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Mean-life measurements of ionized Ar and Cl excited states
at grazing incidence wavelengths*
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We have measured CIA, Clvri, and Ar vie, Ar vut decay times at wavelengths in the range 50-550 A

using the beam-foil technique. The detection system was developed to obtain a spatial resolution of about 50
p,m along the beam, allowing very short lifetimes of the order of a few picoseconds to be measured. Our
results are compared with recent theoretical results and other experimental data in the Mg g and Nal
isoelectronic sequences.

I. INTRODUCTION

A primary need for accurate lifetime measure-
ments of excited states in ionized atoms has
occurred in investigations of material abundances
in the sun and stars. However, more recently,
highly stripped ions have been produced in hot
laboratory plasmas. Analyses of these plasmas
require knowledge of excited-state lifetimes for
two main objectives, first, as part of diagnostic
investigations through spectroscopic determination
of the plasma densities and temperatures, and
secondly, to determine the problems of plasma
energy losses through radiative emissions of high-
ly ionized impurity atoms. For the typical high
plasma temperatures, highly stripped heavy-ion
radiations provide most of the information in
these techniques. In addition, as was pointed out
in 1962 by Hinnov and Hofmann, ' knowledge of
transition probabilities may help to calibrate a
diagnostic spectroscopic system in situ.

Beam-foil spectroscopy is a well-known tech-
nique for producing excited states of highly
stripped ions. ' However, the resonance lines of
such ions occur principally in the ultraviolet,
necessitating a grazing-incidence monochromator
for detection of the emission spectrum. The re-
solving power needs to be sufficient to allow some
spectral classification since these spectra are
incompletely known. The most serious difficulty
is the increasingly fast decay times for the higher
stripped ions; thus typical electric dipole transi-
tion rates in the 50-500-A range yield lifetimes
of the order of 5-100 psec. Hence excellent time
resolution is essential.

In this work we describe a specially modified
beam-foil detection system, able to measure de-
cay times of the order of a few picoseconds, which
has been used to study decay times of highly ion-
ized chlorine and argon in the wavelength range
50-550 A. Previous lifetime work in these ions
has been limited to wavelengths higher than about

500 A, and to beam energies of below 2 MeV, ex-
cept for the chlorine study of Bashkin et al.' In
the Na I and Mg I isoelectronic sequences, some
mean lives have been measured for most of the
lighter ions —Cl, P, Si, and Al —since the com-
pilation by Wiese et al.4 Thus the transition prob-
abilities of Ref. 4 in these sequences are based
mainly on charge-expansion calculations of Cross-
ley and Dalgarno' for the heavier ions. In addition
to the recent experimental beam-foil results, Bie-
mon0 has made extensive calculations throughout
the Na I isoelectronic sequence. It should be noted
that his results show significant reductions in
some of the transition probabilities compiled by
Wiese et al.' Hence these measurements in ClVII
and Ar VIII should be useful in comparing the re-
cent experiments with the more recent theory in
this NaI sequence. In the Mg I sequence, on the
other hand, the state of the theory is quite inade-
quate and the beam-foil experimental results give
the only reliable lifetimes. Thus it is essential to
compare the f values in the isoelectronic sequence
for a number of different ions to obtain reliable
oscillator strengths.

II. EXPERIMENT

The Ar gonne 4-MV dynamitron equipped with a
physicon ion source was used to accelerate "Cl'
or "Ar' to energies of 1.0 to 3.5 MeV. The beam
was magnetically analyzed, directed through a
thin (5 p gem ') carbon foil, and collected in a
Faraday cup whose integrated flux was used to
normalize the measured photonemission to con-
stant numbers of beam particles.

A McPherson 2.218-m grazing-incidence mono-
chromator resolved the light emitted at approxi-
mately 90 to the foil-excited beam. A Bendix
channeltron (dark count about 5 counts per minute)
mounted behind the moving exit slit provided photo-
electric detection at wavelengths between 40 and
600 A. Both spectra and decay curves were stored
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FIG. 1. Geometrical arrangment for the auxiliary
spectrometer entrance slit. A is the grating, r the
radius of Rowland circle, I and I' the old and new en-
trance slits, n and n' the old and new angles of inci-
dence, and d'& the new beam-entrance-slit distance.

in an on-line ASI computer which normalized the
photoelectron counts to beam charge and controlled
the foil drive stepping motor. In this wavelength
region pre-entrance-slit focusing optics is im-
practical, and the closest possible beam-to-slit
distance with this commercial slit mounting is
about 6 cm. Thus with the f/40 instrumental op-
tics the length of beam observed is approximately
1.25 mm plus an entrance-slit width of 10-100
p, m. Since the beam velocities used in the experi-
ment are about 4.0 mm nsec ', this gives a time
resolution of about 0.5 nsec, which is quite ade-
quate for decay lifetimes of more than about 0.1
nsec. However, lifetimes for excited states in

highly charged ions which decay by electric dipole
emission are often much shorter, and reach a few

picoseconds in the 10-500-A wavelength range.
The spatial resolution of the detection system

can clearly be improved, without changing the
collection efficiency, by reducing the beam-to-
entrance-slit distance. One possibility would be
to redesign the entrance-slit flange to bring the
fast ion beam very close to the entrance slit. How-

ever, the unique geometry of a grazing-incidence
monochromator allows us to mount an additional
entrance slit close to the beam, retaining essen-
tially the same observation direction and also the
focusing property of the Rowland circle instru-
ment. Barrette' has applied this technique to life-
time measurements in ionized neon. In Fig. 1 we
show the geometrical arrangement when the auxil-
iary slit is introduced. It should be noted that the

grazing angles ~ and a' corresponding to the orig-
inal and the auxiliary slit positions are reduced
in the figure to clarify the changes involved. Thus
in our geometry, where L-4 cm, the change in z
is small —for n = 86, +' = 85', and x = L cosa' = 3
mm.

The optical alignment of the auxiliary slit is rel-

atively straightf orward. Knowing the additional
length d, we can calculate the position of the zero-
order image to be a distance t from the center of
the grating P, where

t = 2r cosa' = [x'+ (d +2r cosa)'J'~' .

We set our exit slit at this position, and passing
light in the reverse direction through the mono-
chromator we can adjust the entrance slit to the
correct position. Using the beam-foil source,
we obtained the same spectral resolution with the
auxiliary slits as with the original slits. Our aux-
iliary-slit widths were generally set at 50 p, m,
giving a resolution of about 0.3 A at 300 A. With
this geometry, the center of the beam is about 5

mm from the spectrometer entrance slit, and the
beam length viewed is essentially the slit width
itself (50 gm).

With this improved spatial resolution, the mea-
surements become sensitive to the foil surface un-
evenness. Only data taken using tightly stretched
carbon foils (produced after a period of ion beam
bombardment) gave reproducible decay curves for
the fast lifetimes. The ion beam bombardment
heats the foil, causing a shrinking effect which
produces a macroscopically smooth and shiny sur-
face at our beam energies. The foil finally rup-
tures.

III. RESULTS

A. Spectra

In Fig. 2 we show a beam-foil spectrum of argon
at a beam energy of 3.5 MeV. In the spectral re-
gion of 150 to 400 A transitions of Ar VII and VIII
predominate at this beam energy. A few transi-
tions of Ar VI also occur, while ArIV and Ar V

are weakly excited. A complete list of transitions,
most of which have previously been observed, ' is
available from the authors ~ The spectra of chlor-
ine were similar, containing the same isoelectronic
transitions but shifted to higher wavelengths. In
Fig. 2 one can note that the same transitions (e.g. ,
3P-4d and 3P-4s) can be observed in isonucleonic
sequences for Ar VIII through Ar V.

Numerous strong unidentified transitions occur
in the spectra, and we have identified some new

transitions in ArVIII, ArVII, and ClVI. These are
listed in Table I. Identifications were made on the
basis of quantum-defect comparisons or isoelec-
tronic interpolation within the Mg I sequence. ' The
spectra were internally calibrated through known

ArVII, Ar VI:I, and ClVII transitions, the lines be-
ing fitted to Gaussian profiles. The wavelength
accuracy of the new identifications is then depen-
dent mostly on their proximity to previously clas-
sified lines and varies from +0.2 to 0.02 A, two
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TABLE I. New transitions in ArvIII, ArvII, and Clvr.

337.3 2K 3d-4p

338.05K 3p P-4s P

350.9% 3p 0-4s P

374.6~ (Krr 4d-6f}

229.4 var 3p-4s
23I.6

249.4 249.9
250.9

-- - — ---'?
260.3 HEX 3d-4f

—2 I5.32K 3p-4d
2I7.8%K 3d-5f

-2I9.9 2I 3p-4d
220.0

ArvItI 4f F-6g C

Ar VrI 3s3p P&, 0-3s5s 3S&

3P0 3S

3s3d 3D-3s5f 3F0

3s3d 3D-3s6f 3F

3s3P P -3P4P P
3s3P P -3P4P D
3P3d 'D'-3P4P 'D

3P3d P -3P4P D
3s3P P -3s4d~D
3s3p ~P -3s5s ~S

Cl vi 3s3d 3D-3s6f 3F0

3s2d ~S-3s4P ~P

3s3d ~D-3s4P P'
3s3p P -3s5s 3S

165.41
165.95
217.31
189.71
167.10
168.60
429.5+ 0.2
422.4 + 0.2
215.28
181.47

256.5+ 0.1
218.3+ 0.1
437.5+ 0.2
215.4 + 0.1

717 196
717 196
783 380
850 328
713 056
707 725
707 725
707 725
635 230
721 774

669410
457 792
457 792
564 220

FIG. 2. Spectrum of foil-excited Ar+ beam at 3.5 MeV
between the wavelengths 170 and 400 A, taken close to
the foil. The wavelength scale is nonlinear, following
the grating equation for the grazing-incidence mono-
chromator.

' Accuracy estimated at +0.05 A, except where noted.
b Precision is determined by the accuracy of the ob-

served wavelength, as the lower energy level is known
more accurately. The quantum defects have been esti-
mated from the energy levels given by C. E. Moore
[Atomic Energy. Levels, Natl. . Bur. Stand. Circ. No. 467
(U. S. GPO, %ashington, D. C. , 1949)].

TABLE II. Mean lives in Clvt and Clvt&.

%'avelength
(A) Transition This expt.

Mean. l ife (psec)
Other expts. Theory CA Cascades &(0)

Cl vII

Cl v&

225.1
240.5
294.0
340.3
598.2

243.9
325.2
399.9
555.5

3P P-4d D
3d D-5f F
3p 2P-4s 2S

3d D-4f F
3P P-3d D

3s3P P -3s4d D
3s3p 3P -3s4s 3S

3s3d 3D-3s4f ~F

3s3P 3P'-3s3d 3D

114.0+ 10
32.0+ 5
54.0+ 5
31.0+ 5

173,0+ 20 ~

152.5+ 15
62.5+ 5
59.0+ 5

151.0+ 5

180+ 30

43.5, 58.1
26.3
164, 151.4,
159, 187

58.5

108.8
50
44.3
27.3

153

68.2
46.3

124

452
390
311

367, 1050
1004

384
571
590
797

0.24
0.40
0.18
0.55
0.88

0.4
0.27
0.27
0.27

Bcpl.enishment ratio as defined by Curtis e«&. , Bef. 10.
b Wiese et a&. , Bef. 4.

Bashkin and Martinson, Bef. 3.
Laughlin et a~. , Bef. 11.
Biemont, Bef. 6.
Crossley and Dalgarno, Bef. 5.

g Growing-in cascades from 4p and 4f reduce the precision of this measurement.
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or three different recordings being used to verify
the precision.

IO

B. Mean lives

For both chlorine and argon the strongest transi-
tions observed in this wavelength region come
from the n =4 and 5 levels of the Na I-like and

Mg I-like ions, and we have restricted our mean-
life measurements mainly to these two isoelectron-
ic sequences.

In Table II we show the results of our analyses
of the decay curves in ClVII and ClVI, and in

Table III the analyses of the same transitions in

isoelectronic Ar VIII and Ar VII. One measurement
made of Ar VI is also included.

Each decay curve was measured several times,
first with the original slit (spatial resolution -0.8
mm) and then with the auxiliary-slit arrangement
(spatial resolution -0.06 mm). In Fig. 3 we show
the typical improvement for data taken with the
better spatial resolution. Thus the slow cascade
is suppressed relative to the fast primary decay,
and the effective replenishment ratio, "a measure
of the impurity of the decay, is reduced from 0.40
to 0.26. For the faster decays the improvement is
more marked, and the fast 18-psec decay of
3d'D-4f 'F of Ar VIII was observable only with
the auxiliary slit. The replenishment ratios in

~ IO

M
Z
LLII-

~ ~~ ~

NEW SLIT

R(0) = 0.26

IO—5

0
I

I

0

DISTANCE
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I ~ s
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FIG. 3. Decay curves of the 3s3d D-3s4f F' transitions
of Cl vI (a) without and (b) with the auxiliary slit. The
viewing length in each ease is shown. The replenishment
ratios at the foil, R(x=0), are R, (0) =0.40 and R~(0)
=0.26.

TABLE III. Mean lives in Arvfff, Arvr&, and Arvf.

vv ave].eng th

(A) Transition This expt.
Mean life (ps- ",~

Theory CA Cascades R(0) '

Ar vIII

Ar vII

Ar vI

159.0
179.4
180.3
184.3
229.4
230.9
260.3
519.4

176.6
192.6
250.9
297 ~ 6
479.4

219.9

3s Sf/2-4p Pf/2 p/2
2 2

3p Pf/2-4d D3/2

3p P3/2-4d D5/2
3d 2D

3p Pf/2 4s Sf/2
3p P3/2 4s Sf/2
Bd D-4f F
Bp 'P-3d 'D

3s2 fS-Bs4p fP
Bs3p 3P'-3s4d 3D

3s3p P' -3s4 s S
3s3d D-3s4f F'
3sBp P -3sBd D

3p P-4d D

47.1 + 10
44.0+ 10
51.0+ 10
36.9+ 8
24.0+ 5
25.5+ 5
18.8 + 4

153.8 + 10

36.0 + 5
71.5+ 8
30.4+ 5
48.7 + 5

120.7 + 15

282.0+ 10

49.5,g 42.6, 55.3, 54.1
57.0,~ 48.9, 56.5, 56.5
57.0, g 48.9, 56.5, ~6.5
41.7, 29.9
28.3,~ 28.6, 32.6, 36.9
28.3,~ 28.6, 32.6, 36.9
23.5, ~ 15.4, 16.1
154, ~ 137 b 132, 127

36

100~ 8

54.1
55.8
55.8

29
29
16

130

139
41.8
25.2

100

100

261
441
289
222
283
125

158, 1200
596

432
366
398
500
849

0.18
0.18
0.21
0.42
0.40
0 ~ 33
0.33
0.11

0.31
0.21
0.30
0.31
0.07

0.00

Replenishment ratio as defined by Berry et «. , Ref. 18.
Wiese e& +&. , Ref, 4.
Datla et «. , Ref. 12.
Biemont, Ref. 6.' Crossley and Dalgarno, Ref. 5.
D. J. G. Irwin, A. E. Livingston, and J. A. Kernahan [Nucl. Instrum. Methods 110, 111 (1973)j have reported an

experimental value of 126.
g Laughlin et +&. , Ref. 11.
h Growing-in cascades from 4p and 4f reduce the precision of this measurement.
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Tables II and III are those obtained with the aux-
iliary slit in position.

The error bars given in the tables are based on
the reproducibility of mean lives from separate
measurements. In the cases of resolved doublets,
where we measured both decays we find consis-
tency well within these error limits. The standard
deviation for each separate decay-curve fit was
less than half the given error bars.

We compare our mean-life results mainly with
theory, as no other experimental data exist ex-
cept for the transitions measured at the upper end
of our wavelength range, where normal-incidence
monochromators can also be used.

Oscillator strengths in the Na I isoelectronic
sequence have been studied theoretically by
Laughlin et al." and Biemont' since the compila-
tion of Wiese, Smith, and Miles, while many tran-
sition probabilities in Ar VIII have also been cal-
culated by Datla et al." For this sequence the
compilation' was based essentially on a few ex-
perimental values in NaI and Mg II plus charge-
expansion calculations of Crossley and Dalgarno'
and frozen-core Har tree -Fock calculations of
McEachran et al. ,

"with linear extrapolations to
the hydrogenic limit at 1/Z =0. Dalgarno" and
Laughlin et al."have pointed out that such linear
extrapolations may frequently produce consider-
able error in estimated oscillator strengths.
Laughlin et al." introduced a method of obtaining
both the oscillator strength and its derivative with
respect to 1/Z at the hydrogenic limit. Thus they
showed, in particular for the 3d-4P and 4p-4d
transitions of the NaI isoelectronic sequence,
that previous estimates of f were appreciably too
high for highly charged ions above on ionization
stage of 7+. The subsequent works of Datla et al."
and Biemont' show the same trends for other Na I-
like transition oscillator strengths.

We show an example in Fig. 4 of the oscillator
strength of the 3P'P-3d'D transition as a function
of 1/Z. The calculations of Biemont here agree
with the earlier work (contrary to the comparison
shown in Ref. 6) and fall on the solid line taken
from Smith and Wiese. 4 The other experimental
values are taken from Refs. 15-20. Livingston"
has also measured this Ar VIII mean life, obtain-
ing the same value that we did.

It is clear that the experimental results for the
high-Z ions are in reasonable agreement with the
calculations of Biemont, although at low Z there
remains considerable discrepancy. Only two other
Na I-like transitions measured consist of the sin-
gle allowed decays for which direct comparisons
with theory can be made. The 3P-4s transition
probability in Cl VII agrees with the calculation
of Biemont, while in Ar VIII the experimental life-

Nal, SEQUENCE
l.o- 3P'p —Bd'0

0,8

f06
0.4

0.2
I

Nal

FIG. 4. Absorption oscillator strength for the
3P P-3d D transition of the Na i -like sequence as a func-
tion of 1/Z. The solid curve is taken from Biemont
(Ref. 6) (the same curve as Smith and Wiese, Ref. 4) and
the experimental data are as follows: Mg», Refs. 15-l.7;
Aliis, Ref. ].5; Siw, Ref. ].8; Pv, Ref. 19; Svt, Ref. 20;
Clv&r, Ref. 3.

time is slightly faster than all theories predict.
For the 3d 4f transitio-n the experimental life-
times in Cl VII and Ar VIII are both about 20% long-
er than the compilation values. 4 Biemont has not
calculated the f values for this transition.

For the remaining Na I-like transitions mea-
sured, two or more allowed decays occur from
the same upper term and the inverse of the sum of
transition probabilities is listed as the theoretical
mean life, and no direct comparisons of oscillator
strengths could be made. The experimental and
theoretical mean lives agree to within about 20%%u~.

For the MgI isoelectronic-sequence mean lives,
there exist almost no previous experimental or
theoretical results for comparison. C rossley and
Dalgarno's charge-expansion calculations have
been used primarily in the compilation of Smith
and Wiese. '

We have calculated all of the transition prob-
abilities from all of the observed terms using
the Bates-Damgaard Coulomb approximation (CA). '2

In Tables II and III we list the results in the col-
umn labeled CA for both the Na I and Mg I se-
quences. As expected, in the Na I sequence the
Coulomb approximation shows good agreement
with the Hartree-Fock calculations and experi-
ment. The comparison with experiment for the
MgI sequence shows that even for low-lying con-
figurations of n =3 and 4, where the wave function
of the excited electron overlaps considerably with
the open core, the Coulomb-approximation result
is within a factor of 2 of the experimental mean
life.

The 3p'P'-3d'D transition in ClVI gives a
3d'D lifetime which is in significantly better
agreement with theory than the previous experi-
mental result of Bashkin and Martinson. ' The
same 20% discrepancy is observed for this term
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in Ar VII and for the 4s 'S term in both C1VI and
Ar VII.

No calculations or measurements of the life-
times exist for the upper terms of the remaining
transitions we have measured in the MgI isoelec-
tronic sequence.

rv. cowcLUSIONS

We have adapted the beam-foil technique to mea-
sure very short lifetimes in the picosecond range

at extreme vacuum-ultraviolet wavelengths. We
have applied this technique to transitions in NaI-
like and Mg I-like chlorine and argon. Reasonable
agreement with Hartree-Pock calculations and
1/Z expansion and calculations is obtained in the
Na I sequence. Almost no previous theoretical or
experimental comparisons are available for the
MgI sequence measurements. Our Coulomb-ap-
proximation calculations which neglect configura-
tion mixing with the displaced term system in this
sequence are in surprisingly good accord with our
experimental results.
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