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Abstract. Using the relative line intensity ratios method between transitions that belong to the same multiplet
in the Ar 11T (4s — 4p, 4s’ — 4p’ and 4p’ — 4d’ transitions) and Ar IV (4s — 4p and 4s’ — 4p’ transitions) spectra,
some of the existing transition probability values (A) have been controlled. On the basis of the confirmed A values
in Ar IIT (328.585 nm, 330.188 nm, 331.125 nm, 333.613 nm and 334.472 nm) and in Ar IV (280.944 nm and
278.896 nm) spectra two A values in Ar III and seven A values in Ar IV spectra have been determined, for the first
time, relatively to the confirmed A values. Beside, some of the existing theoretical A data have been corrected,
according to our experimentally observed relative line intensity ratio values. Measurements have been performed
by using the linear low pressure pulsed arc, as an optically thin plasma source, operated in argon-helium mixture.
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1. Introduction

Transition probability of spontaneous emission (Einstein’s
A value) plays an important role in plasma and laser in-
vestigation and, also, in astrophysics. Namely, various ki-
netic processes appearing in plasma modeling need reliable
knowledge of A values (Griem 1964, 1974, 1997). Beside,
knowledge of the A values gives possibility for determi-
nation the coefficients of the absorption and stimulated
emission. These processes are also important in the as-
trophysics and laser physics. However, the existing A val-
ues (Wiese et al. 1966, 1969; Lide 1994), for number of
emitters, are given with high uncertainties. These values
are calculated on the basis of the Coulomb approximation
(Allen 1973) or by using the Self-Consistent Field (SCF)
method (Hartree 1956). In the case of ionized emitters
(doubly or triply ionized argon, as example) the expected
uncertainties are 50% or larger (Wiese et al. 1969). On
the other hand, known experimental techniques show var-
ious difficulties (Wiese et al. 1966; Wiese 1968; Rompe &
Steenbeck 1967) which limit accuracy of the measured A
values.

In this work the transition probabilities of spontaneous
emission of eight transitions in Ar III and seventeen tran-
sitions in Ar IV spectrum have been obtained using the
relative line intensity ratios method. The selected spectral
lines are the strongest in the Ar IIT and Ar IV spectra and
they are frequently applied in different sort of investiga-
tions. The total line intensities (I) have been measured
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with high accuracy (3%—-5%) using the step-by-step tech-
nique for the line profiles recording. Measurements were
performed using the linear pulsed arc plasma as the op-
tically thin radiation source (Djenize et al. 1991, 1998,
2000b), in Local Thermodynamic Equilibrium (LTE). In
this case the well-known formula (Griem 1964):

(Il/IQ)exp = (Algl)\Q/AgggAl)eXp(AEgl/kT) (1)
can be used for a comparison between measured relative
line intensity ratios and corresponding calculated values
taking into account validity of the Boltzmann distribution
for population of the excited levels in emitters. I, A\, A, E
and ¢ in the Eq. (1) denote measured relative intensity,
wavelength of the transition, transition probability of the
spontaneous emission in researched particular quantum
transition, excitation energy from the ground energy level
and corresponded statistical weight, respectively. T is the
electron temperature of the plasma in LTE and k is the
Boltzmann constant. In the case when compared spectral
lines belong to the same multiplet, Eq. (1) can be rewritten
in the form:

(I1/12)exp = A191/A2g2 (2)
because of the very small difference between excitation
energies and wavelengths related to the compared lines.
Equation (2) gives possibility to check the existing A
values associated to the transitions within a multiplet.

Atrticle published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20000007



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20000007

S. Djenize and S. Bukvié: Transition probabilities of several transitions in the Ar III and Ar IV

We have monitored ratios (11 /12)exp for a spectral lines
that belong to the same multiplet in a wide range of the
decaying plasma up to the moment when the line inten-
sity maximum dropped down to 10% of its maximal value.
We have found that these experimental ratios are constant
within 6% during the plasma decay. This suggest that the
comparison between measured and calculated relative line
intensity ratios can be employed as a method for estima-
tion of the transition probabilities relatively to the selected
referent A values. Namely, we suppose that there is at
least one pair of lines, belonging to the same multiplet,
for which measured and calculated relative line intensity
ratios are in agreement (within the accuracy of the mea-
surements) during the whole plasma decay period. If such
agreement really exist one can accept these lines, with cor-
responding transition probabilities, as the referent. Among
the lines that we have investigated such behavior is found
for the: 328.585 nm, 330.188 nm, 331.125 nm, 333.613 nm
and 334.472 nm Ar IIT and 280.944 nm and 278.896 nm
Ar IV transitions. Existing theoretical A values of these
lines (Wiese et al. 1969) can be accepted as experimen-
tally confirmed, reliable, atomic data. Furthermore, these
A values can be used as reference for relative determina-
tion of unknown transition probability values for transi-
tions that belong to the different multiplets. Using the
Egs. (1) and (2) we have found that one of the existing
A values in the investigated Ar III transition needs cor-
rection. In the investigated Ar IV transition we have cor-
rected eight A values. Beside, two A values, not known
before (Wiese et al. 1969, NIST-Database), were obtained
in the case of the Ar III and seven A values in the case
of Ar IV spectrum, relatively to the mentioned Ar III and
Ar TV referent A values.

2. Experiment

The modified version of the linear low pressure pulsed
arc (Djenize et al. 1991, 1998, 2000b) has been used as
a plasma source. A pulsed discharge was driven in a
quartz discharge tube of 5 mm inner diameter and ef-
fective plasma length of 7.2 cm (Fig. 1 in Djenize et al.
1991, 1998). The tube has end-on quartz windows. On
the opposite side of the electrodes the glass tube was ex-
panded in order to reduce erosion of the glass wall and also
sputtering of the electrode material onto the quartz win-
dows. The working gas was argon-helium mixture (72%
Ar +28% He) at 130 Pa filling pressure with constant
flux (6 ml/min) flowing regime. Chosen flux and pressure
provide minimal self-absorption of the investigated spec-
tral lines. Spectroscopic observation of isolated spectral
lines were made end-on along the axis of the discharge
tube. A capacitor of 14 uF was charged up to 2.5 kV.
The line profiles were recorded using a step-by-step tech-
nique with a photomultiplier (EMI 9789 QB) and a grat-
ing spectrograph (Zeiss PGS-2, reciprocal linear disper-
sion 0.73 nm/mm in first order) system. The system was
calibrated by using the EOA-101 standard lamp located
at 40 cm distance from the spectrograph input slit. The
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Fig.1. Recorded Ar III spectrum at the 20th us after the
beginning of the discharge
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Fig. 2. Recorded Ar IV spectrum at the 15th us after the
beginning of the discharge

instrumental FWHM of 0.008 nm was determined by us-
ing the narrow spectral lines emitted by the hollow cath-
ode discharge. The spectrograph exit slit (10 pm) with
the calibrated photomultiplier was micrometrically tra-
versed along the spectral plane in small wavelength steps
(0.0073 nm). The averaged photomultiplier signal (five
shots at each position) was digitized using an oscilloscope,
interfaced to a computer. All spectral line profiles have
been recorded at the same detection conditions. A sample
spectra, as example, are shown in Figs. 1 and 2.

Plasma reproducibility was monitored by the Ar II,
Ar IIT and Ar IV lines radiation and, also, by the dis-
charge current using Rogowski coil signal (it was found to
be within + 3%). Recorded line profiles can be fitted to the
Voigt function as a convolution of the Gauss (instrumental
and Doppler broadening) and Lorentz (Stark broadening)
functions. The standard deconvolution procedure (Davies
& Vaughan 1963) was computerized using the least square
algorithm. Total line intensity (I) corresponds to the area
under the line profile. One can notice, see Figs. 1 and 2,
that investigated spectral lines are well isolated while the
continuum is close to the zero value within the same



254
]
L, 1:280.944nm 2:278.896nm
2,5+
24 ° ;
-— 3 o -
15
1 -
054 Arlv
b ] L 1 1 i L
1L,
p 1:330.199nm 2:33113nm J
1.5+ Te I e o o . . d
1 -
0.5 Aril
a) 1 1 1 1 1 1 1
Imax Arlv  Arlll
1.0 °,o\
/o
0.8 / \ p=130Pa
/ \ E=43.83
/ \
0.6 o
I3 \
/ \o\
0.4 / \
O\\
-]
0.2+ / ~ ~e
/ S -
/ o=
o T T T T T T T
10 20 30 40 50 60 70 tps)

Fig. 3. Temporal evolution of normalized line intensity maxi-
mum (Imax) averaged over 17 researched lines of Ar IV and 8
researched lines of Ar III. Temporal dependence of the relative
line intensity ratios are also presented for the lines that belong
to the low lying Ar III a) and Ar IV b) multiplets (see also
Table 1)

range of wavelengths. These facts are important for accu-
rate determination of the total line intensities and these
conveniences increase reliability of the results.

The intensity maximum (Iyax) of the Ar IIT and Ar IV
spectral lines were monitored during the plasma decay.
Temporal evolutions of the normalized I .x values are
presented in Fig. 3.

It is evident that Ar IV lines reach maximal intensity
15 us after beginning of the discharge which correspond
to the moment of maximal electron density. Temporal de-
pendence of the line intensity of Ar III lines has a simi-
lar flow, but maximal intensity is reached 25 us after be-
ginning of the discharge. In these moments (15 ps and
25 us, respectively) the maximal density of the Ar IV and
Ar IIT species are expected. This is important for estima-
tion of self-absorption. Namely, maximal self-absorption
is expected to be in the mentioned moments. In order to
minimize influence of the self-absorption on the total
line intensity great care was taken to find optimal dis-
charge conditions (gas pressure, flux, bank-energy, self-
inductance). Found optimal values have been noticed
above in the text. To check existence of the self-absorption,
relative line intensity ratios have been controlled during
the plasma decay. Absence of the self-absorption would
cause constant relative line intensity ratio. This is fulfilled
in the case of the low lying (P —% D?) multiplet in Ar IV
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Fig. 4. Temporal evolution of the electron temperature (T)
and electron density (N) during the plasma decay
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Fig. 5. Relative line intensity ratios (I1/I2) during the plasma
decay. e, our experimental values within +10% accuracy. - - -,
theoretical ratios by using the existing transition probability
values from Wiese (1969) and Lide (1994) within estimated
uncertainties of 50%. Solid lines represent theoretical intensity
ratios after the correction of the transition probabilities. All
three lines belong to the same multiplet (No. 3) in the Ar III
spectrum

spectrum (Fig. 3b). Therefore, influence of the self absorp-
tion on the total line intensity values for Ar IV lines can
be neglected. In the case of low lying (°S° —° P) multi-
plet in Ar III spectrum relative line intensity ratio cease
to be constant at the 20th us after beginning of the dis-
charge testifying presence of the self absorption (Fig. 3a).
Similarly, one can notice absence of the self absorption for
upper lying Ar III and Ar IV multiplets, see Figs. 5-7.
From this fact follows that for employed experimental
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Table 1. Obtained transition probability values (Aexp) with their estimated accuracy’s. A, are existing probability values
taken from Wiese et al. (1969) and from NIST-Database. Ak denote calculated values by Kurucz (2000). E, and g, denote
the upper-level excitation energy and corresponding statistical weight, respectively. J, and J; are the inner quantum numbers
corresponding to the upper (u) and lower (1) energy levels in the particular quantum transition with given wavelength () in

the researched multiplet

Emitter Transition Multiplet J—Ju A Ey Ju Ay Aexp Ak
(nm) (eV) (10% s7h) (10® s™)  (10%s7h)

Ar III 4s-4p 550-5p 2-3 328.585 25.39 7 2.0 £50% 2.00 + 10% 2.096
(1) 2-2 330.188 2537 5 2.0 £50%  2.00 + 10% 2.057
2-1 331.125 2536 3 2.0 £50%  2.00 £ 10% 2.054
4s'~4p’ 3DO-3F 3-4 333.613 2810 9  20450%  2.00 £10% 1.960
(3) 2-3 334.472 28.08 7 1.8 £50%  1.80 £ 10% 1.734
1-2 335.849 28.06 5 1.6 £50%  2.35 £ 15% 1.628

4p'—4d’ spo_spo 2-2 248.886 33.66 5 — 1.30 £20% 4.101

Sp-3p0 0-1 250.442 33.68 3 — 0.45 +20% 1.735

Ar IV 4s—4p ‘PADY 5/2-7/2  280.944 3565 8 2.6 £50%  2.60 £ 10% 2.591
(4UV)  3/2-5/2 278.896 3555 6 1.9 £50%  1.90 £ 10% 1.840
1/2-3/2 277.626 3549 4 1.1 £50%  1.60 £ 10% 1.109
3/2-3/2 283.025 3549 4 1.4 £50%  1.65 £ 10% 1.343
‘p4pP°  5/2-5/2  264.034 3593 6 22 +£50%  1.65 + 15% 2.200
(5UV)  3/2-3/2 260.806 35.86 4 0.43 £ >50% 1.00 £ 15% 0.436
3/2-1/2  261.568 35.85 2 2.7+ 50%  2.60 + 10% 2.677

‘p-18°  5/2-3/2 251.328 36.17 4 — 2.25 + 15% 1.911

2p2D%  1/2-3/2  292.633 3599 4 2.0 £50%  4.50 + 15% 1.992

(2)

’p-?p 3/2-1/2  260.844 36.66 2 — 1.90 + 17% 1.175

p-2P°  3/2-3/2 259.947 36.67 4 — 2.50 & 15% 2.965
1/2-1/2 252569 36.66 2 — 2.00 + 15% 2.619

4s'—4p’ D-?F°  5/2-7/2 275.792 3774 8 2.8 + 50% 3.85 £17% 2.752
(6UV)  3/2-5/2 278447 3770 6  25+50%  4.30 £ 17% 2.490
D°-2D°  5/2-5/2 262492 3797 6 — 3.35 £ 17% 3.144
3/2-3/2 262.136 37.98 4 — 3.60 + 17% 3.053
5/2-3/2 261.998 37.98 4 — 0.80 + 17% 0.343

conditions (spatial distribution, discharge characteristics,
gas pressure etc.) our plasma can be considered as opti-
cally thin. On the other hand, Stark width values of these
lines measured by Djenize et al. (2000a,b) in the same
plasma conditions agree well with existing experimental
and theoretical Stark width values testifying, also, the ab-
sence of the self-absorption. Therefore, presented results
show that the relative line intensity ratio method is suit-
able for checking of the self-absorption (Wiese 1968; Griem
1964, 1974).

The plasma parameters were determined using stan-
dard diagnostic methods (Rompe & Steenbeck 1967).
Thus, the electron temperature was determined from the
Boltzmann-plot of seven Ar III lines (330.2; 331.1; 335.8;
334.5; 333.6; 248.9 and 250.4 nm) with a corresponding
upper-level energy interval of 8.32 eV with an estimated
error of 4+ 9%, assuming the existence of LTE, according to

criterion from Griem (1974). Necessary atomic data were
taken from Wiese et al. (1969); Striganov & Sventickii
(1996) and from Table 1 in this work. Form of the elec-
tron temperature decay is presented in Fig. 4. The elec-
tron density decay was measured using a well-known single
laser interferometry (Ashby et al. 1965) technique for the
632.8 nm He-Ne laser wavelength with an estimated error
of +7% and, also, by Stark width measurements of the
convenient He IT P, (468.57 nm) line (Pittman & Fleurier
1986). The electron density decay is presented, also, in
Fig. 4.

Taking into account temporal dependencies of T" and
N and the criterion for the existence of the LTE (Griem
1974), we can conclude that our plasma abide in the state
of the LTE up to the 70th us after the beginning of the
discharge. Therefore, the Eq. (1) can be applied up to this
moment.
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Fig. 6. Same as in the Fig. 5, but for the Ar IV 4UV multiplet

3. Results

Relative line intensity ratios measured for the lines within
the same multiplet are presented in Figs. 5-7.

It is evident that relative line intensity ratios show tol-
erable scattering of the same magnitude during the whole
plasma decay period. This fact, confirm the absence of the
self-absorption. Ratio (I1/I2) for the Ar IIT 333.613 nm
and 334.472 nm lines (multiplet No. 3) show very good
agreement with the theoretical line intensity ratio (Fig. 5)
calculated using the existing transition probability values
from Wiese et al. (1969). Similar behavior is present in the
case of the 280.944 nm and 278.896 nm Ar I'V spectral lines
(Fig. 6). These facts allow us to believe that the existing
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Fig. 7. Same as in the Fig. 5, but for the Ar IV 5UV multiplet

A values, of the same spectral lines, calculated on the ba-
sis of the LS coupling (Wiese et al. 1969 and references
therein) are correct. Using the Egs. (1) and (2) the A val-
ues of the other quantum transitions are obtained, relative
to the confirmed A values mentioned above. Found Aexp
values are presented in the Table 1 together with the ex-
isting calculated A values taken from various data sources
(Wiese et al. 1969; NIST - Atomic Spectra Database 2000;
Kurucz Database 2000).

4. Conclusion

We have obtained A values for two Ar IIT (248.886 nm and
250.442 nm) and seven Ar IV transitions (251.328 nm,
260.844 nm, 259.947 nm, 252.569 nm, 262.492 nm,
262.136 nm and 261.998 nm) not evident by NIST
database. Beside, one Ar III (335.849 nm) and eight
Ar IV (277.626 nm, 283.025 nm, 264.034 nm, 260.806 nm,
261.568 nm, 292.633 nm, 275.792 nm and 278.447 nm) ex-
isting A values have been corrected. These corrections are
most significant for the 260.806 nm and 292.633 nm Ar IV
transitions (about +130% and 4+125%, respectively). All
new values are relative to the confirmed A values that
belong to the transitions in low lying multiplets in the
Ar IIT and Ar IV spectra. Our experimentally obtained
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A values are in satisfactory agreement with those from
Kurucz (2000) in the case of the 251.328 nm, 260.844 nm,
259.947 nm, 252.569 nm, 262.492and 262.136 nm Ar IV
spectral transitions. It should be pointed out that small
number of papers deal with the Ar III and Ar IV tran-
sition probability values (Wiese et al. 1969; Lide 1994,
NIST-Database; Kurucz - Database). New theoretical
calculations of these values would be helpful.
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