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Measurement of the N1 2s2p3 5S2
o level lifetime using a heavy-ion storage ring
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The slow electric-dipole intercombination decay of the 2s2p3 5S2
o level in the C-like ion N1, which appears

in the auroral airglow spectrum, has been optically observed from ions circulating in a storage ring. A result of
5.8860.03 ms was obtained for the natural lifetime of this level. This represents an improvement in precision
by a factor of 10 compared to previous radio-frequency and electrostatic ion trap work and is in slight
disagreement with the latest theoretical values.
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PACS number~s!: 32.30.Jc, 32.70.Fw, 34.50.Fa
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I. INTRODUCTION

Auroral spectra, excited by particle bombardment of
upper atmosphere, show an emission feature near 214
This emission was first identified as belonging to the rad
NO, but was later found to be dominated by t
2s22p2 3P1,222s2p3 5S2

o intercombination ~spin-changing
electric dipole! transition of NII ~the spectrum of the atomi
ion N1) @1–5#. Theoretical calculations of the transitio
probability @6–8# subsequently corroborated this interpre
tion qualitatively.

The level of interest, 2s2p3 5S2
o , is the lowest excited

level above the 2s22p2 ground configuration in six-electro
ions of the carbon isoelectronic sequence~see Fig. 1!. The
5S2

o level mixes slightly with the3P2
o and 1D2

o levels of the
2s2p3 configuration, which opens up the electric-dipo
(E1) intercombination decay channels to the 2s22p2 3P1,2
levels ~air wavelengths 213.90 and 214.28 nm@9#! and also
~weakly, near 317 nm! to the 2s22p2 1D2 level @6#.

Early experiments using radio-frequency ion traps@10–
12# have measured lifetimes in the range suggested by v
ous calculations. Working with an electrostatic ion trap, C
lamai and Johnson@13# obtained the most precise lifetim
result so far,t55.460.3 ms.

The 2s2p3 5S2
o level in C-like atomic systems and it

decay branches have puzzled theorists and experimente
quite a while. All the earlier calculations required adjustme
of the results through calibrating with experimental atom
structure data. Only very recently have such calculati
been developed far enough so that the required adjustm
became small. Concerning the branching ratio in neutral
bon, finally experiment@14# and latest calculations con
verged.

*On leave from Department of Physics, Duke Universi
Durham, NC 27708.
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For N1 a number of calculations have been done~for
references and detailed discussions of the theory probl
see@15–17#!. We note that extensive calculations achiev
accurate results on the singlet and triplet levels and th
decay probabilities, but yielded a lifetime prediction~6.45
ms! for the quintet level that almost coincides with that fro
early, simpler calculations and bears the authors’ caution
statement of being inaccurate@15#. This level then was reex
amined systematically by Hibbert and co-workers@16,17#.
Their computations increased in complexity by a progr
sively finer tuning ofab initio level energies to gross struc
ture and to fine structure effects; also, an increase in
number of orbitals from just then52 states up to and in
cluding then56 states. In this process, the calculated li
time changed by more than a factor of 2. The result from t
set of calculations was a lifetime prediction of 5.43 m
which matches the latest electrostatic ion trap result@13#.
While error estimates for the theory indicated a 1% unc
tainty fron the convergence behavior, doubts about the va
ity limits of the fine-tuning procedure led to the assumpti
of a larger error estimate, of about 5%.

In the same isoelectronic sequence, there are ion trap
time data on the next heavier ion, O21, by Johnsonet al.
@18#, as well as recent theory results@19,20#, which agree

,
FIG. 1. Selection of the lowest levels of a C-like ion, indicatin

the 2s22p2 3P1,222s2p3 5S2
o E1 intercombination transitions o

present interest.
4449 © 1998 The American Physical Society
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within the 7% (2s) experimental uncertainty. This appare
agreement of experiment and theory, however, might be
ceptive. For a related case, the 3s3p3 5S2

o level lifetime in
the Si isoelectronic sequence, the theoretical problems w
recognized and solved in a largely satisfying way only af
an experiment@21# provided a benchmark at a low ionizatio
stage system~see discussions in@22,23#!. Therefore, an ex-
perimental check on the data for N1, with an improved tech-
nique and the prospect of notably smaller uncertaint
seemed worthwhile. The 6-ms lifetime in N1 lies in an ex-
cellent range for such measurement at existing heavy
storage rings.

II. EXPERIMENT

Our experiment employed a heavy-ion storage ring~TSR
at Heidelberg! using the procedures described previou
@24,25#. The basic layout is sketched in Fig. 2. Nitrogen io
were produced in the gas stripper of the tandem injector fr
CN2 ions extracted from the ion source. At an injector te
minal voltage of 2.04 MeV, the energy of the N1 ion frag-
ments from the breakup of the CN molecule~by collisions
with the stripper gas! is close to 1.1 MeV. At this energy
about 20% of the nitrogen ions are expected to leave
stripper as singly charged ions@26,27# and their total ion
energy after the injector is 3.14 MeV. Experiments we
done at this ion energy and also at 6.28 MeV. The lower
the two ion beam energies was chosen to maximize the y
of the desired charge state~and, it was hoped, also that of th
excited level of interest! in the gas stripper of the tandem
accelerator while keeping in mind the ion beam transmiss
to the storage ring. At the higher energy, the expected s
per yield of the desired charge state ions is substanti
lower, but the ion beam transmission is higher so that hig
ion currents can be stored. Furthermore, we were thus ab
study possible systematic effects by significantly chang
the ion beam and storage ring parameters.

The ion source was operated in a pulsed mode, so tha
each operating cycle~every 200 ms! an ion beam pulse of a
few milliseconds in length was extracted. This pulse len
is much longer than is required to inject and store the i
and thus effectively a dc~continuous! beam is injected into
the ring. In the storage ring the circulating ion beam w
stacked, so that injection could proceed over about 30 tu
At 3.14 MeV, a current of 12mA was stored in the ring, and
at 6.28 MeV, the stored current reached 25mA.

The storage ring was used basically as a large ion t
The wide bundle of circulating ions was not cooled beca
expected cooling times for such low-charge state ions wo

FIG. 2. Schematics of ion storage ring and optical detect
aided by a light collecting mirror.
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be prohibitively long compared to the lifetime of the level
interest. The coasting ion beam was stored for 200 ms w
optical observation took place. After this time interval th
stored ions were dumped and the storage ring was refi
with fresh ions. This storage cycle matched about 30 ato
lifetimes of the level of interest, so that the optical dec
curve could be observed well into the background.

Ions that experience charge-changing collisions leave
observation volume and this loss is monitored via the to
beam current. The cross sections are small at MeV energ
in contrast to the much larger cross sections at the eV e
gies typical of more conventional ion traps. The ion bea
lifetime depends on the background gas pressure of a
times 10211 mbar in the storage ring; this pressure is low
than that typical for traditional radio-frequency or electr
static ion traps by several orders of magnitude. The be
lifetime was found to be in the range of 7–9 s at both t
lower and the higher ion energy. A small correction due
the beam loss rate has to be applied to the observed ph
signal decay rate in order to obtain the natural lifetime. U
der the present conditions, however, with a~roughly! 6-ms
atomic lifetime, this is a minor~0.1%! effect. The collisional
ionization cross sections for metastable ions are usu
larger than those for ground state ions, by the ratio of
different binding energies. We neglect this difference,
beam loss rate representing already a small correction o
Fluorescence decay curves were also measured after de
ately worsening the local pressure by up to one order
magnitude. This was accomplished by switching off vacu
pumps in the storage ring and a reduction of the ion be
storage lifetime by about a factor of 3 was observed.

A few-percent fraction of the ion beam was expected
be in excited levels; the fraction originates from the strippi
and excitation processes taking place in the gas strippe
the injector. The ion beam travels about 100 m from t
injector to the ion storage ring, which at these ion energ
takes 10 to 15ms, comparable to the 8-ms revolution time
of ions in the ring~at the lower energy!. The full injection
and storage process takes about 0.3 ms, a time interval s
compared to the expected radiative lifetime of interest
about 6 ms, but long compared to most allowed casc
transitions. Higher-lying levels to which ions can be excit
in the gas stripper mostly have lifetimes much shorter th
the travel time to the storage ring; hence their population w
have decayed to the ground state or to low-lying metasta
and long-lived levels before observation begins and o
ground configuration ions and those excited to the 2s2p3 5S2

o

level will be left. Very high-lying hydrogenic levels with
their very long natural lifetimes are expected to be quenc
via Stark mixing in the motional electric field experienced
the ions in the magnetic fields of the beam transport syst
Exceptional cascades might be those from other, rather l
lying levels of particular symmetries that have lifetimes
long as or even longer than the ones of interest. Candid
for such relatively low-lying, extremely long-lived level
would be the highest total angular momentumJ levels of the
2s2p23d configuration. Some of these can only decay
one or moreM1 ~forbidden! transitions within the shell be
fore they can cascade feed the present level of interest. H
ever, we do not find reproducible signs of such a contribut
in our data. In any case, the primary lifetime is not affect

n
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by the possible presence of very weak cascade compon
with time constants in the second range.

We used side-on observation~Fig. 2!, through a sapphire
window positioned at a distance of 5 cm from the avera
ion trajectory. In order to boost the signal rate, a light c
lection system was employed@24#. This simple trough-
shaped reflector~oriented along the beam trajectory! en-
hances light collection mostly across the beam.

The light was detected by a 25-mm window diamet
EMR 541Q photomultiplier tube with a dark rate of 1 coun
per second. This detector was used in combination with
interference filter with center wavelength 215 nm, transm
sion 40.6%, and bandwidth 42 nm. The two intercombinat
lines of interest in N1 are at 214 nm, only 0.4 nm apart, an
were not resolved from each other. Each detection cycle
gan within about 1 ms after injection and events were so
into 1000 bins of 0.2 ms width each, fully covering ea
storage cycle.

III. DATA EVALUATION AND RESULTS

The high beam current values reached for N1 ions yielded
data sets with more than 2000 counts in the peak cha
within an hour or two. The total signal reached up to ord
105 counts per data set. A sample data set is shown in Fig
No ion beam related background was found and the ba
ground in the signal curves was entirely due to the dete
dark rate and electronics noise. Furthermore, the data s
no discernible and reproducible cascade contamination
number of such data sets were collected and evaluated
vidually. Most of these decay curves~8 at the lower, 12 at
the higher energy! are sufficient to determine a lifetime valu
to better than 1%. The data were analyzed in raw form, s
tracting a small correction for the ion beam decay rate fr
the obtained fluorescence decay rates; the correction for
tivistic time dilation (g51.000 24 and 1.000 48, respe
tively! is negligible. Nonlinear least-squares fits of one a
two exponentials were made on the full data sets and als
various subsets: These included truncation of the backgro
tail, yielding no observable differences, and sequential tr
cation of up to 100 early data channels. This last opt
resulted in the largest variation of the lifetime results. Tru

FIG. 3. Photon signal obtained with N1 ions. The displayed data
represent a typical 1.5-h run that collected data for 5.7 s per c
nel.
nts

e
-

,

n
-
n

e-
d

el
r
3.
k-
or
ow
A
di-

b-

la-

d
on
nd
-

n
-

cating the first few channels removes data channels
might be affected by the injection process and the subseq
stabilization of the coasting ion beam in the storage ri
With starting channels after the first 4 ms, the lifetime resu
nevertheless varied only within the statistical uncertainty
the individual data set. For a starting channel 4 ms after
injection, weighted averages of the corrected fluoresce
decay rate obtained in fits of single exponentials to the in
vidual data sets are 170.560.4 s21 at the low ion energy at
the base vacuum pressure, 169.760.9 s21 at the same en-
ergy and the increased vacuum pressure~see above!, and
169.860.3 s21 at the high ion energy and base vacuu
pressure. The subtracted beam decay rate amount
0.13 s21 ~or 0.08%, which we take as the maximum err
due to pressure effects! at low pressure~both ion energies!
and 0.4 s21 at high pressure. The results for individual da
sets within each class agree within the statistical errors.
with two exponentials yielded spurious indications of a s
ond exponential component in some of the data sets.
variation of the fit results indicates an uncertainty of 0.5
which may be due to this or to cascade tail remnants.

The comparison of the data at two ion energies that
different by a factor of 2~velocities and magnetic fields dif
fering by a factor ofA2, motional electric fields by a facto
of 2! shows time constants that agree well within the er
bars. Because the level of interest is fairly isolated and w
out fine-structure splitting, the expected influence of fin
structure mixing collisions, which might be mediated by t
magnetic fields of the ion beam transport and storage sys
@24,25#, is less than 1027.

From the results at the two ion energies we derive
final result for the radiative decay rate as their weigh
mean. The above uncertainties combine to our final erro
60.5% (1s), while the purely statistical error amounts
only 60.2%. This yields for the natural lifetime of th
2s2p3 5S2

o level the value of 5.8860.03 ms.

TABLE I. Lifetime value t for the 2s2p3 5S2
o level in the ion

N1.

t (ms) Ref.

Theory
6.4 @6#

5.8 @7#

3.261.6 @8#

6.45 @15#

5.4360.3 @16#

5.4360.3 @17#

Experiment using a radio-frequency ion trap
4.260.6 @10#

5.760.6 @11#

Experiment using an electrostatic ion trap
5.460.3 @13#

Experiment using a heavy-ion storage ring
5.8860.03 this work

n-
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IV. DISCUSSION

As listed in Table I, our lifetime result is slightly outsid
of the most recent experimental and theoretical error ran
but in agreement with the earlier experimental finding
Johnsonet al. @11#. We consider the improvement in prec
sion and accuracy achieved by our experiment being due
combination of a number of factors such as the spatial se
ration and independent optimization of ion production, sel
tion, storage, and observation, as well as the use of be
vacuum conditions and a less problematic regime of ion
ergies, causing lower perturbation by collisions.

In conclusion, our experiment demonstrates that opt
detection at a heavy ion storage ring provides a precise
of measuring millisecond atomic lifetimes. The result o
tained on the 2s2p3 5S2

o level lifetime in the C-like N1 ion
improves by one order of magnitude on the available exp
s
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mental data from conventional ion traps and challenges
most recent theoretical data in terms of both precision
accuracy.
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