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National Standard Reference Data System

The National Standard Reference Data System is a government-wide effort to give to the
technical community of the United States optimum access to the quantitative data of physical
science, critically evaluated and compiled for convenience. This program was established
in 1963 by the President’s Office of Science and Technology, acting upon the recommendation
of the Federal Council for Science and Technology. The National Bureau of Standards
has been assigned responsibility for administering the effort. The general objective of the
System is to coordinate and integrate existing data evaluation and compilation activities into
a systematic, comprehensive program, supplementing and expanding technical coverage
when necessary, establishing and maintaining standards for the output of the participating
groups, and providing mechanisms for the dissemination of the output as required.

The NSRDS is conducted as a decentralized operation of nation-wide scope with central
coordination by NBS. It comprises a complex of data centers and other activities, carried
on in government agencies, academic institutions, and nongovernmental laboratorics. The
independent operational status of cxisting crictical data projects is maintained and encour-
aged. Data centers that are components of the NSRDS produce compilations of critically
evaluated data, critical reviews of the state of quantitative knowledge in specialized areas,
and computations of useful functions derived from standard reference data.

For operational purposes, NSRDS compilation activitics are organized into seven cate-
gories as listed below. The data publications of the NSRDS, which may consist of mono-
graphs, looseleaf sheets, computer tapes, or any other useful product, will be classified as
belonging to one or another of these categories. An additional “General”’ category of NSRDS
publications will include reports on detailed classification schemes, lists of compilations
considered to be Standard Reference Data, status reports, and similar material. Thus,
NSRDS publications will appear in' the following eight categories:

Category Title
General
Nuclear Properties
Atomic and Molecular Properties
Solid State Properties
Thermodynamic and Transport Properties
Chemical Kinetics
Colloid and Surface Properties
Mechanical Properties of Materials

NG AW

Within the National Bureau of Standards publication program a new series has been
established, called the National Standard Reference Data Series. The present report, which
is in Category 3 of the above list, is Volume 1 of Number 4 of the new series and is designated

NSRDS-NBS 4 Vol. 1.

A. V. AsTIN, Director.
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ATOMIC TRANSITION PROBABILITIES*

(A critical data compilation)

Volume 1

Elements Hydrogen through Neon

W. L. Wiese, M. W. Smith, and B. M. Glennon

Atomic transition probabilities for about 4,000 spectral lines of the first ten elements, based on all available literature

sources, are critically compiled. The data are presented in separate tables for each element and stage of ionization.

For

each ion the transitions are arranged according to multiplets, supermultiplets, transition arrays, and increasing quantum
numbers. Allowed and forbidden transitions are listed separately. For each line the transition probability for spontaneous
emission, the absorption oscillator strength, and the line strength are given along with the spectroscopic designation, the
wavelength, the statistical weights, and the energy levels of the upper and lower states. In addition, the estimated accu-
racy and the source are indicated. 1In short introductions, which precede the tables for each ion, the main justifications
for the choice of the adopted data and for the accuracy rating are discussed. A general introduction contains a critical

review of the major data sources.

A. INTRODUCTORY REMARKS

After a long period of limited activity in atomic spec-
troscopy, the last half dozen years have brought rapid growth
to this field. This has been sparked largely by urgent needs
from areas in which basic atomic data are employed, namely
plasma physics, astrophysics, and space research. As
part of these developments, the pace and scope of deter-
mining atomic transition probabilities has greatly increased,
so that the amount of accumulated material appears now
to be sufficiently large to make a critical data compilation
worthwhile and desirable. To realize this idea, a data centet
on atomic transition probabilities was established at the Na-
tional Bureau of Standards in 1960. As a first step of the pro-
gram, a search for the widely scattered literature references
was undertaken. This phase of the work was essentially
completed in 1962 with the publication of a “‘Bibliog-
raphy on Atomic Transition Probabilities” (NBS Monograph
50) [1].  After that, only the monitoring of the current litera-
ture had to be kept up, and the emphasis of the work there-
fore could be shifted to the critical evaluation of the litera-
ture and the tabulation of the numerical data. Since the
lightest ten elements have been of dominant interest, and
on the other hand, the largest amount of data are available
for them, it was decided to concentrate on these and publish
their “best” values as the first part of a general compilation.
pilation.

When the present tabulation was started, it was hoped
that sufficient reliable material was available for a fairly
comprehensive list, which would contain data for at least
all the strong prominent transitions. This hope material-
ized only partially. A number of gaps and large discrep-
ancies were found, and the theoretical and experimental
efforts of several members of the Plasma Spectroscopy
Section at NBS were needed to remedy the most critical

*This research is a part of project DEFENDER, sponsored by the Advanced Research Projects
Agency, Department of Defense, through the Office of Naval Research.

situations. Furthermore, the Coulomb approximation of
Bates and Damgaard [2] was extensively applied to obtain
additional data. Although this unforeseen extra work
delayed the publication of this compilation somewhat, we
feel that we are now able to present a fnore useful and sub-
stantial collection of data.

B. SCOPE OF THE TABLES

In the present compilation the “‘best™ available transition
probabilities ! of allowed (i.e., electric dipole) and for-
bidden (i.e., electric quadrupole and magnetic dipole) lines
of the first ten elements, including their ions, are tabulated.
The hydrogen-like ions are excluded; their transition prob-
abilities may be obtained by scaling the hydrogen values
according to the formulas given in table I. Furthermore,
f-values or absorption coefficients for continua, i.e., bound-
free transitions are not listed. As source material all the
literature given in Ref. [1] plus later articles obtained from
continuous scanning of the current literature are available.

It is our opinion that a tabulation of the present kind must
contain fairly reliable values for at least all the stronger,
characteristic lines of the various ions in order to be of
general usefulness. We have tried to adhere to this goal
from the start. More specifically, we have felt that for
most atoms and ions at least the ‘“‘prominent” half of the
multiplets listed in the ‘“Revised Multiplet Table” [3], and
the “Ultraviolet Multiplet Table” [4] should be included in
the tabulation, and uncertainties should be smaller than
50 percent. A number of gaps in the data and inferior
values were noticed at the start, and—as already men-
tioned —it has been largely due to the efforts of some

! Hereafter, we shall use the equivalent terms “transition probability, oscillator strength or fvalue,
and line strength” on an interchangcable basis. The numerical relationships between these quan-
tities are given in table III,



members of the Plasma Spectroscopy Section at NBS and
the availability of the Coulomb approximation [2] that the
most glaring defects could be eliminated. Although we
still must compromise in some cases by including inferior
material (marked in the accuracy column as “E”) we feel
that waiting for these improvements would unduly delay
the publication of the table.

Aside from this objective of including at least all the
stronger lines, we have listed all additional available mate-
rial with uncertainties smaller than 50 percent. We have
deviated from this scheme only in a few instances: In these
cases we have excluded data for very highly excited transi-
tions, because these transitions have never been observed
(no experimental wavelengths are available) and are of
little practical interest. However, we have listed this
additional material by spectrum in table IL

Most final tabulations were undertaken during 1964.
Thus the literature through 1963 and in some cases even
later work could be included. However, a few 1963 articles,
which have been found in abstracting journals, came to
our attention too late. These are listed, together with other
regient material, in the list of additions at the end of the
tables.

C. REVIEW OF THE DATA SOURCES

The present status of our knowledge of atomic transition
probabilities must be considered as being far from ideal.
The available material leaves much to be desired in quality
as well as quantity [5]. This becomes especially evident
if comparison is made with the other most important quan-
tity of a spectral line, its wavelength. The only transition
probabilities known with an accuracy comparable to that
for wavelengths are available for hydrogen and hydrogen-
like ions and a few lines of helium. For all other elements
more or less reliable values have been obtained from various
experimental and theoretical approaches. While experi-
mental work has provided, with very high accuracy, prac-
tically all the data for the wavelengths of lines, it could not
accomplish nearly the same in the case of transition prob-
abilities. The measurement techniques are quite compli-
cated and laborious, and it has proved to be very difficult
to obtain accuracies of 10 percent or better. On the other
hand, advanced theoretical approximations have been quite
successful for the light, relatively simple atomic systems,
and large amounts of data have been obtained from their
applications. But the theoretical methods have the short-
coming that they do not permit estimates of the size of the
errors as do the experiments.

In view of this reliability problem it is very important to

discuss in detail how the accuracy ratings for the tabulated

values have been obtained. For this purpose, a brief dis-
cussion is given in the individual introductions for each ion.
Furthermore, to provide a better background and under-
standing for these short explanations, we include the fol-
lowing discussion of those major experimental and
theoretical methods from which the bulk of the material
for the lightest ten elements has been obtained.

1. Experimental Sources

a. Measurements in Emission

Experimentally, the largest number of fvalues has been
obtained from measurements of the intensities of spectral
lines which are emitted from plasmas under known con-
ditions. With this method the first and second spectra
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of carbon, nitrogen, and oxygen, the third spectrum of oxy-
gen,. and the first spectrum of neon have been studied.
The plasma sources are various types of stabilized arcs,
and, to a lesser extent, shock-tubes. In brief, the method [6]
is as follows: The transition probability for spontaneous
emission from upper state k to lower state i, A, is related
to the total intensity Ix; of a line of frequency vix by

Ixi =41—ﬂ_ ArihvixNy 1))

where h is Planck’s constant and Nj the population of state
k. Axi may therefore be obtained from the measurement
of Ix; and the determination of Ni.

The experimental conditions are chosen so that the plasma
is approximately in a state of local thermodynamic equi-
librium (LLTE), because Ny is then a function of temperature
and total density of the species only, and may be determined
from the application of equilibrium and conservation equa-
tions and measurements of the temperature and electron
density. The measurements have always been done spec-
troscopically from the determinations of the intensities
of lines and continua of known transition probabilities and
absorption coefficients, or by measuring line profiles and
utilizing the results of line broadening theory in plasmas.

Checks for the existence of LTE have been made re-
peatedly. It appears to be always closely approximated,
except in the high-temperature magnetically driven shock-
tubes where only partial LTE exists [7]. Also, the investi-
gated lines have generally been checked for self-absorption.
A demixing effect in arcs [8, 9] has introduced uncertain-
ties into the results of some earlier arc experiments with
gas mixtures, in which the mixture ratio was employed
for the analysis. Since primarily the densities are affected,
larger uncertainties in the absolute f-value scale are likely,
but the relative fvalues should be still quite accurate.
However, this effect has been circumvented in most of the
recent arc experiments used for this data compilation.
Significant errors in emission experiments may arise from
difficulties in determining the continuous background, from
neglecting intensity contributions of the distant lifie wings
{10], from uncertainties in the calibration of standard light
sources, and from uncertainties in the high-density correc-
tions in plasmas [11]. Applications of wall-stabilized arcs
{12, 13] have given the most accurate results of all emission
measurements.

The best absolute f-values obtained from emission experi-
ments are estimated to be accurate within 15 percent, but
for the bulk of the tabulated data errors between 20 to 50
percent must be expected. It should finally be noted that
absorption measurements (only one is encountered in the
case of NeI) are quite analogous to the above mentioned
emission experiments.

b. Lifetime Determinations

The direct measurement of lifetimes of excited atomic
states has important applications for helium and neon.
The method [6, 14] employed here consists essentially of
exciting atoms by radiation or electron impact in short
bursts and of observing the subsequent depopulation of
excited levels by studying the time decay of the emitted
radiation (delayed coincidence technique). The population
Ny of an excited state k decays according to

Ni=N,, i exp {(—yxt) 2)

where N,, i is the population at time ¢=0 and v« the decay



constant. Thus, an exponential decay in the radiation is
observed. The mean lifetime 7= 1! of the atomic state is
related to the transition probability Ay for spontaneous
emission by

1';;1=2 Ari+Q (3)

neglecting absorption and induced emission. Q denotes
a term for collisional population and depopulation rates.

In order to obtain E Ayi, one has to choose experimental
7

conditions such that the collisional term Q (gs well as the
less critical absorption and induced emission) becomes
negligible. This condition is achieved at very low densities.

It is seen that from lifetime measurements generally
the sum of all probabilities for transitions to .lqw.ver levels 1
is obtained, and individual transition probabilities may be
obtained explicitly only in the following two cases: (a)
The sum reduces to a single term, i.e., only transitions to
the ground state are possible. This is, for example, the
case for resonance lines. (b) The sum is domina.ued by one
strong term (this is likely if it contains a transition of com-
paratively high frequency viddw is proportional to ),
or if all transitions but one are “forbidden”, i.e., have very
small transition probabilities). Furthermore, one may use
lifetime experiments to normalize available relative tran-
sition probabilities to an absolute scale, if all relative proba-
bilities contributing to the sum are known.

The lifetime method is, therefore, limited to only a few
lines per spectrum, namely those originating from the lowest
excited levels. But the results should be very accurate,
with uncertainties less than 10 percent, since the method
is simple and the instrumentation is by now well developed
[14]. The major uncertainties arise from radiative cascad-
ing from higher levels, which repopulates the initial level,
and from depopulation by collisions.

¢. Measurement of f-values from the Anomalous Dispersion
at the Edges of Spectral Lines
This method has found applications for lines of neutral
lithium and neon. It is based on the following relation:
In the neighborhood of a spectral line the index of refrac-
tion n varies according to

2N 3
n—l=-< Jie M <1

T Aarmec® N — Ao

N,
-2, @
Nigi
Here g denotes the statistical weight; A the wavelength;
N; the population of the lower state i; and e, me, ¢ are the
usual natural constants. The experimental conditions are
chosen such that the excited states are populated according
to the Boltzmann formula, so that generally N < <N;,
and the term Nigi/Nigx may be neglected. For the deter-
mination of Nifix the index of refraction n at the wavelength
distance A — Ay from the center of the line, A9, has to be
measured. This can be done most precisely with the
“hook” method developed by Rozhdestvenskii [15] and
recently reviewed by Penkin [16]. In this method the gas
to be studied fills a tube, which is part (one arm) of a Jamin
or Mach-Zehnder interferometer. The tube must be at an
elevated temperature to achieve sufficient population of the
excited levels. Light from the continuum source pene-
trates the tube as well as an evacuated comparison tube of
the same length, and the resulting interference fringes are
sent into a spectrograph. On either side of an absorption

line the interference fringes are characteristically bent
due to the rapid change in the index of refraction. By intro-
ducing a thick glass plate into the compensating arm of the
interferometer, a tilting of the fringes and the formation of
the hooks is accomplished. The measurement of the wave-
length distance between the extrema then permits a precise
determination of the index of refraction. In the three ex-
periments encountercd for this compilation, the absolute
number densities for the lower states N; could not be deter-
mined, so that only relative f-values for lines originating
from the same lower levels were measured. Uncertainties
in the relative values should not exceed 10 to 20 percent.
In the original papers, absolute f-values were then obtained
from applications of the Thomas-Kuhn-Reiche f-sum rule,
but for this compilation we have normalized the relative
values to different scales, which are based on other, more
accurate material.

2. Theoretical Sources

a. The Coulomb Approximation

Under the assumption of Russell-Saunders (or LS-)
coupling, which is generally very well fulfilled for the first
ten elements, the line strength S may be expressed as the
product of three factors [2]

S=SI& ¥)o. (5)

(The relations of S with A4 and f are given in table I1I11.) The
first two factors in eq (5) represent the strength of the mul-
tiplet (&(9))) and the fractional strength of the spectral
line within the multiplet (&(%)). The numerical values for
these may be obtained from tables by Goldberg [17], and
White and Eliason [18], which have also been reproduced
by Allen [19].

The difficult problem is the evaluation of the transition
integral 0. Bates and Damgaard [2] showed that for most
transitions the main contribution to the integral comes from
a region in which the deviation of the potential of an atom
or ion from its asymptotic Coulomb form is so small that it
may be replaced by the latter. Since for the Coulomb
potential the transition integral may be expressed analyti-
cally, it is possible to calculate o2 as a function of the ob-
served term value and the azimuthal quantum number.
Bates and Damgaard have thus compiled tables with nu-
merical values of o2 for s—p, p—d, and d—f transitions.2

The Coulomb approximation is restricted to transitions
between levels having the same parent term. It gives the
best results if the degree of cancellation in the transition
integral is small, i.e., if o2 is not too close to zero, and if
the upper and lower levels of the excited electron are in a
shell which contains no other electrons. This is true for
the moderately and highly excited levels. But even if the
lower level is in a shell which contains other electrons, the
results often agree fairly well with those obtained by other
methods.

On the whole, the Coulomb approximation has given
impressive results and has proved to be of great value. In
most cases where comparisons are available —there are
several hundred of them for the first ten elements—the
results agree within 20-40 percent with those from advanced
theoretical and experimental methods. We have therefore
made extensive use of this approximation? to supplement

2The customary spectroscopic notations are used throughout,
 We have been fortunate in obtaining a computer program for the calculation of Bates-Damgaard
values from H. R. Griem to whom we would like to express our special thanks,
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the available material. However, we have restricted our-
selves to the medium-strong or stronger lines (as judged
from the intensity data supplied in the multiplet tables) for
which experimental wavelength and energy level data are
available and for which the lower state is significantly above
the ground state. If the need for f-values of other higher
excited lines should arise, we strongly recommend the appli-
cation of the Coulomb approximation.

On the basis of many comparisons, the uncertainties of
the Bates-Damgaard values have been estimated as follows:
For transitions between excited states in the spectra of
neutral helium, lithium, beryllium, boron, and their isoelec-
tronic sequences they do not exceed 25 percent and in
favorable situations may be as low as 10 percent. For the
more complex atoms among the first ten elements, namely
carbon, nitrogen, oxygen, fluorine, and their equivalent ions,
we have estimated the uncertainties to be within 50 percent
for the moderately excited transitions including 3s— 3p and
within 25 percent for the medium and highly excited lines,
i.e., transitions of the types 3p—3d, 3d—4f, etc. A few
of the tabulated values may be much more uncertain than
the staled error limit because of cancellation in the transi-
tion integral which we did not check in each case.

It is worth noting that in many instances the results of
the Coulomb approximation appear to be as good as those
from other, more elaborate theoretical treatments, such as
the self-consistent field approximation with exchange.
This is primarily indicated from comparisons with the most
advanced theoretical and experimental methods.

b. Calculations Based on the Self-Consistent Field (SCF)
Approximation

This method has found, in varying degrees of refinement,
widespread use for the calculation of fvalues. It provides
a set of wave functions for the atomic electrons which
produce an approximately self-consistent electric field.
The transition probabilities are then determined by inte-
gration over the radial parts of these wave functions. A
short outline of the procedure, developed by Hartree, and
extensively described by him [20], is given below:

It is assumed that the charge density distribution of the
atomic sysiem is spherically symmetric, i.e., the potentials
of the electrons depend only on their radial positions.

Correlations between the electrons are at first neglected;
all are supposed to move independently in the central field,
experiencing only the averaged charge distribution of the
other electrons and the nucleus. With these simplifica-
tions the motions of the individual electrons can be calcu-
lated by assuming trial wave functions for the others, and
from the resulting wave functions the charge density distri-
bution is computed and compared with the initial one
obtained with the trial functions. If self-consistency is not
achieved, the new, computed wave functions are used as
trial functions, and the procedure is repeated until initial
and final charge distributions are identical, i.e., the field
is self-consistent.

This basic procedure was improved by Fock [21], who
included exchange effects between the electrons, by Trefftz
et al. [22], and Biermann and Liibeck [23] who in the special
cases of He1 and C 11 took into account other correlations
between the electrons. More recently, large-scale computa-
tions were made possible after the introduction of elaborate
computer programs by Roothaan and co-workers [24].

An assessment of the errors resulting from the various
approximations in the calculations has not been feasible.
But a number of comparisons with experimental results and
with more accurate variational calculations, as well as con-

v

sistency checks made by applying the dipole length and
dipole velocity representations of the matrix element have
shown that for simple atomic systems accurate transition
probabilities with uncertainties smaller than 10 percent may
be obtained when a refined procedure including exchange
effects is applied. This is particularly true for He1 and
Li1 and their isoelectronic sequences, for which the exten-
sive calculations by Weiss [25], and Treffiz et al. [22] are
available. The large-scale computations by Kelly [26] for
lines of nitrogen and oxygen contain the exchange effects
only in an approximate way (the exchange term is replaced
by an averaged potential) and errors of about 20 percent
must be expected for most of the moderately excited transi-
tions as judged from many comparisons. In a few cases,
the positive and negative contributions to the transition
integral are almost equal to each other (the ratios are listed
by Kelly); i.e., cancellations are encountered and a much
lower accuracy must be expected. In these cases we have
given preference to available experimental results.

For the breakdown of the transition integrals into multiplet
and line values we have used the LS-coupling strengths
[19] unless special results have been available, as for ex-
ample for O1. We have generally avoided using SCK
calculations if they were done without considering exchange
effects, but have had to make an exception for some impor-
tant lines of B1 because no other comparable material is
available.

Large uncertainties in the SCF calculations as well as
other theoretical treatments are expected for transitions
where configuration interaction becomes important. For
the first ten elements these transitions are of the type
15225m2p"— 1522s™~12pm*1.  Only a few attempts have yet
been made to take configuration interaction into account.
Very recently, Weiss [27] has undertaken limited calcula-
tions for some C1 and BeT lines and Yutsis, Bolotin and
co-workers have for some time employed a “many config-
uration approximation,” [28] as they call it. The Russian
group has greatly simplified its approach by including only
one interacting term for the lower state, which is always
the ground state (“double configuration approximation”)
and none for the upper state. In addition to this simpli-
fication, relatively crude wave functions have been em-
ployed, namely analytical one-electron wave functions or
SCF functions without exchange. Unfortunately, prac-
tically all these transitions are in the far ultraviolet; only
two experimental investigations by Boldt [29] and Labuhn
[30], both done with a wall-stabilized arc, are available for
a detailed comparison. From the experimental results one
must judge that the success of the many-configuration
method in its present form is only fair. Errors of factors
of two or more must be expected. This seems to be also
the case for Weiss’ somewhat more elaborate treatment of
configuration interaction (up to three interacting terms for
the lower state). Thus, the transition probabilities for the
1522sm2pn—> 1522s™~12p"*+! transitions are among the least
well known for the lightest ten elements, and further im-
provements for these lines are urgently needed.

c. Quantum Mechanical Calculations of Forbidden Tran-
sitions

We have considered as forbidden lines all magnetic dipole
and electric quadrupole lines. The extensive calculations
by Garstang [31, 32, 33] and Naqvi [34], and—to a lesser
extent —the papers by Seaton and Osterbrock [35], Yam-
anouchi and Horie [36], and Ufford and Gilmour [37], have
been principal sources. All these calculations have as a
common starting point the general expressions for the line



strengths of forbidden lines in the p?, p?, and p* configura-
tions, which were given algebraically and tabulated by Short-
ley et al. [38], and later extended by Naqvi to the few
transitions of the sp, p, and p® configurations.

The principal differences between the various calculations
are the approaches chosen to determine the most important
parameters:

kel

(a) The “spin-orbit,” and “spin-spin and spin-other-orbit
integrals, usually designated by { and 7, have been deter-
mined either empirically or by using available wave func-
tions. Garstang has compared the empirical and theoretical
values for some ions —the latter obtained from SCF functions
with exchange —and has found differences of up to 20 per-
cent for { and up to 30 percent for . When a choice is
available, we have given preference to the empirical values.

(b) The term intervals. Here one has the choice be-
tween using exclusively experimental energy values or
combining some of these with the results of the Slater
theory [39] for inter-multiplet separations, that is, by employ-
ing the Slater parameters F.. Differences between the
two approaches arise mainly due to the effects of configura-
tion interaction. These are neglected in all calculations
and may cause deviations up to a factor of two. A study
by Garstang [40] in 1956 led to the result that the exclusive
use of observational material partially includes, at least
in simple cases, the effects of configuration interaction,
when the latter is otherwise not taken into account. Thus
the work based on experimental term intervals has been
adopted whenever available.

Naqvi used in his calculations essentially the second of
the above-mentioned approaches. He compared empiri-
cally determined Slater parameters F, for the various term
intervals with theoretically derived values, and selected
the one experimental parameter which was in best agree-
ment with theory. Then he employed this particular F»
and the Slater theory for the determination of all other term
intervals. In view of the above mentioned study by Gar-
stang we have used from Naqvi’s work only the transition
probabilities based entirely on this initial parameter, i.e.,
based exclusively on observational material. Consequently,
his data for the p? configuration have not been applied,
with the exception of the ion F1II, since in this case his
work was the only available source. On the other hand,
Naqvi’s calculations for the simpler sp-configuration are
all based on the empirical value for the one term interval
there and should, therefore, take the effects of configuration
interaction partially into account.

(c) Transformation coefficients. The atoms and ions
under consideration are most closely represented by the
intermediate coupling scheme, but for the calculations of
transition probabilities the actual wave functions are more
conveniently expressed in terms of LS-coupling wave func-
tions. The transformation coefficients were first derived
by Shortley et al. [38] and were later refined by several
others, in particular by Naqvi [34]. Thus, Nagvi’s results
have been adopted whenever the choice of the transforma-
tion coefficients became important and when he accounted
for the effects of configuration imteraction in the above-
mentioned manner. It is especially worth noting that by
including the effects of spin-spin and spin-other-orbit inter-
actions on the transformation coefficients of the p* con-
figuration some results are improved by about 10 percent.

(d) The integral s, for electric quadrupole transitions.
This depends principally on the quality of the employed
wave functions. We have preferred calculations with SCF
wave functions over those with hydrogenic functions or

screening constants and, among SCF calculations, we have
preferred those with exchange effects included over those
without exchange. The improvement with SCF wave func-
tions is estimated to be of the order of 20 percent. In gen-
eral, the electric quadrupole transitions are not as accurate
as the magnetic dipole values for transitions of the same gen-
eral type because of the additional uncertainty in the deter-
mination of s, This uncertainty should generally be in
the neighborhood of 20 percent.

A good assessment of the uncertainties in the calculated
values for forbidden lines is possible due to the fortunate
circumstance that some forbidden lines of O I have been
determined experimentally. These lines appear strongly
in the aurora, which has been utilized as a “light source”.
The transition probabilities could be accurately determined
via a measurement of the lifetimes of the upper atomic
states. Extensive auroral observations by Omholt [41]
gave for the 'D—!S transition a transition probability of
1.43 sec™!, while the best calculated value 1s 1.25 sec™'.
For another case, namely the lifetime of the 'D state, the
averaged experimental result is approximately 160 sec, while
the theory gives 135 sec.

The theoretical transition probabilities involved in this
comparison depend sensitively on the choice of some param-
eters, particularly s, and {. The good agreement with the
observations indicates that uncertainties no greater than 25
to 50 percent have to be generally expected.

For a number of magnetic dipole transitions, the uncer-
tainties should be even smaller, since the results are almost
independent of the choice of the parameters. In the p? and
p* configurations these are the transitions 3P,—*P; and
8P, —8P,y, which have, near LS-coupling, the strengths of 2
and 2.5 respectively. Inthe p? configuration one encounters
the transitions 2Pg, —2P{, with a strength of 1.33 and the
transition 2Dg;, —2D5,, with a strength of 2.4, again near LS-
coupling. For all these lines the effects of configuration
interaction and deviations from LS-coupling do not enter
sensitively into the results. Thus, these transition proba-
bilities should be considered accurate to within 10 percent,
while all other magnetic dipole lines are uncertain within
about 25 percent.

Analogously, the transition probabilities for a number of
electric quadrupole lines depend essentially only on the
quadrupole integral s, These are the transitions 1So—1D,,
3P, — 3Py, and 3P»—3P, for the p? and p* configurations and
D3, —2P5), 2D5jy —2P3, D5 —2P7),, and 2Dy, —%Fy, for the
p® configuration. Within a given spectrum these should
be the best available quadrupole lines and they have been
estimated to be accurate within 25 percent, while the rest
of the quadrupole transitions should be accurate within 50
percent. On the whole, electric quadrupole lines have been
rated to be of lower accuracy than magnetic dipole lines,
since the uncertainties in the quadrupole integral must be
added to the other uncertainties already present for the
magnetic dipole lines.

Further details on the calculations of forbidden line

strengths may be found in the recent review article by
Garstang [42).

D. METHOD OF EVALUATION

We shall now discuss the general steps in the evaluation
of the data: The literature, as taken from the files of our data
center, has first been screened for outdated and superseded
material. The remaining articles have then been indi-
vidually studied and the results collected in comparison
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tables. Additional values have been computed by employ-
ing the Coulomb approximation by Bates and Damgaard [2]
whenever this has been considered necessary and useful.
When large discrepancies or odd values have appeared
in the comparison tables, we have searched for likely sources
of numerical errors, and have also communicated in many
instances with the respective authors.

The evaluation and final selection of the sets of best’

values depends so much on the particular material available
for each ion that the main justifications for the selections
has to be delegated to the individual introductions. Only
a few general rules on the selection may be given now:

Thus, self-consistent field calculations with exchange
effects have been regarded as superseding those not in-
cluding these effects*; the Coulomb approximation is gen-
erally not employed when the transition is very far from
being hydrogen-like, e.g., when the lower state is the ground
state or when it contains two or more electrons of the same
principal quantum number; experiments employing photo-
electric techniques are preferred over similar experiments
utilizing photographic detection; measurements with wall-
stabilized arc sources are considered superseding analogous
measurements with fluid- or gas-stabilized arc sources be-
cause of the stability problems of the latter. For forbidden
lines, the calculations based on empirical term intervals
are preferred to those based on the Slater theory for inter-
multiplet separations, since a theoretical study [40] shows
that the effects of configuration interaction, which are often
important, are at least partially taken into account by the
first approach.

When several methods of comparable quality are avail-
able, the results are averaged to obtain the best value. If
one method appears clearly better than the others, only
those results are employed.

The final step in the evaluation is the estimate of the
uncertainties. At the present status of our knowledge, we
find it impossible to assign specific numerical error limits
to each transition. Instead we have introduced a classifica-
tion scheme with several classes of accuracy, and assigned

each transition probability to a certain class. We have used
the following arbitrary notation:
AA........ for uncertainties within 1%
A 15 (s YT UROUR 3%
Bovoriiineiin doevriiiiiiin 10%
Coverveeeneis dowiiii 25%
D doueiniiiiiiieieas 50%
E........ for uncertainties larger than 50%

The word uncertainty is being used in the meaning “extent
of possible error” or “possible deviation from the true
value”. We are aware that this is far from being a precise
definition of error, but, considering the multitude of ap-
proaches to the error discussions in .the various papers
(or the lack of them), it seems impossible to find a be_tter
common denominator. Uncertainties of class “AA”, i.e.,
values that are essentially exact, are found only in hydrogen
and a few transitions of helium. Going to the other ex-
treme, we have included class “E” data, i.e., very uncer-
tain values, only in those special cases, when for the most
important and most characteristic lines of a spectrum no
better data are available, so that otherwise these lines would

1 Fortunately, most of the selected self-consistent field calculations include exchange effects in
varying degrees of refinement.
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have to be omitted. Occasionally, we have made a further
differentiation in the classification scheme by assigning
plus or minus signs to some transitions. This serves to
indicate that these lines are significantly better or worse
than the average values, but do no quite belong into the
next higher or lower class. They should be therefore the
first or last choice among similar lines.

Since the theoretical treatments essentially do not permit
error estimates per se, these have to be obtained from
comparisons with experimental and other theoretical
determinations or from general consistency checks, such as
applications of fsum rules, etc. A few rather audacious
extrapolations have had to be undertaken, when no reliable
comparison material was available. On the other hand, the
errors given by the experimentalists are sometimes only
indications of their precision, and no allowance is made for
systematic errors. Therefore, we have generally been more
conservative with our error estimates, and hope that we
have arrived at a realistic and consistent error presentation.

E. ARRANGEMENT AND EXPLANATION OF
COLUMNS

We have adopted the present arrangement of the tables
after consulting with a number of physicists working in
three fields from which —it is anticipated —most of the users
of this compilation will come, i.c., spectroscopy, astrophys-
ics, and plasma physics.

We feel that of the multitude of units in which transition
probabilities are expressed, the adopted combination of the
transition probability for spontaneous emission A (in sec™?),
the absorption oscillator strength fix (dimensionless), the
log gf (a further discussion of the statistical weight g is
given in Appendix B) and the line strength S (in atomic units)
gives a very adequate representation. The other units are
either not commonly used or, in case of gf and g4, may be
obtained by simply multiplying two columns of the table.
The units that are only occasionally used are:

1. The transition probability of absorption By (i=lower,

= upper state) which is related to 4 by

(©)

(X is the wavelength in Angstrom units, and gi, &
are the statistical weights, further discussed in
Appendix B)

2. The transition probability of induced emission By,
which is related to Axi by

\

Bik=6.01 A3 %z Alci

Bii=6.01 A3 Ay. )
3. The emission oscillator strength fis, which is related
to the absorption oscillator strength fix by

S =—:T:fik- (8

In addition, some authors have introduced still other
quantities, but these have not found general acceptance
and will not be considered further. N

The conversion factors between the tabulated quantities
Ayi, fi, and S are listed in table III, as reproduced from
reference [1]. (For the case of hydrogen, we have emgloyed
the reduced mass and other appropriate constants in the
conversion factors.)



The general arrangement of the tables according to in-
creasing atomic number and stage of ionization need§ no
further comments. The material for the individual ions
is further subdivided into sections for a]loyved (electric
dipole) and forbidden transitions. As forbidden transi-
tions we have considered all magnetic dipole and electric
quadrupole lines. Intercombination lines, although they
are forbidden in the case of pure LS-coupling, are 1}Sted
under allowed transitions, since they are electric dipole
transitions. .

The tabulations for each ion start out with listings of the
ground state configuration and the ionization potential,
both taken from ref. [43]. In all cases, where we have
tabulated more than 20 allowed lines per ion, we have then
assembled a “finding list,” i.e., we have arranged the lines
in order of increasing wavelength and indicated their po-
sition in the main tables —which are arranged according
to spectroscopic notation —by listing their running numbers.
The latter are given in front of the spectroscopic notation
in the tables. These finding lists should, for many appli-
cations, permit one to find out quickly which lines are cov-
ered in the present tabulation.

Each table is then preceded by a short introduction
containing in brief the major reasons which have led to the
selection of the presented data and their classification in
terms of accuracy. This is followed by a reference list of
the selected articles. ,

It remains to discuss the columns of the main tables: The
first part of the tables contains data connected with the
identification of lines, i.e., spectroscopic notation, wave-
length, and energy levels. All these data have been taken
from the compilations by Mrs. Moore-Sitterly, i.e., the *““Re-
vised Multiplet Table” [3], the “Ultraviolet Multiplet Ta-
bles” [4], and “Atomic Energy Levels,” Vol. I, and addenda
in Vols. II and 111, recent reports of the Triple Commission
for Spectroscopy [44], and from newer material generously
furnished by her. All designations, as usual, are written
in terms of the absorption process, i.e., the lower (initial)
state first. For the classification of the lines we have
employed the standard spectroscopic notation for LS-
coupling, with the exception of Ne 1, where we have used
the jl-coupling notation, all in accordance with the above
mentioned “Atomic Energy Levels” tables. In listing
the transition arrays, we have presented only the electrons
in the unfilled shells. Furthermore, to distinguish between
the different supermultiplets, we have inserted the parent
terms in the notation. If they are given only once, as is
generally the case, then no change occurs from lower to
upper state. -

For all spectra with pronounced muliiplet structure, i.e.,
for Be 1 through Ne I and their isoelectronic sequences, we
have arranged the lines according to a configurational order:
They are grouped to multiplets, supermultiplets, transition
arrays, and increasing quantum numbers. Within the
transition arrays, the multiplets are in order of increasing
lower energy levels. Individual lines within the multiplets
are listed whenever the total wavelength spread amounts to
more than 0.01 percent. This arrangement is convenient
for the application of f~sum rules® and to the similar one used
in the “Revised Multiplet Table” [3] and ‘‘Ultraviolet Multi-
plet Tables™ [4]. At first we attempted to copy and extend
these older arrangements, but this would have meant that
many new multiplets had to be inserted. Therefore, we
abandoned this plan. We have, however, made reference to

£ Tt should be mentioncd, that for allowed transitions the strengths $ of lines in a multiplet add up
to the total multiplet strength (see also appendix B), and that for forbidden transitions the total
transition probability is obtained by adding the clectric quadrupole and magnetic dipole probabilities.

the two multiplet lists by including the multiplet pumbers
in the present tabulation. The numbers are given in paren-
theses under the multiplet designation. The letters “uv”
are added if the numbers are from the ‘“Ultraviolet Multiplet

Tables.”

For the He I isoelectronic sequence we have changed the
arrangement slightly by listing the singlets and triplets
separately.

For hydrogen we have made several changes in the ar-
rangement to adapt the tables to the very divergent applica-
tions in theory and experiment: The tables are split into
four separate parts: In table A we list the “average” transi-
tion probabilities, etc., for the transitions between lower
state of principal quantum number n; and upper state ny.

These are defined by the following relations:

20+ 1
Abe =2 k—z_A("l)k’ (nl; )
ot T
f;tki, e 2 2L _: 1 ﬂnl)i, (D) (10)
[P L
Soene= 2 Sy, (nye- (11)

I by

These ‘“‘average” values are applicable to most problems
in plasma spectroscopy and astrophysics. This is due to
the circumstance that states with the same principal (n),
but different orbital (/) quantum numbers fall practically
together (“degeneracy”), so that only a single line is observed
for all the possible comhinations between states of different
principal quantum numbers. The only assumption entering
into the application of “average” values is that the atomic
substates must be occupied according to their statistical
weights [45]. The above assumption is fulfilled for any
reasonably dense plasma, where the cxcited atoms undergo
many collisions during their lifetimes.

In table B the probabilities for transitions between the
various sublevels (nl); —(nl), are listed. This table should
be useful primarily for theoretical applications. Tables
C and D, finally, contain the most important fine structure
[(nlj)i—(nlj)}] and hyperfine structure lines [(ndjf)i —(ndjf)i]
of hydrogen (j = inner or total electronic angular momentum
quantum number; f=total atomic angular momentum quan-
tum number). For these two special tables we have made
a further change by presenting frequencies and energy
iiiﬁ'elrences rather than the usual wavelengths and energy
evels.

In all other tables, the energy levels are given (in units
of cm™!) relative to the ground state with Eo=0. We have
limited the numerical values to six digits which should be
more than sufficient for all applications. The same limita-
tion was imposed on the wavelengths.

In a number of cases we have had to calculate wave-
lengths from energy level differences. These are given in
brackets to distinguish them from the presumably more
accurate observed material. However, hydrogen is an
obvious exception. Also given in brackets are all energy
levels which are not derived from the analysis of spectra,
but are extrapolated. or obtained from approximate wave
function calculations. We have included in this category
those energy levels derived from observational material
that are shifted by an unknown amount indicated by an
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x” or “y” in ref. [43]. Those calculated or extrapolated
values which we expect to be quite uncertain have been
indicated, in addition to the brackets, by a question mark.

The averaged energy levels for a multiplet have been
obtained by weighting the component levels according to
their statistical weights, and the multiplet wavelength is
calculated from the averaged energy levels, taking the re-
fraction of air into account for wavelengths longer than 2000
A [42]. These averaged values are indicated by italics.

The statistical weights g have been included in this tabu-
lation because of their importance in applications involving
line intensities. They have been obtained from the inner
quantum numbers J listed in the “Atomic Energy Levels”
by applying the relations given in Appendix B.

The second part of the table contains the data proper.
The numerical values contain as many digits as are con-
sistent with the estimated accuracy of the data.b

The numbers in the source column refer to the references
listed after the individual introductions. If two or more
references are listed, we have given each source equal
weight in arriving at the averaged value. If the data for all
lines of a multiplet are given, then these are either obtained
from the relationships listed in Appendix B and from LS-
coupling tables [17-19], which is indicated in the source
column by “Is”, or they are obtained directly from the
literature. In the latter case they are sometimes marked
“p”, if they are normalized to a basis which is different
from the one chosen originally by the authors. Similarly,
the multiplet values sometimes have been renormalized
and have been marked “n”.

For the forbidden lines, a few small changes in the ar-
rangement have been made. First, we have indicated the
type of transition, i.e., we have listed an “m” for magnetic
dipole and “e” for electric quadrupole lines. Furthermore,
the log gf and fix columns are omitted, since these units are
not used for forbidden lines. (The line strength S, which
now has different atomic units (see table III), is also used
infrequently). It should be noted that the total transition
probabilities of forbidden lines are obtained by adding the
magnetic dipole and electric quadrupole values.

We finally would like to mention that we have assembled
and explained in Appendix A all abbreviations appearing
in the tabulations.

F. FUTURE PLANS AND
ACKNOWLEDGEMENTS

It is our plan to extend this critical compilation to all
other elements and make revisions whenever necessary.
The present tables should therefore be regarded as the first
volume of a larger work spanning all elements. However,
realization of this large project in a systematic fashion,
say, in order of increasing atomic number, does not appear
feasible at the present time, since there are relatively few
reliable data available for many heavier elements, and
essentially none for higher stages of ionization. As an
interim solution, we probably shall attempt to assemble,
in an irregular fashion, tables of best values for the spectra
of those heavier elements and ions for which extensive
and worthwhile data are presently at hand. These will
be primarily the heavier noble gases, some of the well-
known metals, the alkalis, and the alkaline earths. A}so,
the third period of the periodic table appears to be promising.

¢ During the computations and conversions alt digits were retained and ﬁnally.rounded off. Thus.
it may sometimes occur that the line strengths do not exactly add up to the multiplet strength.
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Finally, it is our wish and hope that this compilation may
stimulate further work on the lightest ten elements, since
many gaps and unreliable data are evident on closer in-
spection of the tables. The two areas that merit the highest
attention are the higher ions and those lower excited
transitions that are subject to the effects of configuration
interaction.
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tion of many workers in this field. In particular, we would
like to thank P. S. Kelly and B. H. Armstrong for sending
us preprints of their extensive SCF-calculations on nitrogen
and oxygen, H. R. Griem for supplying us with a computer
program to calculate Bates-Damgaard values; and R. H.
Garstang and A. M. Naqvi for extensive discussions and
1s.ome re-calculations of transition probabilities for forbidden
ines.

We also express our sincere gratitude to the students
who have worked during the past summers on the prelimi-
ary aspects of this compilation: These are Mary DesJardins,
Maureen Zagronic, Berry Cobb, Don Hall, and Paul Voigt.

We would finally like to thank several of our collegues at
NBS;_ especially A.W. Weiss for many useful discussions
and for carrying out many SCF-calculations when serious
gaps in the data showed up; Mrs. C. E. Moore-Sitterly for
generously furnishing us with new material on energy
levels and wavelengths; and J. Z. Klose for undertaking a
lifetime study for important excited states of Ne I.

It is also a pleasure to acknowledge the competent help of
Miss Jean Bates and Mrs. Marilyn Duffany in typing and
proofreading the manuscript.
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Table 1.

Relationships between the quantities for hydrogen. indicated by H. and hydrogen-like ions of charge Z

(the other symbols are explained in Sec. E).

Jz=rlu

S,=72725y

Az:Z4AH

Table II.
Reference list of additional material which is considered to be quite reliable but not covered in the table
because of its very limited use (the quantum numbers are given in their customary notation).

Spectrum Transitions Author
Hi 2> nfordl <n<60 Green, L. C., Rush, P. P., and Chandler,
nil;— nilx for C. D., Astrophys. J. Suppl. Ser. 3, 37
5= <20,6 < n; <20, (1957).
and all possible /-values
2l—>nlfor 21 <n<60
Hi Is—=npfor7<n<350 Harriman, J. M., Phys. Rev. 101, 594 (1956)
2]l— nl for 7 sns<50 and Document No. 4705, American Docu-
and all possible /-values mentation Institute Auxiliary Publica-
31— nl for 7<n<50 tions Project, Photoduplication Service,
and all possible /-values Library of Congress, Washington, D. C.
4dl—nlfor Tsn=<50
and all possible /-values
N1 s—p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n=<11; with 1s22s?2p? Transfer 4, 117-148 (1964).
core
s—p, p—d, and d—f for
2 < p < 8; with 15225 2p®
and 1s%2p? cores
N, Om s—p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 15s225%2p Transfer 4, 117-148 (1964).
core
N, O s—p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 152252 core Transfer 4, 117-148 (1964).
Niw,0Ov s=p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 15225 core Transfer 4, 117-148 (1964).
Nv,0Owvi s=p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 1s2 core Transfer 4, 117-148 (1964).
O1 s—p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 1522s22p3 core Transfer 4, 117-148 (1964).
Oon s~p, p—d, and d—f for Kelly, P. S., J. Quant. Spectrosc. Radiat.
2 < n < 8; with 1s22522p? core Transfer 4, 117-148 (1964).
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Conversion factors.
at its left.

Table 1.

The factor in each box converts by multiplication the quantity above it into the one

Axi fir S
Eq
2.026, X 1018
8rA®
E‘l
Agi 1 6.670, X 10 g; 1.679, x 1018
A2 2 P
lMa
ik
Eq
303.75
gk
E,
fik 1.4992 X 10-16)2 &% 1 251.8
8i gik3
Ma
4.0434 X 103
ik
Ed Ed
4.935¢ X 10-19g;\® 3.292, X 10-3g:A
£, £,
S 5.953 X 10-19g;A3 3.971 X 10-3g,\3 1
Md Md
3.707¢ X 10" 14g, A3 247308\

The line strength is given in atomic units, which are:
For electric dipole transitions (allowed —denoted by Eg):

for electric quadrupole transitions (forbidden—denoted by Ey):

aZe?=6.4594 X 1073 cm? esu?;

ate? =1.8083 X 10752 cm* esu?;

for magnetic dipole transitions (forbidden —denoted by Ma):

e2h?/16m2m,%c*=8.599 X 10~*! erg? gauss~2.

The transition probability is in units sec™?, and the f-value is dimensionless. The wavelength A
is given in Angstrom units, and g and g are the statistical weights of the lower and upper statc,

respectively.



APPENDIX A

Key to abbreviations and symbols used in the tables

(A) Symbols for indication of accuracy:
AA. ... ... uncertainties within 1%
A .. .. .. do 3%
B....... do 10%
C....... do 25%
D....... do 50%
E....... uncertainties larger than 50%

(B) Abbreviations appearing in the source column of
allowed transitions
Is = LS~coupling
ca= Coulomb approximation
n=normalized to a different scale
(C) Types of forbidden lines
e = electric quadrupole line
m = magnetic dipole line
(Total transition probabilities of forbidden lines are
obtained by adding the e- and m-values).
(D) Special symbols used in the wavelength and energy
level columns.
Number in parentheses under multiplet notation refers
to running number of ref. [3] (Revised Multiplet Table)
If letters “uv” are added, reference is made to running
number in ref. [4] (Ultraviolet Multiplet Table)
Numbers in italics indicate multiplet values, i.e.,
weighted averages of line values.
Numbers in square brackets approximate calculated
or extrapolated values.
Question marks indicate rather uncertain values.
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APPENDIX B

(A) Statistical Weights: .
The statistical weights are related to the inner quantum
number J, (in one-electron spectra j) of a level (initial and

final states of a line) by
g=2/L.+1,

and to the quantum numbers of a term (initial and final
states of a multiplet) by

au=@QL+1) (2S+1).

(The “multiplet” values gy may also be obtained by summing
over all possible “line” values g.. S is the resultant spin.)
(B) Relations between the strengths of lines and the total
multiplet strength:
1. Line strength S:

SG. h="3 SUs Jo)

JisJpe

or S(Multiplet) = Z S(line)

(k denotes the upper and i the lower term).
2. Absorption oscillator strength:

ultiplet — 1
i F 2 1 T i
g Xik: S, ) 2, F NI} A
Ji

The mean wavelength for the multiplet X;x may be obtained
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