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Observation of 2p3d(1P°) — 1s3d(1 D°) Radiative Transition in He-like Si, S, and CI Ions
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We present an experimental determination of the 2p3d(!P°) — 1s3d(!D¢) x-ray line emitted from
He-like Si, S, and Cl projectile ions, excited in collisions with thin carbon foils, using a high-resolution
bent-crystal spectrometer. A good agreement between the observation and state-of-the-art relativistic
calculations using the multiconfiguration Dirac-Fock formalism including the Breit interaction and QED
effects implies the dominance of fluorescent decay over the autoionization process for the 2p3d(! P°) state
of He-like heavy ions. This is the first observation of the fluorescence-active doubly excited states in

He-like Si, S, and ClI ions.
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Since the pioneering work of Madden and Codling in
1963 [1], the study of doubly excited states (DES) of
helium has been a fundamental topic of research for
many decades [1-7]. All these states lie above the first
ionization potential of He. Hence, they can be considered
to be discrete states embedded in the first ionization con-
tinuum [7]. They generally relax via autoionization to the
ground state of the He™ ion. The same is true for the entire
isoelectronic sequence of He-like ions where the DES
decay via autoionization to the corresponding H-like
ions. For some DES, such as 2p?(3P¢), autoionization is
forbidden, and radiative relaxation to a singly excited state
may take place. In fact, it is a bound doubly excited state,
as 2p?(>P¢) is the lowest > P state of even parity. Simple
quantum mechanical considerations lead to the autoio-
nization selection rules [8,9] AJ =0, A7 =0 (i.e., the
total angular momentum J and the parity 7 of the system
must be conserved). It may be mentioned that we are
considering zero order theory, neglecting the relativistic
and other magnetic effects in the above description, i.e., the
Russell-Saunders limit for the defined states. The above
effects lead to configuration mixing, which is responsible
for the competition between autoionization and fluores-
cence channels.

The DES are of great importance in astrophysics [10] as
well as for plasma diagnostics [11,12]. Besides such appli-
cations, the fundamental subject of dominance of fluores-
cence over autoionization decay for some DES has drawn
much attention both from theoreticians [13—15] and exper-
imentalists [16-20] in the last decade. All the experimental
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works are limited to atomic He. Recently, Saha et al. [21]
have proposed a criterion where it has been shown that the
angular part of the wave function is responsible for the
dominance of fluorescence over autoionization for some
of the DES. It is well known that the angular part of
the wave function is independent of atomic number Z;
i.e., the angular part is the same for the entire He-like
isoelectronic sequence. Hence, if this criterion is true,
then one should expect a spectral line corresponding to
the 2p3d(' P°) — 153d(! D) transition for the He-like ions
in an experiment. This is exactly what has been achieved
here for the He-like Si, S, and Cl ions. The details of the
experiment are presented in this Letter, along with the
relativistic [multiconfiguration Dirac-Fock (MCDF)] calc-
ulations to evaluate the energies for this transition for the
above mentioned ions for the first time. To assess the effect
of the relativistic and QED contributions to the energies,
we have also made a precise nonrelativistic calculation
using a Hylleraas basis set.

The study of this particular transition has been restricted
to the helium atom only [18,20]. This is in part due to the
fact that, as Z increases along the isoelectronic sequence,
the lifetime of the state is reduced, making it difficult to
observe it in the laboratory. Also, in comparison with the
He atom, the case of He-like heavy ions with higher Z
is experimentally more challenging. Hence, the experim-
ental conditions have to be chosen carefully, as described
below.

The beams of highly charged Si, S, and Cl ions were
obtained from a 14 MV tandem Pelletron accelerator
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facility in TIFR Mumbai. The accelerated ion beams
selected were not in the He-like charge state to begin
with, but were stripped to the He-like charge state. For
this purpose, the ions with initially lower charge states
were made to pass through a postacceleration carbon strip-
per foil of thickness ~30 wg/cm?. The beam energies
used in the experiment were 85 MeV (CI’"), 84 MeV
(S71), and 80 MeV (Si’"). Under these conditions, it is
expected that the charge state distribution will reach an
equilibrium value within the target foil. The beam energies
and target thickness were chosen so as to ensure not only
that the yield of the He-like charge state was sufficient,
(i.e., at least about 20%-30%) for the x-ray measurement,
but also that the beam energy was sufficient to excite a
significant fraction of He-like ions to the doubly excited
states.

The x-rays emitted by the projectile ions of different
charge states in the foil were measured using a high-
resolution bent-crystal x-ray spectrometer [22]. Briefly,
this spectrometer consists of a curved ADP (101) crystal
mounted in a Johannson geometry, with a Rowland circle
diameter of 25.4 cm. The detector is a gas-flow propor-
tional counter, with a continuous circulation of P-10 gas
at a pressure slightly greater than 1 atm. The detector
was characterized separately using an Am?*! radioactive
source. The entire spectrometer assembly is housed in a
stainless steel vacuum chamber. A view port is available to
facilitate the proper positioning of the target. The typical
vacuum in the chamber is ~2 X 1076 Torr. The resolution
was found to be 2.2 eV at Al K, x-ray energy. The x rays
were measured at a backward angle (~140°) with respect
to the projectile beam direction. Hence, the observed
x-ray energies were Doppler shifted to lower energies.
This is advantageous to the measurement, as the resolution
of the spectrometer is better at lower energies, since
(dA/A) o« cotd.

A typical spectrum for the Cl projectile ion is shown in
Fig. 1. The first group of lines is predominantly due to
Li-like and some He-like transitions. The second group of
lines, centered around the H-like Lyman-a line [2p(>P°) —
15(*S¢)], contains the transitions of interest in the present
study. We focus on this “trio” of lines (see the inset to
Fig. 1) consisting of the transitions 2p?(> P¢)— 1s2p(3P?),
2p(2P%)—1s(*8¢), and 2p3d('P°)—1s3d('D¢). These
lines have been labeled as (A), (B), and (C), respectively.
The corresponding transitions are also represented in the
diagram in Fig. 2.

Detailed spectra in the region of interest, for all the three
ions, are shown in Fig. 3. Panels (a), (b), and (c) show the
spectrum for Si, S, and Cl, respectively. The theoretical
predictions of line energies are shown as vertical bars.
The largest peak in these trios of lines corresponds to
the 2p(>P¢)—1s5(>5°) (Ly-a) transition. The peak on the
lower energy side of the Ly-a line corresponds to the
2p>(CP¢) — 152p(*P°) transition in the He-like ions.
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FIG. 1 (color online). Full spectrum from Cl ions, showing

Li-like, He-like, and H-like lines. The inset is an expanded view
of the region of interest in the present study.

Also, in every case, a slight shoulder is seen on the higher
energy side of the Ly-« line. This is most prominent for the
ClI projectile ion. Panel (d) of Fig. 3 shows the same data
as (c), i.e., for Cl, but the fitting has been carried out with
only a single peak near the Ly-a line. As seen in this case,
the transition labeled by *C as predicted by the theory is
not seen and the residuals are also much larger, indicating
the need for a better fit. The fitting was carried out using
a standard multiparameter least squares fitting algorithm.
The same effect is observed in the data for the Si and S ions
(not shown in the figure).

The additional line is seen in all the three projectiles,
with energy slightly higher than the corresponding H-like
Ly-a transition. According to our calculations, this line
corresponds to the He-like 2p3d(' P?) — 1s3d(' D¢) tran-
sition. Its proximity to the H-like Ly-« line is probably the
major reason for it not being seen in earlier experiments
using highly charged ions. There will invariably be some
yield of the H-like ions in any method used to collisionally
excite the doubly excited He-like states, and the prominent
Ly-a transition (which is an allowed E1 transition) will
swamp the 2p3d(' P?) — 1s3d('D°) transition. The good
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FIG. 2. Diagram of the transitions in the region of interest.
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FIG. 3 (color online).
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Detailed x-ray spectra in the region of interest for (a) Si, (b) S, and (c) Cl ions. The individual peaks are Voigt

line shapes fitted to the experimental data. Vertical lines are theoretically predicted line positions. Panel (d) contains the same data as in
(c), in which only a single peak is fitted near the position of the Ly-« line, leading to much poorer agreement of the line position, and

an increase in the fitting residuals.

resolution of our spectrometer jointly with relatively
higher fraction of He-like ions in the foil enables us to
just resolve these two very nearby lines. To exclude other
possibilities, we have calculated the line energies for
similar transitions, such as the 2p4d('P°) — 1s4d(' D¢)
transition, and the obtained values are 2006.84, 2623.52,
and 2963.00 eV for the Si'?*, S'*, and CI"*" jons,
respectively. Clearly they differ from the measured
2p3d('P°) — 153d(' D¢) lines by more than the experi-
mental uncertainties. In fact, the 2p4d(' P°) — 1s4d('D¢)
line in each case approaches and is very close (within about
1.3-3.2 eV) to the Ly-« line for which the line energies
are 2005.5, 2621.7, 2959.8 ¢V, for He-like Si, S, and Cl,
respectively. The question of such fluorescence transitions
for triplet states in the present experiment does not arise at
all, because for the triplet states the autoionization proba-
bility is larger than that for fluorescence. For example,
even for helium, the autoionization rate of the 2p3d(3P?)
state is 18.8 X 10° s~! compared to the fluorescence rate
of 6.58 X 10° s~ ! [15].

Accurate experimental determination of such transitions
goes side by side with precise theoretical calculations
which include several relativistic and QED effects. We

have made both relativistic and nonrelativistic calculations
for the transition energies in the different charge states of
different projectile ions. The relativistic calculations were
made within the MCDF approach using the state-of-the-art
general relativistic MCDF code (MDFGME) developed by
Desclaux and Indelicato [23,24]. To compute the wave
function and energy for each state involved in a transition,
the so-called optimized level method was followed.
Consequently, the spin orbitals in the initial and final states
for the radiative transitions are not orthogonal, since they
have been optimized separately. Radiative corrections, such
as the one-electron self-energy, the self-energy screening,
and vacuum polarization were also included, from a full
QED treatment. The description of the code as well as the
method is given in Refs. [25,26].

We have chosen the multiconfiguration approach bec-
ause this method enables the inclusion of a large amount
of electronic correlation by taking into account a small
number of configurations. In a preliminary calculation, all
transition energies and probabilities were computed in a
monoconfiguration approach. Afterwards, we used a vir-
tual space spanned by single- and double-excited configu-
rations, up to the 4f subshell.
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To emphasize the importance of relativistic and QED
effects as well as to assess the extent of the corresponding
corrections, we have also compared our results with
extremely accurate nonrelativistic calculations. This cal-
culation uses an explicitly correlated wave function in a
Hylleraas basis set, in the framework of the stabilization
method [27]. A portion of the stabilization diagram using
a 450 parameter Hyleraas basis set for | P states of C1'1>* is
given in Fig. 4(a). In this figure, as an example, we have
plotted the 15th to the 30th eigenroots in the energy range
—80.0 a.u. to —40.0 a.u. It is evident from Fig. 4(a) that
each energy eigenroot changes with the soft wall [27] of
the basis and there exists a flat plateau in the vicinity of
avoided crossings for some particular energy value. This
confirms the presence of resonance states in the neighbor-
hood of that energy value. The fourth ! P° resonance state
originating from the 2p3d configuration of CI'3* exists
near about —50.0 a.u. as is evident from Fig. 4(a). The
density of states is estimated by evaluating the inverse of
the slope at several points near the flat plateau region of
each energy eigenroot and fitting to a standard Lorentzian
profile, yielding the position E, and width I" of the reso-
nance state.

Among different fitting curves for each energy eigenroot
corresponding to a particular resonance state, the fitting
curve with the least square sum (y?) and the square of
correlation (R?) closer to unity leads to the desired reso-
nance energy E, and width I'. The density of resonance
states and the corresponding fitted Lorentzian (y> =
0.006796, R? = 0.999 94), illustrated in Fig. 4(b), yields
the resonance position at —50.117 a.u. (— 1363.75 eV)
and a width of 1.0523 X 10™* a.u. (4.35 X 10'? s71) for
the 2p3d(' P°) state of the C1'>* ion. The above mentioned
fitting parameters (x>, R?) can be compared to the values
of (0.007497, 0.999 59) and (0.012 904, 0.997 54) for two
other fitted Lorentzian curves, respectively. The same
procedure was carried out for each ion under study.
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FIG. 4 (color online). (a) Stabilization diagram for ! P° states
of CI'3*. (b) Calculated density (circles) and the fitted
Lorentzian (solid line) for the 2p3d('P°) resonance state of
CI5* [21st root].

All calculations were made in quadruple precision to ensure
numerical stability [27].

A comparison of the experimental line energy for the
2p3d('P°) — 153d(* D®) transition, as well as the line
positions calculated with the MDFGME code, is shown in
Table 1. Also shown are the nonrelativistic calculations,
which differ from the relativistic calculations by a few to
several electron volts in every case. To be precise, the
contributions of the relativistic and QED effects are the
largest (11 eV for Si'>* to 26 eV for C1'>*) in the ground
state [1s2('S¢)] energy. This decreases for the singly
excited [1s2p(3P?) and 1s3d(! D¢)] states: 7 eV for Si'>*
to 17 eV for CI°", and 6 eV for Si'?" to 14 eV for C11°T,
respectively. For the doubly excited states 2p>(*P¢) and
2p3d(' P°), the differences are further reduced: 1 eV for
Sil2* to 4 eV for C1'3", and 2 eV for Si!?™ to 5 eV for
CI'5*, respectively.

In estimating the uncertainty in the experimental values
for the 2p3d(' P?) — 1s53d(' D°) line energy, we have taken
into account the uncertainties in fitting and calibration. For
example, for Si, the respective contributions of these two
sources are =0.01% (0.2 eV) and +0.05% (1.0 eV), which
when combined additively give an overall uncertainty of
*0.06% (1.2 eV). Similarly, the overall uncertainties in S
an Cl are =0.13% (3.5 eV) and =0.29% (8.7 eV), respec-
tively. The increasing uncertainties can be attributed to the
poorer resolution of the spectrometer with increasing en-
ergy. In all three cases, the line energies seem to be slightly
larger than the theoretical predictions. While the values lie
within the experimental uncertainties for Si and Cl, in the
case of S, the difference is only a little (~ 0.2 eV) beyond
the uncertainty. Hence, the overall agreement between
experiment and theory is seen to be excellent.

To the best of our knowledge, this is the first accurate
experimental determination of the radiative decay of this
2p3d(' P°) state for highly charged ions, since many ear-
lier studies probably have neglected it as being an auto-
ionizing state according to the standard selection rules.
Also, the proximity of this line to the H-like Ly-a line
makes it observable only with high resolution spectros-
copy. Our experimental results show a clear evidence
of the enhanced stability of the 2p3d(' P°) state against

TABLE I. Measured line energies, and those predicted from
the relativistic as well as nonrelativistic calculations for the
2p3d('P°) — 153d(' D¢) transition. The last column gives the
difference between the experiment and the relativistic theory.

Transition energy E(eV) AE

Theory EExpt. — ERal
Ton NR Rel Expt. V)
Si?*  2005.04 2009.00  2009.0 * 1.2 +0.0
Sla+ 2618.09 2626.32  2630.0 = 3.5 +3.7
CI'5t 295524 2965.93  2973.0 = 8.7 +7.1
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TABLE II.  Fluorescence (I';) and autoionization (I',) rates for
the 2p3d(1 P°) state in Si'>*, S+, and CI'3", as well as the
respective fluorescence yields (f). Also shown for comparison
are the corresponding values for He.

Ion Lp(s™h L, ™ f (%)
Silz+ 3.280 x 1013 3.204 X 102 91.10
Slat 2.735 X 1013 3.901 X 1012 87.52
C15* 3.012 X 103 4.350 X 10'2 87.38
He 5.11 x 10° 1.38 X 10® 97.37

autoionization, which is in accord with the criterion pre-
scribed by Saha et al. [21].

To substantiate this argument quantitatively, we have
also calculated the fluorescence rate for the 2p3d('P°)
state of CI1'3", S!#*and Si!>* by extending the method-
ology used by Saha et al. [21]. The results obtained are
shown in Table II. It is interesting to note that, although the
autoionization rate for the 2 p3d(! P°) state for these highly
charged ions (~ 10'? s71) is substantially increased com-
pared to that for helium (~ 10% s™1), the fluorescence rate
also grows with Z in such a way that the radiative decay
channel can compete with the autoionization channel. The
above reason makes it possible to observe the spectral line
corresponding to the transition 2p3d(!P°) — 1s3d(' D¢)
with sufficient yields.
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