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Observations are reported of the autoionizing transitions 2522 p®-2s2p%p in neonlike Mg and Alv and
the similar transitions 3s?3p®-353p®p in argonlike ions Cami, Sciv, Tiv, Vvi, Crvi, and FeIx. These
transitions are present in high-voltage spark spectra as absorption lines of varying width and shape. Both LS-
allowed and intercombination lines are present. Effective quantum numbers of the upper levels are given,
with estimates of the Fano profile parameter g. The probable plasma configuration which produces these

absorption lines is discussed.

L 2522p®(*S,)-252p°np('»3P,) TRANSITIONS

In 1967 Codling, Madden, and Ederer' reported
strong autoionizing transitions in neutral neon in
the vicinity of 260 .&, appearing as asymmetrical
absorption lines having the well~known Fano pro-
files associated with levels coupled to a continu-
um. These lines form a Rydberg series arising
from excitation of an inner electron. Only recent-
ly has the same Rydberg series been observed in
neonlike Mg III by Esteva and Mehlman?; still more
recently, Lucatorto and Mcllrath® have observed
the series in Nall. An overview of the situation
for the neonlike ions is provided by Fig. 1, in
which are plotted transition energies A E (in atom-
ic units of 2R) divided by spectrum number ¢ and
referred to the first ionization limit 2s22p°(*P, ;,).
The Rydberg series in Nel, Nall, and MgIiI are
shown in relation to their ionization limit, which
is the 2s27° level of the next stage of ionization
(and hence easily calculated). For ClVIiI andheavi-
er ions of the sequence, we have shown the pre-
viously known® first members of the series,
2522p5(1S,)-2s2p°3p (*P,), which occur as emission
lines. From the relative location of the first ioni-
zation limit 2s%2/° (the separationbetween?P, ,, and
2P3 /2 levels is too small to be shown in Fig. 1) one
can deducethefactthatin A1Iv the series will usu-
ally be seeninabsorption, whilein PVI, SvII and
heavier ions at least the first member may be
seen, under suitable conditions, in emission. For
SiV, as will be seen below, the precise location of
the first member with respect to the first ioniza-
tion limit remains to be determined.

Weak absorption features in a laser-produced
spectrum of aluminum, corresponding to the first
two members of the series, have been reported by
Carillon ef al.® Valero® has commented on the
question of establishing the reality of such auto-
ionizing features; more recently (private commu-

16

nication) he believes the features to be present in
his own spectra as well as in the spectrum of
Carillon et al. From our own experience, the par-
ticular spatial configuration of the plasma appears
to be very important in determining whether the
absorptions will be present or not.

We report here a detailed observation of this
series of transitions in AlIV in a high~-voltage
spark spectrum of aluminum obtained as described
in a previous publication.” From Fig. 1 and also
from independent calculations by one of the authors
(S.0.K.) to be discussed elsewhere, the wave-
lengths of the first member of the series were pre-
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FIG. 1. A plot of members of the Rydberg series
25%2p8(15))-252p%np(1P,) along the Nel isoelectronic
sequence; the ordinate variable is the difference be-
tween the value of AE/¢, for the particular transition,
and the value of &7 /¢ for the first series limit 2s?2p¢P)
(AE is the transitiou energy in atomic units, ¢ is the
spectral number = net charge of core). Points repre-
sent existing observations referred to in the text—those
for Clvin and heavier ions of the sequence are taken
from Kelly and Palumbo.* Crosses denote the present
observations.
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FIG. 2. Observed profiles
of the 2s%2p8-252p%np
series members in alumi-
num; A, B, C, D, F denote
3p, 4p, 5p, 6p, 8p, respec-
tively. The 'S,— 3P, inter-
combination transitions are
present as prominent dips

] in the long-wavelength
| A wings of the main S~ 1P,
profiles, in the cases of
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dicted to be near 95.1, 74.5, and 60.1 A in A1V,
SiV, P VI, respectively. Examination of our alumi-
num spectrum showed a number of absorption lines
in the spectral range from 95 A down to the 2s2p°
limit at 75.38 A. Of these, the five features shown
in Fig. 2 and listed in Table I form a Rydberg
series with smoothly varying effective quantum
numbers. In these features, the position of the in-
tensity minimum or “dip” can be most accurately
measured, whereas the remainder of the profile

is less clearly defined because of the superim-
posed emission line spectrum—for this reason, the
presence of intensity maxima in the continuum as-
sociated with the autoionization profiles cannot be
definitely ascertained. On the other hand, the
superimposed emission lines enable very accurate
measurement of the wavelengths of the dips. We
have, however, estimated the central wavelengths
of each line profile, which are the values given in
Table I; for a Fano profile with large value of

members A and B.

la], the central wavelength is the center of the ab-
sorption dip. For small ¢ the position of the cen-
tral wavelength (E=0) depends on ¢. Thus, an es-
timate of ¢ is needed before one can decide where
on the profile to measure the wavelength, leading
to some uncertainty in wavelengths. We have iden-
tified this series of strong absorption lines as
S,~'P,, whereas Carillon et al.® have identified the
first three lines of this series as 'Sy-*P;. Our
identification gives effective quantum numbers
which vary smoothly along the isoelectronic se-
quence.

The intercombination transitions 2s222%(*S,)-
232p6np(3P1) are also present in the aluminum
spectrum, appearing as narrower profiles of dis-
persion type superimposed on the longer-wave-
length sides of the main 'S,-'P, profiles, as can be
seen in Fig. 2. These are of special interest in
that their presence appears to vary even more with
source conditions than the LS -allowed lines.

TABLE 1. Wavelengths ® of neonlike transitions 2s?2p%('S))-2s2p%np (P,,3P,).

Nel Nai Mg 1 Alv

Upper level Aeve R) n* Ay R) n*  Agy A) A (A) n* g R) A R) n*
252p%3p Cp)) 95.52  95.68 2.498

(tp) 272.21 2.155 177.24 2.319 126.50 126.49 2.430 94.48 95.56 2.503
252p%p CP)) 84.37 84.48 3.506

(p,) 263.11 3.171 164.92 3.334 114.32 114.34 3.442 84.14 84.38 3.523
2s2pS5p CP)) 80.56

(p;) 259.96 4.172 160.66 4.330 110.16 110.12 4.452 80.58 4.527
2s2p%6p CP,) a

('pP,) 258.48 5.172 158.67 5.304 108.08 (5.496) 78.79 5.529
2s2p%7p CP))

(p;) 257.68 6.150 157.55 6.281 106.92 107.05 6.438 (77.79) 6.536
252p%8p CP;)

(p,) 257.19 7.124 156.88 7.223 106.30 (7.576) 77.18 7.531
2321)6(23 1/2)

limit 255.768 154.836 104.390 75.380
390980 cm™! 645844 cm™ 957942 cm™! 1326610 cm™!

eme» Mm Meme and Ag refer, respectively, to wavelengths given by Codling, Madden and Ederer, Ref. 1; Lucatorto
and Mcllrath, Ref. 3; Esteva and Mehlman, Ref. 2; and Carillon ef al., Ref. 5.
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FIG. 3. Observed pro-
files of the 2s%2p%-252p%np
series members in magne-

sium; A, B, C, E denote
3p, 4p, 5p, Tp, respective-
ly. The profile of the first
member 3p is seen to be
extremely wide, though
partially obscured by strong
emission lines; to shorter
wavelengths than the center,
the background continuum is
raised, while to longer
wavelengths the continuum
is lowered. The second
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The same transitions were found in our magne-
sium spectrum (strongly in one exposure and weak-
ly in another), at or near the wavelengths reported
by Esteva and Mehlma.n,2 whose stated accuracy is
+0.04 A Because our wavelengths for the higher
members differ somewhat from theirs and appear
to yield more smoothly varying effective quantum
numbers, they are included in Table I. The spec-
trum in the vicinity of the individual members of
the series is shown in Fig. 3. The existence of the
strong absorption “edge” associated with the first
member is very pronounced on visual inspection
of the plate, extending to more than +1 A from the
center of the profile; unfortunately, strong second-
order emission lines (2 X 63.295 and 2 X 63.152) of
Mg X are seen to be superimposed on the autoioni-
zation profile, rendering accurate measurement
difficult for this first member.

On both the Mg and the Al plates, emission lines
of Mg III and AlIV were present, verifying that
these neonlike ions were present. However, a
search for the same series of autoionizing transi-
tions in silicon, phosphorus, and sulfur spectra
was not successful even though the corresponding
neonlike ions were present as shown by their
emission lines. Evidently the spark does not al-
ways take place in such a way as to produce the
spatial plasma configuration needed for the ab-
sorption lines to appear, probably a central hotter
continuum-emitting region surrounded by a cooler
‘shell in which the neonlike ion is present.

Table I includes the original series found in neon
and, for completeness, the new series observed
in Na II by Lucatorto and Mcllrath.® Table I also
shows the variation of the effective quantum num-

ber for each series member along the isoelectron-.

ic sequence.
From the magnesium line profiles illustrated in

member 4p also has appreci-
able width as indicated by
the background continuum
which is sketched in.

Fig. 3, the values'of the Fano parameter ¢ appear
to be of the order of -1, implying strong coupling
to adjacent continua, while for the aluminum ab-
sorption lines in Fig. 2 the values of ¢ appear to
be less than —2—i.e., have larger negative values—
implying less coupling to the adjacent continua.
However, such estimates must be regarded as ten-
tative for two reasons; first, as previously men-
tioned, the existence of the numerous emission
lines produces ambiguity in the profile shapes;
second, distortion of each profile by relative Dop-
pler shifts between different parts of the spark
plasma is almost certainly present, based on our
previous experience. (Both of these complicating
features are absent in pure absorption experiments
on neutral elements, such as those of Codling

et al.t)

II. 3523p®-353p°np TRANSITIONS

Madden and Codling® also observed the analogous
series 35”3 °(1S,)-3s3p°np (1 P,) in neutral argon,
but hitherto this series has not been observed in
any of the argonlike ions except for TiV, where the
first member has been reported as an emission line
by Svensson and Ekberg,®’!® We have now found
absorption lines of the series in ionized calcium,
scandium, titanium, vanadium, chromium, and
iron. Figure 4, similar to Fig. 1, includes levels
from the previously observed argon lines and titan-
ium line and the presently observed lines. Table
II gives the wavelengths of the new lines, whose
profiles in the cases of titanium and vanadium are
simple, sharp absorption dips (implying large ab-
solute values of the Fano parameter ¢) and there-
fore could be measured very accurately (+0.005 10\).
A comparison of the effective quantum numbers of
3s3p%np in Table II, with those for the related se-



580 KASTNER, CROOKER, BEHRING, AND COHEN

r e T - : . : .
p
o 050X, i
Q 6p-\\
& :
o 040 .5 b
2 4\
™ \
= 0.30F . ]
N ~ao
w S .
< 020  TTTmeel %%_3_[)‘_“!11\( 4
1 5p+ 857 soe.
o 0.10f 5pe 6ps P 69:70 - J
£ o+
~  Ob—3s3p tor Spe bp+
o —3s2 3p -
< 5 sp.
4-0.10t 4p 1
= aps
-0.20} aps il
.

AT K Call ScV TV vV Crvil Mn Vi
ION

FIG. 4. A plot of members of the Rydberg series
3523p8(15y)-353ptnp(1P,) along the Ari isoelectronic
sequence, similar to Fig. 1. Again points represent
the existing observations of Ne1 by Madden and Codling®
and in Tiv by Ekberg and Svensson, ° while crosses
show the present observations.

ries 3s%3°np of the next lower stage of ionization,
shows expected consistency in that the former are
slightly larger by a fairly constant amount due to
the decreased screening in 3s37° in the case of
Crvio and VI, for example, the difference ranges
from 0.14 to 0.17. The profiles of the calcium
lines are illustrated in Fig. 5; those of the titan -
ium lines in Fig. 6. The first titanium member is
seen to be present in this spectrum as a strong ab-
sorption line, even though it lies below the series
limit. :

The intercombination transitions 3s235%('S,)-

L
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FIG. 5. Observed profiles of 3s23p%-3s3p®4p(1P,) and

3s%3p%-3s3p%5p(1P)) in calcium, labeled as A and B, re-
spectively.

Table II. Wavelengths (in A)of argonlike transitions 3p%(!S,)-3s3p%np (' P,,°P)).
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6.147

3 87.106

5.977
6.034

108.443
106.308
106.154

108.611

5.36

431.0

3s3p%7p @P,)
3s3p%7p(P})

7.159

1 85.071

948
7.032

428.8 6.47

3s3p%8p CP,)
3s3p%8p (P,)

8.107
8.035

104.732
104.711

0.5
0.8

427.5 7.57

3s3p°9p CP))
3s3p%9p (P,)

9.025
9.051

103.754
103.733

0.8
0.8

3s53p810p BP,)
3s3pS10p('P))
3s3p511p(P,)
3s3p811p('P))

3s3p5¢s,/,)

10.046

103.059

0

46.014

65.187

79.836

100.251

130.376

177.603

424.031

limit

2173230

1534040 cm™

997500 cm™ 1252560 cm™

563 054 cm™ 767012 cm™

235832 cm™

3\ refers to wavelengths given by Madden and Codling, Ref. 8.

bRelative intensity. -
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FIG. 6. Observed pro-
files of 3s%3p8-3s316p
series members in titan-
ium; A, B, C, D, E, F,
G, H denote the members
4p('P)) to 11p(1P,), while
AI’ B,, C’, D,, EI, E’
denote the weaker associ-
ated np(*P)) transitions.

s ) ) L 1
104 106 108 110 112

WAVELENGTH (&)

3s3/°np(*P)) are also quite intense in the titanium
spectrum of Fig. 6, and are similarly relatively
intense in vanadium. Their strength relative to the
allowed 'S,-'P, transition may however depend on
the electron density values in the particular spark,
judging by their variability from plate to plate. A
particularly interesting anomaly is to be noted also
in that though the intensities of the 'S-*P, lines
were very strong for the first two series members
in vanadium, they were not present at all for the
third and later members, as recorded in Table II.

We note also that the same wavelengths in V VI
which we here classify as 3s%3°(*S,)-3s3p%4p(* 2 P)),
namely 117.762 and 118.767 ;\, have recently been
observed by Ekberg!! as emission lines (at 117.770
and 118.779 A) but are ascribed by him to 3p°(*S,)-
3/°5d°[3], and 3p°(*S,)-3p°5d[ 2], transitions.

The location of the first member of the series in
scandium could not be ascertained because of the
presence of several absorption lines in the ex-
pected vicinity of 180 A. These lines remain to be
identified.

The profiles of the two calcium lines in Fig. 5
both appear to imply small absolute values of the
Fano parameter ¢. Bearing in mind the caution ex~
pressed above concerning the interpretation of these
lines from a spark source, there may exist a gen-
eral trend along both isoelectronic sequences such
that ¢ takes small absolute values for the early ions
of the sequence and larger values for subsequent
ions. This would imply that the coupling of the dis-
crete upper levels involved, to the adjacent con-
tinua, decreases in general along an isoelectronic
sequence.

III. DISCUSSION

Since in other similar absorption lines in these
spectra we consistently observe Doppler shifts
corresponding to v/c=—dx/A=~107, to shorter
wavelengths,? it is quite possible that the highest
temperature plasma occurs in the original pinch,
which then produces an expanding and cooling shell
of ionic debris; this shell absorbs the continuum-
having a broad maximum in the region of 100 A—

emitted by the sustained “fireball” at the center.
The oscillatory discharge, with inductance L=50
nH and capacitance C=14 uF, has a period of
about 5 usec, so it is probable that the expanding
shell does its absorbing within a few centimeters
of the spark. We have attempted to correlate the
measured shift with the degree of ionization of the
absorbing ions, but a significant correlation does
not seem to exist.

In our hottest spark pinches, showing excitation
corresponding to a temperature near 1 x 107 K, it
is not unusual to find well-developed series of ab-
sorption lines, not only Rydberg series from usual
levels in ionization stages II to X, but also such
autoionizing series as reported here. Valero
et al.'® earlier observed absorptions of the former
type in laser-generated plasmas. Since the ab-
sorption lines are transition from the ground state,
they directly establish several important energy
levels. Indeed when the highest excitations are
achieved, L and R being independently minimized,
we observe strongly developed absorption series
and even see absorption features associated with
emission lines of the 13th stage of ionization.

As indicated above, as well as the autoionizing
transitions discussed here, we record absorptions
such as 3/°(*S,)-3p°ns, 3p°nd. Thus we anticipate,
for example in TiV," a series of 3p°ns(*P,) levels
approaching the ®P, ,, limit and a series of
3p°ns('P,) levels approaching the *P,,, limit.
Similarly, from the 3 p°nd configurations we ex-
pect similar series 3P1 and 3D1 (in jK notation
d[3], and d[3],) approaching the?P, ,, 1imit, anda * P,
series (in jK notation d’[$],) approachingthe limit
2P,/,. Sincetheautoionizing transitionsalso involve
J=1levels 3s3p°np(** P)associated with the limit
3s3p6(281/2), thereareatotal of seven J =1 channels
associated with three different limits. The full treat-
ment of the perturbations associated with such a sit-
uationisquite complex. A similarthree-limit case
has recently beentreated by Armstrong, Esherick,
and Wynne.'* However, the full multichannel quan-
tum-~defect treatment is not needed here because the
n*’s here reported vary quite smoothly, whichim-
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pliesthat series perturbations are not very important.

As a concluding comment, in most cases it is not
possible by visual inspection to distinguish between
autoionizing lines that result from transitions in-
volving discrete levels above the ionization limit
and those arising from transitions between states
below this limit.
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