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We present the details of an accurate lifetime measurement of the 1s22s22p 2P3/2
o metastable level in boron-

like Ar XIV performed at the Heidelberg electron beam ion trap �A. Lapierre et al., Phys. Rev. Lett. 95, 183001
�2005��. The lifetime was inferred from decay curves resulting from deexcitation of the metastable level to its
2P1/2

o ground state through a magnetic-dipole �M1� transition upon cyclically turning on and off the electron
beam. The measured lifetime of 9.573�4�� +12

−5
� ms �stat��syst� is in disagreement with a trend of theoretical

predictions of 9.53�1� ms, which include the effect of the electron anomalous magnetic moment. Systematic
effects were investigated by studying with high statistical significance the dependence of the decay times of the
curves on various trapping conditions. The asymptotic trend of the decay times observed for increasingly high
trapping potentials, which indicates negligible ion losses within a ms time scale, is in agreement with a
theoretical model describing the ion escape rate in electrostatic ion traps. However, for high trapping potentials,
we observed an unexpected slowly decaying component suggesting the presence of trapped low-energy elec-
trons. Their origin, dynamics, and temperature, as well as their possible effects on the measured lifetime were
investigated.

DOI: 10.1103/PhysRevA.73.052507 PACS number�s�: 32.70.Cs
I. INTRODUCTION

For several decades, accurate measurements of atomic
transition energies and excited-state lifetimes in highly
charged ions �HCIs� have been an active field of consider-
able interest in atomic physics. In HCIs, relativistic, nuclear-
structure and quantum electrodynamic �QED� effects scale
with high powers of the effective nuclear charge Zi=Z−N
+1 �nuclear charge number Z and electron number N� and at
the same time their electronic structure becomes simpler as
the number of bound electrons is reduced. Hence they repre-
sent ideal systems to test and benchmark such contributions
in atomic-structure theory.

Measurements related to fine-structure energy levels for-
bidden to decay via the electric-dipole �E1� interaction are of
particular importance to develop relativistic and QED theo-
ries in medium and strong electromagnetic fields. The tran-
sition energies between levels of a same LS term �fine-
structure splitting� can be highly sensitive to such
contributions because, essentially, these levels are relativistic
in origin and their energy separations can be small in com-
parison to QED effects. For instance, over the last few years,
ab initio atomic-structure calculations in the framework of
QED have become increasingly accurate, and QED contribu-
tions to the energy of the forbidden transition
1s22s22p 2P1/2

o -2P3/2
o of the boronlike Ar XIV ground state

configuration have been found to be as large as 0.2% �1�,
while those to the lifetime of the Ar XIV 2p 2P3/2

o metastable
level were found to be more than 0.5% �2�.
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Measurements of the energy of this particular forbidden
transition, which can be observed in the solar corona, have
recently been performed with an accuracy level of around 0.3
parts-per-million �ppm� �3,4�. The three recent lifetime mea-
surements of this metastable level �5–7� have an accuracy
level of about 2% which does not yet allow one to distin-
guish between theoretical models. Accurate lifetime mea-
surements are essential since they reveal the transition line
strength for the different multipole interactions. This infor-
mation is complementary to that contained in the transition
energies and thus other aspects of atomic theory can be
tested by providing nonaveraged information on the ampli-
tude of the expansion coefficients in an individual basis of
the electronic wave function. Therefore high-precision mea-
surements exposing relativistic as well as QED effects in the
lifetime of this metastable level certainly deserve experimen-
tal investigations.

Here we present experimental details of a lifetime
measurement of the boronlike Ar XIV 1s22s22p 2P3/2

o level
at the electron beam ion trap of the Max-Planck-Institut
für Kernphysik in Heidelberg �HD-EBIT� �8� performed
by monitoring the temporal decay of optical fluorescence
from the magnetic-dipole �M1� 2p 2P1/2

o -2P3/2
o transition

��=441.2559�1� nm in air �3��. The high statistical signifi-
cance achieved in the decay curve measurements allowed us
to efficiently understand the temporal evolution of the popu-
lation of trapped ions under observation by studying its sen-
sitivity to the trapping potential and other trap parameters
�electron beam current and energy, neutral density�. As a
consequence, we reached an accuracy level of 0.1%, which is
�5 times smaller than the calculated contribution of the

electron anomalous magnetic moment �EAMM� to the life-
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time of this metastable level �2�. This paper is divided as
follows: Section II presents the experimental method which
includes details of the Heidelberg EBIT and the experimental
procedure. Section III presents the data analysis procedure
and investigates several systematic effects. Section IV inves-
tigates the origin of the slowly decaying background compo-
nent and shows that this background might be caused by
trapped electrons. Finally, before concluding, Sec. V con-
fronts our experimental result to various theoretical predic-
tions and shows the theoretical treatment used to include the
EAMM effect to the lifetime of metastable levels.

II. EXPERIMENTAL METHOD

A. Electron beam ion trap: EBIT

EBITs produce and confine HCIs. In an EBIT �see Fig. 1�,
electrons are produced by a thermionic cathode of a Pierce-
geometry electron gun biased to a negative potential, focused
by a focus electrode, and extracted by an anode biased to a
positive potential. Then, the electrons are accelerated up to
keV energies towards a series of drift tubes at the trap center
by a potential difference between the cathode and the drift
tube assembly. Towards the trap center the electron beam is
compressed by a strong magnetic field of 8 T �see dashed
line in the upper part of Fig. 1� generated by two supercon-
ducting coils in a Helmholtz configuration, reaching a cur-
rent density of more than 104 A/cm2 and a beam diameter of
less than 100 �m. This high flux of monoenergetic electrons
causes efficient ionization of the atoms crossing the beam.
The resulting ions are then trapped radially by the electron

FIG. 1. �Color online� Schematic drawing of the experimental
setup. In the upper diagram, the magnetic field flux density along
the electron beam propagation direction is represented by a dashed
line while the solid line represents the electrostatic trapping poten-
tial in the axial direction, only. Ions are trapped in the radial direc-
tion by the electron beam space charge potential �ESCP� and the
magnetic field �v�B Lorentz force�. The trap length was 40 mm.
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beam space charge potential �ESCP� as well as by the mag-
netic field, and also axially by appropriate electrostatic po-
tentials applied to the drift tubes. The trapped ions are then
sequentially brought to very high charge states by continuous
electron-impact ionization. The electron beam is decelerated
after passing the trap and dumped in a water-cooled electron
collector. Due to the cryogenic environment �the central parts
of the apparatus are cooled to 4 K� and the efficient differ-
ential pumping provided by thermal shields at 40 and 16 K,
respectively, the neutral gas density at the trap center is ex-
tremely low �less than 10−12 mbar�. The use of a differen-
tially pumped chamber �called gas injector� producing an
atomic beam directed towards the trap center enables one to
change that value within certain limits.

B. Optical imaging and detection systems

In an EBIT, radiation �x ray, UV, or visible light� pro-
duced by excitation of the trapped ions by the electron beam
can be observed through viewports. For the present lifetime
measurement at the HD-EBIT, we used the viewport devoted
to optical spectroscopy �3,9� equipped with two f /4 quartz
lenses ��38 mm, f =150 mm� located inside the EBIT
vacuum to collect photons. This setup allowed us to image
the cigar-shaped ion cloud in its entirety on a charge coupled
device �CCD� camera outside of the vacuum chamber. Its
measured length was slightly less than the nominal trap
length of 40 mm �distance between drift tubes �DT� #4 and
#5� and its diameter was smaller than 1 mm.

In order to efficiently guide light from the trap to a
Peltier-cooled photomultipler tube �PMT� located far from
the EBIT magnetic field, a 1150-mm long pipe made of a
50-mm inner-diameter aluminum tube was used whose inte-
rior was mechanically polished for optimum reflectivity.
Prior to entering this light guide, photons of the wavelength
of interest were selected by an interference filter with a 60%
transmission and a 3-nm bandwidth �full width at half maxi-
mum �FWHM�� at 442 nm ��5° acceptance angle�. With
this filter we ensured that only the spectral line under inves-
tigation was observed and lines which could have possibly
originated from impurity ions �e.g., C, N, O, Ba, W� or argon
ions in other charge states were excluded. The most impor-
tant task of the filter, however, was to reduce the glow of the
thermionic cathode.

Our data acquisition and detection system is shown in Fig.
2. The signal pulses produced by the PMT were sent to a
preamplifier, processed by a discriminator and a coincidence
unit, and registered with one of the counters of a general
purpose CAMAC event mode data acquisition system
�DAQS�. For the time calibration, a second counter regis-
tered pulses generated by a quartz-stabilized digital delay/
pulse generator running at 20 or 9 kHz, respectively �first or
second series of measurements�. The average dead time
�tdead� of the PMT, preamplifier, discriminator, and coinci-
dence unit ensemble was measured to be 1.4�1� �s.

C. Experimental procedure

The lifetime of the Ar XIV 2p 2P1/2
o metastable level was
measured by observing optical decay curves resulting from
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its deexcitation to the 2p 2P1/2
o ground “state� �level� in the

so-called magnetic trapping mode �10–16�. This was realized
by cyclically turning on and off the electron beam �i.e., al-
ternating excitation and free decay�. For this purpose, posi-
tive and negative high voltage �HV� was accordingly applied
to the focus electrode of the electron gun by using a fast HV
transistor switch having a rise time of a few ns, although the
current limitations of the power supplies used lengthened its
response time. A turn-off time of the electron beam of less
than 500 �s was measured with a digital oscilloscope �see
the following sections for investigations of systematic effects
related to the turn-off time�.

The arrival time of the photons was measured in relation
to the pulse produced by a digital delay/pulse generator used
as a master clock, which, at the same time, also triggered the
HV transistor switch to turn the electron beam off �see Fig.
2�. The data acquisition gate used for that purpose started
10 ms before the electron beam was turned off and stopped
15 ms after it was turned on once again.

In a first series of measurements, the EBIT was operated
at a magnetic field flux density of 8 T. The voltage applied
to the thermionic electron emitting cathode was −800 V and
the drift tube assembly was biased to 220 V. The electron
beam current was typically set to 100 mA �also to 50 and
60 mA for two run times�. By using the procedure described
in Sec. IV B 2, the combined and total space charge potential
�TSCP� of the electron beam �ESCP� and the ion
cloud �ISCP� was found to be approximately equal to
�T=−0.0028I /�Eef f, where I is the electron beam current in
mA and Eef f is the electron beam energy in keV. The prefac-
tor was determined by keeping the trapping drift tubes at a
high potential and, hence, this energy correction took into
account the effect of a potential gradient between the trap-
ping drift tubes and the central drift tube. Using this relation,
the actual interacting electron beam energy was estimated to
be �697 eV at the center of the trap, which was then suffi-
cient to ionize Ar XIII but not Ar XIV, their respective ioniza-
tion potentials being 686 and 755 eV �17�. The electron
beam was turned off for 200 ms and on for 483 ms by ap-
plying −1300 and 1000 V to the focus electrode, respec-
tively, resulting in a data acquisition time of 225 ms at a
repetition rate of 1.464 s−1 �cycle period of 683 ms�. The

−1

FIG. 2. Schematic drawing of the data acquisition and detection
systems used for the lifetime measurement.
PMT dark count rate was measured to be 34 s at a bias
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voltage of −1500 V. The PMT dark count rate was obtained
from independent measurements taken by switching on and
off the focus electrode while keeping the electron emission
off. The uniform backgrounds obtained from these measure-
ments were in agreement with others taken as the emission
was on but the gas injection off as well as with backgrounds
obtained with no drift tube trapping potentials when the elec-
tron emission was on, the electron beam was switched off,
and the gas injection on.

In a second series of measurements, the electron gun was
realigned by moving it in the radial direction to minimize the
suppressor current. The suppressor is a ring-shaped electrode
with an 16 mm diameter aperture located in front of the col-
lector electrode. Its purpose is to repel secondary electrons
liberated on the inner surface of the collector by the electron
beam dumped on it. The suppressor current is due to beam
electrons deviating from the central trajectory, and is a very
good indicator of the proper tuning of the electron beam
parameters. Its value is typically of a few �A. The drift tube
assembly was biased to 200 V and the electron beam current
was fixed at 90 mA because at 100 mA we observed a stron-
ger slow component due to what we believe to be instabili-
ties in the electron beam. For this setup, the electron beam
energy was �715 eV. The electron beam was turned off for
1 s and on for 700 ms by respectively applying −1800 and
1000 V to the focus electrode resulting in data taking for
1025 ms at a rate of 0.588 s−1 �cycle period of 1700 ms�.
The dark count rate of the PMT, which was then biased to
−1250 V, was 30 s−1.

For both series, an argon atomic beam was ballistically
injected into the EBIT from a differentially pumped injector
chamber, which had a pressure of 10−8 mbar already at its
first stage. The pressure measured outside the 40 K thermal
shield of the EBIT magnet was typically about 10−10 mbar;
the pressure decreases progressively as one goes into the
volume enclosed by the 40 K, 16 K shields and the 4 K
magnet body, but it cannot be measured directly. The total
gas pressure at the center of the trap, in its 4 K enclosure,
was estimated to be of the order of 5�10−11 Torr �18� for
the LLNL-EBIT. Due to enhanced differential pumping in
the case of the Heidelberg EBIT, an even lower value is
expected. The gas injector was fed with natural argon
�99.60% of 40Ar, 0.34% of 36Ar, and 0.06% of 38Ar�, and
also with 36Ar �99.7% of 36Ar, 0.3% of 40Ar� �for a total
acquisition time of 960 min with this latter isotope�. The two
drift tubes located the closest to the trap region �DT#4 and
DT#5� were used to trap ions axially by biasing them to
1500 V. Every 10, the trap content �trapped ions� was
dumped by applying a HV pulse to the central drift tube for
100 ms. This prevented the accumulation of ions of heavy
elements such as Ba or W, which evaporate from the cathode
in only minute quantities but can nonetheless fill the trap
after several minutes without this procedure.

III. DATA ANALYSIS

A. Fitting functions

Figures 3 and 4 show four examples of typical decay
curves taken at different injection gas pressures. It is clearly
-3
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observed that higher pressure results in an increase of inten-
sity which is reflected by the heights of the plateaus observed
10 ms before turning off the electron beam. The measured
decay curves were found to show two distinguishable com-
ponents: a short 10 ms component attributed to the decay of
the 2p 2P3/2

o metastable level and a slow component contri-
bution of an apparent 1-s decay time. Both decay times were
extracted by least-squares fitting �statistical weighting� �Mi-

FIG. 3. Decay curves and their residuals �normalized by �N,
where N is the number of counts in each channel� obtained during
the first series of measurements at two different injection gas pres-
sures for an electron beam turn-off time of 200 ms. The decay
curves are normalized for a acquisition time of 60 s. We observed
no correlations between the measured short decay times and the
slowly decaying component, suggesting that it does not influence
our lifetime measurement. Hence the slow component is attributed
to excitation of Ar XIV ions to the 2p 2P3/2

o metastable level by
low-energy electrons �see text for details�.

FIG. 4. Decay curves and their residuals obtained during the
second series of measurements at two different injection gas pres-
sures for an electron beam turn-off time of 1 s. For that second
series we realigned the electron gun resulting in a weaker slow

component due to less trapped electrons �see text�.
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crocal ORIGIN™� the observed decay curves with a two-
exponential function including a correction to take into ac-
count the measured average dead time of the DAQS given by

Nobs = Ntrue	1 +
Nobstdead

tacq

−1

, �1�

where Nobs is the number of photons observed �or counted� in
each channel �50 and 111.11 �s long for the first and second
series of measurements, respectively� at a time interval t, tacq
is the total acquisition time per channel, and Ntrue is the true
photon count.

The experimentally recorded curve can be described very
well by a sum of two exponential functions and a constant
offset:

Ntruec
= a1e−t/t1 + a2e−t/t2 + yo, �2�

where the free parameters a1 and a2 represent the initial in-
tensities of the fast and slow components, and t1, t2 their
respective decay times. The measured PMT dark count rate
was yo.

Attempts to use any other fit functions including three or
more exponentials or 1 / t components failed to yield a satis-
factory representation of the data, showing large values of �2

and decreasing values of R2. In some cases, these trial func-
tions did not converge at all, i.e., by yielding errors larger
than the fitted values. Also, a Fourier transform of the residu-
als did not show any unexpected patterns. The �2 and R2

obtained were on average 1.15 and 0.999, respectively. In
order to avoid possible systematic effects due to instabilities
during the turning off of the electron beam, the fitting pro-
cedure was started 2 ms after that time. As will be shown in
Sec. III B 7, a standard tail-fit analysis revealed fluctuations
mostly within the statistical uncertainties of each of the in-
dividual lifetime measurements.

B. Systematic effects

1. Radial and axial ion losses

After turning off the electron beam, the Ar XIV ion popu-
lation might have been altered significantly due to ions leav-
ing the trap along the axial and radial directions. Ions trapped
by the potential wells created by the drift tube potential and
the magnetic field could collide with each other, and,
whereas some of them could lose kinetic energy, some others
could gain sufficient energy to overcome these potential bar-
riers and escape the trap �evaporative cooling�. This resulted
in a cooling of the ion ensemble but also in a slow loss of Ar
XIV ions, embedded with the decay of the metastable level,
which could have led to a significant apparent shortening of
its lifetime.

To investigate the effect of axial ion losses, we measured
decay curves at different drift tube potentials increasing from
100 to 1500 V in the first series of measurements and from
0 to 2500 V in the second series. Figures 5�a�–5�c�, show the
variations of the short decay time �t1� and the decay rate
�1/ t2� of the slow component as a function of the drift tube
potential for both series of measurements. As seen in Figs.

5�a� and 5�b�, the short decay time increased with the trap-
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ping potential raising from 0 to about 500 V and then
reached an apparent constant value at trapping potentials
from 500 to 2500 V. This indicates that, for drift tube poten-
tials of a few kVs, the ion escape rate out of the trap was
negligible in comparison to the short decay time. The slow
component observed in the spectra might be an indication of
ion losses. As seen in Fig. 5�c�, its decay rate constantly
decreases while its intensity grows �see Ref. �19�� as the
trapping potential is raised. However, the short decay time
appears to be independent of this component. As we will
discuss in detail in Sec.IV B, we have strong evidence that
the slow component was produced through the trapped Ar
XIV ions interacting with a slowly decaying population of
low-energy electrons trapped in the EBIT, which may have
coexisted in the same region of space with the ions after
turning off the electron beam, thus resulting in a reexcitation
of Ar XIV ions to the metastable level.

The actual rate of axial ion losses can be estimated theo-
retically by assuming that the ions in the trap had a Maxwell-
ian energy distribution and only those having a kinetic en-
ergy higher than the drift tube trapping potential could
escape �20,21�. The number of ions d

dtNesci
leaving the trap

FIG. 5. Variations of the short decay times of the decay curves
for the a� first and b� second series of measurements, and also c� the
decay rate of the slow component �1/t2�, for both series, as a func-
tion of the drift tube trapping potential. The apparent constant value
of the short decay times for trapping potentials higher than about
500 V agrees with a theoretical estimate of the axial ion escape rate
indicating negligible ion losses within a ms time scale. The squares
result from a hypothetical correction by the decay rate of the slow
components �1/t1-1/t2�.
per unit time can be expressed as
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d

dt
Nesci

= − Ni� 3
�2

�ij	 e−�i

�i
− ��i�erf��i� − 1�
� , �3�

where

�i =
qieV

kBTi
, �4�

Ni is the total number of ions in the charge state qi in the
trap, e the elementary charge, V the �axial� trapping poten-
tial, kB the Boltzmann constant, and Ti the temperature of the
ions in charge state i �in K�. The Maxwellian-averaged ion-
ion Coulomb collision rate �ij for ions in charge state i with
those in charge state j, both having the same mass Mi, can be
expressed, following �22�, as

�ij = 
j

4nj
�2�

3�Mi�4�	��2

qi
2qj

2e4

�kBTj�3/2 ln 
ij , �5�

where 	o represents the vacuum permittivity, nj the number
density of ions in charge state j, and Tj their temperature.
ln 
ij is the Coulomb logarithm for ion-ion collisions, which
normally takes values between 10 and 20 �20,23�. By assum-
ing that all the ions in the trap were Ar XIV, its value was
estimated to be ln 
ij �19 for our experimental conditions.

The term between brackets in Eq. �3� represents the axial
ion escape rate. From Eq. �4�, one can see that this rate
depends exponentially on the ratio �i of the potential well
�drift tube potential times ionic charge state� to the ion aver-
age kinetic energy given by the translational temperature.
This ratio basically indicates what fraction of the ions is on
average free to escape.

The temperature of the Ar XIV ions in the trap was ex-
tracted from the Doppler width of the forbidden line. To
measure it we used the optical spectrometer described in
Refs. �3,4�, and kept the EBIT at the same experimental con-
ditions as in the decay curve measurements. By deconvolut-
ing the six unresolved Zeeman components of the M1 tran-
sition using a fitting function including six Gaussian
distributions and taking into account the spectrometer resolv-
ing power, we deduced an ion temperature of approximately
Ti=350 eV/kB. For an ion charge of q=13 and an applied
potential of V=1500 V, which result in a trapping potential
of 19.5 keV, the ratio �i is approximately 50. At this
high value of �i, the calculated axial escape rate is of the
order of 10−30 s, and thus absolutely negligible relative to the
ms lifetime. Axial losses are therefore excluded under these
conditions.

This conclusion can be more clearly illustrated by com-
paring the theoretical and experimental escape rates both to-
gether obtained for various trapping potentials. The experi-
mental escape rates can simply be obtained by subtracting
the reciprocal of the constant value of 9.57 ms measured for
high drift tube potentials �see Figs. 5�a� and 5�b�� from the
reciprocal of the measured short decay times obtained for
various trapping potentials. As seen in Fig. 6 for the second
series, the theoretical and experimental escape rates appear
to be in good agreement for high trapping potentials. How-
ever, there is disagreement for trapping potentials lower than

about 200 V, where the theoretical escape rate seems to
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overestimate the experimental escape rate. Nevertheless, this
large discrepancy can be explained by the fact that in the
calculations of the theoretical rates we assumed an ion tem-
perature of Ti=350 eV/kB, which could not be a realistic
temperature for such low trapping potentials.

In addition to ion losses in the axial direction, ions could
also escape the trap in the radial direction due to transverse
cross-field diffusion. Cross-field diffusion was treated in de-
tail in Ref. �24�. Basically, in a homogeneous magnetic field,
charged particles gyrate about a magnetic field line due to the
v�B Lorentz force and thus remain radially trapped in a
region of space defined by their gyration radius ��200 �m
for Ar XIV ions at Ti=350 eV/kB� until they experience a
momentum changing collision. Collisions with charged par-
ticles as well as with neutral atoms let trapped particles drift
in a random-walk towards regions of lower density. How-
ever, due to momentum conservation, ion-ion collisions lead
to only weak diffusion. In collisions of particles with the
same mass and charge, although the axes of gyration �guid-
ing centers� can drift in opposite directions, the center-of-
gravity of these axes does not significantly drift. The main
concern here was therefore the possible drifts caused by col-
lisions with neutral atoms. However, collisions with neutral
atoms were negligible in this respect since for an Ar atomic
diameter of about 340 pm �25� and a neutral number density
of less than �106 cm−3, its rate was estimated to be less than
10−2 s−1, insufficient to affect our measurements.

2. Charge-exchange ion losses

A particularly dangerous possible cause of changes in the
charge state balance in the EBIT is the mechanism of charge
exchange where HCIs capture electrons from neutral atomic
or molecular species of the residual gas. This recombination
can, on the one hand, result in the loss of metastable Ar XIV

FIG. 6. �Color online� Theoretical and experimental escape
rates for various trapping potentials. The experimental rates
were obtained from the relation �1/t1-1/��, where � was set equal
to 9.57 ms. The disagreement observed between theory and experi-
ment for low drift tube potentials can be explained by an overesti-
mate of the ion temperature for low trapping potentials �see
text� �the dashed line is only to guide the eye and is a fit of a
exp−�i /�i function as Eq. �3��.
ions but, on the other hand, also increase their abundance if
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ions in higher charge states are present and recombine pro-
ducing Ar XIV. Under such circumstances, and if charge ex-
change is significant due to a high neutral number density, a
single-exponential function could not isolate contributions
from various repopulation mechanisms and could yield es-
sentially incorrect results. In order to quantify these addi-
tional contributions, one might be tempted to use a multiex-
ponential function, but the results would also be incorrect.
These uncertainties can be minimized by making sure that
the neutral number density is reduced to a level at which no
charge exchange takes place on the time scale of the lifetime
under study. An additional cautionary measure is to avoid the
production of ions in higher charge states. In the present
experiment, the electron beam energy chosen ensured that no
charge states higher than Ar XIV were present in the center of
the trap. Hence charge exchange could only make the mea-
sured lifetimes shorter than the natural lifetime.

The above-mentioned gas injector brought the number
density of neutral gas at the trap center to an estimated
104–106 atoms cm−3. Based on the Müller-Salzborn charge-
exchange cross section for single electron capture �20,23,26�,
the charge-exchange ion loss rate was then lower than . Note,
however, this value is an upper bound estimate. In addition
to this theoretical estimate, charge-exchange losses were ex-
perimentally checked by measuring the short decay time at
injector gas pressures one order of magnitude lower and
higher than the typical value used for our measurements.
When we increased the injection pressure by a factor of 10,
the pressure in the EBIT magnet increased to approximately
twice as much as usual. These results did not show any dis-
cernible changes of the short decay times, besides of those of
statistical nature, indicating that the charge-exchange effect
was smaller than the statistical uncertainty of about 0.2%
�this is the statistical uncertainty, which does not taking into
account the dead-time uncertainty�, in agreement with the
previous theoretical upper limit.

These measurements at different Ar injection gas pres-
sures did not only test the effect of the partial pressure of Ar
but also of the residual pressure �or base pressure�. By open-
ing and closing the injection chamber, we observed that the
Ar partial pressure in the EBIT outermost volume �between
the EBIT inner wall and the 40 K thermal shield� was typi-
cally about 15% of the total pressure, while, by increasing
the pressure in the injection chamber by one order of mag-
nitude, the Ar partial pressure raised to about 50% of the
total pressure. Hence, because the Ar partial pressure sur-
rounding the electron beam was then a dominant portion of
the total pressure, our measurements at various injection
pressures were effective in determining whether charge ex-
change from neutral Ar or any other species was significantly
affecting our measurements.

Moreover following a procedure introduced by Beiersdor-
fer et al. K-shell x-ray spectra were taken with a high-purity
Ge detector �IGLET� after turning off the electron beam to
evaluate the ion loss rate by charge-exchange recombination.
Charge exchange will generate x rays after relaxation of the
exchanged electron from the high principal quantum number
into which it is captured. All the EBIT parameters were kept
constant, except the electron beam energy which was raised

up to about 10 keV in order to efficiently produce H-like and
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bare Ar ions, which yielded easily detectable K and Ly
photons. The measured x-ray emission was essentially iden-
tical to the dark count rate of the IGLET detector, and did not
show any time dependence. This observation is in agreement
with the result of Beiersdorfer et al. �15�, who showed that
Kr36+, when trapped in the magnetic trapping mode, could
survive in an EBIT for at least 5 s. Z-scaling this time con-
stant for q=13, based on the Müller-Salzborn formula
�20,23,26�, yields an Ar XIV survival time of 17 s, i.e., a
charge-exchange ion loss rate of 0.06 s−1 very similar to
our previous theoretical estimate. Even though we cannot
detect any effect due to charge-exchange recombination, a
loss rate of 0.1 s−1 is included as a systematic error in our
final lifetime.

3. Escape out of the line of sight

After turning off the electron beam, the ion cloud ex-
panded mostly in the radial direction due to the sudden ab-
sence of the electron beam forcing a rearrangement of the ion
orbits which were then governed by the repulsive Coulomb
force between the individual ions. As a result, a significant
number of ions might have escaped out of the line-of-sight of
the light collection system. In a previous experiment by
Serpa et al. at the NIST-EBIT �16�, a spectrometer equipped
with a slit assembly and a PMT was used as an optical de-
tection system to select a well-defined spectral line. In that
experiment, optical demagnification of the ion cloud and an
adjustable slit allowed an effective field of view as wide as
2 mm, which could make the lifetime measurements sensi-
tive to a radial ion cloud expansion beyond this value. These
investigators carried out a series of studies using different slit
widths and center positions in order to assess the associated
systematic errors that contributed to a 1-� overall uncer-
tainty of several percents. It is to mention that immediately
after turning off the electron beam, they observed a steep
falloff of the signal during the first few �s at the beginning
of the decay curves, indicating sudden ion losses out of the
field of view of the detection system �radial and axial�.

Our optical detection system had a wide field of view and
a large acceptance angle, due to the arrangement of the
lenses close to the trap, the 10-mm width of the slotted ap-
ertures on the side of the drift tubes and the use of the large
diameter light guide along with a large diameter PMT. Par-
ticularly, by looking at the image of the ion cloud produced
by the lenses on a CCD camera, we could totally image the
slotted apertures and, hence, our optical detection system had
an effective field of view wider than 10 mm. Thus the light
collection efficiency was essentially unaffected by an ion
cloud expansion up to a few mm in diameter. As an example,
for high trapping potentials, we did not observe any steep
falloff at the beginning of the decay curves that was actually
present for trapping potentials �500 V.

4. Dump-induced losses

The periodic HV dump applied for 100 ms every 10 s was
not synchronized with the electron beam turn-off sequence.
The probability of such a dump occurring during the deexci-

tation period of the data taking cycle induces total ion losses
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at a predictable rate of about 10−2 s−1. This rate was about
one order of magnitude lower than our uncertainty. Never-
theless, the short decay times and the slow-component decay
times were corrected for such losses.

5. Cascade repopulation

Repopulation of the 2p 2P3/2
o metastable level from higher

levels could, in principle, have introduced systematic errors
in our individual lifetime measurements. However, based on
atomic-structure calculations, cascade repopulation was esti-
mated to be negligible over a ms time scale. The transition
probabilities from the closest low-lying levels in boronlike
ions, the 2l2l�2l� and 2l2l�3l�; were calculated for some ions
in that isoelectronic sequence in Refs. �27,28�. Numerical
results were interpolated to the Ar XIV ion by using a
Z-scaling procedure. We estimated that all these low-lying
levels decayed through VUV transitions within a few �s and,
thus, had no significant contribution to the short decay time
after a very short waiting time �2 ms�.

Repopulation by cascades starting from 2l2l�nl� high-
lying or otherwise Rydberg levels might also have affected
our measurements. The lifetimes of these levels can be esti-
mated from a hydrogenic equation �29,30� for n�2 and
l�0 where n and l are the principal and orbital quantum
numbers, respectively, by the following formula:

�n =
3��n

3�l + 1/2�2

4Zi
4 , �6�

where Zi=qi+1 is the effective nuclear charge, and �o is the
lifetime of the state of interest in hydrogen �or a lifetime
obtained in highly charged ions but scaled to q=1�. Based on
Eq. �6�, the Rydberg levels having ms lifetimes that might
have perturbed our measurements were those with l� P, d, f ,
and with the principal quantum numbers of n�1000 as well
as l�n−3, n−2, n−1, and n�100. However, due to the
coupling of high-l to low-l levels resulting from Stark-
induced l-mixing �31� by the electric field produced by the
electron beam, the drift tubes, and in ion-ion collisions, these
latter decay to the ground state at a rate similar to that of the
low-l Rydberg levels of identical principal quantum num-
bers, which have lifetimes of a few �s. Problematic would
be the presence of low-l n�1000 levels. However, their ion-
ization potentials are of the order of 0.002 eV, and their
barrier-suppression critical electric field is less than
100 V/m. They are field ionized in the fields produced by
the voltages applied to the drift tubes, by the space charge of
the ion cloud, or in ion-ion collisions.

The 1s22s2p2 4P3/2 excited level with a lifetime of at
most 10 �s �0.1 �s in B-like Fe �nuclear charge
Z=26��27,28�� is the metastable level with the second long-
est lifetime in boronlike Ar XIV, and was therefore the most
likely one to affect our measurements. It has a branching
ratio to the 2p 2P3/2

o level of around 80%. Repopulation
of the metastable level by this quartet level mostly occurred
over the first few �s after turning off the electron beam. By
starting the fitting procedure at 2 ms ��100 lifetimes� after
that time we made sure that cascade repopulation from this
level was essentially unsignificant. Indeed, our tail-fit analy-
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sis presented in Sec. III B 7 did not show any effect of cas-
cade repopulation.

6. Dependence on the electron beam current

Systematic effects related to the intensity of the electron
beam during the ionization/excitation period were investi-
gated by decreasing it from 100 to 60 and 50 mA during the
first series of measurements. Some Ar XV ions were pro-
duced in these cases, because by reducing the electron beam
current, the TSCP was reduced and, consequently, the effec-
tive electron beam energy increased. As an example, by de-
creasing the current by a factor of 2, the electron beam en-
ergy increased from 700 to 850 eV, which was then higher
than the Ar XIV ionization potential. In spite of this fact, no
variations of the short decay times within the experimental
statistical uncertainty of less than 0.2% were observed. The
intensity of the slow component, however, decreased by
about a factor of 2.

7. Tail-fit analysis and correlation studies

To investigate systematic errors that might have occurred
at the beginning of the decay curves caused by, for instance,
cascade repopulation, the dead time, or an intensity depen-
dence of the PMT detection efficiency, and also in order to
test the validity of the fitting function, we performed a tail-fit
analysis. Decay curves were fitted at various intervals, start-
ing from 2 ms up to about 17 ms after turning off the elec-
tron beam and shortening the end by a factor of 2 �from
200 to 100 ms or from 1000 to 500 ms�. The results are
shown in Fig. 7. No unexpected trends and significant
changes of the measured short decay times can be seen there.
The positive slope observed for the decay curve obtained
during the second series has no statistical significance be-
cause it is the result of low statistics and the long integration
time per channels �111,11 �s per channel�.

In addition to such a tail-fit analysis, we investigated pos-

FIG. 7. Tail-fit analysis performed by varying the fitting interval
from 2 ms to about 17 ms after turning off the electron beam and by
shortening the end point by a factor of 2. The apparent trend in the
decay time of the second series is statistically nonsignificant. The
dotted lines emphasize the results obtained for the decay curve with
the highest statistics.
sible correlations which might indicate systematic effects by
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plotting the short decay time as a function of the time-
normalized height of the plateau, the time-normalized inten-
sity of the slow component, the plateau-normalized intensity
of the slow component, as well as its decay time. These plots
are shown in Figs. 8 and 9. Again, no apparent correlations
can be discerned. The short decay time appears to be inde-
pendent of these quantities and its variations are consistent
with statistical fluctuations.

8. Dead time

After charge-exchange recombination, the dead time of
our data acquisition system was the most important source of
systematic errors. It was measured employing a digital oscil-
loscope �Tektronix, 500 MHz, 1GS/s� at various occasions
and at different count rates �20 and 6 kHz� with the electron
beam constantly on. The results obtained in all these inde-
pendent measurements were in mutual agreement within
their uncertainties. We obtained a mean value of 1.4�1� �s.

Due to pile-up effects, one might expect that the mean
dead time might have slightly varied as a function of the
signal count rate. However, the tail-fit analysis presented in
Fig. 7 shows that our dead-time correction was not signifi-
cantly affected by the different photon count rates, because
by starting the fitting interval at various times after turning
off the electron beam �i.e., various count rates� one observed
variations which appear to be in agreement with statistical

FIG. 8. Studies of possible correlations between the short decay
time and �a� the time-normalized height of the plateau and �b� the
time-normalized intensity of the slow component. Closed circles:
first series of measurements, open circles: second series.
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fluctuations. In particular, the count rate at the plateau in the
first and second series was different by about a factor of 3.
Without the dead-time correction, the short decay times ap-
peared longer by about 0.5% and 0.15%, respectively. Re-
garding the first series only, the exclusion of such a correc-
tion was clearly seen in the residual plots. In that case, when
we left the dead time as a free parameter for the fit, the short
decay times were reduced �on average� by about 0.15%. De-
spite all these differences, when we included the dead-time
correction, we measured essentially the same short decay
times for both series. Moreover, the validity of this correc-
tion was also investigated by plotting the short decay time as
a function of the time-normalized height of the plateau,
which is essentially a measure of the initial count rate when
the electron beam was on. As seen in Fig. 8�a� for both
series, the measured short decay times mostly varied within
their errors bars, in agreement with statistical fluctuations.

IV. ORIGIN OF THE SLOW COMPONENT

A. Charge-exchange recombination of Ar XV ions

In previous experiments at the Lawrence Livermore Na-
tional Laboratory �LLNL� EBIT, a background similar to our
slow component was observed when increasing the electron
beam to keV energies �32�. This background was attributed

FIG. 9. Studies of possible correlations between the short decay
time and �a� the plateau-normalized intensity of the slow compo-
nent and �b� the slow component decay time. Closed circles: First
series of measurements, open circles: second series.
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to charge-exchange recombination of ions of charge states
higher than that under investigation. Hence the explanation
for our unexpected slow component could be charge-
exchange recombination of Ar XV ions because a certain
amount �and higher charge states� might have been produced
in the region of the drift tubes and constantly slipped into the
trap when the electron beam was on �33�.

However, if our slow component was mostly due to
charge exchange of Ar XV ions, the measured decay rates
shown in Fig. 5�c� as a function of the drift tube trapping
potential should correspond to the loss rates of Ar XV ions in
the trap. Essentially, these loss rates should be equal to those
of Ar XIV ions. Coulomb collisions are more efficient for Ar
XV ions since the ion-ion Coulomb collision rate is a function
of qi

2 �see Eq. �5��, however, such ions are more tightly
bound to the trap than Ar XIV ions �see Eq. �4�� and hence the
ratio between the Ar XV and Ar XIV axial loss rates is ap-
proximately equal to unity �qAr XV/qAr XIV=1.1� �assuming
that both ions had essentially the same temperature in the
trap�. Similarly, the ratio of the charge-exchange rates of Ar
XV and Ar XIV ions is also close to one since the Müller-
Salzborn cross section �26� is proportional to qi

1.2. Thus if the
decay rate of the slow component was equal to the ion loss
rate of Ar XIV, the difference between the decay rates of the
fast and the slow components ��1/ t1−1/ t2�−1� measured for a
given trapping potential should be constant as a function of
the drift tube potential. However, as seen in Figs. 5�a� and
5�b�, this is not what we observed. Instead, the hypotheti-
cally corrected short decay times increased for lower drift
tube potentials �see Fig. 5 caption�. This suggests that the
decay rates of the slow component overestimated the true
rates of ion losses in the trap, which we found negligible in
Sec. III B 2. In addition, in Fig. 9, we observed no apparent
correlation between the decay times of the fast and slow
components, which should have both an inverse correlation
if the slow-component decay time was an indication of ion
losses. Therefore we do not find any indication that the
slowly decaying component was caused by charge exchange.

B. Trapping of low-energy electrons

The slowly decaying component, even though it does not
influence the determination of the lifetime of the metastable
level within the given accuracy, remained a puzzling feature
for a while. Let us summarize some of the observations. It is
most pronounced at high trapping potentials, and its intensity
grew with them. The decay time was between 1 and 2 s,
much longer than the short decay time of 9.57 ms. Its life-
time increased with the drift tube potential but cannot be
attributed to charge-exchange recombination since we ob-
served no correlations with the measured short decay times.
In addition, if the electron beam was not fully turned off, but
a low current of, say, 1 mA was left on, the slow component
disappeared �see Sec. IV B 9�.

Eventually, this phenomenon was attributed to trapped
electrons of an energy of less than �100 eV collisionally
exciting Ar XIV ions to the metastable level �and also to a
smaller extent to synchrotron as well as bremsstrahlung ra-

diation produced by these electrons�. After turning off the

-9



LAPIERRE et al. PHYSICAL REVIEW A 73, 052507 �2006�
electron beam, we have strong arguments to support the hy-
pothesis that free electrons present in the trap region were
trapped by the combined effects of the EBIT magnetic field,
acting as a magnetic bottle, and the positive space charge
potential of the ion cloud. In the following section we show
that these assumptions are plausible and consistent with our
observations.

These trapped electrons might have been those freed by
electron-impact ionization of HCIs. However, we believe
that they were the consequence of the alternating voltage
applied to the focus electrode during switching-off the elec-
tron beam, which briefly defocused the beam before it com-
pletely went to zero. Electrons having lost their propagation
direction along the drift tube assembly and the magnet axis
during this process could have then been attracted towards
the trap center by the drift tubes at high positive potential
where a certain amount could have remained trapped by the
EBIT magnetic bottle. This assumption is supported by the
fact that the intensity increase of the slow component ob-
served for increasingly high drift tube potentials was not
proportional to the observed increase of the height of the
plateau. Although, by increasing the drift tube potential from
100 to 1000 V, their height increased by about a factor of
less than 2, the intensity of the slow component increased by
as much as one order of magnitude �see Ref. �19��. This is
explained by the fact that for increasingly high drift tube
potentials, we were not only more effective in trapping ions
but also attracting electrons coming from a defocused elec-
tron beam. If this hypothesis is true, one would expect that
this source of systematic error would not be present in pre-
vious measurements that directly switched off the electron
beam by reducing the anode voltage to zero, leaving the
focus voltage constant �for instance, see Ref. �16��.

1. Magnetic bottle

The 8-T magnetic field was produced by two identical
superconducting coils. In a perfect Helmholtz configuration
the magnetic-field flux density has a single maximum located
between the two coils. However, the HD-EBIT has only a
“quasi-perfect” Helmholtz configuration with two maxima of
about 8.3 T located 25 mm away from the center of the trap,
which was at 8 T �see Fig. 1�. This field configuration con-
stitutes a so-called magnetic bottle which has, by itself, the
capability of trapping electrons in the axial direction having
an estimated pitch angle greater than about 76°�34� �neglect-
ing plasma effects�. The particular position of the field
maxima just between the 40-mm long central drift tube as-
sembly and the closest drift tubes might have prevented
trapped electrons from falling into the deep positive potential
of the nearby drift tubes.

2. Ion cloud space charge potential

In addition to the magnetic-bottle configuration, the ISCP
also had the capability of confining low-energy electrons at
the trap center. The ISCP can be estimated from the total
space charge correction �TSCP� �T, which can be obtained
from the difference between the total electron beam energy
Eef f and the applied potential difference between the cathode

and the drift tube assembly Edt �18,35�:
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Eef f = Edt + �T. �7�

Eef f was obtained experimentally by sweeping Edt near the
ionization potential of Ar XIV and measuring the energy po-
sition where a maximum of the fluorescence signal was ob-
served. At this position, Eef f is expected to be nearly equal to
the Ar XIV ionization potential. For our experimental condi-
tions, �T was measured to be about −300 V.

The ESCP could not be measured. The ESCP �e is a
function of the beam energy Ee, current Ie, and radius re and
can be described by the following equation �18,21,35�:

�e�V� �
30Ie�A�

�1 − 	Ee�keV�
511

+ 1
−2	ln 	 re

rdt

2

− 1
 . �8�

A rigorous calculation of the electron beam radius with a
nonlaminar electron beam of cylindrical shape and taking
into account the thermal motion of the electrons using the
Herrmann formula �36� yielded under our experimental con-
ditions a value of �25 �m. Hence one can estimate that �e
was about −550 V at the beam radius. The ISCP �ion can
simply be defined as

�ion = �T − �e. �9�

Using this relation, we obtained �ion=250 V, which is a
value that is indeed sufficient to attract electrons trapped by
the magnetic bottle towards the trap center.

3. Electron temperature and density

In order to excite Ar XIV ions to the metastable level, the
electrons confined within the ion cloud must have a kinetic
energy higher or equal to its excitation energy of about
2.8 eV �441.25 nm�. The average kinetic energy of the en-
semble of trapped electrons is essentially described through
its temperature Te. An estimate for Te can be obtained, ne-
glecting the effect of the magnetic field, from the ratio �e of
the barrier potential to the electron temperature
�e=e�ion / �kBTe� �see Eq. �4��. The temperature of an
ensemble of trapped particles in thermal equilibrium with a
heat sink remains below the barrier potential, so that
�e takes, typically, values between 2 and 10 �21�. Hence, for
�ion=250 V, one can expect that Te=25–125 eV/kB, which
is indeed sufficient to excite ions to the metastable level.

In addition, knowing Te, the density of trapped electrons
can be estimated from the photon count rate Ns produced by
the slow component, which can be described as

Ns =
�ef fNikne�1/��

1/� + 2kne
, �10�

where Ni is the total number of trapped ions, estimated to
be 5�107 from an independent measurement of ions
extracted from the EBIT, k is the electron excitation/
deexcitation rate coefficient, ne is the electron number
density, �ef f is the total detection efficiency of about
8�10−5 �geometrical solid angle, transmission efficiency,
and quantum efficiency�, and � is the lifetime of the meta-
stable level. For an average Te=25–125 eV/kB�75 eV and

a Maxwellian-averaged rate coefficient, which we calculated
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to be about 3�10−9cm3 s−1 �see Ref. �37� and equations
therein�, the electron number density was estimated to be
5�107 cm−3. This density is 60 times less than the ion num-
ber density of about 3�109 cm−3.

4. Radiative cooling and electron-ion thermal exchange

The previous estimate of the electron temperature did not
include the effect of the 8-T magnetic field. In such a field,
the trapped electrons can cool down by emission of synchro-
tron radiation and lose all their kinetic energy with a time
constant of �s�50 ms. However, these electrons can also
experience inelastic Coulomb collisions with HCIs and gain
kinetic energy. A more realistic estimate of the electron and
ion temperatures and their time evolution can be obtained
from rate equations describing the electron-ion thermal ex-
change. Using the Spitzer equation �38� to calculate the Cou-
lomb collision time constant for coexisting ions and elec-
trons to reach thermal equilibrium such as

�eq =
3 · 21/2�3/2	o

2MimekB
3/2

neqi
2e4 ln 
ei

	 Te

me
+

Ti

Mi

3/2

, �11�

where ln 
ei is the Coulomb logarithm for electron-ion col-
lisions:


ei =
4�

qie
2 �	okB�3/2	Te

ne

1/2	Te +

Time

Mi
+ 2�me

Mi
TiTe
 ,

�12�

the time dependence of Ti and Te can be expressed by the
following two rate equations:

d

dt
Ti = −

1

�eq
�Ti − Te� , �13�

d

dt
Te =

Ni

Ne

1

�eq
�Ti − Te� −

1

�s
�Te − T0� . �14�

For a cryogenic environment of T0=4 K, an ion temperature
of Ti=350 eV/kB, and the electron and ion number densities
mentioned above, our simulations show �see Fig. 10� that for
a density ratio of Ni /Ne�60, since the ion-electron Coulomb
collision rate was higher than the cooling rate, the cooling of
the electrons by synchrotron radiation was compensated by
thermalization with trapped HCIs. The larger HCI ensemble,
which cools through synchrotron radiation at a much slower
rate, acted as a thermal reservoir for the minority trapped
electrons. In this way, the electrons could keep a nearly con-
stant temperature of about 100 eV sufficient to excite Ar XIV

ions for more than 1 s, in agreement with our observations. It
is interesting to compare this ion-electron dynamics to a hy-
pothetical case where Ni /Ne�0.1, with HCIs being the mi-
nority. In this case, as seen in Fig. 10, the trapped ions are
cooled down by the electrons and, as a result, the electron
temperature falls below the 2.8 eV excitation threshold in
less then 1 s.

5. Decay of the slow component

Our various experimental measurements taken under dif-

ferent experimental conditions show that the dynamics of the
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trapped electrons in the ion cloud and their dynamics with
the ions are quite complex, and will remain the subject of
future investigations �19�.

We believe that the decay of the slow component was
caused by the dynamics of the electrons because, as seen in
Figs. 8 and 9 we observed no correlations between the decay
time of the slow component and its intensity as a function of
the short decay time. In addition, as seen in Figs. 5 and 6 the
escape rates of Ar XIV ions were found to be essentially
constant and insignificant relative to the measured short de-
cay times when we increased the drift tube potentials from
500 to 2500 V. At the same time, however, the decay rates
of the slow component decreased and they could be fairly
well described by a exp�−�i /�i� function as a function of the
drift tube potential �see Eq. �3��. Therefore we attribute the
decay of the slow component mostly to trapped electrons
leaving exponentially the ion cloud by evaporative cooling.

6. Cross-field diffusion by electron-ion impact

Ion losses induced by cross-field diffusion of Ar XIV ions
due to collisions with trapped electrons were negligible.
Considering a Maxwellian-averaged electron energy distri-
bution, the Coulomb collision rate of an ion with electrons
was estimated to be hundreds per second �ne=5
�107 cm−3�. Hence we estimated based on a fully ionized
plasma that the coefficient of cross-field diffusion was ap-
proximately 10−9 m2 s−1. For the dimension of our trap, this
value yields a loss rate of the order of 10−6 s−1, too low to
affect our measurements.

7. Quenching by trapped electrons

After turning off the electron beam, the trapped electrons
could have significantly reduced the population of ions in the
metastable level by electron-impact deexcitation and excita-
tion to upper-energy levels. For this reason, it is important to
investigate the effect of quenching. Neglecting ion losses for

FIG. 10. �Color online� Theoretical temporal evolution of the
temperature of coexisting highly charged Ar XIV ions and electrons
in a plasma for ratios of the numbers of ions to electrons of
Ni /Ne=0.1, 1, and 100. These temperatures were calculated for an
ion cloud radius and length of 0.4 and 30 mm, respectively, and
initial ion and electron temperatures of 350 and 75 eV, respectively.
In the present experiment the Ni /Ne ratio was estimated to be about
60.
11
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simplicity, the time evolution of the Ar XIV ion population in
the metastable level NM�t� affected by electron impact can be
basically described based on a two-level system �39�:

NM�t� = 	NM�0� −
Nikne

1/� + 2kne

e−�1/�+2kne�t +

Nikne

1/� + 2kne
,

�15�

where NM�0� is the initial number of ions in the metastable
level before turning off the electron beam and � is the natural
lifetime. The first term represents essentially the decay of the
metastable level, where the reciprocal of the argument �1/�
+2kne� of the exponential function is the short decay time t1,
which, due to the presence of trapped electrons, is a reduced
apparent lifetime that depends on the natural lifetime and the
electron quenching rate �2kne�. The last term of Eq. �15�
describes electron-impact excitation from the ground level to
the metastable level producing a constant background. The
situation is more complicated for a multilevel system. How-
ever, for the upper-energy levels that we are dealing with ��s
lifetimes�, basic simulations have shown that the effect of the
low-energy electrons was essentially the same, i.e., they
could only reduce the lifetime because they added other de-
cay channels to the metastable level.

The quenching rate can be estimated from the intensity of
the slow component by using Eq. �10�. For a total number of
ions in the trap of 5�107 and considering the decay curve
having the slow component with the highest intensity, the
quenching rate was estimated to be �0.3 s−1, which is about
0.3% of the natural transition rate �1/��. However, this esti-
mate is only an upper limit to the quenching rate because it
was based on a number of Ar XIV ions obtained from an
independent measurement of ions extracted from the EBIT,
which had at that time an axial trapping potential of about
300 V. The trapping potential used for the lifetime measure-
ments was 1500 V, hence one can expect that the quenching
rate was lower because the number of trapped ions was ac-
tually higher.

The actual importance of quenching in our measurements
can be seen in Fig. 8, where the short decay time is plotted as
a function of the intensity of the slow component. If quench-
ing was significant, its influence should reveal itself in an
inverse correlation between these two quantities. However,
no correlation can be seen in this plot, indicating that
quenching had an effect smaller than the experimental uncer-
tainty. This will be investigated further in the next sections,
coming to the same conclusion.

8. Electron-capture recombination

Losses by electron-ion recombination only affected our
individual lifetime measurements within their error bars. The
Maxwellian-averaged electron-ion recombination rate can be
expressed as

Rr = ne�
0

�

�rve�E�	 1

2��kBTe�3
1/2

e−E/kBTedE , �16�

where ve�E�=�2E /me and �r is a recombination cross sec-
tion for a given electron energy E. For radiative recombina-
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tion in the ground level of Ar XIV, this cross section can be
obtained from Kim and Pratt �40� as

�r =
16�

3�3
�c

2�2IH

E
ln�1 +

�2IH

Enef f
2 � , �17�

where  is the fine-structure constant, �c is the electron
Compton wavelength, IH is the ionization potential of hydro-
gen, and �= �Z+qi� /2. nef f is an effective quantum number
equal to nef f =n0+ �1−Wn0

�−0.3, where n0 is the principal
quantum number of the valence shell and Wn0

is the ratio
between the number of unoccupied states and the total num-
ber of states in the valence shell. For Te of about 75 eV and
an electron density of 5�107 cm−3, the electron-ion recom-
bination rate was estimated to be of the order of 10−5 s−1. We
also made an estimate based on the Seaton formula for hy-
drogenic ions �41�, which yielded essentially the same result.

9. Electron beam turned off partially

An additional insight into the effect of quenching by
trapped electrons can be obtained by comparing the fast and
slow components to those obtained when the electron beam
current is turned down to low intensities instead of being
turned off completely. Decay curves obtained with low elec-
tron beam currents are shown in Fig. 11. Basically, when the
electron beam was on above 20 mA, the short decay times
were reduced as a consequence of the combined effects of
quenching and depletion of the Ar XIV population by
electron-impact ionization, because decreasing the electron
beam current reduced the ESCP, increased the effective elec-
tron beam energy and, thus, enhanced ionization of Ar XIV.

By lowering the value from 20 to 0 mA, however, the
short decay times became essentially longer due to increas-
ingly lower quenching and depletion rates �see Fig. 12�. An
interesting phenomenon appeared at low currents. We ob-

FIG. 11. Decay curves obtained by turning down the electron
beam intensity. �a� First series and �b� second series of measure-
ments. Each decay curve was taken for a total acquisition time of
1 h. The slow components obtained with no electron beam current
�zero current, beam turned off� were higher than that obtained with
an electron beam of less than about 5 mA �see text�.
served that the signal measured with a beam current of 10
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and 3 mA �first and second series, respectively� was identical
in its slow component to that obtained when the electron
beam was completely turned off. The slow component, how-
ever, disappeared completely if the beam was turned down to
1 mA. The depletion rate is the product of the electron-
impact ionization cross section, which depends on the elec-
tron beam energy, and the electron beam current. By decreas-
ing the beam current, the electron flux was reduced, but the
beam energy increased and the Ar XIV ionization cross sec-
tion also increased �before reaching its maximum value of
about 2.3 keV�. Because of this interplay between the beam
current and ionization cross section, depletion was expected
to reach its maximal rate around 50 mA. Hence the complete
disappearance of the slow component around 1 mA and its
revival when the electron beam current was turned off is
interpreted as a consequence of Coulomb repulsion of low-
energy trapped electrons by the ESCP of the energetic elec-
trons of the low-current beams.

Moreover, and most importantly, the fact that the slow
components observed when the electron beam was off were
identical to the slow components observed when we turned
down the electron beam to two different low-current values
of 10 and 3 mA suggests that quenching did not affect our
lifetime measurements as much as one could expect �0.3%�.
The intensities of the slow component at zero current ob-
tained for both series were different by a factor of about 3,
despite that the measured zero-current short decay times
were essentially constant within their statistical uncertainties.

A further test was carried out. Figure 12 shows, for the
second series only, a plot of the short decay time as a func-
tion of the beam current when the electron beam was
switched to values lower than 1 mA. This figure shows that
the short decay time increased for beam currents reduced
from 1 mA to 50 �A, as expected �lower depletion and
quenching rates�, and approached for values below 50 �A
the short decay time measured when the electron beam was
off �in agreement with the y-intercept of the seemingly linear

FIG. 12. Short decay times of decay curves taken as the electron
beam current was left to a few �A �closed circles� and turned off
totally �open circle�. In the eventuality that quenching might have
affected our lifetime measurements, these measurements taken as
the electron beam was on indicate, nevertheless, a lower limit of
9.57 ms to the lifetime of the metastable level.
trend�. Although this observation does not absolutely rule out
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quenching, it is nonetheless strongly supporting a lower limit
of about 9.57 ms to the lifetime of the metastable level.

V. EXPERIMENTAL RESULT AND THEORY

A. Experimental result

After consideration of the various systematic effects dis-
cussed above, our final experimental result for the lifetime of
the Ar XIV 2p 2P3/2

o level is 9.573�4�� +12
−5

� �statistical��system-
atic�. This value was obtained from a weighted average of
the measured short decay times of curves taken during vari-
ous acquisition times ranging from 3 to 5 h, for a total ac-
quisition time of about 116 h. The statistical error of
±0.004 ms is the standard error of the mean of these mea-
surements, while the systematic error of −0.005 and
+0.012 ms is due to the dead time of the data acquisition
system and the charge-exchange recombination loss rate,
both added quadratically to set the upper uncertainty limit.
As shown in Table I, where the error contributions are listed,
these are the only significant systematic errors found. The
contribution of the total systematic error to our experimental
result is slightly different from that in our previous publica-
tion �8�, where we did not include the effect of charge-
exchange recombination because it actually could not be di-
rectly measured. However, we include this effect here to
slightly enhance the confidence limit of our final error bar.

B. Theoretical M1 transition probabilities
between fine-structure energy levels

The relativistic probability of a M1 transition from an
initial state i to a final state f can be expressed as �42�

Aif =
64�4

3h

1

�3

Sif

2Ji + 1
, �18�

where h is the Planck constant, c is the speed of light, � is
the wavelength of the transition �in vacuum�, 2Ji+1 is the
multiplicity of the upper energy level, and Sif is the line

TABLE I. Table of error budget.

Systematic effect
Relative
contribution �%�

Dead time �0.06

Charge-exchange losses �0.1

Statistics �0.05

Dump-induced losses 10−2

Electron-ion recombination losses �10−5

Radial ion losses �10−2−10−6

Axial ion losses No

Cascade repopulation No

Line-of-sight escape No

Quenching No
strength of the M1 transition such as
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Sif =
9e2

4

�2

�2��2 ��f�j1�2�r/���r� � � �/r�i��2. �19�

Here � is the vector of the Dirac matrices, and j1 is the
first-order spherical Bessel function. In the nonrelativistic
LS-coupling approximation, the line strength Sif

nr, which ex-
presses the interaction of the electron magnetic moment with
the field, can be written as the reduced matrix element of the
total orbital and spin angular momentum operators, L and S,
respectively, and the electron ge factor �field free theory�, so
that

Sif
nr = �B

2 ��f��L + geS��i��2, �20�

where �B=e� / �2mec� is the Bohr magneton ��=h / �2���.
The nonrelativistic line strength Sif

nr is independent of the
nuclear charge and can be expressed in terms of the quantum
numbers L, S, and J. By taking the Landé electron ge factor
as equal to 2, the line strength of M1 transitions �Jf =Ji−1�
between levels of a given LS term can be determined from
Racah algebra as equal to �43,44�

Sif
nr =

�B
2

4Ji
�L + S + Ji + 1��L + S − Ji + 1�

��Ji + S − L��Ji + L − S� , �21�

and, from Eq. �21�, one can see that the nonrelativistic line
strength of all 2P1/2

o -2P3/2
o transitions is a constant equal to

4/3 �B
2 .

Based on Eq. �18�, a theoretical transition probability is
typically obtained by combining a theoretical transition
wavelength to a theoretical line strength, which are both ob-
tained independently from a self-consistent method. How-
ever, the error in the calculation of the transition probability
introduced by the theoretical transition wavelength can be
eliminated by combining an experimental transition wave-
length to a theoretical transition line strength. By using this
procedure, transition probabilities with an accuracy of less
than 1% can be obtained for mid-Z ions from Eq. �21� be-
cause its relativistic corrections are basically proportional to
powers of �Z�2 and 1/Z. In the leading order, the first rela-
tivistic term, which comes from the one-electron Dirac equa-
tion, is proportional to �Z�2, while the second, which is the
relativistic-interelectronic-interaction correction, is of the or-
der of �Z�2 /Z. In Ref. �2� the probability of the
2P1/2

o -2P3/2
o transition in Ar XIV was calculated using the

configuration-interaction method in the Dirac-Fock-Sturm
basis �CIDFS� combined with perturbation theory in 1/Z.
From this calculation, the one-electron relativistic correction
was derived to decrease the nonrelativistic transition prob-
ability by about 0.22%, while the relativistic-interelectronic-
interaction correction �calculated by CIDFS including the
contribution of the negative-continuum energy states� in-
creased it by about 0.03%. The evaluated frequency-
dependent part of the interelectronic-interaction correction
added a contribution of about 5�10−4%.
052507-
The main QED correction to the line strength is that to the
electron ge factor. According to Landé and Dirac theories, ge
is equal to 2. However, one can add to this value a QED
correction by including the electron anomalous magnetic fac-
tor �e such as

ge = 2�1 + �e� . �22�

Hence the main QED correction to the line strength can be
calculated by adding �e to the nonrelativistic magnetic mo-
ment operator �nr,

�nr → �a
nr = − �B�L + 2�1 + �e�S� , �23�

where �a
nr is the magnetic moment of the bound electron

including its so-called �electron� anomalous magnetic mo-
ment �EAMM�. For M1 transitions between levels of the
same LS term, this QED contribution to the line strength can
be included by simply adding the multiplicative factor
�1+4�e� �see Ref. �2�� to the line strength such that Eq. �18�
can be rewritten as

Aif =
64�4

3h

1

�3 �1 + 4�e�
Sif

2Ji + 1
, �24�

where 4�e ��e� / �2��� accounts for about 0.45% of the
transition probability. This is larger than the relativistic con-
tribution to the line strength of the Ar XIV 2p 2P1/2

o -2P3/2
o

transition and is comparable to the 0.65% QED contribution
to the transition probability caused by the 0.2% QED shift of
the transition wavelength �3�.

C. Comparison to theoretical calculations

Figure 13 compares our experimental result to some re-
cently published theoretical lifetimes for the Ar XIV 2p 2P3/2

o

metastable level obtained using nonrelativistic �C-S �45�,
Breit-Pauli �MCBP �46��, and relativistic �Superstructure
code �SS� �47�, MCDF �48,49�, CIDFS �2�, and RQDO �44��
calculations.

For all these theoretical results, the lifetime of the
metastable level was obtained from the reciprocal of the
2P1/2

o -2P3/2
o transition probability ���1/Aif�, based on Eq.

�18�, by essentially dividing the line strength of the M1 tran-
sition by the cube of the transition wavelength which were

FIG. 13. Theoretical and experimental lifetimes �2,5,44–49�.
both calculated independently. In order to obtain theoretical
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predictions of higher accuracies, we multiplied these theoret-
ical transition probabilities by the cube of their theoretical
transition wavelengths and then divided by the cube of the
experimental transition wavelength �441.2559�1� nm in air
�3� converted to 441.3799�1� nm in vacuum�. The resulting
theoretical lifetimes corrected by the experimental transition
wavelength are also presented in Fig. 13, where one can see
that this correction brings most theoretical �corrected� life-
times within our experimental uncertainty limit. The only
exceptions are those by Krüger and Czyzak �50� and Bhatia
et al. �51� whose published and corrected lifetimes are below
9.35 ms �not shown� and the MCDF predictions by Verhey
et al. �49�, who limited their MC treatment to the Coulomb
complex, only. Figure 14 shows theoretical line strengths de-
duced based on Eq. �18�.

Except for the calculations performed by Froese-Fischer
�MCBP� �46� and us �CIDFS �2��, it should be noted that all
the theoretical predictions, however, neglected the contribu-
tion of the EAMM to the electron ge factor by taking ge=2.
Figure 13 also presents the theoretical lifetimes additionally
corrected to include this EAMM contribution by dividing
these lifetimes by �1+4�e� �see Eq. �24��. This procedure
used to include this contribution agrees with the result ob-
tained by Froese-Fischer �MCBP� �46� and relativistic CI
calculations by Johnson �52� who obtained 9.578 and
9.534 ms without and with the EAMM. This EAMM correc-
tion brings all but Verhey et al. calculations, outside our
uncertainty limit and the narrow scattering of the theoretical
predictions seems to indicate that the lifetime of the meta-
stable level is 9.53�1� ms.

Moreover, in Fig. 13, our measurement is compared to the
latest experiment performed at the LLNL EBIT �5� of
9.70�15� ms, higher than our result by 0.84 standard devia-
tions. It is to mention that the lifetime measurement tech-
nique developed at the LLNL EBIT was cross-checked and
tested for consistency with the Heidelberg TSR storage ring
�53�. Figure 13 does not include the two earlier measure-
ments by Moehs and Church �6� and Serpa et al. �7� who
measured, respectively, 9.12�18� and 8.7�5� ms, lower than

FIG. 14. Theoretical and experimental line strengths
�2,5,44–49�. The line strength of the Ar XIV 2p 2P1/2

o -2P3/2
o transi-

tion that can be inferred from our final lifetime measurement is
1.3322� +9

−18
�, surprisingly in good agreement with the nonrelativistic

line strength of 1.3333 �see Eq. �21��.
our result by 2.5 and 1.7 standard deviations, respectively.
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We cannot explain the discrepancy of our measurement
with the theoretical trend. On the experimental side, one pos-
sible explanation might be unexpected systematic effects in
lifetime measurements of long-lived metastable levels at
EBITs and storage rings or in plasma environments. Re-
cently, Beiersdorfer et al. �54� performed a precision lifetime
measurement of the Al-like Fe XIV 3s23p 2P3/2

o metastable
level with an accuracy level of 0.57% and obtained a lifetime
of 16.74�12� ms, while various calculations indicate
16.60 ms, on average. The most recent theoretical ab initio
calculations yielded 16.61 ms �55�. However, the effect of
the EAMM must also be included to these theoretical values
since the lifetime of this level is affected by the same
EAMM contribution as that of the Ar XIV 2p 2P3/2

o level. This
correction brings down the theoretical trend by about 0.45%
to approximately 16.54 ms, which is in disagreement with
the LLNL measurement. A similar discrepancy is also seen in
the recent lifetime measurement of the 3s23p5 2P1/2

o level in
Cl-like Cu XIII at the TSR storage ring performed with an
accuracy level of 0.2% �56�. Träbert et al. measured
2.390�5� ms in perfect agreement with three theoretical pre-
dictions of 2.39 ms, which do not include the EAMM. Add-
ing this contribution to the theoretical results reduces the
lifetime to 2.379 ms.

D. Influence of the magnetic field

The EBIT 8-T magnetic field might have modified the
lifetime of the metastable level and this could explain the
disagreement of our measurement with the theoretical pre-
dictions. Due to the Zeeman effect, the magnetic field re-
moved the degeneracy of the mJ states of the ground and
metastable levels and split them into sublevels of energies
Ei�B=0�+gi�BmJB, where Ei�B=0� is the energy of the un-
perturbed ground or metastable levels i, gi is the electron
gyromagnetic ratio of a level i, and B is the magnetic field
flux density. As a consequence, the energy levels were no
longer defined by their total angular quantum numbers J �not
conserved�, but by the magnetic quantum numbers mJ.
Hence, in a configuration-interaction framework, the energy
of a given mJ state is then a function of all adjacent mJ states.

In the magnetic field, the 2P3/2
o level was split into four

states �mJ�=1/2, 3 /2, while the 2P1/2
o ground level was split

into two �mJ�=1/2 states. The �mJ�=1/2 states of the 2P3/2
o

level were slightly perturbed by those of the ground level
while the �mJ�=3/2 states remained basically unperturbed
because the most adjacent �mJ�=3/2 states �configuration
2p3� were about 100 eV far above the 2P3/2

o level. Our con-
figuration interaction Dirac-Fock Sturm calculations have
shown that the changes in the line strengths induced by the
8-T magnetic field were too weak to be observed. For in-
stance, the line strengths of the �mJ�=3/2→ �mJ�=1/2 and
�mJ�=1/2→ �mJ�=1/2 transitions were modified by about
0.04% and 0.01%, respectively.

Additionally, the lifetimes of the states of the 2P3/2
o level

were also perturbed by the magnetic field because of the
dependence of transition probabilities on transition wave-
lengths �see Eq. �18��. Our calculations have shown, how-

ever, that while the lifetimes of the mJ=−3/2 and
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mJ= +3/2 states were increased and decreased, respectively,
by about 0.13% �the center of gravity keeping a value of
9.538 ms�, those of the mJ=−1/2 and mJ= +1/2 states were
altered by less than 0.006%.

Therefore the effect of the magnetic field does not explain
the discrepancy of our experimental value with the theoreti-
cal trend even if we take into account the position of maxi-
mum efficiency of our interference filter, which did not ex-
actly match the transition wavelength under observation
�442 nm against 441.25 nm�. The variation of the lifetime
introduced by this effect is negligible.

VI. CONCLUSION

We presented details of a lifetime measurement of the
Ar XIV 1s22s22p 2P3/2

o metastable level performed at the
Heidelberg EBIT �8�. The lifetime was determined to be
9.573�4�� +12

−5
��stat��syst� ms. Our experimental result is in

disagreement with a trend of theoretical predictions of
9.53�1� ms, which were appropriately corrected for the ex-
perimental 2p 2P1/2

o -2P3/2
o transition wavelength and also for

the contribution EAMM. We found other experimental life-
time measurements with an accuracy higher than 0.5% also
in disagreement with theoretical results when the EAMM
contribution is included. We discussed in detail various sys-
tematic effects which might have influenced our lifetime
measurements, for instance, an unexpected slowly decaying
�10� P. Beiersdorfer, B. Beck, S. Elliott, and L. Schweikhard, Rapid

052507-
component. We investigated the origin and influence of this
component and found that the measured short decay times
appeared to be independent of its intensity and decay time.
Among all the systematic effects presented here, the two
most likely ones which tend to increase the measured life-
time are �1� the dead time of the DAQS and �2� cascade
repopulation �radiative trapping can also lead to longer life-
time measurements �57�, however, this effect is negligible for
the lifetime under investigation�. Our analyses seem to indi-
cate that these effects are still too small in comparison to the
size of the discrepancy.

Finally, we performed very recently a third series of life-
time measurements of the Ar XIV 2p 2P3/2

o level by raising
the drift tube trapping potential to high voltages at the same
time as the electron beam was turned off. This procedure was
used in order to perform our measurements on cold ions,
only. We essentially obtained the same lifetime and the back-
ground still showed a slow decaying component. This tech-
nique was also used to measure the lifetime of the Fe XIV

3s22p2P3/2
o level. Again, we essentially obtained the same

result as Beiersdorfer et al. �54� result.
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