, while the energy l
els depend more on the radial parts of the wave functi
When wavelengths are measured, they can be used in p
of the calculated wavelengths to potentially improve the
curacy of the transition rate calculations. For the Fe io
studied here, the relevant decay wavelengths have all b
determined experimentally, except for several transitions
sociated with the2P levels in P-like FeXII @11#. Thus the
matrix element calculations can be tested using the pre
Fe experimental data.

It is now also possible to compare the theory against
perimental data for neighboring charge states of both Fe
Mn ions. Figure 6~a! shows the percent difference betwe
data from three theoretical compilations for Fe ions and
experimental lifetimes, with the zero value representing
experimental data. The isoelectronic sequences are ident
at the bottom of the plot. Data from the tabulations by Fu
Martin, and Wiese@11,28# with theS-like data points supple-
mented from Chouet al. @20# representing multiconfigura
tion Hartree-Fock~MCHF! calculations, are marked with
circles; Thomas-Fermi type calculations by Mendoza a
Zeippen@16–18# are indicated by squares, whilex’s are used
to represent the compilation of older data by Eidelsbe
5-5
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Crifo-Magnant, and Zeippen@15#. Figure 6~b! is based on the
experimental Mn ion lifetime data from Ref.@12#. With few
experimental wavelengths available@13#, the theoretical tran-
sition rates used to determine the Mn level lifetimes ass
ated with this plot must be based upon calculated wa
lengths. The theory is presented in the same way as in
6~a!.

One can see in Fig. 6 that no substantial improvement
lifetime accuracy have emerged from the use of differ
theoretical techniques, although the MCHF lifetimes m
have marginally better agreement with experiment. Ther
also no significant difference in the agreement betw
theory and experiment for Fe and Ma. Larger differences
associated with the stages of ionization. The calculations
the 2P and 2D levels of theP-like ions ~five electrons out-
side a closed shell! exhibit the largest disagreements wi
experiment, although the1S level of S-like Mn ~four elec-
trons outside a closed shell! also shows a large disparity. Th
Thomas-Fermi calculations@16–18# tend to fall below the
experimental results, although the calculations for the Si-
Mn ion lifetimes and that of the1D level of S-like Fe are
quite accurate. A rather smooth trend of the older calcula
values from the Eidelsberg compilation for the Fe lifetim
can be noted, but this is less apparent in the Mn data.

The presentab initio transition rate calculations in Table
typically do not improve on the~selected! ‘‘best’’ rates from
the earlier calculations, i.e., those rates which result in l
times closest to the present data, except for the cas
FeXIV . When the present calculations are converted to se
empirical calculations by the substitution of experimen
energy-level separations, then improved agreement with

FIG. 6. The percent difference between three theoretical d
sets and the experiment level lifetimes, with the zero value re
senting the experimental data.~a! The Fe ion experimental dat
described in this paper compared with theoretical lifetimes.~b! The
Mn ion experimental data from Ref.@12# compared to theoretica
lifetimes. Data from Fuhr, Martin and Wiese@11,28#, and Chou
et al. @20#, representing MCHF calculations, are indicated
circles. Thomas-Fermi type calculations by Mendoza and Zeip
@16–18# are indicated with squares, while3’s are used to represen
the compilation of Eidelsberg, Crifo-Magnant, and Zeippen@15#.
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periment is obtained for all measurements~for which calcu-
lations were made! except for FeXIV . One may conclude
from this, and from the information presented above, t
theoretical energy-level separations are still a contribut
factor in theoretical accuracy for these configurations. T
semiempirical lifetimes lie between two and approximate
three standard deviations of the experimental uncerta
from the data. These deviations must be associated with
matrix elements. The use of experimental energy separat
decreases the calculated lifetimes for FeX, FeXI, and FeXIV ,
but increases the calculated lifetimes for FeXII and FeXIII .
The semiempirical lifetimes are longer than the experimen
lifetimes in all cases but FeXIV .

It is also possible to compare the ratios of the experim
tal lifetimes for the same configurations in Mn and Fe. T
most precise comparisons are obtained for the 3s23p4 1D2
level of MnX–FeXI and the 3s23p2 1D2 level of MnXII –
FeXIII . These measured lifetime ratios are respectively 1
60.03 and 1.6160.035. Less precise lifetime ratios we
obtained for other configurations and levels, with most v
ues lying between these higher precision results. The dif
ences in the ratios are thought to be associated with diffe
relative polarizabilities of the electronic shells of each co
figuration.

VI. CONCLUSION

Astrophysical and theoretical importance can be ascri
to the atomic data presented in this paper. Seven level
times in five charge states of Fe ions were measured utiliz
confined ions extracted from an ECR ion source. In additi
the previously unobserved2D3/2-

2P1/2 transition in FeXII

was observed in the laboratory, although the wavelength
only obtained within the bandwidth of an interference filte
Transition rates for the well-known ‘‘red’’ and ‘‘green’
lines in FeX and FeXIX were measured to better than 2%
a few hours of data collection time. In general, the theoret
level lifetimes from previously untested transition rate calc
lations differ from experiment by less than 12%, with som
calculations happening to be in excellent agreement with
periment. Many of the measurements provide a clear tes
the theory. Based on calculations presented here, it now
pears that the energy-level calculations are a contribu
factor in the accuracy of manyab initio transition rate cal-
culations, but calculations of magnetic dipole transition m
trix elements still account for the main differences betwe
experiment and theory.
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