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NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards 1 was established by an act of Congress March 3,

1901. Today, in addition to serving as the Nation's central measurement laboratory,

the Bureau is a principal focal point in the Federal Government for assuring maxi-

mum application of the physical and engineering sciences to the advancement of tech-

nology in industry and commerce. To this end the Bureau conducts research and
provides central national services in three broad program areas and provides cen-

tral national services in a fourth. These are: (1) basic measurements and standards,

(2) materials measurements and standards, (3) technological measurements and
standards, and (4) transfer of technology.

The Bureau comprises the Institute for Basic Standards, the Institute for Materials

Research, the Institute for Applied Technology, and the Center for Radiation Research.

THE INSTITUTE FOR BASIC STANDARDS provides the central basis within the

United States of a complete and consistent system of physical measurement, coor-

dinates that system with the measurement systems of other nations, and furnishes

essential services leading to accurate and uniform physical measurements throughout

the Nation's scientific community, industry, and commerce. The Institute consists

of an Office of Standard Reference Data and a group of divisions organized by the

following areas of science and engineering

:

Applied Mathematics—Electricity—Metrology—Mechanics—Heat—Atomic Phys-

ics—Cryogenics 2—Radio Physics 2—Radio Engineering2—Astrophysics 2—Time

and Frequency. 2

THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research lead-

ing to methods, standards of measurement, and data needed by industry, commerce,
educational institutions, and government. The Institute also provides advisory and
research services to other government agencies. The Institute consists of an Office of

Standard Reference Materials and a group of divisions organized by the following

areas of materials research:

Analytical Chemistry—Polymers—Metallurgy— Inorganic Materials— Physical

Chemistry.

THE INSTITUTE FOR APPLIED TECHNOLOGY provides for the creation of appro-

priate opportunities for the use and application of technology within the Federal Gov-

ernment and within the civilian sector of American industry. The primary functions

of the Institute may be broadly classified as programs relating to technological meas-

urements and standards and techniques for the transfer of technology. The Institute

consists of a Clearinghouse for Scientific and Technical Information,3 a Center for

Computer Sciences and Technology, and a group of technical divisions and offices

organized by the following fields of technology:

Building Research—Electronic Instrumentation— Technical Analysis— Product

Evaluation—Invention and Innovation— Weights and Measures— Engineering

Standards—Vehicle Systems Research.

THE CENTER FOR RADIATION RESEARCH engages in research, measurement,
and application of radiation to the solution of Bureau mission problems and the

problems of other agencies and institutions. The Center for Radiation Research con-

sists of the following divisions:

Reactor Radiation—Linac Radiation—Applied Radiation—Nuclear Radiation.

1 Headquarters and Laboratories at Gaithersburg, Maryland, unless otherwise noted ; mailing address Washington, D. C. 20234.
2 Located at Boulder, Colorado 80302.

* Located at 5285 Port Royal Road, Springfield, Virginia 22151.
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Critically Evaluated Transition Probabilities

for Ba I and II

B. M. Miles and W. L. Wiese

Critically evaluated transition prob-
abilities, in order of increasing quantum
numbers

}
are compiled for Ba I and II from

available literature sources.

Key words: Ba I, Ba II, line strengths,
oscillator strengths, transi-
tion probabilities

This special compilation of critically evaluated transition prob-
abilities of Ba I and II has been carried out in response to much recent
interest in the barium spectrum. We have for the arrangement of these
tables adopted the same format as used in our general compilations of

atomic transition probabilities for the first! an(j second ten elements.
Thus we follow in our coding exactly the notation used in the other com-
pilations. For convenience, we have collected below the special notation
used in the evaluation of these two spectra.

Special Notation used in the Tables :

1. Multiplet column:

Numbers in parenthesis are the multiplet numbers of

Ref. 3 and 4.

2. Wavelength column:

Wavelengths in brackets are calculated wavelengths
rather than observed ones.

k
Research supported by the Advanced Research Projects Agency of the

Department of Defense under the Strategic Technology Office.



3. Accuracy column:

B - for uncertainties within 10%

C - for uncertainties within 25%
D - for uncertainties wtihin 50%
E - for uncertainties larger than 50%.

4. Literature column:

n - indicates the values have been normalized to a basis
which is different from the one chosen by the author,

is - relative values obtained from LS-coupling tables.
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Ground State

Ionization Potential

BARIUM I

Ba I

. 2. 6. ,10_ 2 C 6, 2 1
4s 4p 4d 5s 5p 6s S

5.210 eV = 42032.4 cm"

Allowed Transitions

List of tabulated lines

Wavelength [K] No. Wavelength [A] No. Wavelength [A] No.

2409.98 36 4323.00 44 5971.70 6

2414.83 35 4325.15 40 5997.09 6

2420.85 34 4332.91 44 6019.47 6

2428.17 33 4350.33 38 6063.12 6

2433.28 25 4402.54 41 6110.78 6

2439.55 32 4406.85 40 6341.68 5

2445.38 24 4431.89 38 6450.85 5

2453.12 31 4467.09 39 6482.91 9

2473.20 30 4488.98 44 6498.76 5

2500.2 29 4493.64 44 6527.31 5

2543.2 28 4505.92 38 6595.33 5

2596.64 22 4523.17 38 6675.27 5

2646.50 27 4573.85 38 6693.84 5

2702.63 21 4579.64 41 6865.69 8

2739.24 20 4591.82 13 7059.94 3

2785.28 26 4599.75 37 7120.33 4

3071.58 23 4604.98 13 7195.24 43

3501.11 17 4619.92 45 7280.30 3

3889.33 16 4628.33 13 7392.41 43

3909.91 1 4673.62 13 7417.53 4

3935.72 1 4691.62 38 7488.08 3

3937.87 1 4700.43 45 7672.09 3

3993.40 1 4726.44 14 7780.48 3

3995.66 1 5535.48 19 7905.75 43

4132.43 15 5777.62 42 7911.38 18

4239.56 46 5800.23 42 15000 11

4242.61 40 5805.69 7 27751 12

4264.42 44 5826.30 10 29224 12

4283.10 2 5907.64 6



Aside from the principal resonance line and several other lines of

the resonance series, the oscillator strength situation for Ba I is

quite poor and needs drastic improvement.

The adopted value for the principal resonance line is based on the

lifetime measurements of the 6s6p -"-Pi state by Swagel and Lurio [1] with
the Hanle-effect method (t = 8.37 nsec) and by Hulpke, Paul and Paul [2]

with the phase-shift technique (t = 8.36 nsec). For converting this
number to a transition probability, the small contribution of the

6s5d I-D2 - 6s6p Ip-i transition has to be considered, for which only a

rough estimate is available from a Stark effect measurement by Paul (see

Ref. [2]). The "hook measurements" of Prokof'ev [3] as well as Ostrovskii
and Penkin [4] and the semi-empirical calculations by Vainshtein and
Poluektov [5] have been employed for obtaining a relative f -value for the

intercombination line 6s^ 'Sq - 6s6p 3p^. This number should also be

fairly accurate since the three determinations agree within 16 percent.
We have furthermore deduced the f -values for the infrared 6s5d Di o -

6s6p 3p^ transitions from the lifetime measurement of Bucka and Na^el [6]

for the 6s6p 3p^ state by applying the above determined value for the
intercombination line and by using the LS-coupling ratios.

The transitions of the resonance series 6s^ *-S - 6snp -"-P have been
studied by Penkin and Shabanova [7] for the levels n=6 up to n=18 by
employing the "hook" method. The authors find a highly irregular series
behavior which is graphically presented in Figure 1. Most likely, per-
turbations of the upper states by other neighboring lp states are respon-
sible for this. The accuracy of their results, which are normalized for
the principal resonance line against the above mentioned lifetime, is

estimated to be within 50 percent.

Various other transitions have been studied by Ostrovskii and
Penkin [4] with the "hook" method, and by Eicke [8] with a vortex-
stabilized arc. Also, Warner [9] has calculated the f-values of a few
ns-mp transitions with the scaled Thomas-Fermi method, accounting for
configuration mixing effects.

Ostrovskii and Penkin's numbers are relative f-values, which we have
normalized against the resonance line using the earlier discussed accurate
lifetime results. Eicke obtains absolute f-values, but they cannot be
directly linked to the resonance line which he has not measured.

The results of the three authors differ greatly, often by factors
of two and much more. We have therefore performed some extensive analyses
to search for causes of the discrepancies. For example, we have plotted
the ratios of Eicke 's f-values against Ostrovskii and Penkin's f-values
as a function of upper and lower energy levels as well as wavelengths.
None of these have revealed any clear systematic trends, however, we
noticed that there may be some indication of a systmatic dependence in
Eicke' s values. Namely, his f-values become drastically smaller relative
to the "hook" results for some of the lines involving very high upper
energy levels. In the Ostrovskii and Penkin experiment, on the other
hand, only the populations of the lower energy levels come into play and
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for these no apparent trend could be noticed. Furthermore, the greatest
uncertainties in Eicke's method lie in finding the absolute scale while
his relative values should be much more accurate. We find indeed that
a shift of his absolute scale by enlarging all his values by about a

factor of two would bring at least half of his f -values into a 50 percent
agreement with Ostrovskii and Penkin's normalized values. We have finally
adopted Ostrovskii and Penkin's data because of the following main reasons:

a) These data may be directly linked up with the precise life-
time results for the resonance line.

b) The "hook" method is a time proven method, which has in
many other instances given reliable results, while the
method used by Eicke has been only applied in two other
experiments,, (However, it must be stated that in at
least one of the other two experiments, which we have
analyzed in detail, Eicke's method gives reliable results.)

c) Uncertainties in the temperature measurement should be some-
what less critical for Ostrovskii and Penkin's experiment
than for Eicke's experiment.

d) The few calculated data do not appear to be too trustworthy,
either, since they do not even agree well with experiment on

a relative scale, for which the measurements should be fairly
accurate

.

Since we expect that temperature errors will be quite sensitive
even in the adopted Ostrovskii and Penkin experiment, we estimate the

overall uncertainties not to be much below 50 percent, but even this

figure cannot be considered as too well established because of the

presently existing discrepancies.
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Ground State

Ionization Potential

BARIUM II

Ba II

. 2. 6. ,10,. 2 C 6, 2 n4s 4p 4d 5s 5p 6s S

10.001 eV = 80686.87 cm

1/2

1

Allowed Transitions

List of tabulated lines:

Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.

1413.3 13 2200.9 25 4934.09 17

1417.2 12 2232.8 24 4997.81 41
1444.7 11 2235.4 24 5185.1 35

1461.3 11 2286.0 25 5361.35 31

1486.6 10 2528.40 22 5391.60 31

1503.9 10 2634.78 22 5413.6 2

1554.3 8 2641.37 22 5421.05 31

1572.7 8 2647.26 23 5428.79 2

1573.9 8 2771.35 23 5480.30 2

1630.4 19 3816.7 33 5784.18 38

1674.4 7 3842.8 33 5853.68 6

1694.3 7 3891.78 20 5981.25 38
169 7.2 7 4024.1 4 5999.85 38

1761.7 9 4057.5 4 6135.83 39

1771.1 9 4130.65 20 6141.72 6

1787.0 9 4166.00 20 6363.2 16

1892.5 28 4287.80 43 6373.2 32

1904.16 5 4325.73 42 6378.91 39

1906.8 29 4329.62 42 6457.7 32

1924.77 5 4405.23 43 6496.90 6

1954.3 28 4470.7 3 7556.8 15

1955.1 28 4509.6 3 7678.3 15

1970.3 29 4524.93 21 8496.8 47
1985.7 26 4554.03 17 8591.4 1

1999.54 18 4616.04 42 8661.9 1

2009.3 27 4708.94 40 8703.7 47
2052.8 26 4843.46 40 8710.82 30
2054.1 26 4847.14 41 8719.1 47

2080.0 27 4850.84 40 8737.74 30
2153.9 24 4899.93 21 8760.6 1
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Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.

8793.2 48 10768 45 11932 46

8897.5 30 10770 14 12475 37

9031.5 48 10994 14 13058 34

9603.3 36 11089 45 14211 34

10115 36 11127 45 18729 44

10213 36 11519 46 19643 44
10710 14 11577 37 19845 44

The most accurate f -values in this spectrum belong to the lines

having the 6p ^P levels as their upper states. Precise lifetime measure-
ments of these states using the Hanle effect technique have been per-

formed by Bucka et al. [1] and Gallagher [2]
}
and are in close agreement.

Bucka et al. obtain for the 6p 2p , level a lifetime of 7.0 ± 0.6 nsec,

while Gallagher's result is 6.27 ± 0.25 nsec. We have utilized Gallagher's
data exclusively, since he has also reduced the lifetime data to transi-
tion probabilities by measuring the relative strengths of all lines
originating from the 6p 2 P upper levels, i.e., the branching ratios. For

a number of vacuum uv lines and some visible transitions, von Specht [3]

has determined moderately precise f-values - he estimates uncertainties
of 35% - from emission measurements with a wall-stabilized arc operating
in a barium-argon atmosphere. There is unfortunately no direct link
between the data of von Specht and the presumably more accurate lifetime
results of Gallagher. A somewhat indirect comparison via a few low cur-
rent arc measurements by Kolesnikov and Slepchenko [4] gives the indica-
tion that von Specht 's data may be somewhat high. However, Kolesnikov
and Slepchenko's data cannot be considered very reliable since their f-values
disagree quite badly with other results, even on a relative scale.

For many other lines of at least moderate strength we use the recent
calculations by Warner [5], Warner uses essentially the Coulomb approxi-
mation by Bates and Damgaard [6] with a modified potential and makes some
allowance for configuration mixing and perturbation effects. Since Ba II

is basically a one-electron spectrum this should be a reasonable approach
if the jumping electron has a little interaction with the core. This is

indeed indicated by the few available comparisons with the above mentioned
experiments by Gallagher and von Specht, some of which are presented in

Table I. It is seen that very pronounced differences exist for the 5d-6p
transitions, which is clearly non-Coulombic . The agreement becomes then
increasingly better as the jumping electron gets further away from the
core, and is already quite acceptable for the 6s-6p transition. Some
isolated cancellation seems to be apparent as indicated for example by
the rather small theoretical gf-value for the 6s-8p transition. We have
therefore limited our tabulation of Warner's f-values to those transitions
which are either in the visible or near infrared (\ smaller than 20,000 A)
and which have gf -values larger than 10"^.

13



Table I. Comparison of some Ba II f-values calculated by Warner on the
basis of the Coulomb-approximation with experimental results
by Gallagher (Hanle-ef f ect) and von Specht (stabilized arc).

Transition \ Warner [5] Gallagher [2] v. Specht [3]

5d
2
D
5/2

- 6p F
3/2

6141.72 0.12 0.14 -

2^
D
3/2

- V
\3/2

5853.68 0.017 0.025 -

2^
D
3/2

"
*l/2

6496.90 0.087 0.105 -

5d
2
D
3/2

- 8p F
3/2

1761.7 1.12xl0"
4

- 1.8xl0"
4

2^
D
3/2

" r
l/2

1771.1 0.93xl0"
4

- 7.9xl0"
4

2^
D
5/2

- F
3/2

1787.0 0.035xl0"
3

- 1.4xl0"
3

5d
2
D
3/2

- 6f
2
F

o
F
5/2

1674.4 0.38xl0"
6

- 1.4xl0"
2

2

°5/2
" F

7/2
1694.3 0.096xl0"

2
- 1.2xl0"

2

2
D
5/2

" F
5/2

1697.2 0.26xl0'
4

- 7.3xl0"
4

5d
2
D
3/2

- 7f F
5/2

1554.3 0.45xl0"
2

- 1.4xl0"
2

2^
°5/2

" F
7/2

1572.7 0.22xl0'
2

- 1.2xl0"
2

2^
D
5/2

" F
5/2

1573.9 2.95xl0"
4

- 5.8xl0"
4

6s
2
S
1/2

- 6p ^3/2 4554.03 0.78 0.74

2
sh
l/2 *l/2

4934.09 0.37 0.35 -

6s
2
S
1/2

- 8p r
l/2

1630.4 0.018xl0"
4

- 6.6xl0'
4

6P
2
P
3/2

- 6d
2^
D
5/2

4130.65 0.898 - 1.2

V -
*3/2

2^
D
3/2

4166.00 0.103 - 0.095

6 P
2
P°

/2
- 7s

2
Sb
l/2

4524.93 0.145 - 0.22

iU
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NBS TECHNICAL PUBLICATIONS

PERIODICALS

JOURNAL OF RESEARCH reports National
Bureau of Standards research and development in

physics, mathematics, chemistry, and engineering.

Comprehensive scientific papers give complete details

of the work, including laboratory data, experimental
procedures, and theoretical and mathematical analy-

ses. Illustrated with photographs, drawings, and
charts.

Published in three sections, available separately:

• Physics and Chemistry

Papers of interest primarily to scientists working in

these fields. This section covers a broad range of

physical and chemical research, with major emphasis
on standards of physical measurement, fundamental
constants, and properties of matter. Issued six times

a year. Annual subscription: Domestic, $6.00; for-

eign, $7.25*.

• Mathematical Sciences

Studies and compilations designed mainly for the

mathematician and theoretical physicist. Topics in

mathematical statistics, theory of experiment design,

numerical analysis, theoretical physics and chemis-

try, logical design and programming of computers
and computer systems. Short numerical tables.

Issued quarterly. Annual subscription: Domestic,

$2.25; foreign, $2.75*.

• Engineering and Instrumentation

Reporting results of interest chiefly to the engineer

and the applied scientist. This section includes many
of the new developments in instrumentation resulting

from the Bureau's work in physical measurement,
data processing, and development of test methods.

It will also cover some of the work in acoustics,

applied mechanics, building research, and cryogenic

engineering. Issued quarterly. Annual subscription:

Domestic, $2.75; foreign, $3.50*.

TECHNICAL NEWS BULLETIN

The best single source of information concerning

the Bureau's research, developmental, cooperative

and publication activities, this monthly publication

is designed for the industry-oriented individual whose
daily work involves intimate contact with science

and technology

—

for engineers, chemists, physicists,

research managers, product-development managers, and
company executives. Annual subscription: Domestic,

.$3.00; foreign, $4.00*.

•Difference in price is due to extra cost of foreign mailing.

N0NPERI0DICALS

Applied Mathematics Series. Mathematical
tables, manuals, and studies.

Building Science Series. Research results, test

methods, and performance criteria of building ma-
terials, components, systems, and structures.

Handbooks. Recommended codes of engineering
and industrial practice (including safety codes) de-

veloped in cooperation with interested industries,

professional organizations, and regulatory bodies.

Special Publications. Proceedings of NBS con-
ferences, bibliographies, annual reports, wall charts,

pamphlets, etc.

Monographs. Major contributions to the techni-

cal literature on various subjects related to the

Bureau's scientific and technical activities.

National Standard Reference Data Series.

NSRDS provides quantitative data on the physical

and chemical properties of materials, compiled from

the world's literature and critically evaluated.

Product Standards. Provide requirements for

sizes, types, quality and methods for testing various

industrial products. These standards are developed
cooperatively with interested Government and in-

dustry groups and provide the basis for common
understanding of product characteristics for both
buyers and sellers. Their use is voluntary.

Technical Notes. This series consists of com-
munications and reports (covering both other agency
and NBS-sponsored work) of limited or transitory

interest.

Federal Information Processing Standards
Publications. This series is the official publication

within the Federal Government for information on

standards adopted and promulgated under the Pub-
lic Law 89-306, and Bureau of the Budget Circular

A-86 entitled, Standardization of Data Elements

and Codes in Data Systems.

CLEARINGHOUSE

The Clearinghouse for Federal Scientific and

Technical Information, operated by NBS, supplies

unclassified information related to Government-
generated science and technology in defense, space,

atomic energy, and other national programs. For

further information on Clearinghouse services, write:

Clearinghouse

U.S. Department of Commerce
Springfield, Virginia 22151

Order NBS publications from: Superintendent of Documents
Government Printing Office

Washington, D.C. 20402
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