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We have used the beam-foil technique to study the spectra of Fe xvi to Fe xx ions in the far vacuum ultraviolet
range and to measure the mean lives of the upper levels of the 3s-3p and 3p-3d transitions in sodiumlike Fe xvi, the
2s%2p°?P%,,—252p® S, resonance transition in F-like Fe xviu, and the 25?2p* *P,-252p° *P%, resonance transition
in O-like Fe xix. Deduced oscillator strengths are in good agreement with relativistic calculations. Tentative

identifications are proposed for neonlike Fe xvi1.

I. INTRODUCTION

The development of high-temperature plasmas
for fusion gave rise to a considerable interest
in the spectroscopy of highly ionized atoms. The
data needs are particularly important for the
transitions between low-lying states which involve
no change in principal quantum number (an =0).
Among elements, iron is favored because stain-
less steel as a material for tokamak’s walls is
responsible for highly ionized impurities largely
contributing to radiative energy losses. Results
on multicharged Fe can also aid in the interpre-
tation of astrophysical observations. Really the
first laboratory studies of the spectra of Fe XVI
to Fe XXIV have become most intensive following
observation of the lines in the spectra of solar
flares.

Very few beam-foil studies exist for interme-
diate! and very high? stages of ionization of iron.
Highly charged iron spectra have only been sur-
veyed at Tandem Van de Graaff energies by Bash-
kin et al.® with a poor counting rate and a wave-
length resolution insufficient to allow unambiguous
identifications and any lifetime measurement. For
these reasons we have chosen to study the beam-
foil spectra of iron at ~1 MeV/A in the far va-
cuum ultraviolet range with the good spectral
and spatial resolution allowed by the relatively
high-beam currents of a heavy-ion linear acceler-
ator. Spectra of Fe XVI to Fe XX have been iden-
tified and lifetimes and oscillator strengths have
been measured especially in the sodiumlike
Fe XVI with a simple structure but withan uhusually
difficult experimental situation and for resonance
transitions in higher stages of ionization where
relativistic corrections may be of interest.

IO. SPECTROSCOPY
Fe®* beams are produced at 1.16 MeV/nucleon
energy by the linear injector of the Orsay hybrid
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heavy-ion accelerator ALICE. Currents for the
8-mm diameter beam were of the order of 5x 10"
particles/sec. After stripping, through a 20
pg/cm? carbon foil, the charges present in the
beam are mainly 14+ to 19+ (Fig. 1). This charge
distribution is reflected by the relative intensities
of the Fe XV to Fe XX 4-5 transitions as observed
between 103 and 180 A (Fig. 2). Light from a
beam length of 0.5 mm is viewed through a 50
pm-wide slit of a 2-m Hilger grazing incidence
spectrometer equipped with a Bendix S3029 X chan-
neltron detector. With a spectral resolution of
0.5 f&, the hydrogenic 4-5 lines are only resolved
for the single valence electron ion Fe XVI. The
peaks 4-5 and 5-6 observed in Fe XVII to Fe XX
are broadened to more than 1.2 A. In spite of the
uncertainties in the calculated wavelengths ob-
tained by applying the polarization formula of
Edlen* (uncertainties due to the spread of published
polarizability values),>” the identification of these
lines is quite definite. The width of the 4-5 and
5-6 Fe XVII-Fe XX is due to the proximity of the
different (n,! -=n+1, 1+1) lines for higher charges
and the blending of the different terms.

Beam-foil spectra were more accurately re-
corded between 90 and 150 A (Fig. 2), in the wave-
length range of the inner-shell transitions 2s22p*-
2s2p**! in Fe XVIIl, XIX, and XX (¢=5, 4, and 3)
of astrophysical importance (solar flares)*® and
in the vicinity of the low-lying multiplets 3p-3d
and 3s -3p of sodiumlike Fe XVI, around 260 and
350 f&, respectively (Fig. 3). To reduce the back-
ground in the short-wavelength part of the spec-
trum, the stray electrons were biased out by an
additional electron suppressor plate.

To be free from Doppler-shifts correction, the
wavelengths of observed peaks have been mea-
sured by reference to known lines in Fe XVI-Fe XX
(Refs. 10 and 11). Blended peaks were decon-
voluted by a Gaussian profile program. We be-
lieve the accuracy of our wavelengths to be about
0.1 A for strong pure lines and 0.2 A for weak
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A N . FIG. 3. Portions of a far ultraviolet spectral scan
L W un of a 65-MeV foil-excited iron ion beam. Components
IONIC CHARGE STATE of 3s-3p and 3p-3d multiplets are well resolved and
FIG. 1. Charge state distribution of a 1.16 MeV/A free of any blending. Heavy typed bars point out peaks
iron beam after transmission through a thin carbon foil. tentatively identified to Fe xviilines in Table I

or blended lines. Results of beam-foil spectra are
in good agreement with the spectra from spark

20t2p00p - BazpSle source and laser induced plasma of Doschek et

o emila al.’? in Fe XVIII to Fe XX and Kononov et al.'® in
T 7 Fe XX.

400l Fo XVIH Fo XX Measured intensities of the strong-multiplet
"ITM;XS 202p515-2e2p' ¢ components in Fe XVIII and Fe XIX are approxi-
mately distributed as calculated in LS coupling
and as given by Fawcett'* in intermediate cou-
pling (to ~15%).

More tentative is the identification of neonlike
Fe XVII lines which have to be present in these
spectra: The chai-ge 16* is the most probable
one at the Linac energy and the 2s22p°31-31’,
2s2p%31-31', and 2s22p°37-2s2p®3] transitions
of Fe XVII cover the recorded wavelength ranges.
Recently Bogdanovich et al.'® computed the ener-
gies of 2s22p°3] and 2s2p®3] configurations in the
I ' neon isoelectronic series by two methods: First,
MJ in the Hartree-Fock approximation and second,
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according to the first-order perturbation theory
(PT) with relativistic corrections via the Breit
operator. There are large discrepancies between
) " "o ! ° - wo e N %0 Ay the two methods and with the previous calculation

s o 2 3% cuanmer of Loulergue and Nussbaumer.'® However, a
comparison with experimentally known lines shows

FIG. 2. Spectrum of foil-excited iron beam at 65 MeV

between the wavelengths\90 and 160 A. The linewidth a better agreement with the Bogdanovich PT com-
is less than 0.5 A full width at half maximum (FWHM). putations of energies. Calculated transition pro-
Heavy typed bars point out peaks tentatively identified to babilities of Loulergue!® and Crance'” were used

Fe xvir lines in Table 1. to select presumably stronger lines. Within these
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TABLE 1. Tentative identifications in Ne-like Fe xvii.

Expt. wavelength Theor.? wavelength
(R) (A) T ransitions
90.3 90.56 2522p53d 3F-252p%3d 3D,
90.64 33 - 3 %P,
92.4 92.40 3 3Dy~ 3 %P,
96.1 96.07 3p1D,- 3p 3P,
102.8 102.79 3p'p, - 3 %P,
102.40 3d3F,- 3d°D,
115.0 114.80 3d°D,- 3d'D,
129.3 129.04 3d3F;- 3d'D,
206.6 206.85 2522p53p °D,-2522p53d °F,
243.9 243.97 3p 38, - 3d3F,
244.8 244.81 33D, - 3d 3D,
248.5 248.69 3s3p,- 3p°P,
249.3 , 249.44 3s%P,- 3 P
254.0 252.09° 3sip, - 3's,
259.7 259.44 2528 3 %P -252p%3d 3D,
260.3 260.33 25229535 3P, -25%2p53p 3P,
269.6 270.33 25208 3p °P,-252p%3d °D,
340.5 340.85 2522 53s3P -25%2p%3 1D,
358.1 357.86 PP~ 3d°F,

2 Bogdanovich et al., Ref. 15.

bJoulergue, in Ref. 16, gives the value 255.03 A for this highly probable transition. With
the experimental energy for the lower state and the PT energy for the upper state the wave-

length becomes 254.46 A.

assumptions all the theoretically strong transi-
tions 2s3p-2p3p and 2s 3d-2p3d have been observed
if not blended, and peaks observed in our partial
spectra around 250 and 350 A can be identified
with strong transitions 2p°3p-2p53d, 2p53s -2p53p,
or 2s2p®3p-3d of Fe XVII (Table I).

A few lines of the short wavelength portion of
the spectrum remain unidentified. The strongest
one we observe at 128.65 A had also been found
with a great intensity at 128.74 A in solar-flare
emission.® The assignment of this line and of
weaker lines observed at 142.8 and 121.25 A to
the (2s22p?-2s2p%)3P,-*D}, 3P,-*D3, and *P,-°P}
transitions in Fe xxI (Ref. 13) is quite uncertain
because the fraction of Fe?** ion is very small
in the beam at that energy (Fig. 1).

IOI. LIFETIMES AND OSCILLATOR STRENGTHS

The radiative lifetimes of all the levels in the
n =3 manifold of Fe XvI, of the 2s2p®2S, ;, level
in FexXvim, and of the 2s2p33P, level in Fe XIX

were measured by using the beam-foil time -of -
flight method. The acceptance angle of the mono-
chromator defines a beam source length of 0.5 mm
(time window 30 psec). Intensity decays were
normalized to a fixed ion beam charge collected

in a Faraday cup. The relative energy loss in the
carbon foil was about 1% so that the postfoil ion
velocity was 15 mm/ns, defined to better than

1%.

A. Oscillator strengths of the 3s-3p and 3p-3d
transitions in sodiumlike Fe XvI1

The partial energy level scheme of Fe!s* (Fig. 4)
shows the an =0, n=3 transitions and a number
of cascades from higher “yrast” levels. Although
the 3p lifetimes are two or three orders of magni-
tude longer than their close-lying cascades, the
recorded decay curves show long tails (Figs. 4 and
5). These slow decays are mainly due to repopula-
tion of n =3 levels by the high I (I =n —1) states
with »>10 cascading to 3d via the intermediate
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FIG. 4. Partial energy level diagram showing in-shell
transitions within the » =3 manifold of Fe'** and the
yrast cascades included in the computer simulated decay
curves of Figs. 5 and 6. The boxed numbers are the
hydrogenic values for level lifetimes (psec).

yrast unbranched chain. We are in the unusually
difficult experimental situation of the Az =0 transi-
tions in Na I (Ref. 18) and Cu1 (Ref. 19) isoelec-
tronic sequences.

We first analyzed the decay curves by the usual
multiexponential fitting technique. As this ap-
proach may be inadequate here, we completed the
data analysis by two other independent methods.
The 3p?2P,,, transition to the ground state was
studied by a derivative method using both the
3s -3p and 3p-3d decays. Assuming that the whole
cascade repopulation of 3p levels comes via the
3d levels, the lifetime

_ kI 4(t) = I,,(1)
39 d
Z’ Isp(t)
is obtained as a function of the unknown normali-
zation parameter k. I;,(f) and I (t) are the ob-
served intensities of the light emitted by the
3s -3p and 3p-3d transitions and k =&'/7,, where
" k' is a calibration factor taking the spectral ef-
ficiency of the optical device into account. By
varying k, it is possible to get with a good ap-
proximation, a constant value for 7,, which is the

real value for the 3p level lifetime. An important
advantage of the technique is the cancellation of the
backgrounds.

In order to gain a better understanding of cas-
cade effects we undertook a study of their im-
portance by way of a computer simulation of beam-
foil decay curves. To perform such a simulation
we used theoretical values for the transition pro-
babilities along the yrast chain and two different
models for the relative initial populations of the
cascades states with respect to the primary le-
vels. The higher -lying level lifetimes very well
approach the hydrogenic values [divided by
(Z -10)%]. 1t is already true for 4f as shown by
the comparison with the result obtained from a
Coulomb approximation.?° Figure 4 gives the
theoretical lifetime values used in the simula-
tions. The most critical piece of data is the life-
time for the primary level (3p or 3d) and the
choice for the initial populations. The level dis-
tribution after beam-foil excitation is not well
known, especially for heavy ions. The population
model (2 +1)n™* was applied for #=2 and 3. A
rectangular instrumental resolution function 30
psec wide was convoluted with the theoretical de-
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FIG. 5. Spatial decay-in-flight curve for the 3d2Dj,,

state in Fe XVI. Experimental data are represented by
full points and computer simulations by a full line for
the population distribution (21+1)n~? and by a dashed
line for the population distribution (2Z+1)n-3. A rec-
tangular instrumental resolution 0.5 mm wide (30 psec)
has been convoluted with the theoretical decay.
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FIG. 6. Same as in Fig.

cay curves. The (21 +1)n"2 population model
achieves a good fit with plausible lifetimes for
n=3 levels, far superior to the (2! +1)»n"% model
(Figs. 5 and 6). Such a result has been recently

5 except upper state 3p2P;y,,.

found in the intensity decay for the foil excited
4P, , state in copperlike Kr VII (Ref. 21) but, at
the present time, only a few cases have been
analyzed with such a procedure and the situation

TABLE II. Mean lives and oscillator strengths in sodiumlike Fe xvi. The bracketed numbers
are the lifetime values for cascading 3d levels as issued from the exponential-fit program.

Mean life (psec)

Oscillator strength

Wavelength Theory Theory
A) Transition This expt. d  This expt. Lined Multiplet
251.1  3p?PP,-3d°Dy;, 55+4%66.8° 54.4  <0.344* 0.293
<0.283°
0.2829;0.264°%;0.288f
263.0  3p2PY,-3d;, 62+5%;82.8° 61.9 0.251%  0.251
0.188°
335.4 3528, /,-3p Py, 125+10° 124.4 0.270*  0.271
1286 (68)° 0.263
0.244¢
0.395%0.370%;0.370F;
0.3598
360.8 3s2S, /-3 %PYy, 155+10? 157.4 0.126% 0.124
157+10 0.124°

2 From the simulation procedure.
bThe three exponential~fit program.
€The derivative method.

dweiss, Ref. 22.

€ Laughlin, Ref. 23.

fBiemont, Ref. 24.

g Froese Fisher, Ref. 25.
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regarding the appropriate population model to be
used is not clear.

Results for lifetimes obtained by the different
methods of analysis are given in Table II, to-
gether with deduced oscillator strengths and com-
parison with theoretical values. The error bars
given in Table II are based on the standard de-
viation for each separate decay curve fit. Our
results for the 3p lifetimes are consistent with-
in +5% whatever the methods used to analyze the
experimental decays. However, the data for the
3d levels clearly demonstrate the inadequacy of
the usual multiexponential fitting technique for
analyzing these levels strongly repopulated by
yrast cascades, and the necessity to take a de-
tailed account of the cascade scheme. The most
important individual cascade curves for modifying
the “linear” region, where the primary lifetime
is usually determined, are the first ones with low
n, n<8 for 3d and n <10 for 3p. As the intensity
of the 3d-3p and 3p-3s lines have been observed
only along six or seven e-folding decay lengths
of the primary level, it is sufficient to enter cas-
cades from n <15 yrast levels in the calculation
program to simulate the whole experimental curves.

It can be seen from the Table II that good agree -
ment exists between the present measured values
of the lifetimes and oscillator strengths and the
theoretical Hartree Fock (HF) calculations, es-
pecially those which include relativistic correc-
tions, either directly as in Weiss,?? or indirectly
by using observed transition frequencies (more
sensitive to relativistic effects than the transition
matrix elements) as in Laughlin.??

Along the isoelectronic sequence 3p-3d, the
measured oscillator strengths of elements ligh-
ter than argon (Ref. 26) are inferior to the theore-
tical values. In the same way, the experimental

woodt-
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FIG. 7. Decay curve of the 25?2p52P;;, —252p°2S,
transition of Fe Xvii, after subtraction of background.
The semilog plot is seen to be linear for ~70 psec which
is equivalent to approximately six decay lengths.

lifetimes of Pegg et al.?” for Ni XvVIll 3d%D,,, and
CuXIKX 3d2D,,, (after correction for the branching
ratio) are 15 to 20% longer than the theories pre-
dict. The analyzing procedure used was always

a multiexponential fit. Experimental lifetimes of
3p 2P levels are more consistent with all theories.

TABLE III. Mean lives in Fe XVII and Fe XVI,

Wavelength Mean life (psec)
(A) Transition This expt. Theory
Fe Xvill
93.9 2522p%2PY,-252052S, 12.2+£0.8  8.0%10.1%10.8%13.0°
Fe xix
108.4 2s%2p43P,-252p% 3P} 23.5+2.0  17.8%22.5522.7%

29.4%22.1%;20.88

3 Smith and Wiese, Ref. 30..
bSafronova et al., Ref. 28.
¢Ssafronova et al., Ref. 29.

d Sinanoglu, Ref. 27, from f values and experimental wavelengths.
€ From theoretical transition probabilities of Sinanoglu, Ref. 27.
f Doschek et al., Ref.12, from gf(*P,-°P,) and LS coupling.

8 Fawcett, Ref. 14, from gf(°P,-°P,) and (°P;-°P,).
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B. Mean life measurement of Fe XVIII 2s2p6 2S and
Fe XIX 252p5 3P,

The studied transitions are the strongest ones
we observed between n =2 levels in F- and O-like
iron ions. The lifetimes of these levels are
shorter than the detection window determined
in the whole experiment by the fixed slit width
of the monochromator. This wide window is re-
latively advantageous for long-lived decay com-
ponents and tends to rub out the fast decays.

In spite of this enhancement of the apparent
replenishment ratio from long cascades, the de-
cay curve of Fe XVIII 2s2p%2S, , is almost rigor-
ously mono-exponential along the 1.1-mm ob-
servation path (~6 mean lives). That means that
the cascades on this level are very weak. In fact
there are no levels within L shell allowed to tran-
sit to the 2s2p%2S. Furthermore no 2s2p °nl (n=>3)
are experimentally known in the energy diagram.’
In the error bar of the experimental 2s2p°2S mean
life (Table III) statistical uncertainties associated
with the decay curve fitting process, mainly by
assuming cascades or not, are included in ad-
dition to 1% systematic uncertainties on the beam
velocity and the beam-charge normalization (Fig.
7).

The Fe XIX 2s2p°3P, decay is more difficult
to analyze because the deduced mean life is very
sensitive to the background and cascade correc-

tions. The mean life (Table III) is obtained from
the experimental curves assuming that the long
tails are only due to the background without any
cascade. The quoted error bar is associated to
uncertainties in this hypothesis. Another fit is
possible with comparable mathematic confidence
assuming very heavy cascades. It leads to a mean
life shortened by about 25%. We rejected this

last analysis as physically very improbable.

The experimental mean life of Fe XVIII 2s2p¢2S
would be in agreement with the non-closed-shell
many electron theory (NCMET) calculation of
Sinanoglu.?®* However, it is about 15% higher
than the NCMET value corrected by experimen-
tal wavelength, and the Safronova’s many-body
perturbation calculation.?®

Our determination of the Fe XIX 2s2p°3P} agrees
with the Safranova’s Z-expansion calculation,®®
which includes relativistic effects, and with the
gf value of Doscheck. To be consistent with our
experimental result the nonrelativistic NCMET
transition probability of Sinanoglu?® has to be
corrected for relativistic energies by using ex-
perimental wavelengths. The 15% difference be-
tween our results and Fawcett’s gf values'? is
consistent with the claimed accuracy of his data
in intermediate coupling using ab initio calcula-
tion of Cowan and empirically derived values.
Older f values presented by Smith and Wiese3!
are evidently too high for both electronic se-
quences.
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