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Experimental transition probabilities of intercombination transitions in Mg-like and Al-like
ions of bromine
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Time-resolved extreme ultraviolet spectra of foil-excited 120-MeV Br ions have been recorded, using a
spectrometer equipped with a position-sensitive detector. The spectra near A, =20—30 nm were mea-
sured at times after excitation of up to 6 ns. Prominent in the delayed spectra were the long-lived decays
of the intercombination transitions in the Mg-like Br + and Al-like Br + ions. The present paper re-

ports on lifetime measurements for intercombination transitions in highly charged bromine ions using
such a position-sensitive detector.

PACS number(s): 34.50.Fa, 32.30.Jc, 32.70.Fw

I. INTRODUCTION II. EXPERIMENT

Intercombination transitions in few-electron ions or in
ions with few electrons outside closed shells have been
studied in several atomic systems; summaries of such
studies and their applications can be found in Refs.
[1—3]. Beam-foil spectroscopy is presently the only
method which allows measurements of the lifetimes of
long-lived levels in highly charged ions [4]. In order to
facilitate a comparison of experimental and theoretical
results, most studies have concentrated on systems with
few electrons outside closed shells. For the Mg I isoelec-
tronic sequence, the experimental data are satisfactory up
to Z =30 (Zn) [2,5] in comparison with theoretical results
and from the consistency between intermediate-coupling
amplitudes obtained independently from spectroscopic
and from lifetime data [6—8]. The database for the Al se-
quence is much poorer [2], there being fewer experimen-
tal lifetime data, and none for the longest-lived com-
ponent of the lowest quartet term, 3s3p P3/p In the Si.I
sequence, such intermediate-Z measurements might also
check the expected result [9] that, with increasing Z, the
intercombination multiplet 3s 3p P —3s3p S will be
quenched in favor of the 3s 3p3d level decays.

The production of higher ionic charges along an
isoelectronic sequence using the ion-foil interaction re-
quires higher ion beam energies to reach such charge
states. The beam currents (and hence the expected signal
rates) are likely to be less than those of lower-energy
machines [2,10,11], encouraging the application of mul-
tichannel detectors [12—18]. The present paper reports
on intercombination transitions in highly charged ions.

The experiment was performed at Argonne National
Laboratory using the ATLAS accelerator facility. A
beam of 120-MeV Br ions of 3—6 particle nA of current
was directed through thin (2 —10 pg/cm ) carbon foils.
The energy loss in these foils amounts to less than 2%
[19]and thus is a minor correction for the present experi-
ment. The ion energy chosen is close to optimum for the
production of ions in the Mg-like charge state; the ex-
pected charge state distribution after passage through a
sufficiently thick foil [20] also contains a major fraction
of Al- and Na-like ions and a minor fraction of Si-like
ions. For the 2 pg/cm foil thickness, however, charge
state equilibrium would not yet be reached [21].

The extreme ultraviolet radiation emitted by the foil-
excited bromine ions was dispersed by a 600-1/mm ruled
grating in a 2.2-m grazing-incidence spectrometer set at
an angle of incidence of 84'. The detector consisted of a
25-mm microchannel plate with a resistive-anode position
readout. The angle between the detector normal and the
optic axis was about 60', optimizing the detection
efficiency. At each spectrometer setting, the width of the
detector corresponded to a wavelength interval of about
10 nm. The signal was normalized to the beam charge
collected in a Faraday cup.

III. RESULTS AND DISCUSSION

Spectra, with the foil positioned inside the field of view
of the detection system, were recorded over the range
A, =14—55 nm. A few known transitions within the n =3
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shells of the bromine ions with 11—14 electrons served to
wavelength calibrate the spectra [22—26]. Hydrogenic
transitions (n =6~7, 7~8, 8~9) in Ne-, Na-, Mg-, and
Al-like bromine were identified in the wavelength range
18—53 nm in the prompt spectra. The measured wave-
lengths of the dominant peaks of these transition com-
plexes are all blueshifted (i.e., to shorter wavelengths)
with respect to the Dirac values of the equivalent one-
electron hydrogenic transitions. These wavelength shifts
are consistent with the predicted wavelength corrections
from a polarization model approximation for non-
penetrating high angular momentum Rydberg states. In
addition, the spectra show some complicated structures
associated with the Mg- and Al-like hydrogenic transi-
tions resulting from the larger atomic core polarizabilities
for these multivalence electron systems. However, the
wavelength precision in the present measurements and
the complexity of the prompt spectra precluded an accu-
rate test of the predicted polarization corrections. The
relative intensities of the observed hydrogenic transitions
qualitatively confirmed the expected charge state distri-
bution.

Before and after the run the detection system was also
calibrated with a neon gas discharge source. This spec-
trum provides the wavelength calibration curve of the
detector (at each spectrometer setting) and permits the
interpolation of the wavelengths between in-beam cali-
bration lines. Overlapping spectra helped in accounting
for the nonuniformity of the efficiency across the detec-
tor, and this was taken into account in the interpretation
of the spectral features observed. The wavelength cali-
bration precision based on in-beam reference lines is
+0.03 nm for resolved lines in the center part of each in-
dividual spectrum where the nonlinearities of the detec-
tor are smallest. The precision is limited by the lack of
identified neon lines below 30 nm. For weak lines not
covered by the center of the plate, the uncertainties are
substantially larger.

In order to record delayed spectra or decay curves, the
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foil could be displaced from the field of view of the detec-
tion system by up to about 10 cm, which corresponds to a
Aight time of 6 ns at our ion energy. This is equivalent to
about three decay lengths for most of the long-lived levels
studied here. In the spectral range of interest for the in-
tercombination transitions, A, =20—30 nm, 11—15 spectra
at different foil positions were recorded at each of several
detector positions resulting in overlapping spectra (Fig.
1). At each detector position the sequence of the
predetermined foil positions was repeated a number of
times and the spectra for a given foil position were
summed. This fairly fast cyclic mode helped to reduce
possible effects of foil deterioration on each data sample.

In the wavelength region of interest, five strong lines
with notable intensities away from the foil were observed
(for a sample spectrum, see Fig. 2). These were the
3s S&/z —3p P'&/p 3/p resonance lines in the Na-like ion
Br + (at A, =22. 9228 nm and 18.9621 nm, respectively
[22]), the intercombination lines 3s 'So —3s3p P'& in the
Mg-like ion Br + (X=25. 374 nm [27]), the
3s 3p P 3/p 3s3p P~/z line in the Al-like ion Br
(A, =26.035 nm [28]) and a line near 20.6 nm which is as-

signed to the 3s 3p P'3/p 3s 3p D~/z transition in
Br +. The first four of these lines also provide con-
venient wavelength references in the delayed spectra.
The search for the weaker lines of the intercombination
transition multiplets in the Al- and Si-like ions took ad-
vantage of the recording technique: The delayed spectra
were summed to provide better statistical precision than
that of each individual spectrum. For the decay curves, a
given line in each individual spectrum was integrated
over the full linewidth and the decay curve was con-
structed from the full integrated signal at each foil posi-
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FIG. 1. Three-dimensional plot of spectra of bromine ions
recorded at various foil positions. The presence of the decays of
many short-lived levels in the spectra recorded close to the foil
is evident; at longer times after excitation the few remaining
lines are from the decays of long-lived intercombination transi-
tions.
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FIG. 2. Sample spectrum. (a} Sum of the spectra recorded
near the foil, (b) sum of the spectra recorded away from the foil.
The latter enhances the lines associated with decays of long-
lived levels.
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tion.
The decay curves were analyzed by least-squares fits to

multiexponential functions plus a constant background
attributed to detector dark counts and ion-beam-related
background. This (low) background rate was directly
measured with the foil positioned downbeam of the field
of view of the detection system. For short-lived com-
ponents, the shape of the detection window (field of view
plus other corrections [29]) was introduced into the
fitting procedure in order to reduce some of the ambigui-
ties of multiexponential fitting and to fully exploit the
time resolution available. The spectra recorded near the
foil show a strong, nonuniform background. This back-
ground may consist of secondary-electron bremsstrah-
lung as well as radiation from the decays of short-lived,
core-excited levels, possibly in various higher di6'raction
orders. The long-lived transitions can be clearly dis-
tinguished from these short-lived contaminants.

All decay curves suff'ered from blends with decays from
short-lived levels. It was nevertheless straightforward to
approximate the delayed components of the decay curves
by one or two exponentials. Despite recent progress on
the systematics of the dependences of the level population
on the principal and angular momentum quantum num-
bers n and I (see [30,31]), the precision achievable by
modeling these cascades in our system remains limited.
At the present signal level and length of decay curves ob-
served, slow yrast cascades (from levels of maximum I for
a given value of n) can be taken into account by one slow
exponential component (representing the manifold of
slow cascades from very-high-lying hydrogenic levels)
[32]; however, there are no criteria for an optimum
choice of such a component, contributing to a small un-
certainty in the evaluation. In the present case, where
most of the lifetimes of interest are close to 2 ns, the
starting value of the slow component was set in the range
4—8 ns. The upper limit is determined by the minimum
signal which can be separated from a constant (beam-
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related plus detector dark count) background. In princi-
ple, a realistic background can be obtained from decay
curves of the signal between spectral lines. However, be-
cause of the high, unresolved spectral density of lines
near the foil, only the background level in the delayed
spectra can be used in this manner. This is compatible
with the assumption of a fiat (constant) background. The
results of our fits to the data are given in Table I. Figures
3, 4, and 5 show our lifetime results with the systematic
trends for these intercombination transitions in the Mg I,
Al I, and Si I: isoelectronic sequences, respectively. Refer-
ences to work on other ions are found in Ref. [2].

Table I includes the longest-lived 3s3p Pz level in
Al-like ions, J=—,. The identification of this transition
results from the clear signature of the shape of the decay

FICs. 3. Mg i sequence: Scaled line strength S as a function
of nuclear charge (or atomic number). The quantity (S/10 g )

is displayed, where g is the ionic core charge. The
multiconfiguration relativistic random-phase approximation
(MCRRPA) calculation extending to the Br ion is by Huang
and Johnson [34], the low-Z theory by Laughlin and Victor [35]
is based on a model-potential calculation. For discussions of
theory and the result of a configuration-interaction calculation
for Z = 14 see also Refs. [38,39].

TABLE I. %'avelength and lifetime results.

Wavelength (nm) Lifetime (ns)

Ion

23+

24+

B 24+

B 22+

24+

23+

22+

B 22+

B 21+

B 21+

22+

Transition

3s 'So —3s 3p 'P'I

p P 3/2 3d Ds/
3s S&/2 —3p 'P'3/2
3s 2p P 3/2 3s3p''Ds/2
3s sl/2-3p 'P 1/2

3s 'So —3s 3p P
&

3s 2p P'&/2 —3s3p P&/2
3s 3p P 3/2 3s3p Ps/2
3s 3p p I

—3s 3p

3s 3p P2 —3s3p 'S
2

3s 3p p 3/2 3s3p p3/2

Experiment [Ref.]

16.6805 [23]
16.6772 [23]
18.9622 [22]

20.58+0.03'
22.9223 [22]

25.3710 [23]
25.56+0.03'
26.01+0.03'
26.49+0.05'

26.457 [33]
28.47+0.1'

28.286 [33]
28.74+0.15'

28.485 [28]

Theory [Ref.]

16.535 [23]

18.9625 [49]
20.45 [36]
22.9227 [47]

25.304 [23]
25.564 [36]
26.047 [36]
26.630 [37]

28.576 [37]

28.556 [36]

Experiment'

0.053+0.03
same (blend)

0.10+0.03
0.235+0.02
0.11+003
0.12+0.03
1.86+0.15

1.9+0.2
2.05+0.10

3+1

12+5

Theory [Ref.]

0.02 [47]
0.038 [48]
0.058 [48]
0.27 [36]
0.091 [48]

1.80 [34]
1.71 [36]
2.05 [36]

2.92 [37]

12.5 [36]

'This work
Fit with two exponential components
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FIG. 5. Si t sequence: Lifetime [scaled as r(Z —10)' s '] of
the 3s3p' 'S'2 level. The only calculation for Br '+ is by Huang
[37]. For references to calculations and experimental data at
lower Z see Refs. [2] and Refs. [44—46] (calculations for P, S,
and V). The result for P+ is from Calamai, Han, and Parkinson
[42], who used an ion trap. All other experimental data are
from beam-foil measurements.

FIG. 4. Al I sequence: Scaled lifetime ~ of the PJ levels as a
function of atomic number, Z. Theoretical values are taken
from Refs. [40,41]. The vertical axis displays the quantity
[r(Z —10) s ']. The experimental data for the Br ion are from
this work. Very recent work on Si+ has been done by Calamai
et al. [43] using an ion trap; these authors also discuss calcula-
tions done for very-low-charge-state ions.

curve. The maximum foil displacement, however, corre-
sponds to only about half the predicted length of this de-
cay. At the observed signal level, this permitted the ex-
traction of a lifetime value accurate to only approximate-
ly 40%. This particular decay will be more readily acces-
sible in heavier ions, because of the favorable scaling of
the transition probability with Z, and because of the scal-
ing of the lifetime with the ion-beam velocity necessary to
produce the proper ionization stage.

The observations of the intercombination lines in the
n =3 shell of the Al- and Si-like ions confirm predictions
of their wavelengths based on indirect evidence and on

interpolations of isoelectronic trends. The present life-
time measurements agree with the predictions obtained
by atomic structure programs based on the
multiconfiguration relativistic random-phase approxima-
tion (MCRRPA) or multiconfiguration Dirac-Fock
(MCDF) schemes (see Fig. 3). The present data represent
a considerable extension of the previously available life-
time results towards higher nuclear charges.
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