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Radiative lifetimes are measured for metastable levels in the iron charge states Fe9+ ,Fe10+, and Fe13+. The
ions are generated in a 14 GHz electron cyclotron resonance ion source and trapped in a Kingdon ion trap. The
Fe levels and their measured lifetimes are �a� 73.0±0.8 ms for the 3s23p4�3P�3d 4F7/2 level in Fe9+, �b�
9.91±0.5 ms for the 3s23p4 1D2 level in Fe10+, and �c� 17.0±0.2 ms for the 3s23p 2Po

3/2 level in Fe13+.
Comparisons are made to other measured results using a Kingdon trap, an ion storage, and an electron-beam
ion trap �EBIT�.
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I. INTRODUCTION

The detection of rich iron line spectra in stellar objects by
the space x-ray spectrometers aboard the Chandra �1� and
XMM-Newton �2� spacecraft has added new impetus and
relevance to the measurement of fundamental atomic-physics
properties in all Fe charge states. Transitions in Cl-like Fe9+

have been analyzed for abundances in stellar coronae �3�, in
the solar active region and flares �4�; and emission line ratios
have been used as diagnostics of electron density Ne in solar
and stellar regions �5�. Metastable transitions in Fe10+ �S-
like� appear in the wavelength region 100–300 nm, are found
most prominently in the solar spectrum �6,7�, and can be
used to identify nonthermal turbulence in the solar corona
�8�. Transitions in Fe13+ �Al-like� are found in more energetic
solar and stellar flares �9�, stellar chromospheres �10�, as
well as in tokamak plasmas �11�.

Of the many atomic parameters required for describing
the emissions �12�, the measurement of lifetimes of meta-
stable levels �together with excitation cross sections� allows
one to establish a line intensity ratio between a forbidden and
an allowed transition. This ratio can then be used as a diag-
nostic of the electron density Ne and temperature Te in a
solar, stellar, or fusion plasma if the level energies, radiative
transition rates, and collision strengths are known �13,14�.
Given this relevance and importance for solar, stellar, and
fusion plasma studies, measurements of lifetimes were un-
dertaken for transitions from excited levels in
Fe9+ �4F7/2� ,Fe10+ �1D2�, and Fe13+ �2Po

3/2�. Lifetimes for
these levels have been previously reported using a Kingdon
ion trap �15,16�, an electron-beam ion trap �EBIT� �17�, and
an ion storage ring �18�. In an effort to resolve differences
among experiments and results of theoretical calculations,
new measurements have been carried out herein using a
Kingdon ion trap under ultrahigh vacuum conditions, with
good control over systematic and statistical uncertainties.

Details of the experimental approach using the electron
cyclotron resonance ion source and Kingdon trap at the Jet
Propulsion Laboratory Highly Charged Ion Facility are given
in Sec. II. The data acquisition methods and analysis of the
lifetime decay curves are given in Sec. III. Also given therein
are the present results, with comparisons to other measure-
ments and calculations of the lifetimes for the same
Fe9+ , Fe10+, and Fe13+ transitions.

II. EXPERIMENTAL METHODS

Partial energy diagrams for the relevant levels in the iron
charge states are shown in Figs. 1–3 for Fe9+ , Fe10+, and
Fe13+, respectively. The Fe level symmetries and energies are
taken from the compilations of Refs. �19,20�. Experimental
measurements are carried out using the 14 GHz electron cy-
clotron resonance ion source �ECRIS� �21�. The iron ions are
generated using ferrocene vapor in the plasma chamber. The
ions are extracted from the ECRIS at a potential of 6.4 kV.
They are then mass-charge selected, directed into the beam
line containing the Kingdon ion trap, and focused into the
trap �22�. The trap is turned “on” by rapidly pulsing the
central wire within the trap cylinder from its nontrapping
potential of 6.4 to 3 kV. Simultaneously, the upstream ions
are rapidly deflected away from the focusing lens system, so
that no additional ions or ion-generated background particles
can enter the trap during the photon decay cycle �23�. The
ions settle into orbits about the central wire within a time of
less than 2 ms. While orbiting, they emit radiation at wave-
length corresponding to the various Fe transitions, at a decay

FIG. 1. Partial energy level diagram of Fe9+ indicating the mea-
sured 293.4 nm emitting line from the 4F7/2 level. A shorter decay
constant corresponding to the lifetime of the 2G7/2,9/2 levels arises
through partial transmission by the interference filter of the 299.1
and 302.1 nm emission lines from those levels. Numbers in the
diagram within arrows are wavelengths in nanometers, and numbers
to the right of each level are energies in centimeters−1.
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rate given by the inverse lifetime of the upper level �pro-
vided that long-lived cascading transitions into the initial
state are absent or negligible�. The population in the upper
level is also lost via ion-background gas collisional-
quenching, charge exchange collisions of the ion with the
background gas, and by collisions with the central wire and
walls.

The photon detector and interference filter are exterior to
the fused quartz window of the vacuum chamber. A posi-
tively biased mesh in front of the photon-collection optics
prevents ions from hitting the first lens surface and causing
fluorescence. A single uv-grade, solar-blind photomultiplier
is used in the ultraviolet measurements for Fe9+ and Fe10+;
and an optical-grade photomultiplier is used in the Fe13+

work. The detectors are operated in a pulse-counting mode,
with the output pulses amplified and counted with a PC-
based multichannel scaler. The time resolution was
0.1 ms/channel, with a 2 s sampling window. These values
can be conveniently changed in the sampling card hardware
for work with longer or shorter lifetimes. The range of life-
times that can be measured is determined, at the short end,
by the time it takes for ions to settle into stable orbits
��1–2 ms�, and at the long end by the trap lifetime
��1.7 s�, as governed by the loss mechanisms mentioned
above. The trap is filled and emptied every 2 s. This is suf-
ficient to allow one to fit a trap lifetime line shape on each of
the decay curves. The results have been accumulated over a
1 yr period, interspersed with electron excitation and charge
exchange measurements on the other JPL beam lines. Typi-
cally, about 50 h of sampling time for each decay curve is
required to accumulate good statistics. In separate measure-
ments, a channel electron multiplier �CEM� plate detector

was used to count ions after an adjustable trap “dump” time,
so as to measure the ion-trapping population as a function of
trap load time. Trap lifetimes and trap rates �Rtrap� obtained
in this way were consistent with the photon-decay line
shapes �1200–1700 ms�.

III. MEASUREMENT RESULTS AND DISCUSSION

Presented in the following is a description of the experi-
mental techniques used for each charge state, the expression
governing the experimental fluorescence decay rate, and the
signal and background levels encountered. For each ion, re-
sults of the present measurements, together with previous
measurements by others using an ion storage ring, electron-
beam ion trap �EBIT�, and a Kingdon trap are given in Table
I. Also presented in Table I are the results of a number of
theoretical calculations of the level lifetimes.

A. The Fe9+ , 3s23p4
„

3P…3d 4F7/2 level

A partial energy-level diagram of the transitions in Fe9+ is
shown in Fig. 1. The lifetime measurement of the metastable
4F7/2 level was carried out using a 295±5.5 nm �FWHM�
bandwidth. The fluorescence decay F�t� was fitted to a con-
stant background plus a three-term exponential decay modu-
lated by the trap decay rate, all given by

F�t� = S0 + ��
j=1

2

Sje
−Ajt + Bg�e−Rtrapt + S3e−R3t. �1�

The modulating factor exp�−Rtrapt� describes the effect of
ions being lost from the trap due to inhomogeneous trapping
fields and ion-background gas collisions. The constant term
Bg represents photons within the filter bandwidth that are
generated by ion-surface effects, such as ions hitting the trap
walls, the central wire, or the quartz lens. The decay term
S3exp�−R3t� describes the brief instability ��1 ms� of the
trap immediately after loading as ion orbits stabilize. The
constant S0 describes the dark current of the multiplier pho-
totube. In the Fe9+ measurements Sj and Aj �j=1, 2� are,
respectively, the amplitudes and rates for the unresolved
4F7/2-2G7/2,9/2 transitions, and for the resolved 4D7/2-4F7/2
transition. Values of A1 and A2 were obtained with fitted time
constants of 18.3 and 70.0 ms, respectively.

The shorter of the two decay constants �A1� consists of the
4F9/2-2G7/2 transition �Fig. 1, 299.1 nm� with a calculated
branching ratio of 0.11 and a theoretical upper limit to the
lifetime of 20.6 ms �27�. The nearby 4F9/2-2G9/2 transition
�302.1 nm� has an upper level lifetime of 17.8 ms �24�. Ac-
curate results for the 4F9/2-2G7/2,9/2 transitions cannot be ob-
tained from the present data due to the large statistical error
and the unknown nature of the 2G blend; however a lifetime
of �18 ms was measured for the combined 4F7/2-2G7/2,9/2
decays.

The longer of the two decay constants �A2� is assigned to
the 4D7/2-4F7/2 transition �293.4 nm� with a theoretical
branching ratio of �0.55. For the sake of clarity an estimate
of the dark current parameter So was obtained by examining
the decay curves at large times ��1.5 s� from the trap-

FIG. 2. Partial energy-level diagram of Fe10+, indicating the
measured 264.9 nm emission line from the 1D2 level.

FIG. 3. Energy-level diagram for Fe13+ showing the ground-
state coronal green line transition at 530.3 nm.
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loading time. This value was then subtracted from each chan-
nel of the decay curve.

The final fitting parameters in Eq. �1� are So=0 �sup-
pressed to zero for clarity in the plotted data�, S1=44.77,
S2=339.7, Rtrap=0.833 s−1, Bg=21.17, R3=270 s−1, and

S3=2214.8. Results of the fit to the data are given as the solid
curve in Fig. 4. Shown in the lower panel are the residual
counts �fitted minus signal counts� along the time axis. The
lifetime of the 4F7/2 level is 70.0±0.8 ms �1��. This value
lies between results in two other measurements of 93±30 ms

TABLE I. Summary of experimental and theoretically-calculated lifetimes for the metastable levels in
Fe9+ , Fe10+, and Fe13+ studied herein. The acronyms to the theoretical methods are CB�Coulomb-Born,
CI�Configuration Interaction �with the number of states given in parentheses�, DW�Distorted Wave, MCDF
�Multiconfiguration Dirac-Fock, MHFR�Relativistic Multiconfiguration Hartree-Fock, and TF�Thomas
Fermi.

Ion Level �emission wavelength� Lifetime �ms� Type of Trap Reference

experimental

Fe9+ 3s23p4�3P�3d 4F7/2 �293.4 nm� 70.0±0.8 Kingdon this work

93±30 Kingdon �24�
58±10 Storage ring �18�

Fe10+ 3s23p4 1D2 �264.9 nm� 9.91±0.5 Kingdon this work

9.86±0.22 Kingdon �16�
11.05±0.1 Storage ring �18�

Fe13+ 3s23p2Po
3/2 �530.3 nm� 17.0±0.2 Kingdon this work

17.52±0.29 Kingdon �15,16�
18.0±1.2 Storage ring �18�

16.74±0.12 EBIT �17,25�
Results of theoretical calculations

Ion Level Lifetime �ms� Theory Reference

Fe9+ 3s23p4�3P�3d 4F7/2 66.2 TF �26�
80.4 CI �4� �27�
80.0 CI��2025� �24�
77.27 Grasp �28�

Fe10+ 3s23p4 1D2 10.5 CI �4� �29�
12.8 TF �26�
9.84 CI �8� �30�
9.80 HFR �31�
11.9 MCDF �32�
9.81 CI �4� �33�
10.8 CI��2025� �16�
10.82 Superstructure �34�
10.9 MCDF �35�

Fe13+ 3s23p 2Po
3/2 16.58 Scaled TF �36�

16.6 HF�from �38�� �37�
16.65 HF �38�
16.60 CB �39�
16.65 Compiled data �40�
16.6 Compiled data �41�
19.6 MHFR �42�
16.66 MCDF �43�
16.6 Compiled data �44�
16.51 HFR �45�
16.6 MCDF �20�
21.38 DW �46�
17.01 CI��2025� �16�
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�Kingdon trap� and 58±10 ms �storage ring� and also lies
amidst results in three calculations of 80.4, 80.0, and 66.2 ms
�see Table I�.

B. The Fe10+ , 3s23p4 1D2 level

The metastable 1D2 level decays through the two M1 tran-
sitions to the 3P2 and 3P1 levels. The lifetime of the 1D2
level was measured via the 264.9 nm radiation in the 3P2
-1D2 transition �Fig. 2 �. Assuming a statistical weight for the
population of the sublevels within the ground term, �33% of
the stored ions should be in the 1D2 level. Contribution to
this population from the cascading 1So level is expected to be
negligible due to a less than 1% branching ratio in the
1D2–1So line, and the relatively small 1So level population.
Observations were made of the 3P2-1D2 transition using a
265±6 nm �full width at half maximum �FWHM�� interfer-
ence filter. This filter rejected the 1D2-1So emission at 232.2
nm.

The governing equation for the decay is

F�t� = S0 + 	S1e−A1t + Bg
e−Rtrapt + S3e−R3t. �2�

A three-term exponential fit included an R3
−1=1 ms trap set-

tling time, and an Rtrap
−1=1400 ms trap lifetime. The final

fitting parameters in Eq. �2� are So=0 �suppressed to zero for
clarity in the plotted data�, S1=1004.6, Rtrap=0.714 s−1,
Bg=21.17, R3=270 s−1, and S3=2214.8. Results for the data
fitting are given as the solid line in Fig. 5, with the residual
counts shown in the panel below. The measured lifetime is

9.91±0.5 ms. This compares favorably with a previous
Kingdon-trap measurement �9.86±0.22 ms�, but lies well be-
low a storage-ring measurement of 11.05±0.1 ms. Compari-
sons to theory are generally satisfactory, with a number of
the theoretical results lying within the error limits of the
measurement �Table I�.

FIG. 6. The photon decay rate for the Fe13+ ground state, coro-
nal green line transition 3s23p2Po

3/2→ 2Po
1/2 at 530.3 nm. The

measured lifetime is 17.0±0.2 ms.

FIG. 4. Photon decay rate for the Fe9+ 3s23p4�3P�3d 4F7/2
→ 4D7/2 transition at 293.4 nm. The decay time constant is
73.0±0.8 ms. The residuals of the fit �calculated fit minus data� are
shown for each measurement bin.

FIG. 5. Photon decay rate for the Fe10+ 3s23p23p4 1D2→ 3P
transition at 264.9 nm. The decay time constant for the 1D2 level is
9.91±0.5 ms.
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There are additional transitions from the metastable
1G4

o , 3G4
o, and 3F4

o levels that lie in the vicinity of 264.9
nm �18,26,35�, with calculated lifetimes in the range 16–80
ms �18�. Interferences to the lifetime fitting from these levels
can be ruled out in the present work since �i� the line emis-
sivities are low relative to that of the 1D2 transition, and �ii�
the wavelengths lie outside the 259–271 bandwidth of the
filter used herein �26,35�. However, some of these transitions
are transmitted within the optical bandwidth �160–280 nm�
used for the storage-ring measurements �18�. And, hence,
part of the difference in measured lifetimes �9.91 ms versus
11.05 ms� could be in the use �present case� of a narrower
photon energy range that allows one to systematically limit
the number of decay curves present. A remeasurement of this
lifetime on the storage ring using a narrowband 265 nm filter
to isolate just the strongest 3P2-1D2 transition would be
helpful.

C. Fe13+ , 3s23p 2Po
3/2 level

The energy levels for the Fe13+ ground fine-structure split-
ting are shown in Fig. 3. The coronal green line at 530.3 nm
was isolated using an interference filter centered near
530±5 nm �FWHM�. A three-term exponential fit to the data
was made through Eq. �2�.

As noted above, an optical-grade PM tube with somewhat
larger dark current was used in the Fe13+ coronal green line
measurements. A slightly greater trap settling signal �the S3
and R3 parameters� was also measured for this ion. Hence, it
was decided to truncate the decay data curve for the first 1

ms to allow for a better fit to the trap settling counts. This 1
ms truncation also gave rise to a somewhat smoother appear-
ance at the beginning.

The final fitting parameters for Fe13+ from Eq. �2� are
So=16.06, S1=2684.1, R1=58.1 s−1, Rtrap=0.585 s−1,
Bg=811.3, R3=667 s−1, and S3=3.12. Results for the data
fitting are given as the solid line in Fig. 6, with the residual
counts shown in the panel below. The measured lifetime of
the 2Po

3/2 level is 17.0±0.2 ms. This compares very well
with two other measurements of 17.52±0.29 �Kingdon trap�
�15,16� and 16.74±0.12 ms �EBIT� �17,25�. All measure-
ments used a 530 nm isolation filter. The storage ring result
of 18.0±1.2 ms �18� is inconclusive, as that measurement
suffered from a low ring flux of Fe13+ ions; and a low signal/
background level arising from the use of a 530 nm �green�
isolation filter followed by a red-sensitive phototube. A new
storage-ring measurement of this transition rate would be
most useful. A number of theoretical calculations give results
clustered in the range 16.5–17.0 ms, in good agreement with
the present results and those of Refs. �15–17,25�. All data are
summarized in Table I.
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