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1. Introduction

The NIST calibration services in thermal ra-
diometry are based on measurement scales derived
from blackbody physics. As indicated in figure 1, a
blackbody radiator at the temperature of the freez-
ing point of gold and Planck's radiation law are
used to establish the NIST radiance-temperature
and spectral-radiance scales by calibrating a vari-
able-temperature blackbody against the gold-point
blackbody at 654.6 nm and performing subsequent
measurements of spectral-radiance ratios to extrap-
olate this calibration to extended temperature and
spectral ranges. The spectral-radiance scale is then
used to derive the NIST scale of spectral irradiance
by a radiance-to-irradiance transfer, and hence the
NIST scales of luminous intensity, luminous flux,
and color temperature are derived by spectral-irra-
diance calibrations of photometer lamps and com-
putations of these quantities according to the
standard procedures established by the Commis-
sion International de l'Eclairage (CIE). All of these
steps have been documented in NIST publications

[1-4]. From 1968 until June 30, 1990, the tempera-
ture of the primary blackbody standard used in
these scale realizations was that assigned to the
freezing point of gold in the International Practical
Temperature Scale of 1968 (IPTS-68) [5],

T68 (Au) = 1337.58 K. (1)

In 1989, an absolute spectroradiometric determi-
nation of the temperature of freezing gold was per-
formed at NIST [6] by measuring the spectral
radiances of a gold blackbody at wavelengths near
600 nm relative to those of a laser-irradiated inte-
grating sphere which was calibrated with absolute
silicon-photodiode detectors and an electrically
calibrated radiometer. The result obtained,'

TNST(Au)=(1 3 3 7.33O0.3 4 ) K, (2)

'All uncertainties quoted in this paper are three-standard-devia-
tion (3a-) estimates.
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Figure 1. Principal steps in the realization of the NIST measurement scales for thermometry.

is 0.25 K smaller than the IPTS-68 value eq (1) and
provided an independent confirmation of measure-
ments by others who had also found a smaller gold-
point temperature (see table 3). The NIST gold-
point result eq (2) is identical to the value,

T90 (Au)= 1337.33 K, (3)

which is used as one of the fixed points of the new
International Temperature Scale of 1990 (ITS-90)
[7].

Effective July 1, 1990, the NIST gold point, eq
(2), is used instead of the IPTS-68 gold point, eq
(1), for the above-mentioned scale realizations, and
the limiting uncertainty of the scales is defined in
terms of the uncertainty of the NIST gold point.
Because the measurement of the NIST gold point
employed absolute detector standards, the new

1990 NIST thermal radiometry scales are detector-
based scales. Because the NIST and ITS-90 gold-
point temperatures, eqs (2) and (3), are identical,
these NIST scales are consistent with the ITS-90
definition of radiation temperatures. However, the
following differences should be noted:

1. The NIST scales are defined uniquely by the
gold point, whereas the radiation temperature
range of the ITS-90 is defined in terms of any
one of three fixed points: the freezing tempera-
tures of silver, gold, or copper.

2. The NIST scales represent a best estimate of
thermodynamic temperature which is consis-
tent.with the state of the art of absolute detec-
tor radiometry, as practiced at NIST. The
ITS-90 is a defined scale which is based on crit-
ically evaluated data that were, for the most
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part, obtained by relative pyrometric measure-
ments performed elsewhere.

3. The NIST scales are used routinely in the en-
tire range (1073-2573 K) in which NIST pro-
vides routine measurement services for
radiation temperature. The region of the ITS-
90 defined by radiation thermometry is limited
to temperatures above the silver point (1234.93
K).

Except for small effects on calibration uncertain-
ties, these differences have no practical significance
at the present time. NIST personnel will monitor
the mutual consistency of the two scales.

In this paper, we describe the new 1990 NIST
scales of thermal radiometry, compare them to the
ITS-90, and assess the effects of the change on py-
rometric, radiometric and photometric calibrations
provided by NIST. The calibration services af-
fected are [9]:

SP-250
Test numbers

35010C-35030C
35050C-35060C

39010C-39030C

39040C-39045C

39050C

37010C-37070C

37080C-37130C
37140C-37150C

blackbody. The two blackbodies are assumed to be
Planckian, so that this ratio can be expressed in the
form

r exp{C2/[n XTNIST(Au)]} -1
exp[c2 /(n XTNIST)] - 1

(4a)

where c2 is the second radiation constant, X is the
air wavelength at which the scale realization is per-
formed (presently 654.6 nm), and n is the refractive
index of air. Equation (4a) defines the temperature
TNIST in terms of the gold-point temperature eq (2)
and a single measurement of the spectral radiance
ratio r at the discrete wavelength X. In principle,
this temperature is given by

exp[c 2/(n XTNIsT)]

- 1+ exp{C 2 /[n X TNIST(Au)] } -1

Measurement
service

Optical Pyrometers
Radiance Temperature,
Ribbon Filament Lamps
Spectral Radiance,
Ribbon Filament Lamps
Spectral Irradiance,
Quartz-Halogen Lamps
Spectral Irradiance,
Deuterium Lamps
Luminous Intensity
Standards
Luminous Flux Standards
Color Temperature Standards

r
(4b)

but in practice the scale is realized with spectrora-
diometers having a finite bandpass and an integral
form of eq (4a) is used.

The uncertainty, ATNIST(Au), of the NIST value
eq (2) with respect to the true thermodynamic
gold-point temperature introduces a fundamental
limit, ATNIST, to the accuracy of the scale at arbi-
trary temperatures. We can calculate this limiting
uncertainty by differentiating eq (4b) with respect
to TNIST(Au),

exp[C 2 /(nX TNIST)] a TNIST
(TNIST) a TNIST(Au)

As will be noted, the changes in reported calibra-
tion values are well within the quoted uncertainties
of these services but have resulted in small im-
provements in accuracy and better consistency
with other radiometric scales. The NIST calibra-
tion services in spectrophotometry (Test Nos.
38010C-38100S) and photodetector response mea-
surements (Test Nos. 39070C-39080S) are not af-
fected by the scale changes described in this paper.

2. Radiance Temperature Scale

2.1 Definition and Uncertainty of the NIST Scale

As mentioned, the NIST radiation temperature
scale is established by measuring the ratio, r, of the
spectral radiances of a variable-temperature black-
body of temperature T to that of a gold-point

_ exp{c 2 /[nXTNIST(Au)]}
r [TNIST(AU)]2

and then substituting the value of r
This gives

A TNIST = I\ TNIST(Au) [TNS(AU)] 2

(5a)

from eq (4a).

1- exp [ -c 2 /(n X TNIST)]

X 1 -exp{ -c 2/[nX TNIST(Au)] I'
(5b)

Numerical values are given in table 1 as a function
of temperature and wavelength. They represent the
intrinsic uncertainty of the scale and should not be
confused with the uncertainty with which the scale
can be transferred to calibration customers.

The data in table 1 are indicative of a lack of
uniqueness in the scale definition which arises from
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the fact that the scale realization wavelength X is
not specified. This effect is typical of temperature
scales based on optical pyrometry [9] but insignifi-
cant for practical purposes. In a hypothetical worst
case where the NIST gold point would be 0.34 K
too high and the realization wavelength would be
changed from 300 to 3000 nnm, the scale value at
the true temperature 3000 K would only change
from 3001.7 to 3001.4 K. The wavelength depen-
dence disappears in the Wien approximation of
Planck's radiation law, when XT > 1 and eqs (4a)
and (5b) are reduced to

r =exp{(c 2/X)[l/TNIST(Au)- l/TNIsT)}, (6)

ATNIT= TNIS(Au (MIST) 2

ATNIST=/&TNIST(Au) [TNIsT(AU)] 2 - (7)

2.2 Changes in Radiation-Temperature Values Re-
ported by NIST

The effect of the 1990 NIST/IPTS-68 gold-point
change on NIST radiance temperature calibrations
can be quantified by equating the right-hand side of
eq (6) with the corresponding expression of the
spectral-radiance ratio r in terms of the IPTS-68.
This leads to

Table 1. Limiting error (3cr) of the 1990 NIST
and scale realization wavelength

1/TNIsT(Au)-l/TNIsT= l/T6 8 (Au)-l/T 6 8 , (8a)

or

TNIST- T 68== [TNIST(Au)- T68(Au)]

x (TNISTT68)/[TNIST(Au)T68(Au)]

[TNIsT(Au) - T6 8 (Au)] [T 68 /T 6 8 (AU)]2 . (8b)

Using the numerical values given in eqs (1) and (2)
we obtain

TNIST~ T68-(0.25 K) (T 68 )2 /(1337.58 K)2 . (8c)

Numerical examples of this change in reported cal-
ibration values are given in table 2. For compari-
son, the table also lists the uncertainties (3cr) of
NIST routine calibrations of radiance temperature
on the 1968 and 1990 scales. Hence it may be seen
that the changes in value are small and within
quoted uncertainties. The slightly lower 1990 un-
certainties are due to the fact that the uncertainty
of the gold-point realization, taken as 0.4 K in the
error budget of the IPTS-68 calibrations, has been
replaced by the 0.34 K uncertainty of the NIST
gold point, eq (2).

radiation temperature scale as a function of temperature

Temperature
Wavelength 1000 K 1500 K 2000 K 3000 K 5000 K

300 nm 0.19 K 0.43 K 0.76 K 1.7 K 4.8 K
655 0.19 0.43 0.76 1.7 4.7

1000 0.19 0.43 0.76 1.7 4.5
1500 0.19 0.43 0.75 1.6 4.0
3000 0.19 0.42 0.71 1.4 3.0

Table 2. Changes in reported values and uncertainties (3cr) of NIST radiance temperature calibrations

Value Change of value Quoted uncertainty (3cr)
TNIST-T68 1968 1990

800 'C -0.16 'C ±0.5 IC +0.5 'C
1100 -0.26 0.6 0.6
1400 -0.39 0.8 0.7
1800 -0.60 1.3 1.2
2300 -0.93 2.0 1.8
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2.3 Relation to ITS-90

The radiation-temperature interval of the ITS-90
is defined as follows [7]:

"Above the freezing point of silver the tempera-
ture T9o is defined by the equation

Lx(T9o) _
LJ[Tso(X)]

expc 2/[X7T90 (X)]} -1
exp[c 2/(XT 9o)] - 1

where T90 (X) refers to any of the of the silver
[Tgo(Ag)=1234.93 K], the gold [Tgo(Au)=1337.33
K], or the copper [Tgo(Cu)=1357.77 K] freezing
points and in which Lx(T90) and Lx[T90(X)] are the
spectral concentrations of the radiance of a black-
body at the wavelength (in vacuo) X at T90 and at
Tgo(X) respectively, and c2 =0.014388 mK."

This quotation shows that the 1990 NIST and
ITS-90 radiation-temperature scales differ in two
important respects: range, and uncertainty relative
to thermodynamic temperature.

2.3.1 Range In the ITS-90, the Pt-10%Rh/Pt
thermocouple has been eliminated as a defining in-
strument in the 904 to 1337 K interval, and the
Pt-resistance- and radiation-thermometry ranges
have been extended upwards and downwards to
the freezing point of silver, respectively. The dif-
ferences between the ITS-90 and the IPTS-68 in
the temperature interval affected are shown in the
upper curve in figure 2. They are believed to repre-
sent a substantial improvement over the IPTS-68
with respect to consistency with thermodynamic
temperature.

0.4

J

CD

C:E
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rw4
._E

0.2-

0.0-

-0.2

600 800 1000 1200
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Figure 2. Differences between ITS-90/IPTS-68 (upper curve)
and between NIST radiance-temperature measurement based on
the 1990 and 1968 gold points (lower curve). The error bar
shows the limiting 3cr uncertainty of the 1990 NIST Radiation
Thermometry Scale at 1000 K.

NIST radiation temperature measurements are
made in reference to the gold point in the entire
range in which these measurements are performed,
usually 800-2300'C (1073-2573 K). This practice
was followed even before the IPTS-68 was abro-
gated. Accordingly, the changes in NIST radia-
tion-temperature measurement services discussed
under 2.2 and shown in the lower curve of figure 2
are not the same as the differences between the
ITS-90 and the IPTS-68. It is obvious from figure 2
that the adoption of the ITS-90 has removed sub-
stantial deficiencies of the IPTS-68 in the thermo-
couple range, and that NIST measurements
performed in this range by contact and radiation
thermometry are now in good mutual agreement.

2.3.2 Uncertainty The redundant definition of
the ITS-90 in terms of the silver, gold, and copper
points allows alternative scale realizations that
have equal status but can give numerically different
results. In a footnote to the text of the ITS-90 [7] it
is stated that "the T90 values of the freezing points
of silver, gold, and copper are believed to be self
consistent to such a degree that the substitution of
any one of them in place of one of the other two as
the reference temperature T90 (X) will not result in
significant differences in the measured values of
TgO." However, the degree of this self-consistency
has not been assessed quantitatively. In the follow-
ing we present our own assessment, based on a
statistical analysis of recent measurements at the
silver, gold, and copper points [10-23]. The results
of these measurements are listed in table 3. Because
all but two of them were performed relative to var-
ious reference temperatures, and because these ref-
erence temperatures differed with respect to one
another and with respect to the ITS-90, we have
adjusted these results by applying a correction for-
mula similar to eq (8c),

T790=T-[T(Ref)-T 90 (Ref)] [T/T(Ref)]2 , (9)

where T and T(Ref) denote the published result
and the reference temperature used, and T90 and
Tg0 (Ref) are the corresponding ITS-90 values. The
spread in the adjusted temperatures thus obtained is
on the order of ±0.1 K (3 a-). This figure represents
our estimate of the consistency of temperature-
scale realizations in the silver-to-copper interval,
made relative to alternative ITS-90 fixed points and
in different laboratories.

The foregoing statistical analysis does not in-
clude an estimate of the accuracy of the reference
temperatures of table 3 relative to thermodynamic
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temperatures. In this respect, the largest compo-
nent of error is the unexplained difference in the
results (T-T68=(-79±6) mK and (-49±20)
mK, respectively) of Guildner and Edsinger [24]
and Edsinger and Schooley [25] for the departure
of the IPTS-68 from thermodynamic temperatures
near 729 K, the temperature that served indirectly
as the reference for all of the pyrometric measure-
ments in table 3. These results, which do not over-
lap within their combined 3o- uncertainties, were
averaged in the definition of the ITS-90. We esti-
mate that the uncertainty of this average, relative
to thermodynamic temperature, is on the order of
one half the range of the Guildner-Edsinger and
Edsinger-Schooley results (-85 to -29 mK), or
±28 mK. By an expression similar to eq (7), this
translates to an uncertainty of ±94 mK at the gold
point.

The quadrature combination of the two error
uncertainty components mentioned above is

±0.14 K. This number represents our final estimate
of the limiting uncertainty, with respect to thermo-
dynamic temperature, of ITS-90 scale realizations
near the gold point. It represents an assessment of
the combined precision and accuracy within which
such scale realizations by primary standards labora-
tories are consistent with thermodynamic tempera-
ture and, as such, is akin to the ±0.34 K uncer-
tainty quoted in eq (2) for the NIST gold point. In
spite of this larger uncertainty, the adoption of new
NIST scales of thermal radiometry which are inde-
pendent of the ITS-90 is believed to be justifiable.
Their uncertainty constitutes a conservative assess-
ment of current NIST capabilities in absolute ra-
diometry, and their independence will allow future
improvements which are in tune with advances in
optical radiometry but unencumbered by the state
of the art of non-radiometric thermometry at lower
temperatures.

Table 3. Results of silver-, gold-, and copper-point measurements performed since 1971

Author(s) Measurement Reference Result Reference Adjusted
(K) (K) adjustment (K) result (K)

Quinn et al. [10] Ag re Au 1337.58 1235.20 -0.25 1234.987
Bonhoure [11] Ag re Sb 903.89 1235.16 -0.125 1234.927
Ricolfi and Lanza [12] Ag re Au 1337.58 1235.20 -0.25 1234.987
Coates and Andrews [13] Ag re Au 1337.58 1235.22 -0.25 1235.007
Ohtsuka and Bedford [14] Ag re Cu 1358.03 1235.20 -0.26 1234.985
Jones and Tapping [15] Ag re Au 1337.58 1235.13 -0.25 1234.917
Andres and Gu [16] Ag re 630'C 903.15 1235.21 -0.125 1234.976
Jones and Tapping [17] Ag re Al 933.452 1235.894 0.021 1234.931
Fischer and Jung [18] Ag re Al 933.477 1235.927 -0.004 1234.920

Blevin and Brown [19] Au (absolute) none 1337.27 none 1337.270
Bonhoure [11] Au re Sb 903.89 1337.53 -0.125 1337.256
Coslovi et al. [20] Au re Ag 1235.08 1337.41 -0.15 1337.234
Andrews and Gu [16] Au re 630'C 903.15 1337.58 -0.125 1337.306
Jung [21] Au re Ag 1235.08 1337.45 -0.15 1337.274
Jones and Tapping [17] Au re Al 933.452 1337.295 0.021 1337.338
Fisher and Jung [18] Au re Al 933.477 1337.330 -0.004 1337.322
Mielenz et al. [6] Au (absolute) none 1337.33 none 1337.330

Righini at al. [22] Cu re Au 1337.58 1358.02 -0.25 1357.762
Ricolfi and Lanza [12] Cu re Au 1337.58 1358.02 -0.25 1357.762
Coates and Andrews [23] Cu re Au 1337.58 1358.04 -0.25 1357.782
Jones and Tapping [14] Cu re Au 1337.58 1358.04 -0.25 1357.782

Averages and 3cr uncertainties: Ag 1234.96±0.11
Au 1337.29±0.11
Cu 1357.77±0.04
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3. Radiance, Spectral Irradiance, and
Photometric Scales

In the derivation of the NIST scales of spectral
radiance and irradiance [hereafter denoted by the
generalized symbol Qx(T)], the spectral distribu-
tions of blackbody sources are expressed by Wien's
equation,

Qx(T)=(c1 /X5) exp(-c 2/XT),

(1 3b)QVNIST= Qv,68 [1-(0.25 K)qv]

where

C2
qv ( 13 3 7 K) 2

rfdX[V(X)/X6 ] exp[-C2/(XTNIST)]
X fd/\[V(X)// 5 ] exp[-c 2 /(XT6 8 )]

(13c)

(10)

where cl and c2 are the first and second radiation
constants and the refractive index of air is approxi-
mated by n = 1. The NIST scales of luminous inten-
sity and luminous flux are defined by

Qv=Km f dX V(X) Qx(T) (11)

where Q, denotes luminous intensity or luminous
flux, and V(X) and Km=683 lm/W, respectively,
are the relative spectral luminous efficiency and the
maximum luminous efficacy of the 1931 CIE stan-
dard observer for photopic vision [26].

The equations governing the effect of the 1990-
NIST/IPTS-68 gold-point change on these scales
can be derived by differentiation of eq (10) with
respect to T and substitution of the radiance-tem-
perature scale change eq (8c) into the result ob-
tained. This gives

aQx(T)/aT=(c2/XT 2) Qx(T), (12a)

QA NIST-QA.68 = c2[TNIsT(Au) - T68(Au)]
QA,68

. [XT68(Au)] = -2.01.10 3 /X (12b)

Numerical examples of these changes are given
in tables 4 and 5, together with the quoted 3cr un-
certainties of NIST calibration services. The rela-
tive changes in the spectral-radiance and irradiance
scales are independent of temperature and in-
versely proportional to wavelength. The relative
changes in the photometric scales were evaluated
by numerical integration and exhibit a small, in-
significant dependence on temperature.

Although these changes are small, they have
helped reconcile small discrepancies that existed in
the past. For example, the luminous-intensity data
contributed by NIST to a 1985 international inter-
comparison of photometric base units [27] were the
only ones derived from the IPTS-68 gold point.
They fell within the spread of the intercomparison,
but were 0.5% higher than the average of the data
reported by 14 other national laboratories, all of
which had realized the candela with absolute ra-
diometers. When adjusted to the 1990 scale, the
NIST data are within approximately 0.1% of the
world mean.

The changes in calibration values of color tem-
perature are, in principle, the same as the radiance-
temperature changes given by eq (8c) but are too
small compared to the quoted uncertainties to war-
rant a scale change. For example, the change at
2856 K (CIE Source A) would be (-1±13) K.

where X is expressed in ,tm. The corresponding
photometric scale changes are given by

dQ=Km fdv(X) (T)
dT =mfdV()aT (1 3a)

Hence we obtain, by substitution of eq (12a) into eq
(1 3a),
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Table 4. Changes in reported values and uncertainties (3cr) of NIST spectral-radiance and irradiance
calibrations

Change of Quoted uncertainties (3cr)
value Spectral radiance Spectral irradiance

QA.NIS`-QX,68 1968 1990 1968 1990
QX,68

225 nm -0.89% ±2.1% ±2.0%
250 -0.80 1.6 1.5 ±2.2% ±2.1%
300 -0.67
350 -0.57 1.2 1.1 1.4 1.3
400 -0.50
450 -0.45
500 -0.40
550 -0.37
600 -0.34
654.6 -0.31 0.6 0.6 1.0 1.0
700 -0.28
800 -0.25
900 -0.223 0.5 0.5 1.3 1.3

1050 -0.191
1300 -0.155 1.4 1.4
1600 -0.126 0.4 0.4 1.9 1.9
2000 -0.101 3.3 3.3
2400 -0.084 0.4 0.4 6.5 6.5

Table 5. Changes in reported values and uncertainties (3cr) of NIST luminous intensity and flux cali-
brations

Change of Quoted uncertainties (3cr)
value Luminous intensity Luminous flux

QV.NIS-QV,68 1968 1990 1968 1990
QV,68

2000 K -0.347%
2400 -0.350
2600 -0.352
2856 -0.353 ± 1.0 ±1.0 ± 1.4 +1.4
3000 -0.354
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and Technology, consists of thin-film inconel heater stripsGaithersburg, MD 20899 over an etched silica substrate bonded Key words: low-contrast thermal resolu-Gaithersburg, MD 20899 to an aluminum heat sink. A simple, tion; radiometry; target fabrication; ther-

finite-difference model is used to study mal contrast modeling; thermal
how variations in target construction radiation; thermal resolution target.
and materials affect the generated ther-
mal resolution test pattern. The con- Accepted: October 4, 1990

1. Introduction

Thermal resolution test targets are used to char-
acterize the performance of infrared imaging sys-
tems [1]. Low-contrast test targets are used to
measure the minimum resolvable temperature dif-
ference [2] that can be distinguished by these sys-
tems.

A commonly used thermal resolution test target
of conventional design is shown in figure 1. The
front plate is blackened so that it is an efficient
emitter of infrared radiation. The back plate, which
is also blackened, is visible through the slots in the
front plate. The temperature of the front plate is
allowed to float with the ambient, and the tempera-
ture difference between the back and front plates is
sensed by a thermocouple. An electrical current
flowing through a heater covering the rear surface
of the back plate is controlled to maintain the tem-
perature difference between the back and front
plates at a user-adjustable value.

The simple design of figure 1 works very well
for temperature differences of the order of 10 K

and has been used successfully for much smaller
temperature differences. Unfortunately, an air gap
exists between the front and back plate causing a
lack of tight coupling between the temperature dis-
tribution over the back plate and that of the front
plate. As a result, it is possible to have small lateral
temperature gradients across the back plate that are
not correlated with similar gradients in the front
plate. The temperature difference at any slot is the
sum of the intentional temperature difference set by
the user and the difference between the uncontrol-
lable temperature gradients. This creates a problem
at low contrasts.

As the temperature difference between the two
plates is reduced, these uncorrelated gradients be-
gin to interfere with the pattern generated by the
slots in the front plate. For very small temperature
differences between the plates, the uncorrelated
lateral thermal gradients can result in the slots
appearing hotter than the background on one
side of the target, while appearing cooler than the
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background on the other side. Consequently, it is
not possible to know the actual value of the ther-
mal contrast at any slot in such a situation.

During the last 20 years, the performance of
thermal imagers has improved so much that it will
soon be necessary to test systems with thermal con-
trasts of the order of 1 mK. It is not at all clear that
the conventional design can meet this need. The
purpose of this paper is to describe a new design
specifically tailored for low thermal contrast. The
principal advantage of this new design is that the
lateral temperature gradients in the hotter surface
are strongly correlated with those in the cooler
surface as a result of the way the thermal contrast
is generated.

Slotted
front plateTe prt e

controlled
back plate

Figure 1. A conventional thermal resolution test target. The
temperature of the back plate is controlled to a constant temper-
ature difference relative to the front plate. The temperature of
the latter is allowed to float.

A cross section of the new design is illustrated in
figure 2. The target consists of an insulating mate-
rial whose bottom surface is in good thermal con-
tact with a heat sink, and whose other surfaces are
well insulated. Power is applied with a uniform

density over the top surface of the material. The
heat is confined to flow in the vertical direction by
the boundary conditions and the geometry of the
device. In this case, the temperature profile over
the top surface will follow its contour as illustrated
in figure 2 and discussed in more detail in the next
section of this paper.

Top Surface
Y t IL,{ \ A

Fs

x

Figure 2. Cross section of a target of the new design illustrating
the principle for achieving low thermal contrast with minimum
influence from parasitic temperature gradients. Power is dissi-
pated with uniform density over the top surface of a low ther-
mal conductivity material whose bottom surface is in good
thermal contact with a heat sink. The only path for heat flow is
through the low thermal conductivity material. The function
y(x) is the height of the top surface of that material, and the
temperature profile at that surface is proportional to y(x).

Figure 3 illustrates the different effects of lateral
thermal gradients on the thermal contrast displayed
by the conventional design and the new design.
For this comparison, it is assumed that 1) the same
lateral gradient exists in the temperature TB(x) of
the back plate of the conventional target and in the
temperature Ts(x) of the substrate of the new type
target, 2) the temperature of the back plate of the
conventional target is controlled to exceed the tem-
perature of the front plate by a fixed difference at
the point x = 0, and 3) the power dissipated in the
new type target is set to give that same temperature
difference at the points of discontinuity in the
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height profile y(x). The striking feature is that the
distortion of the temperature profile T(x) gener-
ated by the conventional target deviates from the
ideal much more than that of the temperature pro-
file T[y(x)] generated by the new type of target.

The next section of this paper presents the the-
ory of operation of a thermal test target based on
the new design. That section is followed by one
that describes some targets built to demonstrate the
new design, a section that compares the measured
performance of these devices with the theoretical
predictions, and a final section that illustrates how
the targets would be used to extend the contrast
range of a conventional target.

w

t:E

w
0D

wc
H-

a)

w
CC

EL
w
0_

w
F-

device which is shown in view B-B of figure 5. The
symmetry properties of this device were used ex-
tensively in this model. Figure 5 shows the mirror
symmetry about each center line. Consequently,
figure 4 extends only from the center line to the
edge along section-line B-B. Because mirror sym-
metry exists about the center line B-B, a tempera-
ture profile for this cross section is obtained using a
two-dimensional model.

Y21-

TB (X)

0 
00 TF (X)

00

01

b)

Figure 3. Comparison of effect of temperature gradients on new
and conventional approaches to thermal resolution targets. Part
a) applies to a conventional target. TF(x) is the temperature of
the front plate between the slots, TB(x) is the temperature of the
back plate, and T(x) is the temperature profile generated by the
target. Part b) applies to a target based on the design described
in this paper. The function y(x) is the height profile of the top
surface of the target, Ts(x) is the temperature gradient in the
target substrate, and T[y(x)] is the temperature profile gener-
ated by the target.

2. Theory of Operation
2.1 The Model

An idealized device is used to model the heat
transfer and temperature distribution; its cross sec-
tion simulates a thin slice of material of the actual

0
0

Groove
heater

Center Edge
heater heater

I~l I

LJI
I I

X1 X2
X3

Figure 4. An idealized device for computer modeling of various
sources of error affecting the new type of thermal resolution
target described in this paper.

5.0 -a -
X2 =3.0 0 Y2=075
x1 =0.5 - * = 0.45

nconel K EpoxyI I j"Incon ~ P A-pprox. 0.075 mm

Section B-B

Figure 5. Schematic diagram of the fabricated target (not drawn
to scale). All dimensions are in millimeters. The views A-A and
B-B are cross sections of thin slices taken at the positions indi-
cated. The heights of these cross-sectional views are exagger-
ated to illustrate the inconel and aluminum films and the shape of
the groove. The X and Y labels correspond to those in figure 4.
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The following assumptions were made for this
model:

1) The bottom surface of the device is in contact
with a perfect heat sink, and all temperatures
are measured relative to the temperature of the
heat sink;

2) The top surface of the device has three heaters,
a groove heater, a center heater, and an edge
heater, and they can be independently heated;

3) The sides and the top surfaces above the three
heaters are composed of perfect insulators;

4) The heat transfer from the top surface of the
device to the heat sink is entirely by conduction
through the device; and

5) Steady-state conditions exist; the temperature is
not a function of time.

The model is a finite difference model and con-
sists of the cross-sectional area of figure 4 being
divided into cells. A sketch of this cell construction
is shown in Appendix 1. All x-cell dimensions (the
lengths of the cell boundaries) are equal, and all
y-cell dimensions (the heights of the cell
boundaries) are equal. The temperature of each cell
is that at its center. The heat flow equations are
written in integral form for each family of cells
described below:

Interior cells-The cell dimensions are x by y. The
net flow of heat into the cell is zero which means
that the total heat flowing into the cell is equal to
the total heat flowing out of the cell. As an exam-
ple, the equation for the net heat flow into this cell
per unit length, F(m, n), is given by

O=F(m, n) =k{(x/y)[(T[m, n + I]-T[m, n])
+ (T[m, n -1]- T[m, n ])] + (y/x)[(T[m
-1, n]-T[m, n])+(T[m +1, n]
-T[m, nD]},

where:

T[m ,n] is the temperature of the m ,n interior cell,
k is the thermal conductivity of the material in

watts per unit length per degree kelvin,
x or y in the numerator is the length of the cell

face across which heat flows, and
x or y in the denominator is the distance between

the centers of two adjacent cells.

Surface cells with heaters-The cell dimensions are
x by y/2. The heat flow into this cell from the
heater, F(m, n), is equal to the heat flow across the

lower horizontal cell boundary plus the net heat
flow across the two vertical cell boundaries. Note
that here F(m, n) is the heat per unit length
supplied by the heater and not the net flow into the
cell and is not zero.

Exterior corner cell such as the cell ofpoint (x,, y29 in
figure 4-The cell dimensions are x/2 by y/2. The
heater on the horizontal surface of this cell is half
the size of those on the surface cells; consequently,
the heat flow from the heater is only half that from
the surface cell heater. This heat flow into the cell
is equal to the heat flow across the lower boundary
of the cell plus the heat flow across the vertical
boundary of the cell. Because the heater and cell
boundaries are both one-half of the dimensions of
those for the interior cell, the heat flow equation
obtained is the same as that for an interior cell.
Again, F(m, n) is the heat per unit length supplied
by the heater and not the net flow into the cell and
is not zero.

Interior corner cell such as the cell of point (xi, yd of
figure 4-The cell dimensions going clockwise
around the cell, starting with the heater dimension
are x/2 by y/2 by x/2 by y by x by y/2. The heat
flowing into this cell from the heater, which is half
the heat flowing into a surface cell, is equal to the
net heat flowing across the vertical boundaries plus
the net heat flowing across the horizontal
boundaries. The heat flowing across the surface
represented by the first y/2 dimension of this cell is
zero.

Boundaries across which no heat flows because
of the constraints imposed by this model (assump-
tion 3 above when no heater is present on the sur-
face) are handled by setting the average
temperature gradient across this surface equal to
zero. This is done, for the algorithm given in the
program in Appendix 1, by setting up virtual cells
adjacent to the surface cells and then setting their
temperatures the same as those of the adjacent
(now interior) surface cells.

Surface cells with heater elements are handled
by this algorithm by setting up virtual cells as be-
fore. The heat dissipated by the heaters is doubled
by the program to accommodate the imaginary
heat flow into the virtual cells and thereby provide
the specified heat flow into the surface cells under
the heaters.

The equations obtained by applying all of the
cell conditions stated are solved for the tempera-
ture of the cell. The program source code is listed
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in Appendix 1 and can be compiled by version 3 of
TURBO PASCAL. 1' 2 The program first sets all the
temperatures to zero, the temperature of the heat
sink. It then applies the heat dissipation specified
for the heaters and successively calculates the tem-
peratures of all cells. This process is repeated 500
times. Every successive iteration uses the tempera-
tures calculated in the previous iteration with the
same specified heater power dissipation. The tem-
peratures of all the cells converge to within a small
fraction of 1% of their final values in this many
iterations.

This program also allows the width and the
depth of the groove to be independently varied in
discrete steps, the power density in the edge heater
to be set to zero or to the same value as that in the
center heater, and the power density in the groove
heater to be set to be a fraction between zero and
the value set for the center heater. A typical result
with the power density in the groove and edge
heaters set the same as that in the center heater is
shown in figure 6. The power density per unit con-
ductivity in the center heater was adjusted to nor-
malize the temperature at the top surface to 100 for
these calculations. The same value was used in
later calculations having the same geometry.

100100100100100100100100100100100100100

90 90 90 90 90 90 90 90 90 90 90 90 90

80 80 80 60 80 80 80 80 80 80 80 80 80

70 70 70 70 70 70 70 70 70 70 70 70 70

60 60 60 60 60 60 60 60 60 60 60 60 60

50 60 90 S0 S0 S0 S0 50 50 50 50 S0 50 50 60 90 50 S0 50 90 50 S0 S0 S0 S0

40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40

30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30

20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20

10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Figure 6. A typical result of the computer program listed in
Appendix 1 for the device of figure 4 when the groove and edge
heaters are dissipating the same power density as the central
heater. For this example, there are 25 nodes on the x-axis, 11
nodes on the y-axis, yi=0.5 mm, Y2=l.0 mm, x 1=2.5 mm,
x2 =3.33 mm, and x 3 =5 mm, the lower left node is at the point
(0 mm, 0 mm), and the upper right node is at the point (5 mm,
1 mm).

' Certain commercial equipment, instruments or materials are
identified in this paper to specify adequately the experimental
procedure. Such identification does not imply recommendation
or endorsement by the National Institute of Standards and
Teachnology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
2 TURBO PASCAL is a registered trademark of Borland Inter-
national, Scotts Valley, CA.

The important point of figure 6 is that the tem-
perature profile of the top surface follows the phys-
ical profile of the top surface. This result is a direct
consequence of the assumptions used in deriving
the model, and of the assumption of uniform dissi-
pation of the same power density in all heaters.
How well these assumptions can be realized in
practice will, in part, determine how well the per-
formance of a real device can approach the perfor-
mance of the idealized device. The next three
figures show some of the deviations from idealized
performance that can be expected with different
power densities in the device heaters.

Figure 7 shows the effect of groove depth on the
temperature profile (with the same power density
dissipated in the center and edge heaters and no
power dissipated in the groove heater) for a target
having the geometry shown in figure 4 and the
same groove width and overall width as the target
analyzed in figure 6. This figure shows that the
temperature profile no longer follows the physical
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Figure 7. Normalized surface temperature for the device of fig-
ure 4 when the edge and center heaters are dissipating the same
power density, but the groove heater is dissipating no power.
The dimensions are the same as those of the device modeled in
figure 6 except that the cases of y1=0.2 mm (solid line),
y,=0.5 mm (dashed line), and y,=0.8 mm (dot-dash line) are
considered.
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profile of the top surface of the target, and that the
largest deviation from uniformity on each side of
the temperature discontinuity occurs with shallow
grooves. Therefore, for sharp thermal contrast, the
groove heater must dissipate about the same power
density as the center heater, and the target must
have grooves that extend almost to the bottom of
the low thermal conductivity material. The appli-
cations of these criteria are depicted in figure 8
which shows that fairly good uniformity on each
side of the temperature discontinuity can be
achieved with a groove depth that is half of the
thickness of the low conductivity material and a
power density in the groove that is half of that in
the center heater.
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Figure 8. Normalized surface temperature for the device of fig-
ure 4 with the dimensions of the device modeled in figure 6
when the groove heater is dissipating half the power density
being dissipated by the center and edge heaters.

Figure 9 shows the effect of dissipating no heat
in the edge heater while maintaining the same
power density in the groove and center heaters.
The loss of uniformity is striking, but a sharp dis-
continuity is still evident, even though the magni-
tude of the discontinuity is only 60% of its value in
figure 6. The poor uniformity shows that, with no
edge heater, the center heater should cover the

entire top surface of the low conductivity material
in a target of this type.

In the next section, devices are described that
were built to test the criteria developed in this
section.
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Figure 9. Normalized surface temperature for the device of fig-
ure 4 with the dimensions of the device modeled in figure 6
when the groove and center heaters are dissipating the same
uniform power density, but the edge heater is off.

3. Device Fabrication and Testing

A top view and two cross sections of one of the
targets fabricated to test these criteria are shown in
figure 5. In this target, there are no edge heaters,
and the groove and center heaters are connected to
the same aluminum contact pads.

Fused silica (amorphous SiO2) was used as the
low conductivity material because its thermal con-
ductivity is low compared to that of aluminum, but
high compared to that of air. A 10-nm-thick layer
of sputter-deposited inconel was used as the surface
heater because inconel has a relatively high resis-
tivity, and this thickness of inconel film produced a
heater with both a usable resistance between 100
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and 250 fl and a reasonably high infrared emissiv-
ity. Figure 10 shows the spectral dependence of the
measured reflectance and transmittance, and the
calculated emissivity, of a nominal 10-nm film of
inconel on a 750-ram- (0.030-in-) thick piece of
fused silica. Aluminum was used for the heater
contact pads. The fused silica device was attached
to the heat sink with a fast-curing epoxy adhesive.
Aluminum was used as the heat sink material be-
cause it is an inexpensive material that is easily ma-
chined and has a high thermal conductivity.

100

z
wLU

0~
50

0
3000 2000 1500 1000

WAVENUMBER (cm-1)

Figure 10. The emissivity e (dashed line) of the inconel-fused
silica structure used in fabricating the devices of figure 5. The
emissivity was calculated from e = I - r - t, from measured data
for the reflectance r and the transmittance t of the structure.
These data are also shown in the figure.

Table I compares the thermal conductivities of
aluminum, fused silica, and air. Table 2 compares
the electrical resistance per square of a 10-nm film
of inconel and a 250-nm film of aluminum. Finally,
notice that the net power density per unit tempera-
ture difference radiated by a black-body at 300 K is
only about 0.5% of that conducted through a 1-mm
thick piece of fused silica. All of these results sug-
gest that the assumptions stated in connection with
figure 5 are well approximated by this device.

The fused silica was cut and polished using con-
ventional optical shop techniques into 75-mm- (3-
in-) diameter, 750-,tm- (0.030-in-) thick wafers for
subsequent processing. Rectangular grooves whose
long axes were parallel to the future current direc-
tions were ultrasonically machined into the top sur-
face of the fused silica wafers. The walls on the
long axis of the groove were vertical to produce an
abrupt change in temperature across them (as
shown in figs. 4 and 5); the walls at the ends of the
grooves were sloped to allow continuous metal
film coverage permitting the current to go down
into and up out of the groove.

Table 1. Thermal conductivity of selected materials

Material Thermal conductivity
(W/cm K)

air 0.00024

epoxy 0.0043

silica 0.014

aluminum 2.1

Table 2. Electrical resistance of films

Material Nominal thickness Resistance
(1m) (filET)

aluminum 250 nm 0.14

inconel 10 nm 100.

Photolithographic techniques were used to pro-
duce the thin film heater and contact pads on the
top surface of the fused silica. A number of differ-
ent variations of the basic technique were tried in
an attempt to find a technique that would allow the
devices to be made without any special post-pro-
cessing steps. Some approaches were found to be
better than others, but no completely satisfactory
approach was found. The presence of the grooves
prevented the photoresist from behaving normally
during spinning, curing, and etching. The ap-
proaches tried and the results obtained are de-
scribed in Appendix 2.

After processing, the devices were cut from the
wafers using standard techniques for fused silica.
(Attempts to cut the wafers with a saw designed
for dicing silicon wafers resulted in a great deal of
wafer cracking, and breakage further limited the
number of devices for testing. No such problems
were encountered with the standard techniques for
fused silica.) After cutting, the devices were
mounted with a thin film of epoxy on 5-cm by 5-cm
by 3-mm (2-in by 2-in by 1/8-in) heat sinks
machined from soft (for higher conductivity)
aluminum.

Two bare copper wires were used as heater
leads. Two layers of epoxy were used to attach
each wire near one end of the heat sink to provide
strain relief while insulating the wire from the heat
sink. Then one end of each wire was attached to a
device contact with silver-filled lacquer. These fab-
ricated devices were then tested for electrical
continuity.
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4. Device Performance

A PtSi camera operating in the 3- to 5-pm ther-
mal infrared was used to study the performance of
one of the low-contrast thermal resolution targets
described above. The output of the camera was
available on a television monitor as a thermal im-
age and on an oscilloscope as a voltage vs time
graph of one of the individual scan lines making up
the television image.

First, the camera was focused on a portion of a
conventional 10-cm-square (4-in-square), four-bar
thermal resolution target. The thermal contrast be-
tween the rear heater and the slotted sheet was ad-
justed to zero, and the image was recorded and
stored for background subtraction. The contrast of
the target slots was then adjusted to 4 K, the image
recorded, the background subtracted, and the gain
of the camera-oscilloscope system calibrated. Fig-
ure 11, which does not reproduce well, shows the
image of the target presented on the television
screen during this calibration. Figure 12 shows an
oscilloscope trace of one of the scan lines in the
central part of the image shown in figure 11.

The camera was then directed toward the low-
contrast target, and the latter was observed with
zero voltage across the heater to record the back-
ground image. The background was observed to be
unstable. The cause of the instability was traced to
an image of the camera operator being inadver-
tently reflected into the camera's field of view by
the nonzero reflectance of the target. This points
out the desirability of coating the top surface of the
target with a thin, low-reflectance (high-emissiv-
ity) material such as gold black [3], not only to de-
crease the power required for a given contrast, but
also to reduce the sensitivity to the background. To
solve this problem for the existing devices, a black
cloth was suspended around the target and camera,
and a stable background was obtained. The latter
was then recorded and stored for background sub-
traction.

Figure 11. Television image of a portion of the conventional four-bar target used for calibrating the gain of the PtSi CCD-
array camera. The bright lines are the television-scan lines. The thermal contrast between the bars and the background was 4 K, and
the background was subtracted to give the dark field background shown.
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Figure 12. A scope trace of one of the scan lines in the image
shown in figure 11. Nominal averages of the high- and low-tem-
perature portions of the target are shown by the broken lines.
The difference between the lines is about 75 IRE units.

The voltage across the heater was then increased
until the contrast between the heated top surface of
the target and the surrounding heat sink was about
4 K as measured on the calibrated oscilloscope, and
the heater power was recorded. Figure 13, which
also does not reproduce well, shows the image ob-
tained under this condition. Figure 14 shows an os-
cilloscope trace of one of the TV raster-scan lines
of the camera. This particular line is located near
the central part of the image shown in figure 13.

Figure 13. Television image of the new type of low-contrast
thermal resolution test target obtained in the same way as that
shown in figure 11.

The rounding of the temperature profile in figure
14 at the outside edges of the target was expected,
as shown in the last section, because there was no

heater. The rounding at the edges of the groove is
partially an artifact caused by not assuring that the
image of the groove exactly filled an integral num-
ber of pixels on the PtSi array in the camera. This
was verified to be the case by translating the target
perpendicular to the optical axis of the camera with
a micrometer-driven translation stage. It was possi-
ble to make the pixel on either side of the groove
assume any value between that in the center of the
groove and the edge of the groove as the target
was translated.

120

100

_ 80 X__ /_ _ __
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Figure 14. A scope trace of one of the scan lines in the image
shown in figure 13. Nominal averages of the high- and low-tem-
perature portions of the target are shown by the broken lines.
The difference between the lines is about 13 IRE units.

The cause of the temperature gradient across the
target is not known. A variation in the thickness of
either the epoxy between the heat sink and the
target or of the inconel heater film on the top sur-
face of the target could cause this. Since no precau-
tions were taken to assure the uniformity of the
epoxy joint between the target and heat sink, a
variation in thermal resistance caused by a varia-
tion in epoxy thickness is the most likely cause for
the temperature gradient observed with the cam-
era. Since the thermal conductivity of the epoxy is
about one-third that of fused silica, the thermal re-
sistance of the 0.075-mm-thick layer of epoxy is
about 33% of that of the 0.75-mm-thick fused silica
layer. Therefore, a thickness gradient of the order
of half the nominal thickness of the film would be
needed to explain the observed temperature gradi-
ent. This is not unreasonably large considering that
no attempt was made to obtain a uniform joint.
Clearly, it would be desirable to devise a way to
assure a uniform epoxy joint.

Figure 15 compares the theoretical and experi-
mental temperature profiles for the device shown
in figure 5. The experimental profile was obtained
by reflecting the left-hand side of the oscilloscope
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trace of figure 14 about the center of the groove
and averaging it with the right-hand side of the
trace. The theoretical profile was obtained using
the model described earlier. Since this model does
not account for the epoxy joint between the target
and the heat sink, the device was modeled as hav-
ing a thickness of 1.00 mm instead of the measured
thickness of 0.75 mm. This additional thickness
gives the same thermal resistance between the top
surface of the device and the heat sink as 0.75 mm
of fused silica in thermal series with 0.075 mm of
epoxy.
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Figure 15. Comparison of two parameters fit (filled circles
theoretical model to the experimental data (open circles) she
in figure 14. The data for the left- and right-hand sides of ta.
were averaged to obtain the experimental data plotted here

the model. This could be associated with a nonuni-
form epoxy film or a small lateral thermal gradient
existing in the heat sink under the groove. It might
also be associated with a heat loss from the vertical
groove wall of the actual device; a heat loss of this
type would tend to reduce the contrast. Despite
this unresolved problem with the fit of the calcu-
lated temperature profile from this very simple,
ideal model to the data from the actual devices that
we built, figure 15 makes it clear that all of the
major effects are explained by this model. Other
than unwanted temperature gradients, there should
be little or no deviations from the model in opti-
mized targets. The target that we designed was
built before the model calculations were devel-
oped. Consequently, the target was used to test the
model and provide insight for future target designs.
Simple improvements in design (such as a groove
depth more nearly equal to the target thickness and
a heater covering the entire top surface of the
target) should yield much more ideal devices.

5. Use of New Type Target with
Conventional Target

The lower limit of thermal contrast available
from a conventional target can be extended to ther-
mal contrasts as low as those that can be resolved
by any given camera with one of the new types of
targets and an oscilloscope. The procedure is the
following: 1) the camera/oscilloscope system is
calibrated with the conventional target generating
a reliably large thermal contrast, 2) the calibrated
camera/oscilloscope system is used to calibrate the
new type of target at the same order of thermal
contrast, 3) the power in the new type of target is
reduced to produce the desired thermal contrast, 4)
the reduced thermal contrast is calculated using the

1 5 formula presented below, and 5) the gain of the
camera/oscilloscope system is increased and cali-
brated.

The formula for this type of calibration is
own
rget DT, ,=(DTstd)(DRcal) p

(Wasd)(Pcal)
(1)

The model was fitted to the measured data by
adjusting the groove depth until a good fit was ob-
tained. The fit shown in figure 15 was obtained
with a model groove depth of 0.20 mm, whereas
the actual depth was 0.30 mm. The deeper groove
on the actual device indicates that the actual con-
trast obtained is not as good as that predicted by

where DT1ow is the lower level of thermal contrast
generated in the new type target, Plow is the power
dissipated in the new type target to generate DTIOW,
DRcal is the difference between the in-groove and
out-of-groove output from the camera/oscillo-
scope when the power Pal >Plow is dissipated in the
new type target, DTstd is the thermal contrast from
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the conventional target, and DRtd is the difference
between the in-slot and out-of-slot output from the
camera/oscilloscope when the camera is pointed at
the conventional target. It is important to notice
that the gain of the camera/oscilloscope system
must be the same for the traces from which DRstd
and DRcA are read. Only after the calibration of the
new type target at the higher power level can the
camera gain be changed.

Figures 12 and 14 illustrate how the target
shown in figure 5 could be used as a low-contrast
target. The thermal contrast of the conventional
target was set to 4 K for the camera/oscilloscope
trace shown in figure 12. Therefore, DTStd/DRStd is
about 4 K per 75 IRE units3 =0.053 K per IRE
unit. For the oscilloscope trace shown in figure 14,
the voltage drop across and the current passing
through the target heater were 8 V and 44.5 mA,
respectively, and the thermal contrast between the
groove and trace outside the groove is about 13
IRE units. Therefore, DRM/Pcm = 15 IRE units per
(8 VX44.5 mA)=42 IRE units per W. After the
gain of the camera/oscilloscope system was in-
creased and the voltage across the heater of the
new type target decreased until the groove was
just detectable in the image of the target, the
voltage across and the current passing through the
target heater were 3 V and 17.5 mA, respectively.
(It is interesting that the groove could not be de-
tected in the oscilloscope trace at this level, even
though it could be detected in the thermal image.)
Therefore, the minimum resolvable temperature
difference is P10,=52.5 mW, and DTIOi=(0.053 K
per IRE unit)X(42 IRE units per watt)X0.0525
W=0.12 K.

This minimum resolvable temperature difference
of 120 mK, measurable with the PtSi camera re-
ported above, is in good agreement with the value
determined through very careful measurements
against the conventional thermal resolution target.
Why then is there a need for a new type of low-
contrast target? The need is for the calibration of
future cameras with better than 120-mK resolution.
These experiments show that the new target is ca-
pable of calibrations to near 0 K. This is because
the noise decreases linearly with the contrast or
signal, and the signal-to-noise ratio remains con-
stant allowing contrast calibrations to near 0 K.
This would be impossible, or at least very difficult
to do, with the conventional target.

3 The vertical deflection of the oscilloscope trace, as seen in
figures 12 and 14, are given in IRE units.
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6. Appendix 1. Source Code for Temperature Distribution Program

PROGRAM computelctrtt temperaturedistribution;
(USES Crt;)(REMOVE THE CURLY BRACKETS AROUND "USES

TURBO PASCAL 4 AND TURBO PASCAL 5.}
VAR T : ARRAY[-l..26,0..111 OF REAL;

n, m, 1, heateredge, M1, M2, M3, SUCCM3, Ni,

answer : STRING[l];
x, y, flux_perk, fraction : REAL;

( < groove | central heater | edge |
heater heater

N2

Nil

0 *-+-*-+-*-+-*-+-*-+-*-+-*-+-*

0 Ml

I x I

M2 M3

Crt;" TO COMPILE IN

N2, SUCC_N2 : INTEGER;

* point (m,n)

I I
Y I I

I - -I 

cell

-+-*-+-* surfaces
+
*

PROCEDURE initialize;
BEGIN
CLRSCR;
WRITELN;
WRITELN;
WRITELN(
' The lower left cell is indexed as (0,0) in this finite cell model.');
WRITELN(' There are three heaters on the top surface: 1) groove heater, ');
WRITELN(' 2) central heater, ');
WRITELN(' 3) edge heater. ');
WRITELN;
WRITE(' Index < 26 of x-axis cell at right edge of device: '); READLN(M3);
SUCCM3 := SUCC(M3);
WRITE(' Index of x-axis cell at edge of central heater: '); READLN(M2);
WRITE(' Index of x-axis cell at edge of groove: '); READLN(M1);
WRITE(' Index < 11 of y-axis cell at top surface of device: '); READLN(N2);
SUCCN2 := SUCC(N2);
WRITE(' Index of y-axis cell at top of groove: '); READLN(Nl);
FOR m := -1 TO SUCCM3
DO FOR n := 0 TO SUCC_N2

DO T[m,n] := 0;

WRITE(' Width X of device in mm: '); READLN(x); x := x/M3;
WRITE(' Height Y of device in mm: '); READLN(y); y := y/N2;
WRITE(' Power density per conductivity in central heater: ');
READLN(fluxperk);
WRITE(' Power density in groove heater relative to that in central heater: ');

642

)



Volume 95, Number 6, November-December 1990

Journal of Research of the National Institute of Standards and Technology

READLN(fraction);
WRITE(' CR turns edge heater on, any other key turns it off: ');
READLN(answer);
IF answer = '' THEN heater-edge 5 M3

ELSE heater-edge : M2;
END;

PROCEDURE list-temperatures;
BEGIN
CLRSCR;
FOR n := N2 DOWNTO 0
DO FOR m := 0 TO M3

DO BEGIN

IF ( (m>=Ml) OR (n<=Nl) ) THEN WRITE(T[m,n]:3:0)
ELSE WRITE(' ');

IF m - M3
THEN BEGIN

WRITELN;
WRITELN;
END;

END;

END;

PROCEDURE adjust temperatures;
VAR xx, yy, bottom, driver : REAL;

BEGIN
xx := x*x;
yy := y*y;
bottom := (xx + yy);
driver := fluxperk*x*y/bottom;
FOR n := N2 DOWNTO 1
DO BEGIN

IF n > Nl
THEN T[Ml-l,n] := T[Ml+l,n]
ELSE T[-l,n] := T[l,n];
T[M3+1,n] := T[M3-l,n];
FOR m := 0 TO M3
DO BEGIN

IF m < M1

THEN T[m,Nl+l] := T[m,Nl-l]
ELSE T[m,N2+1] := T[m,N2-1];
IF ( (n==Nl+l) AND (m=Ml) )
THEN T[Ml-l,n] := T[Ml+l,n];
IF NOT ( ( (m<Ml) AND (n>Nl) ) OR ( (m=Ml) AND (n=Nl) ) )
THEN BEGIN

T[m,n] := yy*(T[m-l,n]+T[m+l,n]) + xx*(T[m,n-l]+T[m,n+l]);
T[m,n] := T[m,n]/(2*bottom);
IF n = N2
THEN IF ( (mu>=Ml) AND (m<=heater edge) )

THEN T[m,n] := T[m,n] + driver
ELSE
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ELSE IF n - Nl
THEN IF m <- Ml

THEN T[m,n] := T[m,n] + fraction*driver;
END

ELSE IF (
THEN

END;
END;

END;

(m=Ml) AND (n=Nl) )
BEGIN
T[m,n] -
yy*T[m-l,n]+2*yy*T[m+l,n] + 2*xx*T[m,n-l]+xx*T[m,n+l];
T[m,n] := T[m,n]/(3*bottom);
T[m,n] := T[m,n] + fraction*driver/3;
END;

BEGIN (Main program)
initialize;
FOR 1 :- 1 TO 500
DO adjusttemperatures;
list temperatures;
REPEAT UNTIL KEYPRESSED;
END.

7. Appendix 2. Fabrication of
the Test Targets

The targets were fabricated on 75-mm- (3-in-)
diameter, 750-pLm-thick, fused silica wafers. In this
fabrication process, grooves were first ultrasoni-
cally machined into the wafers at specified loca-
tions. Inconel-600 films4 10 nm thick were sputter
deposited on the wafers. Over the inconel films,
pure aluminum films 250 nm thick were sputter-de-
posited. The target patterns were aligned to the ul-
trasonically machined grooves and patterned using
photolithographic techniques. Only a small number
of machined wafers were available which severely
limited the amount of experimentation that could
be done for process development. This number was
further limited because the bottoms of the ultrason-
ically machined grooves were rough enough to
prevent good electrical continuity in the 10-nm-
thick inconel film deposited in them. Attempts to
smooth these machined surfaces were made by dip-
ping the wafers into 49% HF. After a few minutes
etching, sharply outlined surface scratches ap-
peared on the silica surfaces rendering some wafers
useless for target fabrication.

The fabricated targets are shown schematically
in the dimensioned drawing of figure 5. Side-by-
side arrays of six of these targets were simulta-
neously fabricated on each wafer. The outer two
targets on each side of the array, i.e., the targets
closest to the periphery of the wafer, contained no
grooves and served as control targets during fabri-
cation.

Three different methods were used to fabricate
these targets. One of these methods consisted of a
lift-off technique which is described later. The
other two consisted of differential etching which
made use of the fact that the aluminum etchant
etched inconel much slower than aluminum. This
enabled the uppermost aluminum film to be pat-
terned photolithographically and etched off of the
inconel film. The primary differences in these two
etching methods are shown in table A2.1. The re-
sistances, in ohms, of the target heaters, fabricated
by each method, are given in table A2.2. In this
process, the first level was patterned into photore-
sist and consisted of the aluminum busses at the
ends of the target grooves (shown in fig. 9). The
aluminum was etched at 45 °C with a commercial
aluminum etchant.5 The etching was stopped as

'The inconel-600 has a composition of 75.6 wt.% Ni, 8.5% Fe,
and 15.9% Cr.

5 This etchant consisted of 85 parts of 85% phosphoric acid, 2
parts of 70% nitric acid, and 13 parts of glacial acetic acid.
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soon as the aluminum film completely dissolved ex-
posing the underlying inconel film. The resist was
then stripped with acetone, and the second level,
which consisted of the inconel heaters, was pat-
terned into another photoresist film. This patterned
photoresist film completely covered the aluminum
busses protecting them from attack by the inconel
etchant. The inconel was etched with Cyantek CR-
9 Chromium Photomask Etchant, 6 which is a con-
centrated perchloric acid-based etchant.

Table A2.1. Primary differences in the etching methods

Differential etch method 1 Differential etch method 2

Sputter Deposition vacuum Sputter Deposition with alu-
broken between the deposi- minum deposited immediately
tions of inconel and aluminum over inconel without breaking

vacuum

Photoresist-Shipley Micro- Photoresist-Shipley Micro-
posit 1350J posit 1470

Photoresist coated by conven- Photoresist coated by the
tional spinning and open hot flood-surface tension method
plate baking and a "capped" hot plate bake

Table A2.2. Resistances' of target heaters in ohms

Target number on Wafer

Method lb 2 3 4 5 6 b

Dif. etch method 1 138 33c 167 150 22C 136
Dif. etch method 2 163 257 244 293d 447d 157
Lift off 183 180 197 163 171 164

a These resistances are measured by touching the probes of an
ohmmeter to the aluminum busses. The resistances of the
busses and probe contacts are assumed to be negligible.

b Have no grooves and serve as control targets.
'These low values are attributed to the small strips of aluminum
that were observed on the wafer surfaces along the grooves.

dTargets where the etching of the Shipley 314 developer was
most severe.

Difficulty was encountered with photoresist
building up on the sharp inside (the sides toward
the wafer center) precipices of the grooves when it
was spun on the wafer by a conventional method.
The photoresist in this buildup could not be satis-
factorily patterned. A "flood-surface-tension"
method was developed for spin coating the pho-
toresist that did not produce this unwanted pho-
toresist buildup. In this method: 1) the wafer is
mounted on the spinner chuck and completely

flooded with photoresist; 2) immediately following
the flooding, the wafer is spun at 300 to 400 rpm
for approximately 1.5 s, and then ramped to 1500
rpm and spun for 5 s; 3) when the spinner stops, the
wafer is allowed to set on the chuck for an addi-
tional 60 s; and then 4) prebaked, in a flat, horizon-
tal position, on a hot plate at 95 'C for 3.5 min with
an aluminum foil tent covering it and the immedi-
ate surrounding hot plate area. The purpose of the
two short, slow spins is to remove excess photore-
sist and achieve a reasonably thin resist coating
without producing either buildup in or significant
solvent loss from the photoresist. The 60-s setting
period allows the photoresist surface tension to pla-
narize the resist and reduce any buildup. The pre-
bake is done with the wafer flat to prevent uneven
resist film formation, and the aluminum tent pro-
motes better heating of the resist and improves its
adhesion. It should be noted that the thermal con-
ductivity of a 750-,um- (30-mil-) thick fused silica
wafer is substantially less than that of a silicon
wafer and necessitated the use of the tent.

Exposures of uv were made at 180 to 220 mJ/
cm2 using AR-chrome masks. Spray-puddle-devel-
oping was used with full-strength, Shipley 314
developer. 7 Before exposures were made, the
coated wafers were either allowed to set in the air
for at least 1 h, or if the exposure had to be made
sooner, the wafer was dipped in deionized water
for 1 min and spun dry. The purpose of this step
was to replace water in the photoresist film that
was removed during the baking. This water is nec-
essary for the resist photolysis to proceed.

Some problems were encountered with each of
the differential etch methods. With method 1, thin
lines of unetched aluminum were observed on the
wafer surfaces adjacent to the sides of the grooves
toward the wafer center. These lines are believed
to be a result of resist buildup. With method 2, pho-
toresist was observed on the groove walls after de-
veloping. The removal of this resist was attempted
by re-exposing the groove walls and developing by
puddling a drop of Shipley 314 developer in the
grooves. The developer etched the aluminum
where it was puddled which, in turn, caused the
inconel to be etched thinner in these areas.

7.1 Lift-Off Method

Inconel was first sputter-deposited onto the
wafer which was then conventionally spin-coated
with Shipley 1350J and prebaked 3.5 min at 95 °C
on a hot plate. A uv exposure of 220 mJ/cm 2 was

6 A product of Cyantek Chemicals, Mountain View, CA. 7 A product of Shipley Co., Inc., Newton, MA.
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used to pattern a mask of the aluminum busses (the
polarity of which was the reverse of the masks
used in the differential etching methods) onto the
wafer. After this exposure, the wafer was soaked in
chlorobenzene for 5 min and spray-puddle-devel-
oped. A 250-nm aluminum film was evaporated, in
a filament evaporator, onto the patterned wafer un-
der a vacuum where P<4X 10-5 Torr. The dis-
tance between the filament and the wafer was
about 50 cm. The filament was a trough filament
into which a few pieces of braided tungsten wire
were placed with aluminum pellets. When the alu-
minum melted, it wetted the tungsten wire which
then gave even evaporation of the aluminum for
the 250-nm-thick film. Lift-off of the aluminum film
was then accomplished by soaking the wafer for 3
h in acetone with intermediate acetone flushes
from a squeeze bottle to help dislodge the film. The
aluminum in the corners of the grooves at the base
of their vertical walls required "swabbing" with a
sharp plastic point under acetone for complete re-
moval.

The remaining inconel film was then patterned
by coating the wafer with Shipley 1470 photoresist
using the flood-surface-tension method, patterning
the inconel mask with a 220 mJ/cm 2 exposure,
spray-puddle-developing with Shipley 314 devel-
oper, and etched with CR-9. The resistances of
these inconel heaters are given in table A2.2.
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1. Introduction and Observations

In 1988 we published an analysis of the spectrum
of doubly ionized molybdenum (Mo III) [1] in
which a total of 679 spectral lines were classified.
These were transitions between 54 levels of the 4d4

and 4d3 5s even configurations and 65 levels of the
4d3 5p odd configuration in that work.

We have now made additional observations in
the range of 800-2100 A to supplement our earlier
data which covered the region 1100-3250 A. These
new observations were made under conditions sim-
ilar to the previous ones but extended into the short
wavelength region. The spectra were photo-
graphed on the NIST 10.7-m normal-incidence
vacuum spectrograph equipped with a 1200-1/mm
grating blazed at 1200 A. A sliding spark operated
at various excitation conditions was used to pro-

' Retired.

duce the spectra. The intensity distribution along
each line and the behavior of the line intensity at
50, 80, and 150 A peak currents were used to find
optimum conditions for the third spectrum. Refer-
ence wavelengths of Cu, Ge, and Si [2] were
obtained with a water-cooled hollow cathode dis-
charge. Details about the experimental methods are
the same as given in reference [1]. Approximately
5000 of the observed lines had Mo iII character.
The wavelength uncertainty of the observed lines
is estimated to be ±0.005 A.

2. Analysis

The spectrum is complex due to the open 4d-
shell structure of the doubly ionized atom; the
ground configuration is 4d4 . The large number of
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levels in the seven lowest configurations leads to
many possible transitions. With the Cowan series of
atomic structure programs [3], which include
Hartree-Fock calculations with relativistic correc-
tions (HFR) and matrix diagonalizations, we
were able to predict the complete electric
dipole spectrum. This included both the
(4d4+4d3 5s +4d2 5s2)-(4d3 5p +4d2 5s5p) and the
4d3 5p-(4d3 5d +4d3 6s) transition arrays. The ob-
served line list and the line intensities were then
compared to the predictions in order to extend the
earlier analysis [1]. Calculations were made for
each of the following interacting configuration
groups: (1) 4d4+4d 3 5s+4d 2 5S2, (2) 4d3 5d +
4d3 6s, and (3) 4d3 5p +4d 2 5s5p. The resulting val-
ues for the radial integrals were adjusted by a least
squares fit to the known levels, and improved as
new levels were found.

This led to the identification of all 34 energy lev-
els of 4d4 and all 38 energy levels of 4d3 5s. The
values of four of the previously reported levels
were incorrect and have been replaced. They are
the 3P,2, '16, 'D2 2 and 'SO2 levels of 4d4 . We use the
index numbers assigned by Nielson and Koster [4]
to distinguish recurring terms in the d' configura-
tions. These index numbers were used by Martin et
al. [5] in their compilation of atomic energy levels
of the rare earth elements. All other previously re-
ported level values were adjusted with the new
data. Of the nine predicted levels of 4d2 5S2, only
those of the 3F, and the 'G4 have been located.

The 4d3 (2 H)5d 3K, level has not been located.
One strong transition is expected, but there are no
appropriate lines (intensity, range, ...) to establish it
with certainty. For the 4d3(2H)5d 'K7, we have
found a tentative energy value based on transitions
with 4d3 (2H)5p 'I6 and 3I6 at 1934.709 and 1808.672
A, respectively. Because the second transition
would be coincident with a second order Mo IV
line, we consider the evidence for the level ques-
tionable.

We have found 54 levels of the 4d3 5d configura-
tion and 19 of 4d3 6s. With the exception of
4d3(4F)5d 5D, all of the levels based on the 4d3 (4F)
parent have been found. These two configurations
overlap extensively and similar terms of each con-
figuration are very close. This accounts for the
strong configuration interaction (CI). This may be
seen in figure 1 where the levels are connected to
show the LS terms.

Table 1 contains the 149 known levels of the five
lowest even configurations, including for each
level the configuration, term, J value, level value,

difference between the observed level value and
that obtained from the least-squares fits (O-C), and
the leading eigenvector percentages in the LS-cou-
pling scheme. The uncertainty in each level value
depends on the number of combinations and on the
wavelength region where the combinations appear.
The uncertainties of the optimized energy-level
values are generally less than ±0.10 cm-' and no
greater than ±0.20 cm-'. The average LS purities
of the (4d4+4d3 5s+4d2 5S2) and (4d3 5d +4d3 6s)
groups of configurations are 83% and 59%, respec-
tively. Although 15 levels of 4d3 5d and two of
4d3 6s have their largest eigenvector components
less than 50%, only five levels of 4d3 5d have been
given LS names that are not those of the largest
eigenvector component.

Table 2 contains the odd parity energy levels.
Sixty-five levels of 4d3 5p were included in the pre-
vious publication [1], but we have now found all
110 levels of this configuration. Seventy-one of the
90 predicted levels of 4d2 5s 5p were found through
transitions with 4d' 5s and 4d2 5S2 levels in the
vicinity of 1800 A. The lowest levels of 4d2 5s5p
overlap with the highest levels of 4d3 5p. The
structure of the 4d2 5s5p configuration is repre-
sented in figure 2. The combined average LS purity
of the levels of these two odd configurations is
63%. Only four of the levels have been given LS
names that are not associated with the largest ei-
genvector component.

A total of about 3100 spectral lines have been
classified as transitions among the 330 levels. Table
3 includes all of the spectral lines classified as
Mo III, giving for each the wavelength (in air
above 2000 A), intensity, wavenumber, difference
between the observed wavelength and the wave-
length obtained from the final level values (O-C),
and its classification. The levels are denoted by
their integer energy and J values.

The Cowan least-squares program [3] was used
to fit the radial coefficients for each of the three
sets of configurations to the observed energy lev-
els. Tables 4, 5, and 6 include the least-squares fit-
ted (LSF) and HFR values for the parameters of
the (4d4+4d3 5s+4d2 5S2), the (4d3 5d+4d3 6s),
and the (4d 35p +4dW25s5p) configuration groups.
The ratios of the LSF to HFR values are also
given. The standard deviations of the fits are 44, 33,
and 183 cm-', respectively.
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Figure 1. Observed energy levels of the 4d' 5d and 4d 36s configurations. The levels
are connected to show the LS terms.
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Table 1. Observed levels of the 4d 4, 4d3 5s, 4d2 5s2, 4d3 5d, and 4d3 6s even configurations of doubly ionized molybdenum (Mo In)

Term J Level
(cm-')

5D 0 0.0
1 242.04
2 668.44
3 1223.96
4 1872.49

3P2 0 11271.80
1 12510.23
2 14357.56

3 H 4 12679;70
5 13275.51
6 13811.19

3 F2 2 13928.70
3 13948.27
4 14296.10

3G 3 15871.20
4 16282.70
5 16714.38

3D 3 19487.89
2 19576.66
1 19896.0

'I 6 19973.54

'G2 4 20611.87

'S2 0 22890.12

'D2 2 23183.70

'F 3 27006.61

3 P1 2 31323.10
1 32519.35
0 33155.4

3F1 2 32387.45
4 32398.89
3 32587.37

5F 1 32418.68
2 32843.28
3 33452.23
4 34225.38
5 35129.46

'G1 4 36164.03

5 P 1 42404.71
2 42665.77
3 43461.62

3 F 2 42521.83
3 43561.76
4 44655.28

O-C
(cm-')

-1
0
4

12
25

-3
2
7

22
-4
18

-22
-14

14

-41
-33
-18

-3
-5

-19

51

-8

-31

69

40

46
4

-17

-60
55

-15

-3
4

13
24
35

-23

-26
-31

0

-57
-35
-20

Leading percentagesa

98
99
99

100
99

58
62
63

85
94
98

75
61
63

78
81
93

97
90
98

98

63

77

70

94

63
61
61

75
80
76

98
98
99
99
99

64

97
57
89

56
84
90

35 3 P1
34 3 P1
32 3 P1

7 3G

21 3F1
21 3G
14 3F1

18 3F2
10 3F2

5 'D

28 'GI

20 'S1

17 'D1

32 3P2
34 3P2
34 3P2

20 3F2
16 3F2
18 3F2

28 'G2

40 (4F)5s
10 (4F)5s

38 (4P)5s
11 (4P)5s
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17 3 F1
10 3H
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Table 1. Observed levels of the 4d4 , 4d3 5s, 4d2 5s2, 4d3 5d, and 4d3 6s even configurations of doubly ionized molybdenum (Mo iii)-
Continued

Configuration Term J Level O-C Leading percentagesa
(cm -') (cm-')

4d3(2G)5s 3 G 3 46299.58 -37 96
4
5

46601.58
46962.10

-43
-58

87
88

6 (4F)5s 3 F
9 (2H)5s 3 H

'D1 2 47978.47

3 P 1 48734.33
0 48854.57
2 49088.73

3H 4 49541.67
5 50318.82
6 50481.62

3D 1 50362.58
3 51425.90
2 51482.87

-30 73 16 'D2

13 69
195 94
26 63

55 85
50 90
36 100

-43
-113
-30

19 (2D2)5s

20 (2 D2)5s

3 (2D2)5s 'D

3D 6 (2 D 1)5s 3D

3D 5 (2D 1)5s 3D

10 (2 G)5s 'G

44 25 (2P)5s
80 18 CD1)5s
55 24 (2P)5s

3p

3D
3p

14 (2D 1)5s 3D

16 (2D1)5s 3D

48 82 10 (2 H)5s 3H

3 P 1 52811.06
0 53407.40
2 54191.24

0 63
35 92
61 90

22 (2P)5s 'P 9 (CD2)5s 3D

'H 5

'P 1

'D 2

54853.34

55366.47

56741.89

3 F 4 58730.47
3 58893.82
2 59059.6

'S1 0

F 3

62879.75

64331.17

-12 99

-8 64 30 (4P)5s 3P

11 69 18 (2D 1)5s 'D

-53
-27
-12

-16

98
98
98

78 20 'S2

-21 97

3D 3 72187.93
2 72356.47
1 72481.84

'D 2

3F 2
3
4

'G 4

77557.42

88067.0
89482.54
91098.5

103485.73

5H 3 130365.61
4 130918.16
5 131607.85
6 132424.4
7 133337.7

27 81 18 (2 D2)5s 3 D
10 78 21 (2 D2)5s 3D

-3 77 23 (2D2)5s 3 D

0 77 21 (2 D2)5s 'D

6 97
0 99

-6 98

-2 99

36 95
36 93
35 93
34 95
36 99
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4d4

4d3 (2P)5s

4d3 QlH)5S

4d 3(2D2)5s

4d3 CG)5s 'G 4 52697.96

4d3(2H)5s

4d3(2P)5s

4d3
C D2)5s

4d3(2F)5s

4d4

4d3 (2F)5S

6 'D

4d3 (2D1)5s

4d3(2D1)5s

4d 2(3F)5s2

4d2('G)5s2

4d 3(4F)5d

4d3(4P)5s
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Table 1. Observed levels of the 4d, 4d3 5s, 4d2 5s2, 4d3 5d, and 4d3 6s even configurations of doubly ionized molybdenum (Mo III)-

Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

-2 34 41 (4 F)5d
-10 25 33 (OF)6s
-6 42 44 (4 F)5d

11 52 24 (4 F)5d
-3 54 18 (4 F)5d

-25 46 36 (4F)5d

-26
-22
-20
-17
-19

30
52
51
55
90

28 (4F)5d
39 (4F)5d
39 (4F)5d
34 (4F)5d

14 75 17 (4F)5d
2 40 38 (4F)5d
3 42 24 (4F)5d

-9 63 25 (4F)5d
1 83 12 (4F)5d

5p 15 (4F)5d
5F 21 (4 F)5d
5p 5 (4F)5d

5P

5F 16 (4F)5d
5G 11 (4F)5d
3D 6 (4 F)5d

5F
5F
5F
5F

24 (4F)5d 3D

4 (4 F)5d 5H
5 (4 F)5d 5 H

15 (4 F)5d 5F
17 (4F)5d 5F
8 (F)5d 5G

56 22 (4F)5d
38 26 (4F)5d
36 44 (4F)6s
30 34 (4 F)5d
47 34 (4F)5d

3D 17 (4F)6s
3D 15 (4F)6s
5F 14 (4F)5d
5G 31 (4F)6s
5G 14 (4 F)6s

4 (P)5d 3 p 4 (4F)5d 3D
7 (4 F)5d 3 F 5 (4 F)5d 3D

4 (4F)6s 5 F
7 (4 F)5d 3 F

4 (2H)5d
4 (2H)5d
5 (4F)5d

3H
3H
5G

79 4 (2 G)5d
74 10 (4F)5d
85 3 (4F)5d

72
71
66

9 (4F)5d
5 (4F)5d

13 (4F)6s

3G 4 (4F)5d
3F 3 (

4
F)5d

5F 3 (
2
G)5d

3P 4 (2G)5d
3D 5 (

2G)5d
3F 6 (4F)5d

3F

5F
3G

27 17 (4P)5d 3D 16 QG)5d 3G

3H 13 (kG)5d
3G 10 (4P)5d
3I 9 QH)5d

69 10 (NG)5d 3H 6 QG)5d 3I

87 8 (2H)5d 3I

87 5 (2 H)5d 3K

-0 85 4 (2G)5d 3G 2 (2 G)5d 3H

4d3(4 F)5d 3D 1
2
3

4d3 (4F)5d

4d3 (4 F)5d

4d3(F)6s

130629.3b
131913.3b
133151.83b

130886.95
131379.2
132337.96

131072.5
131592.6
132173.9
132951.3
134010.4

131396.0
131647.45
132279.6
133446.5
134371.48

5P 1
2
3

5G 2
3
4
5
6

5F 2
2
3
4
5

4d3 (4 F)5d

4d3(F)5d

4d3(4F)6s

5F 1
2
3
4
5

3P 0

1
2

3 F 2
3
4

-10
-12
-16

0
-5

-36
-26
-39

131900.8
132228.4
132666.7b
133034.7b
133782.3

133508.9
134185.0
135441.05

133563.4
134665.06
135857.46

133739.17
134799.5
135979.5

91
83
74

5F
5F
5G
5 F
5F

4d 3OF)5d 3H 4
5
6

-2 91
-5 88
13 80

66 87
55 87
47 87

6 (4F)5d 3G

4d3(F)5d

4d3(F)5d

4d3 CG)5d

4d 3(2G)5d

3G 3
4
5

3F 2
3
4

'F 3

3H 4
5
6

-17
-19
-30

6
5

-11

-36

134295.5
135261.56
136391.56

135112.06
135882.9
136574.54

141993.9

142696.6
142946.75
143829.4

142712.95

142822.32
143528.65

142950.65

4d 3(2 G)5d

4d 3CG)5d

4d 3(4P)5d

19 62 14 QH)5d
38 32 24 QG)5d
6 64 11 QH)5d

1H 5

3I 6
7

5F 5

-25

-43
-19
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Table 1. Observed levels of the 4d4 , 4d3 5s, 4d2 5s2, 4d3 5d, and 4d3 6s even configurations of doubly ionized molybdenum (Mo III)-

Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

4d3
(
2 G)5d 3 G 4 143198.04 -11 52 19 (2G)5d 3H 11 (2G)6s 3G

5 143653.5

3G 3 143396.8
4 143568.8
5 144121.65

'G 4 144656.26

'I 6 144783.96

3F 4 145096.74

'H 5 145904.28

'I 7 146257.14
6 146277.52
5 146342.74

3G 4 147431.23

3H 4 147703.6
5 147752.1
6 147984.1

3 K 6 147758.2
7 147963.3

'K 7 148595.3

'H 5 148816.1

3H 5 151580.2

3 F 4 156378.82
3 156587.8

'F 3 157546.6

-9

118
-11
-13

-6

5

-15

-7

-19
-22

30

48

-11
-11

2

-2
6

35

21

-46

-40
51

-25

34

79
70
79

58

61

55

67

94
73
51

38

75
82
96

83
90

93

90

48

92
87

84

30 (2 G)5d

9 (2G)5d
11 (2G)5d
8 (2H)6s

13 (2H)6s

13 (2H)5d

1 1 (
2
P)5d

19 (2H)5d

13 CG)5d
15 (2 G)5d

22 (2 H)5d

12 (2 G)6s
10 (2 G)6s

3H 11 (
2

H)5d

'F 6 (2G)5d
3 G 10 (2G)6s
3H 5 (2 G)5d

3H 6 (4P)5d

3K 11 (2H)5d

3F 8 (2H)5d

3I 7 (2G)5d

3H

3G

'G
3G

5 (2G)5d
14 (2H)5d

11 (2 G)5d

7 (2G)6s

3I

3G
1G
3G

5D

tI

3F

3G

3I

'H

3F

3G

8 (2 G)5d 1I
7 (2G)5d 3I

4 (2H)6s

17 (2 H)5d

3H

3G 9 (2 G)5d 3G

8 (2 F)5d 3F

6 (2 F)5d 3D

a The second and/or the third eigenvector component has been omitted when the first one or two components amount to 90% or
greater.
b This level is not given the LS name corresponding to the largest eigenvector component.
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4d 3(2G)6s

4d3 CG)6s

4d 3(2G)5d

4d3 (4 P)5d

4d3(2 H)5d

4d3(2H)5d

4d (3D2)5d

4d3 (2H)6s

4d 3(2 H)5d

4d 3(2 H)5d

4d3 (2 H)6s

4d 3(2 H)5d

4d3 (2F)6s

4d3 (2 F)6s
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Table 2. Observed levels of the 4d3 5p and 4d2 5s5p odd configurations of doubly ionized molybdenum (Mo In)

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-1)

4d3 (4F)5p 5G 2 73853.18 -65 96
3 74724.72
4 75816.51
5 77113.28
6 78689.51

-73
-75
-62
-09

97
97
96
99

3D 1 75972.36
2 76836.82
3 80354.49

5F 3 78158.42
1 78677.94
2 79013.98
4 79497.10
5 80343.19

-6
-43

-120

56 31 (4F)5p
47 32 (4F)5p
41 36 (4F)5p

-57 42 27 (4F)5p
102 56 26 (4F)5p
99 61 22 (4 F)5p

-32 70 19 (4F)5p
15 73 17 (4 F)5p

5F 5 (4P)5p
5F 11 (4 F)5p
5D 7 (4P)5p

3D 23 (4F)5p
5D 13 (4F)5p
5D 11 (4F)5p
5D 6 (4F)5p
3G 7 CG)5p

5D 0 78568.37
1 78947.76
2 79467.93
3 79508.33
4 80095.61

9
-29
-87

61
-48

91
62
59
33
70

15 (4F)5p
19 (4F)5p
48 (4F)5p
15 (4 F)5p

3 D 12 (4F)5p
3 D 7 (4P)5p
5F 9 (4F)5p
5F 4 (4F)5p

3G 3 81040.69
4 82009.90
5 83147.76

3F 2 82540.14
3 83584.53
4 84544.52

-43
-79

-116

74 16 (2G)5p
66 14 (4 F)5p
55 25 (4F)5p

42 76
8 79
0 80

8 (2 D2)5p
7 (2 D2)5p
6 (2D2)5p

3 G 5 (4F)5p
5F 13 (2 G)5p
5F 10 (2 G)5p

3F 4 (4F)5p
3 F 3 (4F)5p
3 F 3 (4F)5p

29 33 (4 P)Sp
3P 25 (4P)5p 5D

'P 1 85308.94
2 86426.81
3 87391.79

3P 2 85329.99
1 87831.20
0 89775.81

66 69
256 86
298 92

-114
-50

-153

13 (4 P)5p 5 D
8 (4 P)5p 5 D

44 20 (4P)5p
55 27 (4P)5p
32 28 (2p)5p

7 (2 P)5p 3P

5D 9 (2P)5p
5D 8 (2 D2)5p
3P 26 (

2 p)5p

5D 1 85683.11
0 86322.66
2 87473.30
3 87810.66
4 89100.17

200
-170

5
90
10

41
58
58
80
92

28 (4 P)5p
27 (2p)5p

15 (4P)5p
6 (4F)5p

3P 18 (4P)5p
'S 6 (4F)5p
3P 8 (4P)5p
5D 5 (CP)5p

3H 4 85896.20
5 86892.62
6 88441.64

'F 3

'D 2

88499.21

88592.07

-132
-119
-62

-146

-123

69 24 (2H)5p
56 26 ('H)5p
59 33 (2H)5p

3
P 0 88669.74

1 89139.81
2 90982.60

147 36 19 (2D2)5p
163 33 14 (2D2)5p
57 32 17 (2D2)5p

3p 19 (4 P)5p
3P 12 (2p)5p
3p 13 (4 P)5p

-31 40 29 (2H)5p 'H
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4d3(4F)5p

4d3(4 F)5p

4d3(4F)5p

3D
5D
3D

5D
3D
3D
3G
3G

4d3(4F)5p

4d3(4F)5p

5F
5D
3D
3F

4d3 (2 p)5p 'S 0

5F
3G
3G

84216.41l

4d3(4 P)5p

4d3(4 P)5p

-275

4d3(4 P)5p

3P
3p
ts

4d3 (2G)5p

4d3(2G)5p

4d3(2p)5p

sP

5D

3D

4d3(2 p)5p

3H

3H
3H

8 (4F)5p 3G

4d3'G)5p

30 29 (2G)5p 3G 18 (2G)5p 3F

26 13 (4P)5p 3P 11 (2D2)5p 'D

'H 5 89689.91

3P

3D
5S

13 (2H)5p 3I
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Table 2. Observed levels of the 4d' 5p and 4d' 5s5p odd configurations of doubly ionized molybdenum (Mo III)-Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

4d'( 2P)5p 'D 1 90301.83 262 62 13 (2p)5p 'p 7 (OF)5p 'D
2 91674.55
3 92758.61

3G 4 90255.05
3 90588.46
5 91006.90

3F 4 89503.85
2 90586.00
3 91050.30

3H 4 91387.50
5 92254.52
6 92728.95

'S 2 92099.55

141 57 11 (CG)5p F
116 48 19 (2G)Sp 3F

-101
-119
-92

162
-53
-7

63 16 (2G)5p 'G
48 19 (G)5p 'F
57 12 (2H)5p 3I

32 27 ('G)5p 'G
45 11 (CD2)5p 3F
35 20 (2G)5p 'F

117 35 39 (CG)5p 3F

82 50 26 (CG)5p 'H
170 56 34 (2G)5p 3H

-90 75 7 (ep)5p 3p

5 (4P)5p
12 (CD2)5p

13 (4F)5p
9 (2G)5p

10 (2H)5p

14 (2H)5p
10 (CP)5p
13 (CD2)5p

12 ('G)5p
13 (2H)5p

5s

3F

3G
3F

3H

3H
'D
3F

3H
3I

5 (4 p)Sp 3p

3I 5 92884.18
6 93306.10
7 94424.07

'G 4 93102.01

3S 1 93222.37

-28 57 16 (CG)5p 'H
20 91
27 100

20 51 15 (2H)5p 3H

256 75 9 (2p)5p 3p

9 (CG)5p 3G

7 (2G)5p 3H

4 (2P)Sp 'P

3F 2 93642.52
3 94117.58
4 94955.85

-31
-14
-85

40 28 (2G)5p 3F
26 21 (CD2)5p 3D
63 12 (2D1)5p 3F

96 20 35 (2p)5p 'p

-94 56 22 ('F)5p 'G

17 (CD2)5p 'D

7 (CH)5p 3H

3D 1 94292.66
2 95551.80
3 95856.45

3D 2 94387.70
3 94676.73
1 95016.32

3G 5 96285.38
3 96838.34
4 97184.77

3P 2 96589.89b
1 96736.45
0 97135.60

'I 6 96907.92

121 48 16 (CD2)5p 'P
128 47 24 (4 P)5p 3 D
119 34 24 (4 P)5p 3D

-33
74

152

43 20 (2D2)5p 3D
47 18 (2D2)5p 3D
67 10 (2p)5p 3D

171 49 24 (2H)5p 'H
158 60 10 (2F)5p 3G

137 72 11 (2F)5p 3G

-191
-101
-334

31 32 (2 p)5p 3p

34 15 (Cp)5p 3P

47 26 (Cp)5p 3P

93 90

45 37 33 (2H)5p 3G

203 42 16 (CG)5p 'F

-51 43 8 (CD2)5p 3
P

24 (2G)5p 'H

12 (2H)5p G

8 (4 P)5p 3S

656

4d3(CG)5p

4d'(CG)5p

4d (3H)5p

4d 3(4 P)5p

4d'(OH)5p

4d3'eG)5p

4d3(2p)5p

4d3(2D2)5p

4d (3D2)5p

4d3(2H)5p

'P 1

'G 4

93709.46"

94098.26

9 (2p)5p
14 (2P)5p
8 (CG)5p

3D
3D
3F

4d 3(2D2)5p

4d3(4 P)5p

4d'(3H)5p

4d3C D2)5p

4d3(2H)5p

7 ('D1)5p
12 (CDl)5p
7 (D 1)5p

13 (CD2)5p
12 (CP)5p
7 (CD2)5p

14 (2G)5p
7 (2D2)5p
4 ('G)5p

15 (4P)5p
12 (2D2)5p
13 (4P)5p

3P
3D
'P

'H
'F
3F

3P

'P
'P

4d3(2 H)5p

4d3(2D2)5p

4d3(2 p)5p

'H 5

'F 3

'P 1

97709.08

98562.38

99313.02
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Table 2. Observed levels of the 4d' 5p and 4d' 5s5p odd configurations of doubly ionized molybdenum (Mo III)-Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

4d'(2F)5p 'F 2 99952.26 -83 64 11 (2p)5p 'D 8 (2D2)5p 'D
3 100397.67
4 100858.67

75
88

77 9 (2F)5p 3G

77 10 (2F)5p 3G
3 (2D2)5p
3 ('G)5p

3F

3F

3S 1

'D 2

100184.65

100219.97

'G 3 102557.67
4 103276.74
5 103621.4

134 74 12 (2p)5p 'p

-153

-18
46
43

36 30 (2p)5p 'D

70 12 (2H)5p 3G
72 13 eF)5p 3F
90 10 (2H)5p 3G

59 28 (2D2)5p 'D

3D 3 103667.40
2 104511.12
1 105041.26

'G 4

'F 3

106511.94

106803.63

-169
-216
-229

73
84
87

9 (CD2)5p 3D

7 C1D2)5p 3D
7 (2D2)5p 3D

118 70 24 (2H)5p 'G

-299 84 4 (2D2)5p 'F

3D 1 114014.74
2 114083.06
3 114591.26

-80
-51
-17

73 17 (2D2)5p 3D

69 13 (CD2)5p 3D

69 10 (CD2)5p 3D

3F 2 115794.02
3 116497.95
4 117287.80

-102 55 19 (2D2)5p 3F

69 59 18 (CD2)5p 3F
101 76 20 ('D2)5p 'F

8 (2D1)5p 'D
10 (2DI)5p 'D

46 17 (2D2)5p 'D 17 (2F)5p 'D

3P 2 118451.23
1 119206.22
0 119559.55

177 70 18 (2D2)5p 3p
148 72 22 (2D2)5p 3p
140 74 24 (CD2)5p 3p

4d2(3F)5s 5p (3p') 'G 2 119170.3
3 120064.7
4 121118.4
5 122817.2
6 124605.7

'F 3 119479.53 37 71 15 (2D2)5p 'F

4d2(3F)5s5p (3P') 5F 1 121723.8
2 122229.55
3 123007.56
4 124005.8
5 125143.67

'P 1 124221.46 -231 72 25 (2D2)5p 'P

4d 2('F)5S 5p(3p") 'D 0 124982.8
1 125107.68
2 125359.42
3 125786.8
4 126533.5

22 83 16 (3P)5s5p 'D
31 82 14 (3P)5s5p 'D
43 79 1 1 (3P)5s 5p 'D
52 78
79 84

8 (3P)5s5p 5D

8 (3P)5s5p 'D

3 (3F)5s5p 'F
3 (3F)5s5p 3D

657

4d3(4 P)5p

4d3(CD2)5p

4d3'F)5p

4d3(2F)5p 'D 2 103303.98

4d3(CF)5p

4d3(2F)5p

4 ( 2D2)5p 'P

17 (2 F)5p 'F

8 ('F)5p F
10 (2H)5p 'G

-109

4d3(CF)5p

9 (2F)5p

4d3(CD1)5p

3F

5 (2F)5p 3F

4d3(CD1)5p

4d'(2 D1)5p

4 ( F)5p D

'D 2

4d3(2 D1)5p

4 (2F)5p
6 (2D1)5p
7 (2D1)5p

117336.75

3D
3P

3F

-176

4d3(2 D1)5p

5 (2D1)5p 3D

-234
-225
-356
-110
-52

95
95
96
96

100

4d3(2 D1)5p

102 96
92 94
83 94
79 94
84 94

7 (2D 1)5p 3F
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Table 2. Observed levels of the 4d' 5p and 4d' 5s5p odd configurations of doubly ionized molybdenum (Mo III)-Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

4d'('F)5s5p('P') 'F 2 127336.03 -241 35 35 (3F)5s5p 'F 17 ('D)5s5p 3F

3 127795.88
4 129383.82

'D 2 129055.2
1 129065.63
3 129964.64

-152
-122

-39
-17
-36

24 23 ('F)5s5p 3F

33 33 (3F)5s5p 3F

30 26 ('F)5s5p 'D
38 26 (3F)5s5p 3D
26 25 ( F)5s5p 'D

14 ('D)5s5p 3F
14 ('D)5s5p 3F

10 ( P)5s5p 3D
12 (3P)5s5p 'D
9 (3P)5s5p 3D

4d2(3P)5s5p(3P') 'S 2 130073.7

4d2('F)5s5p(3P')

4d 2(3P)5s5p(3P')

4d2(3P)5s5p(3P')

4d2('F)5s 5p(3P°)

4d 2(3F)5s 5p(3P°)

4d2(3P)5s 5p(3P°)

4d2('D)5s5p('P')

4d2('D)5s5p(3P')

3G 3 130453.9
4 131570.80
5 132792.84

'D 1 131782.5
2 132439.5
3 133255.4
4 134502.10

3S 1 132164.6

'D 2 133422.2

'F 3 133818.4

'P 2 134695.4
1 134844.9
3 136281.5

'F 2 135721.81
3 136402.5
4 138688.1

3P 2 135963.7"
1 136300.2

104 51 21 (3F)5s5p 'G
63 50 28 (3F)5s5p 3G
18 48 32 (3F)5s5p 3G

151 79 16 (3F)5s5p 'D
147 74 15 (3F)5s5p 'D
181 49 34 (3F)5s5p 'F
236 76 10 (3F)5s5p 'D

209 49 30 (3P)5s5p 3S

-60 55 17 (3P)5s5p 'D

166 44 28 (3P)5s5p 'D

-162
48
226

45 33 ('D)5s5p 3P

66 20 ('D)5s5p 3P

85 8 ('D)5s5p 3D

207 73 17 ('F)5s5p 3F

228 66 13 (3F)5s5p 3F
157 35 23 ('G)5s5p 3G

106
-113

43 49 (3P)5s5p 'P
42 24 ('D)5s5p 3D

8 (3F)5s5p-3F
10 ('iG)5s5p 3G

15 ('iG)5s p 3G

3 (3F)5s5p 'D
7 (3F)5s5p 'D
6 ('D)5s5p 3F

16 (3P)5s5p 'P

4 (3F)5s5p 3F

6 (3F)5s5p 'D

7 ('D)5s5p 3D
4 ('D)5s5p 3D

9 ('G)5s5p 3G

17 (3F)5s5p 'G

17 ('P)5s5p 'P

4d'(3F)5ss p(3p') 'G 4 136575.7 277 51 27 ('D)5s5p 3F

4d'('G)5s5p(3P') 3G 4 137605.1
3 137796.5
5 138344.9

161 51 21 (3F)5s5p 'G
52 66 18 (3F)5s5p 3G
49 76 20 (3F)5s5p 3G

13 (3F)5s5p 3G
7 ('D)5s5p 3F

4d 2 ('D)5s5p(3P') 3D 3 139243.0 3 76 12 ('P)5s5p 'P 5 (3F)5s5p 3D

4d 2 ('G)5s5p(3P') 3H 4 141176.2
5 141967.4
6 142940.8

3D 1 142845.9
2 143585.8
3 143809.26

3F 2 143204.05
3 144812.5
4 145951.98"

3G 3 143701.9
4 145075.7
5 146655.7

94 58 15 (3P)5s5p 3D
26 33 17 (3F)5s5p 3F

111 34 28 (3P)5s5p 3D

169 34 29 (3F)5s5p 3F
73 40 31 (3F)5s5p 3F
2 26 38 ('iG)5s5p 3F

222 58 16 (3F)5s5p 3G
374 62 23 (3F)5s5p 'G
494 63 30 (3F)5s5p 3G

10 ('D)5s5p 3D
16 (3P)5s5p 3D
15 ( F)5s5p 3D

16 (3P)5s5p 3D
7 (3F)5s5p 3G
26 (3F)5s5p 3F

8 ('iG)5ssSp 3G
5 ('iG)5s5p 3G
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4d'('F)SsSp('P')

-602 92

9 (3P)5s5p 'D

-26
-54
-76

92
96

100

4d 2 (3P)5s5p(3P')

4d'(3F)5s5p('P')

4d2(3F)5s5p('P')
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Table 2. Observed levels of the 4d' 5p and 4d' 5s5p odd configurations of doubly ionized molybdenum (Mo i1i)-Continued

Configuration Term J Level O-C Leading percentagesa
(cm-') (cm-')

4d'('F)5s5p('P') 'D 1 145036.8 -282 39 28 (3F)5s5p 3D 11 (3P)5s5p 'P
2 145978.7 -608 31 29 ('F)5s5p 'D 14 (3P)5s5p 3P

3 146972.3 -924 41 27 (3F)5s5p 'D 22 ( P)5s5p 'D

4d(3'P)5s5p('P') 3P 2 145347.6 -161 43 24 (3P)5ssp 3p 8 (3F)5s 5p 3D

4d2('G)5s5p(3P') 3F 4 146336.45 -211 52 23 (3F)5s5p 3F 14 ('F)5s5p 3F

3 146868.7 -302 90
2 147182.9 -254 77 13 (3P)5s5p 'D 3 ('F)5s5p 'D

4d'('P)5s5p(3P°) 'D 2 148421.6 -158 50 18 ('iG)5s5p 3F 18 ('F)5s5p 'D

4d2 (3P)5s5p(3Pa) 'P 1 150204.2 177 80 7 ('P)5s5p 3S 7 ('P)5s5p 3S

4d(3'P)5s5p('P') 3S 1 151380.2 234 42 23 (3P)5s5p 3S 18 ('D)5s5p 'P

4d'('D)5s5p('P') 'F 3 153104.6 -5 82 3 (3F)5s5p 'D 3 (3F)5s5p 'F

4d2('G)5ss5p('P') 'cG 4 155674.86 250 94

4d'('G)5s5p('P') 'H 5 159013.92 64 98

4d2( 'G)5s5p('P') TF 3 164339.5 -99 93

a The second and/or the third component has been omitted when the first one or two components amount to 90% or greater.
" This level is not given the LS name corresponds to the largest eigenvector component.

659



Volume 95, Number 6, November-December 1990

Journal of Research of the National Institute of Standards and Technology

Table 3. Classified lines of Mo 11

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm' ) (A) Level J Level J (A) (cm-') (A) Level J Level J

1 119510.15
1 117853.64
2 116940.60
5bl 116062.86
5 114573.52

10 114256.85
2 113937.00
1 113553.90
1 113391.28
1 112912.69

1 112818.81
2 112760.03
10 112488.21
5 111314.56
lh 110173.53
1 109005.37
2 104462.64
5 104160.59
1 103410.47
2 103196.93

971.091 5 102976.96 -.001
972.047 2h 102875.68 -. 008
973.001 2 102774.81 -. 001
973.299 5 102743.35 -. 004
975.131 1 102550.32 -. 006
976.402 5 102416.83 .001
977.354 30 102317.07 -.001
977.605 5 102290.80 .006

-. 001
979.041 1 102140.76 -.004

10 102000.53
20 101923.18
1 101911.86
5 101886.01
1 101865.67

20 101785.83
30 101681.19
10 101573.26
2 101513.87
3 101504.80

1 101466.28
1 101446.52
5 101351.11

20 101296.59
30 101250.85
1 101243.47

10 101064.10
2 101038.67
1 101005.81
5 100920.39

1 100883.84
20 100821.49
20 100682.22
2 100627.31

20 100573.87
5 100538.38

10 100420.76
5 100371.37
1 100366.53
1 100324.34

36164
13928
36164

1223
32398
32398
32398
32398
32587
51425

19973
32587
32587
32387
36164
13811
34225
54853
43561
16282

52697
43461
43561
11271
13948
43561
44655
49088
42521
14357

44655
23183
12679
43461
13928
43561
44655
12510
43561
12510

15871
35129
43461
44655
43561
33452
42521
23183
16282
42665

46299
54853
42521
15871
16714
42665
44655
46601
33452
42521

4- 155674' 4
2- 131782' 1
4- 153104' 3
3- 117287' 4
4- 146972' 3
4- 146655' 5
4- 146336' 4
4- 145951' 4
3- 145978' 2
3 - 164339' 3

6- 132792' 5
3- 145347' 2
3- 145075' 4
2- 143701' 3
4- 146336' 4
6- 122817' 5
4- 138688' 4
5- 159013' 5
3- 146972' 3
4- 119479' 3

4- 155674' 4
3- 146336' 4
3- 146336' 4
0- 114014' 1
3- 116497' 3
3- 145978' 2
4- 146972' 3
2- 151380' 1
2- 144812' 3
2- 116497' 3

4- 146655' 5
2- 125107' 1
4- 114591' 3
3- 145347' 2
2- 115794' 2
3- 145347' 2
4- 146336' 4
1- 114083' 2
3- 145075' 4

- 114014' 1

3- 117336' 2
5- 136575' 4
3- 144812' 3
4- 145951' 4
3- 144812' 3
3- 134695' 2
2- 143585' 2
2- 124221' 1
4- 117287' 4
2- 143585' 2

3- 147182' 2
5- 155674' 4
2- 143204' 2
3- 116497' 3
5- 117287' 4
2- 143204' 2
4- 145075' 4
4- 146972' 3
3- 133818' 3
2- 142845' 1

997.236
997.332
997.525
997.598
997.661
997.845
998.423
998.596
998.646
999.132

999.760
1000.570
1000.765
1001.021
1002.575
1002.652
1002.725
1002.749
1003.073
1003.375

1003.592
1003.716
1004.054
1004.086

1006.311
1006.403
1006.534
1006.942
1010.231

5 100277.16
1 100267.51
2 100248.11

20 100240.77
10 100234.44
10 100215.96
lObI 100157.94
5 100140.59

30 100135.58
30 100086.87

1 100024.00
1 99943.03
5 99923.55
1 99898.00
1 99743.16

20 99735.50
lbl 99728.24
5bl 99725.85
2 99693.64
3 99663.63

5 99642.08
10 99629.77
5 99596.23

10 99593.06

40 99372.85
5 99363.77
1 99350.84
2 99310.58

10 98987.26

-. 004
-. 004
-. 006
-. 005
-. 007
-. 007
-. 007
-. 005
-. 008
-. 008

.000
-. 004
-. 007
-. 007
-. 007
-. 006

.010
-. 004

.000
-. 001

.002
-. 002

.000

.006

.000
-. 002

.000
-. 004
-. 004

.000

1010.474 20 98963.45 -. 001
1010.716 20 98939.76 -. 006
1011.384 10 98874.41 .002
1011.453 20 98867.66 .000
1014.515 2 98569.26 -. 001
1015.093 5 98513.14 -. 002
1017.205 2 98308.60 .000
1018.210 5 98211.56 .003

-. 007
1019.226 10 98113.66 -. 001

1020.693
1025.535
1027.894
1028.923
1029.861
1031.760
1031.945
1032.068
1034.688
1035.439

1036.053
1036.136
1036.336
1036.893
1038.020
1038.861
1039.253
1039.370
1039.782
1041.475

1 97972.65
1 97510.08
2 97286.29
5 97189.00
5 97100.48
1 96921.76
2 96904.38
1 96892.84
2 96647.49
1 96577.39

1 96520.15
2 96512.42

40bl 96493.80
1 96441.96
2 96337.25
1 96259.26
1 96222.96
5 96212.12

30 96174.00
10 96017.66

.002
-. 004
-. 001

.000
-. 002
-. 005

.001
.008

-.006
-. 002

.008
.000
.007

-. 007
-. 004
-. 004
-. 007
-. 002

.001

.000

34225
46601
43561
43461
14357
16282
44655
43561
13948
13928

43561
242

15871
51482
43461
46601

668
14357
46962
19896

43561
19576
32843
19576
34225
35129
32418
46601
19896
33452

19487
32843
19576
20611
52811
46299
16282
15871
46601
46962

53407
46299
46299
54191
46601
19576
46299

242
32418
42665

44655
33452

242
35129
50318
49088
32843
32843
50481
50318

4 - 134502' 4
4 - 146868' 3
3 - 143809' 3
3 - 143701' 3
2 - 114591' 3
4 - 116497' 3
4 - 144812' 3
3 - 143701' 3
3 - 114083' 2
2 - 114014' 1

3 - 143585' 2
1 - 100184' 1
3 - 115794' 2
2 - 151380' 1
3 - 143204' 2
4 - 146336' 4
2 - 100397' 3
2 - 114083' 2
5 - 146655' 5
1 - 119559' 0

3 - 143204' 2
2 - 119206' 1
2 - 132439' 2
2 - 119170' 2
4 - 133818' 3
5 - 134502' 4
1 - 131782' 1
4 - 145951' 4
1- 119206' 1
3 - 132439' 2

3 - 118451' 2
2 - 131782' 1
2 - 118451' 2
4 - 119479' 3
1- 151380' 1
3 - 144812' 3
4 - 114591' 3
3 - 114083' 2
4 - 144812' 3
5 - 145075' 4

0 - 151380' 1
3 - 143809' 3
3 - 143585' 2
2 - 151380' 1
4 - 143701' 3
2 - 116497' 3
3 - 143204' 2
1 - 97135' 0

- 129065' 1
2 - 139243' 3

4 - 141176' 4
3 - 129964' 3
1 - 96736' 1
5 - 131570' 4
s - 146655' 5
2 - 145347' 2
2 - 129065' 1
2 - 129055' 2
6 - 146655' 5
5 - 146336' 4
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836.749
848.5 10
855.135
861.602
872.802
875.221
877.678
880.639
88 1.902
885.640

886.377
886.839
888.982
898.355
907.659
917.386
957.280
960.056
967.020
969.021

.005

.001

.000

.007

.001

.000

.004

.006

.000

.007

.004

.002

.001

.001

.009

.005

.001

.000

.001

.001

980.387
981.131
981.240
98 1.489
981.685
982.455
983.466
984.511
985.087
985.175

985.549
985.741
986.669
987.200
987.646
987.718
989.471
989.720
990.042
990.880

991.239
991.852
993.224
993.766
994.294
994.645
995.810
996.300
996.348
996.767

-. 001
.008

-. 003
.000

-. 003
.000
.000

-. 004
.001

-. 003

-. 007
-. 003
-. 002

.001
-. 001
-. 003
-. 001
-. 009
-. 007
-. 004

-. 005
.000
.000

-. 006
-. 004
_.001
-. 003
-. 006
-. 004
-. 003
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Table 3. Classified lines of Mo III-Continued

Wavelength Int.' Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C CL
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level.

1041.892 1 95979.23 -. 006 46962 5 - 142940' 6 1080.333 20 92564.05 .001 32418

2 95681.51
5 95603.02
2 95546.84
1 95534.52

1 95397.36
2 95309.98
1 95274.75
5 95270.75
5 95103.41
1 95005.01
1 94917.45

20 94756.82
1 94674.37
1 94638.35

2 94552.45
2 94526.08
5 94506.61
2 94495.71
5 94343.62

10 94254.43
1 94187.41

20 94160.00
2 94153.09
2 94119.06

1 93921.93
2 93883.84
2 93881.02
5 93832.22
5 93736.87
1 93634.36

20 93570.31
10 93558.76
1 93554.03
5 93462.39

2 93452.70
5 93236.26
1 93222.44

10 93199.51

2 93167.73
1 93056.15
1 92980.18

30 92940.69

1077.112 5 92840.85 -. 001
-. 009

.007
1077.361 1 92819.39 .006
1077.537 2 92804.23 .000
1077.807 2 92780.99 .001
1078.520 5 92719.65 .007

.001
1078.875 10 92689.14 -.002
1079.659 1 92621.83 .002

49088
20611
34225
49088
47978
43561
33452
51425
49541

32398
242

42521
49541
19487
46962
32418
50318
50362
56741

51425
51425
19576
51482
33452
35129
19896
49541
23183
19896

51425
33452
42521
12679
42665
42665
34225
42404
51482
56741

1223
13275

0
42521
32587
52811
42665

242
43461
32418

43561
32519
50362
43461

1872
54191
32387
43561
32418
50318

2-
4-4-
2-2-
3-3-
3-4-
4-
1-
2-
4-
3-
5-

5-

2-
3-3-
2-2-
3-
5-
1-4-
2-
1 -
3-
3-
2-
4-2-2-4-
1-2-
2-
3-
5-
0-2-
3-
1-2-
1-3-
I-
3-
1-
1-
3-4-
2-
2-
3-
1-
5-

145036' 1
116497' 3
129964' 3
144812' 3
143701' 3
139243' 3
129055' 2
146972' 3
145075' 4

127795' 3
95551' 2

137796' 3
144812' 3
114591' 3
141967' 5
127336' 2
145075' 4
145036' 1
151380' 1

145978' 2
145951' 4
114083' 2
145978' 2
127795' 3
129383' 4
114083' 2
143701' 3
117336' 2
114014' 1

145347' 2
127336' 2
136402' 3
106511' 4
136402' 3
136300' 1
127795' 3
135963' 2
145036' 1
150204' 1

94676' 3
106511' 4
93222' 1

135721' 2
125786' 3
145978' 2
135721' 2
93222' 1

136402' 3
125359' 2

136402' 3
125359' 2
143204' 2
136281' 3
94676' 3

146972' 3
125107' 1
136281' 3
125107' 1
142940' 6

1080.449
1080.893
1081.061
1081.401
1081.499
1081.563
1081.777
1082.230

1083.020
1083.332
1083.524
1083.843
1084.297

1084.848
1086.945
1087.898
1088.057

1089.473
1090.207
1091.124
1091.295
1091.350
1091.392
1092.164
1092.934
1093.549
1093.719

1094.043
1094.297
1095.218
1095.328
1096.082
1096.551
1097.016
1097.060
1097.290
1097.539

1 92554.11
20 92516.09
5 92501.71

20 92472.63
1 92464.25

40 92458.78
lh 92440.49
2 92401.80

10 92334.39
30 92307.80

1 92291.44
40 92264.28

1 92225.65

10 92178.81
1 92000.97

10 91920.38
30 91906.95

1 91787.49
20 91725.70
30 91648.61
20 91634.25

2 91629.63
2 91626.10

40 91561.34
10 91496.83

1 91445.37
2 91431.16

40 91404.08
2 91382.87
1 91306.02
1 91296.85
5 91234.05
5 91195.02
2 91156.37
2 91152.71
5 91133.61
1 91112.93

-. 004
-. 002

.001

.004
.003

-. 009
.005

-. 004
.002

.002

.004
-. 009

.001

.001

.001

.004
-. 001

.000

.003

.000

.004

.000

.003
-. 003

.001

.001

.001
-. 009
-. 001

-. 001
-. 001
-. 006
-. 003
-. 003
-. 001

.000
-. 001

.000
-. 005

1098.414 10 91040.35 .002
1098.860 20 91003.40 .006

.001
1099.051 2 90987.58 .001
1099.623 5 90940.25 .001
1099.889 20 90918.26 .000
1100.100 1 90900.82 -.006
1100.279 10 90886.03 .001
1100.409 10 90875.30 .003
1100.628 10 90857.22 .002

1102.125
1103.230
1103.497
1103.787
1103.877
1103.961
1104.201
1104.320
1104.710
1105.579

1 90733.81
5 90642.93
1 90620.99
5 90597.18

10 90589.80
1 90582.91
2 90563.22

30 90553.46
1 90521.49
1 90450.34

-. 003
.001
.003

-. 002
-. 002
-. 006
-. 005

.001
-. 007

.003

13948
668

32843
43461
27006
32519
50481
42404
43561

33452
34225
42404
32843

1872
52811
42665
12510
44655
33452

54191
46962
50318
49541
53407
44655
34225
46299
27006

668

35129
46962
46299
42521
43461
46601
54191
42665
43561
13928

43461
52697
46601
12679
43561
34225
42521

1872
1223

50318

42521
46962
54191
12679
42665
13928
13948
33452
16282
1223

issification
I Level J

I- 124982' 0
3- 106511° 4
2- 93222' 1
2- 125359' 2
3- 135963' 2
3- 119479' 3
1- 124982' 0
6- 142940' 6
1- 134844' 1
3- 135963' 2

3- 125786' 3
4- 126533' 4
1- 134695' 2
2- 125107' 1
4- 94098' 4
1- 145036' 1
2- 134844' 1
1- 104511' 2
4- 136575' 4
3- 125359' 2

2- 145978' 2
5- 138688' 4
S- 141967' 5
4- 141176' 4
0- 145036' 1
4- 136281' 3
4- 125786' 3
3- 137796' 3
3- 118451' 2
2- 92099' 2

5- 126533' 4
S- 138344' 5
3- 137605' 4
2- 133818' 3
3- 134695' 2
4- 137796' 3
2- 145347' 2
2- 133818' 3
3- 134695' 2
2- 105041' 1

3- 134502' 4
4- 143701' 3
4- 137605' 4
4- 103667' 3
3- 134502' 4
4- 125143' 5
2- 133422' 2
4- 92758' 3
3- 92099' 2
5- 141176' 4

2- 133255' 3
5- 137605' 4
2- 144812' 3
4- 103276' 4
2- 133255' 3
2- 104511' 2
3- 104511' 2
3- 124005' 4
4- 106803' 3
3- 91674' 2

661

1042.230
1042.903
1044.503
1044.668

1 95948.11
5 95886.19
5 95739.31
1 95724.19

.000
_.001
_.001
_.005
-. 008
-. 003
_.001
-. 005
-. 005

1045.134
1045.992
1046.607
1046.742

1048.247
1049.208
1049.596
1049.640
1051.487
1052.576
1053.547
1055.333
1056.252
1056.654

1057.614
1057.909
1058.127
1058.249
1059.955
1060.958
1061.713
1062.022
1062.100
1062.484

1064.714
1065.146
1065.178
1065.732
1066.816
1067.984
1068.715
1068.847
1068.901
1069.949

1070.060
1072.544
1072.703
1072.967

1073.333
1074.620
1075.498
1075.955

.004

.002

.001

.001

.000

.003

.001

.001

.002

.001

.004
.000
.002
.001
.000
.001
.004
.003
.000
.004

.003

.000

.004

.000

.002

.001

.002

.003

.001

.001

.001

.002

.001

.005

.001

.001

.001

.002

.002

.001

I
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification W Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

1 90357.09 -. 004
20 90345.90 .000

1 90330.56 -. 005
1 90314.41 -.003
2 90229.33 -. 001

30 90164.25 .000
-. 009

10 90154.41 -. 002
5 90059.66 .002
10 90034.77 .000

.001

1110.934 300 90014.34 -.002
1111.097 100 90001.14 .001
1111.335 10 89981.86 .001

-. 009
1111.429 10 89974.25 -. 002
1111.595 1 89960.82 -.003
1112.101 1 89919.89 .002
1112.126 2 89917.86 -. 004

-. 002
1112.621 40 89877.86 .001

Sh 89846.77
lh 89842.41

200 89810.14

lh 89794.49
200 89780.46
20 89774.02

lh 89759.75
5 89719.25

40 89679.82

lh 89643.00
2 89633.28
5 89618.02

30 89613.52
50 89555.17
5 89498.99

10 89491.38
40 89476.25
40 89422.16
50 89386.35

1118.848 10 89377.64 .002
1119.044 5 89361.99 .001

.000
1119.118 1 89356.08 -.005
1119.460 2 89328.78 -.004
1119.755 50 89305.25 -.002
1120.308 1 89261.16 -.006
1121.359 5 89177.50 .004
1121.751 10 89146.34 .001
1121.838 10 89139.43 .005

1 88913.46
10 88897.66
20 88880.43
10 88876.56
20 88782.35
20 88777.46
2 88629.53

50 88591.69
10 88478.58
5 88471.46

43461
13275
27006

668
16282
32843

1223
49088

242
42404
52811

35129
13275
46299
55366
46601
43461

668
668

42521
12679

44655
32387
13811
32418
43461
34225
42665
42404
13948
46601

42521
668

54191
46962
33452
42665
27006
35129
46299
32843

42404
1223

59059
13948
13948
32418
42521

1872
49541

0

11271
242

32843
35129
34225
33452
13928

34225
52697

668

3- 133818' 3
S- 103621' 5
3- 117336' 2
2- 90982' 2
4- 106511° 4
2- 123007' 3
3- 91387' 4
2- 139243' 3
1 - 90301' 1
1- 132439' 2
1- 142845' 1

5- 125143' 5
5- 103276' 4
3- 136281' 3
1- 145347' 2
4- 136575' 4
3- 133422' 2
2- 90588' 3
2- 90586' 2
2- 132439' 2
4- 102557' 3

4- 134502' 4
2- 122229' 2
6- 103621' 5
I- 122229' 2
3- 133255' 3
4- 124005' 4
2- 132439' 2
1- 132164' 1
3- 103667' 3
4- 136281' 3

2- 132164' 1
2- 90301' 1
2- 143809' 3
5- 136575' 4
3- 123007' 3
2- 132164' 1
3- 116497' 3
5- 124605' 6
3- 135721' 2
2- 122229' 2

1- 131782' 1
3- 90586' 2
2- 148421' 2
3- 103303' 2
3- 103276' 4
I- 121723' 1
2- 131782' 1
4- 91050' 3
4- 138688' 4
0- 89139' 1

0- 100184' 1
I- 89139' 1

2- 121723' 1
5- 124005' 4
4- 123007' 3
3- 122229' 2
2- 102557' 3

4- 122817' 5
4- 141176' 4
2- 89139' 1

1131.614 40 88369.35 -. 001
1131.861 5 88350.07 -. 001
1132.760 1 88279.95 -. 001
1133.083 30 88254.78 .001
1134.054 20 88179.22 -. 003
1134.583 20 88138.10 .002

-. 007
1134.773 20 88123.35 -.001
1136.241 2 88009.49 -. 006
1136.688 30 87974.88 .000

1137.236
1137.350
1137.872
1137.966
1138.133
1138.728

1138.833
1138.997
1140.013

1140.408
1140.652
1140.691

1141.139
1141.694
1141.765
1142.178
1142.333
1142.607

1143.567
1143.733
1144.058
1144.362
1144.584
1144.963
1145.489
1145.652
1145.968
1146.379

1 87932.49
10 87923.68
30 87883.34
20 87876.08
80 87863.19
20 87817.28

1 87809.18
2 87796.54

40 87718.29

5 87687.91
40bl 87669.15
60 87666.16

1 87631.74
10 87589.14
50h 87583.69
10 87552.02
20 87540.14

5 87519.15

5 87445.68
50 87432.99
50 87408.15
20 87384.93
20 87367.98
5bl 87339.06
2 87298.96

60 87286.54
2 87262.47

10 87231.18

-. 006
-. 001
-. 003

.002

.001
-. 002

.002
-. 001
-. 004
-. 004

-. 002
-. 002

.000
-.005
-. 005

.000
-. 007
-. 002
-. 002
-.004

-.001
-. 003
-. 003
-. 003

.002
-.005
-. 001
-. 003
-. 004

.001

1146.424 50 87227.76 -. 001
1146.507 40 87221.44 .001

.000
1146.637 10 87211.55 -. 001
1147.278 40 87162.83 -.001
1147.549 2 87142.24 .000
1147.732 40 87128.35 -.003
1147.805 5 87122.81 -. 003
1148.358 5 87080.85 -. 003
1148.656 2 87058.26 -.001

1148.892
1148.973
1150.005
1150.607
1150.651
1150.851

115 1.080
1 15 1.822
1152.011

20 87040.38
10 87034.24
5 86956.14

30 86910.64
60 86907.32
30 86892.22

10 86874.93

5 86818.97
40 86804.72

-. 002
-. 003
-.004
-. 003
-.004
-.001
-. 001

.000
-. 003

.002

50318
242

1223
49541
12679
58730
44655
59059
43561
58893

42521
668

31323
1223

50481
51425

1872
59059
15871
12679

35129
42404
33452
32398

1872
242

13275
42521
46962
46299

48854
15871
42665
16282
1223

16282
42665
50318
51425

242

1872
58730
32843
49088

668
668

31323
46299
32398
58893

32519
49541
46299
13948
16714
32587
43561
49088
32387

668

5-

3-
4-4-4-
4-
32-
3-
3-
2-2-
3-6-
3-4-
2-
3-4-
5-
1-
3-
4-4-
5-
2-
5-
3-
0-3-
2-
4-3-
4-
2-
5-3-
1-

4-
4-
2-
2-
2-
2-2-
3-4-
3-

34-
3-
3-
3-
3-
2-
2-

138688' 4
88592' 2
89503' 4

137796' 3
100858' 4
146868' 3
132792' 5
147182' 2
131570' 4
146868' 3

130453' 3
88592' 2

119206' 1
89100' 4

138344' 5
139243' 3
89689' 5

146868' 3
103667' 3
100397' 3

122817' 5
130073' 2
121118' 4
120064' 3
89503' 4
87831' 1

100858' 4
130073' 2
134502' 4
133818' 3

136300' 1
103303' 2
130073' 2
103667' 3
88592' 2

103621' 5
129964' 3
137605' 4
138688' 4
87473' 2

89100' 4
145951' 4
120064' 3
136300' 1
87831' 1
87810' 3

118451' 2
133422' 2
119479' 3
145951' 4

119559' 0
136575' 4
133255' 3
100858' 4
103621' 5
119479' 3
130453' 3
135963' 2
119206' 1
87473' 2

662

1106.720
1106.857
1107.045
1107.243
1108.287
1109.087

1109.208
1110.375
1110.682

1113.006
1113.060
1113.460

1113.654
1113.828
1113.908
1114.085
1114.588
1115.078

1115.536
1115.657
1115.847
1115.903
1116.630
1117.331
1117.426
1117.615
1118.291
1118.739

.001

.004

.001

.009

.009

.001

.004

.002

.001

.001

.003

.001

.000

.001

.002
-. 002
-.001

.000

.001

.001

1124.689
1124.889
1125.107
1125.156
1126.350
1126.412
1128.292

1 128.774
1130.217
1130.308

-. 008
.001
.001

-. 003
-. 002
-. 002
-. 007

.002
-. 004
-.001
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm- ') (A) Level J Level J (A) (cm- ') (A) Level J Level J

40 86751.63
1 86739.97

40 86723.27
1 86717.48

40 86686.88

5 86653.91
2 86626.88

40 86612.10

1158.390 2 86326.71 .004
1158.439 10b] 86323.06 -. 003
1158.863 30 86291.47 -. 003
1159.082 50 86275.17 -. 003
1159.126 20 86271.89 -. 003
1159.336 30 86256.27 -. 004

.008
1159.431 200 86249.20 .002
1160.206 100 86191.59 .002

-. 004

1160.302 100 86184.45 .004
1160.528 500 86167.67 .002
1160.906 1 86139.61 .004
1161.302 20 86110.24 .004
1161.689 1 86081.55 .006
1161.703 5 86080.52 .001
1161.925 2 86064.07 -. 004
1162.105 30 86050.74 .001
1162.479 5 86023.05 .007
1162.736 10 86004.04 -. 001

1162.925 10 85990.06 .004
.001

1163.318 20 85961.01 .001
1163.630 500 85937.97 .003

-. 005
1163.711 50 85931.98 -. 001
1163.893 10 85918.55 .002
1164.144 20 85900.02 .001
1164.376 40 85882.91 -. 003
1164.634 20 85863.88 .000

1165.083 100 85830.79 -. 001
1165.131 5 85827.25 -. 002
1165.200 10 85822.17 -. 002
1165.520 5 85798.61 .000
1166.067 300 85758.36 .000
1167.093 100 85682.97 .002
1168.126 30 85607.20 -. 007
1168.200 1 85601.78 -. 009
1168.305 5 85594.08 .008

-. 007

32418
49541

668
47978
32519
15871
46601

1872
43461
33452

1223
16714
42521
42521
43561
43461
13928
13948
43561
42665

32843
54853
13928
16282
13948
13928
50318

1223
20611
46601

242
1223

46299
48734
58730

242
32387
33155
13928
13948

48854
52697
48734

1872
50362
32519
58893
20611
12679
32587

46962
14357
43561
44655

668
0

49088
50362
14357
43461

1-4-
2-
2-
1-
3-
4-
4-
3-
3-

119170' 2
136281' 3
87391' 3

134695' 2
119206' 1
102557' 3
133255' 3
88499' 3

130073' 2
120064' 3

3- 87810' 3
5- 103276' 4
2- 129065' 1
2- 129055' 2
3- 130073' 2
3- 129964' 3
2- 100397' 3
3- 100397' 3
3- 129964' 3
2- 129065' 1

2- 119170' 2
5- 141176' 4
2- 100219' 2
4- 102557' 3
3- 100219' 2
2- 100184' 1
s- 136575' 4
3- 87473' 2
4- 106803' 3
4- 132792' 5

I- 86426' 2
3- 87391' 3
3- 132439' 2

- 134844' 1
4- 144812' 3
I- 86322' 0

2- 118451' 2
0- 119206' 1
2- 99952' 2
3- 99952' 2

0- 134844' 1
4- 138688' 4
1- 134695' 2
4- 87810' 3
I- 136300' 1
1- 118451' 2

3- 144812' 3
4- 10651 1 4
4- 98562' 3
3- 118451' 2

5- 132792' 5
2- 100184' 1
3- 129383' 4
4- 130453' 3
2- 86426' 2
0- 85683' 1
2- 134695' 2

- 135963' 2
2- 99952' 2
3- 129055' 2

1169.319
1169.678
1170.074

1170.400
1171.175
1173.669
1174.399
1174.463
1174.675

1175.109
1175.382
1175.551
1176.148
1176.194
1176.273
1176.644
1176.791
1176.899
1177.173

500 85519.86
10 85493.61
5 85464.68

200 85440.87
10 85384.33

500 85202.89
5 85149.93
5 85145.29
2 85129.93

20 85098.48
30 85078.72
30 85066.49
5 85023.31
1 85019.98

200 85014.27
1 84987.47

10 84976.85
80 84969.05
20 84949.28

-. 008
-. 002

.000
-. 001

.003

.000
-. 001
-. 002

.000

.002

.001

.001

.006
-. 001

.002

.005

.000
-. 004

.002

.000

1177.378 20 84934.49 .000
1177.759 30 84907.01 .002
1178.012 200 84888.77 .002
1179.006 10 84817.21 .003

.002
1179.045 10 84814.40 -. 003
1179.262 5 84798.79 -. 002
1179.948 10 84749.49 .002

-. 002
1180.237 50 84728.74 -. 003

1180.631
1180.749
1180.805
1181.050
1181.175
1181.468
1181.558
1181.831

1181.911

1182.364
1182.902
1183.059

1183.357
1183.676
1183.836
1183.976
1184.359
1185.552

1185.757
1186.093
1186.565
1187.163
1187.575
1187.841
1187.934
1188.113
1188.230
1188.289

20 84700.46 -. 001
20 84692.00 .000
10 84687.98 -. 002
5 84670.42 -. 002

10 84661.46 .001
10 84640.46 .000
2 84634.01 -. 005
10 84614.46 -. 005

.009
40 84608.74 -. 001

84576.32
84537.85
84526.63

20 84505.35
1 84482.57
1 84471.16
1 84461.17

20 84433.85
200 84348.89

5h 84334.31
20 84310.42
10 84276.88
5 84234.43
5 84205.20
1 84186.35

20 84179.76
1 84167.07

200 84158.79
50 84154.61

-. 005
-.001
-. 002
-. 006
-. 004
-. 004
-. 003
-. 002
-. 004
-. 002

-. 001
-. 003
-. 002
-. 004
-. 005
-. 003
-. 004
-. 006
-. 002
-. 004

1872
43561
11271
19576

242
13928
1223

51425
19896
42665

52697
58730

242
19487
1872
668

15871
51425
46601
32387

19576
52697
32398
32519
51482
42521
51482
59059
32587
44655

32587
58893
48734
42665

668
668

13928
13948
19896
46962

16282
51425
15871
59059
12679
50362
31323
47978
13275
15871

43461
58893
49541
43561
14357
47978
19487
49088
12679
46299

4- 87391' 3
3- 129055' 2
0- 96736' 1
2- 105041' 1
1- 85683' 1

2- 99313' 1
3- 86426' 2
3- 136575' 4

- 105041' 1
2- 127795' 3

4-
4-
1-
3-
2-
3-
4-2-

2-4-
4-
2-2-2-
2-
3-
4-
3-
3-
2-
2-
2-
3-
1-
5-

4-
3-
2-
1-
2-
5-
3-
3-3-4-
3-
2-
3-
2-
4-
3-

137796' 3
143809' 3
85308' 1

104511' 2
86892' 5
85683' 1

100858' 4
136402' 3
131570' 4
117336' 2

104511' 2
137605' 4
117287' 4
117336' 2
136300' 1
127336' 2
136281' 3
143809' 3
117336' 2
129383' 4

117287' 4
143585' 2
133422' 2
127336' 2
85329' 2
85308' 1
98562' 3
98562' 3

104511' 2
131570' 4

100858' 4
135963' 2
100397' 3
143585' 2
97184' 4

134844' 1
115794' 2
132439' 2
97709' 5

100219' 2

127795' 3
143204' 2
133818' 3
127795' 3
98562' 3

132164' 1
103667' 3
133255' 3
96838' 3

130453' 3

663

1152.716
1152.871
1153.093
1153.170
1153.577

1154.016
1154.376
1154.573

1154.915
1155.233
1155.483
1155.624
1155.912
1156.028
1156.483
1156.742
1157.370
1157.404

.000
-. 002

.001
-. 007

.000
-. 006
-. 001
-. 002

.000

.005

.003
-. 004
-. 001

.000

.002
-. 001
-. 001
-. 004

.001
-. 005

40
200
l0bl
20
20

2
20
80
20

I

86586.45
86562.62
86543.89
86533.33
86511.77
86503.09
86469.06
86449.70
86402.79
86400.25

.
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Table 3. Classified lines of Mo iim-Continued

Wavelength Int.' Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm',) (A) Level J Level J

1188.430 200 84144.62 -. 003
-. 005

1188.846 200 84115.18 -. 003
1188.909 20 84110.72 -. 003
1188.974 40 84106.12 -. 001
1189.070 50 84099.33 -. 004
1189.192 20 84090.71 .000

-. 004
1189.325 30 84081.30 -. 003
1190.839 5 83974.40 -.001

1191.760 300 83909.51 -. 004
1191.922 100 83898.10 -. 003
1192.208 20 83877.98 -. 003
1192.571 30 83852.45 -. 002
1192.819 30 83835.01 -. 004

.008
1193.082 10 83816.53 -.006
1193.471 20 83789.21 -. 005
1193.512 20 83786.33 -. 001
1194.347 10 83727.76 -.006

1195.241 5 83665.13 -. 001
1195.483 20 83648.19 -. 005
1195.705 20 83632.66 -. 004
1195.883 10 83620.22 -.004
1197.760 2 83489.18 -.001
1198.603 20 83430.46 -.003
1198.943 50 83406.80 -. 003
1199.587 10 83362.02 .000
1199.747 10 83350.90 -. 002
1200.186 30 83320.41 .002

1200.258 100 83315.42 .001
1200.841 2 83274.97 -. 004
1200.919 20 83269.56 -.001
1200.982 20 83265.19 -. 003
1201.182 1 83251.33 -. 002
1201.389 2 83236.98 -.001

-. 007
1201.826 40 83206.72 -. 001
1202.259 100 83176.75 .000
1202.781 5 83140.65 -. 001

1203.061 80 83121.30 -. 004
1203.416 100 83096.78 -. 001
1203.718 40 83075.93 -. 001

.004
1203.776 100 83071.93 -. 001
1204.019 5 83055.16 .005
1204.124 5 83047.92 .004
1204.215 30 83041.65 -. 001
1204.513 5 83021.10 -. 004
1204.676 30 83009.87 .000

-. 005

1205.094 10 82981.07 -. 001
1205.228 20 82971.85 -. 002
1205.477 20 82954.71 .000
1205.536 1 82950.65 .001
1206.040 5 82915.99 .001
1206.131 20 82909.73 -. 001
1206.979 10 82851.48 .004
1207.181 20 82837.61 .000
1207.611 1 82808.12 -. 005
1207.989 10 82782.21 .000

59059 2- 143204' 2 1 1208.313 20 82760.01 -. 001 31323 2- 114083' 2
5-4-
2-
3-
4-
2-
3-
3-
I-

100858' 4
100397' 3
116497' 3
85329' 2

116497' 3
103667' 3
148421' 2
99952' 2
84216' 0

5- 97184' 4
6- 97709' 5
4- 136575' 4
4- 130453' 3
5- 138688' 4
3- 117287' 4
3- 103303' 2
3- 103276' 4
2- 142845' 1
2- 103303' 2

3- 129964' 3
6- 103621' 5
5- 96907' 6
2- 106803' 3
1- 136300' 1
1 - 132164' 1
2- 115794' 2
2- 134844' 1
2- 132439' 2
3- 84544' 4

4- 119479' 3
1- 115794' 2
3- 134695' 2
2- 125786' 3
4- 132792' 5
4- 141967' 5
3- 97184' 4
3- 115794' 2
4- 95856' 3
4- 127795' 3

2- 125786' 3
6- 96907' 6
2- 132164' 1
3- 134502' 4
3- 126533' 4
4- 103667' 3
1- 131782' 1
1 - 95551' 2
0- 94292' 1
5- 96285' 5
4- 103621' 5

2- 102557' 3
3- 126533' 4
I- 125359' 2
2- 115794' 2
2- 83584' 3
2- 96838' 3
3- 147182' 2
2- 125359' 2
2- 96736' 1
4- 129383' 4

1208.379
1208.435
1209.281

1209.317

1209.602
1209.704
1209.756

1210.042
1210.974
1212.032
1212.405
1212.506

1212.976
1213.037
1213.273
1213.705

1214.177
1214.545
1214.695
1214.902
1215.369
1215.422
1216.067
1216.176
1216.493
1216.665

1217.901
1218.371
1219.083
1219.459
1219.569
1220.248
1220.321
1220.590
1220.879
1221.037

1 82755.49 .002
50 82751.65 .001
30 82693.76 .000

-. 002
30 82691.30 -. 002

.005
200 82671.82 .003
10 82664.85 .000
20 82661.29 -. 002

50 82641.76
20 82578.15
40 82506.07
20 82480.68

300 82473.81

10 82441.86
20 82437.71
20 82421.68
10 82392.34

20 82360.31
5 82335.36

20 82325.19
50 82311.16
10 82279.53
10 82275.95
5 82232.31

20 82224.94
10 82203.51

200 82191.89

10 82108.48
1 82076.80

10 82028.86
100 82003.57
10h 81996.18
20 81950.55

2 81945.65
1 81927.59

100 81908.19
1 81897.60

-. 002
-. 001

.000

.001

.003

.005

.001
-. 001

.001

.002

46299 3 - 129055' 2
54853 5 - 137605' 4
49088 2 - 131782' 1
42665 2 - 125359' 2
15871 3 - 98562' 3
31323 2 - 114014' 1
1872 4 - 84544' 4

20611 4 - 103276' 4
13928 2 - 96589' 2

13948
42404
12510
14357
50318
13811
42665
11271
46962
51425

.004 1223

.003 51482

.000 43461

.001 50481

.002 16282

.003 12679

.000 14357

.001 43561

.004 32387

.007 32398

.007 54191

.002 50362

.004 49541

.005 32587

.002 51425

.000 11271

.002 20611

.002 13928

.000 13948

.003 43461

1221.239 1 81884.05 .004
1221.333 5 81877.75 -. 004

.007
1221.427 5 81871.45 .004
1222.467 5 81801.79 .003
1222.526 5 81797.85 .003
1222.758 60 81782.33 .001
1223.659 50 81722.11 .004
1223.814 30 81711.76 .004
1224.058 60 81695.47 .002

1224.284 60 81680.39 -. 001
1224.783 1 81647.11 .006
1225.083 200 81627.12 .003
1225.143 100 81623.12 .000
1225.436 300 81603.60 -. 001
1227.011 100 81498.86 .000
1227.061 100 81495.54 .002

-. 002
1227.933 5 81437.66 .003

-. 003

3- 96589' 2
1- 124982' 0
I- 95016' 1
2- 96838' 3
5- 132792' 5
6- 96285' 5
2- 125107' 1
0- 93709' 1
5- 129383' 4
3- 133818' 3

3-
2-
3-
6-
4-
4-
2-
3-
2-
4-

83584' 3
133818' 3
125786' 3
132792' 5
98562' 3
94955' 4
96589' 2

125786' 3
114591' 3
114591' 3

2- 136300' 1
1- 132439' 2
4- 131570' 4
3- 114591' 3
3- 133422' 2
0- 93222' 1
4- 102557' 3
2- 95856' 3
3 - 95856' 3
3- 125359' 2

52811 1- 134695' 2
12510 1 - 94387' 2
44655 4- 126533' 4

668 2- 82540' 2
50362 1- 132164' 1
43561 3- 125359' 2
12510 1- 94292' 1
54853 5- 136575' 4

1872 4- 83584' 3
32387 2- 114083' 2

13275 5- 94955' 4
64331 3- 145978' 2
32387 2- 114014' 1
13928 2- 95551' 2
13948 3- 95551' 2
14357 2- 95856' 3
32587 3- 114083' 2
32519 1- 114014' 1
12679 4- 94117' 3
53407 0- 134844' 1

664

16714
16282
32387

1223
32398
19576
64331
15871

242

13275
13811
52697
46601
54853
33452
19487
19487
59059
19576

46299
19973
13275
23183
52811
48734
32387
51482
49088

1223

36164
32519
51425
42521
49541
58730
13948
32587
12679
44655

42665
13811
49088
51425
43461
20611
48734
12510
11271
13275
20611

19576
43561
42404
32843

668
13928
64331
42521
13928
46601
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

40 81426.52
200 81418.24
100 81370.73

1 81365.11
30 81313.57

300 81275.04
30 81251.73
10 81239.45
10 81199.14
80 81194.27

5 81171.33
20 81123.46
30 81120.10

300 81087.61

5 81076.50
40 81036.29

5 81016.20
100 80994.74
200 80967.00

1235.910 40 80912.04
1235.941 30 80910.01 -

1236.065 300 80901.89
1236.465 30 80875.72
1237.278 30 80822.58
1237.301 100 80821.07 -

1237.846 100 80785.49
1238.424 1 80747.78

1238.669 1 80731.81

100 80555.70
5 80544.02

30 80512.31
10 80483.54

200 80470.26
10 80464.31
20 80459.06
60 80439.32

300 80422.31
20 80374.99

60 80372.09
60 80363.95

5 80349.10
5 80341.67

20 80333.60
40 80331.28
60 80323.86
20 80320.51
40 80319.15

5 80288.52

.002 16282

.005 12679

.001 19487

.001 49088

.000 15871

.003 1872

.004 50318

.005 32843

.001 12510

.000 46601

.000 14357

.002 32843

.005 36164

.005 52697

.000 13928

.007 47978

.003 47978

.002 46299

.003 64331

.001 16714

.002 15871

.003 49541

.004 19487
.003 16282
.003 49088
.003 13275
.001 19576
.007 1223
.004 13928
.005 72356
.004 19487

.001 13948

.002 15871

.002 12510

.004 51482

.004 14357

.001 19576

.006 33452

.004 13811

.002 19576

.005 52697

.001 16282

.002 43461

.003 58730

.002 23183

.002 16714

.001 19487

.001 13928

.002 13919

.000 12679

.009 19576

.002 668

.000 13928

.001 58893

.002 42665

.005 36164

.000 48734

.002 19896

.006 48734

.000 14357
.002 19896

4- 97709' 5
4- 94098' 4
3- 100858' 4
2- 130453' 3
3- 97184' 4
4- 83147' 5
5- 131570' 4
2- 114083' 2
1- 93709' 1
4- 127795' 3
2- 95551' 2

2- 114014' 1
4- 117287' 4
4- 133818' 3
2- 95016' 1
2- 129065' 1
2- 129055' 2
3- 127336' 2
3- 145347' 2
S- 97709' 5
3- 96838' 3

4- 130453' 3
3- 100397' 3
4- 97184' 4
2- 129964' 3
5- 94098' 4
2- 100397' 3
3- 82009' 4
2- 94676' 3
2- 153104' 3
3- 100219' 2

3-
3-
1-
2-
2-
2-
3-
6-
2-
4-
4-
3-
4-
2-
5-
3-
2-
3-
4-
2-
2-
2-
3-
2-
4-
1-

1-
1-
2-
1-

94676' 3
96589' 2
93222' 1

132164' 1
95016' 1

100219' 2
114083' 2
94424' 7

100184' 1
133255' 3

96838' 3
124005' 4
139243' 3
103667' 3
97184' 4
99952' 2
94387' 2
94387' 2
93102' 4
99952' 2

81040' 3
94292' 1

139243' 3
123007' 3
116497' 3
129065' 1
100219' 2
129055' 2
94676' 3

100184' 1

1246.157
1246.814
1247.059
1247.662
1247.743
1247.861
1248.127
1248.771
1249.124
1249.526

1249.958
1250.232
1250.360
1250.525

1250.665
1251.014
1252.475
1252.716
1252.873

1253.181
1253.221
1253.355
1253.432
1253.759
1254.133
1254.485
1254.586
1254.794
1254.925

1255.010
1255.517
1255.836
1256.144
1256.451
1256.681
1256.742
1256.856
1257.141
1257.784

1257.946
1258.600
1259.176
1259.862
1260.185
1260.209
1260.575
1261.133
1262.215
1262.861

1263.135
1263.202
1263.737
1264.465
1264.653
1265.339
1266.047
1266.159
1266.286

5 80246.71
40 80204.42

1 80188.66
30 80149.91
10 80144.70

200 80137.13
300 80120.05
200 80078.73

10 80056.10
200 80030.34

50 80002.68
60 79985.15
10h 79976.96
50 79966.41

10 79957.46
40 79935.15

1 79841.91
200 79826.55

80 79816.55

60
l0bl
40
80
60
40
30
lh

40
300

79796.93
79794.38
79785.85
79780.95
79760.14
79736.36
79713.98
79707.56
79694.35
79686.03

80 79680.64
2 79648.46
5 79628.23

300 79608.70
100 79589.25
100 79574.68
500 79570.82

2 79563.61
lh 79545.57
2 79504.90

200 79494.66
100 79453.36
40 79417.01

1 79373.77
2 79353.42
2 79351.91
5 79328.87

20 79293.77
500 79225.80

2 79185.27

20 79168.10
1 79163.90

300 79130.38
20 79084.83

200 79073.07
50 79030.20
40 78986.00

500 78979.02
20 78971.10

.001

.001

.003

.001

.003

.004

.004

.003

.002

.004
-. 003

.000
.001

-. 001
.001

-. 004
.003

-. 001
.004

-. 001
.003

.001
-. 002
-. 001
-. 003
-. 002

.000
-. 003

.002
-. 002

.000

-. 001
.005
.003

-. 001
.001
.002
.003
.003
.006
.007

.004

.001

.000

.003

.002

.000

.001
-. 002

.001
-. 001

.002
.007
.002

-. 003
-. 001
-. 003
-. 005

.000
-. 001

.005

20611
12679
13928
13948
51425

1872
23183
12679
19896
13275
14357

16282
15871
49088
49088
62879
58730
14357
49541
13275

1223

27006
58893
20611
13928
14357
19576
13928
42521
13948

668

15871
54853
52811
13275
12510
12679
16714
42665
43461
27006

13811
13275
19896
23183
52811
14357
55366
13928

242
46601

1872
12510

1223
15871
13811
11271
19576
13275
51482
52811

4 - 100858' 4
4 - 92884' 5
2 - 94117' 3
3 - 94098' 4
3 - 131570' 4
4- 82009' 4
2 - 103303' 2
4 - 92758' 3
1 - 99952' 2
S - 93306' 6
2 - 94387' 2

4 - 96285' 5
3 - 95856' 3
2 - 129065' 1
2 - 129055' 2
0 - 142845' 1
4 - 138688' 4
2 - 94292' 1
4 - 129383' 4
5 - 93102' 4
3 - 81040' 3

3 - 106803' 3
3 - 138688' 4
4 - 100397' 3
2 - 93709' 1
2 - 94117' 3
2 - 99313' 1
2 - 93642' 2
2 - 122229' 2
3 - 93642' 2
2 - 80354' 3

3 - 95551' 2
5 - 134502' 4
1 - 132439' 2
S - 92884' 5
1 - 92099' 2
4 - 92254' 5
S - 96285' 5
2 - 122229' 2
3 - 123007' 3
3 - 106511' 4

6 - 93306' 6
5 - 92728' 6
1 - 99313' 1
2 - 102557' 3
1 - 132164' 1
2 - 93709' 1
1 - 134695' 2
2 - 93222' 1
I - 79467' 2
4 - 125786' 3

4 - 81040' 3
1 - 91674' 2
3 - 80354' 3
3 - 94955' 4
6 - 92884' 5
0 - 90301' 1
2 - 98562' 3
5 - 92254' 5
2 - 130453' 3
1 - 131782' 1

665

1228.101
1228.226
1228.943
1229.028
1229.807
1230.390
1230.743
1230.929
1231.540
1231.614

1231.962
1232.689
1232.740
1233.234

1233.403
1234.015
1234.321
1234.648
1235.071

20
30
60

1
10
20

1
200

1

20bl

80728.49
80718.85
80712.00
80681.46
80659.01
80643.27
80630.46
80612.59
80607.84
80557.13

1238.720
1238.868
1238.973
1239.442
1239.787
1240.029
1240.226
1240.501
1240.574
1241.355

1241.377
1241.557
1242.046
1242.490
1242.695
1242.787
1242.868
1243.173
1243.436
1244.168

1244.213
1244.339
1244.569
1244.684
1244.809
1244.845
1244.960
1245.012
1245.033
1245.508
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

300 78947.53
800 78917.94

1 78902.74
1 78874.36

20 78871.38
200 78864.66

20 78839.91
20 78830.09

200 78810.46
80 78805.74

200 78799.28
10 78771.79
20 78736.99

500 78707.86
60 78692.94
50 78677.77

100 78673.31
1 78647.76

40 78601.70
40 78538.55

1274.181 300 78481.78 .000
.003

1274.363 800 78470.57 .002
1274.805 100 78443.37 -.001
1274.932 500 78435.55 .006
1275.070 60 78427.06 .003
1275.491 30 78401.18 -. 002
1275.608 200 78393.98 .001
1275.987 20 78370.70 -. 002
1276.397 300 78345.53 .000

10 77844.94
500 77834.76
50 77815.44

1 77808.35
500 77790.19
500 77771.32
100 77745.68
100 77741.93
500 77735.71
100 77731.36

0
13811
58893
58730

1223
14357

668
13928
13948
15871

668
242

59059
12679
50362

0
16282
51425
48734
51425

51482
1872
1872

13811
242

36164
14357
16282
12679

668

242
1223
668

1223
49541
15871
1872

46962
13928
13948

13275
12510
55366

668
54191
51425
20611
54853
12679
11271

58730
16282
16282
47978

1223
15871
13928
14357
19973
13275

0-6-
3-4-3-
2-2-
2-
3-
3-
2-
1-
2-
4-
1-
0-4-
3-
1-
3-
2-4-4-6-
1-4-
2-4-4-2-

3-2-
3-4-
3-4-
5-2-
3-
5-
1-
1-2-
2-3-4-
5-4-
0-

4-
4-4-
2-3-
3-
2-
2-
6-
5-

78947' 1
92728' 6

137796' 3
137605' 4
80095' 4
93222' 1
79508' 3
92758' 3
92758' 3
94676' 3

79467' 2
79013' 2

137796' 3
91387' 4

129055' 2
78677' 1
94955' 4

130073' 2
127336' 2
129964' 3

129964' 3
80354' 3
80343' 5
92254' 5
78677' 1

114591' 3
92758' 3
94676' 3
91050' 3
79013' 2

78568' 0
79508' 3
78947' 1
79497' 4

127795' 3
94117' 3
80095' 4

125143' 5
92099' 2
92099' 2

91387' 4
90586' 2

133422' 2
78677' 1

132164' 1
129383' 4
98562' 3

132792' 5
90588' 3
89139' 1

136575' 4
94117' 3
94098' 4

125786' 3
79013' 2
93642' 2
91674' 2
92099' 2
97709' 5
91006' 5

1286.568
1286.897
1287.053
1287.305
1287.474
1287.7 18
1287.938
1288.069
1288.179
1288.257

1288.950
1289.074
1289.118
1290.253
1290.495
1291.337
1292.198
1292.307
1292.818
1293.379

1293.755
1294.241
1294.677
1294.821
1295.105
1295.410
1296.016
1296.654
1296.981

1297.416
1297.476
1297.793
1297.968
1298.093
1298.120
1298.482
1298.531
1298.688
1299.050

300
2

20
2
2h
2h
lh

300
20bl

300

2
200
20bl
1o

500
10
20
10
20
80

77726.16
77706.29
77696.87
77681.66
77671.47
77656.75
77643.48
77635.59
77628.96
77624.26

77582.52
77575.06
77572.41
77504.17
77489.64
77439.11
77387.52
77380.99
77350.40
77316.85

100 77294.38
100 77265.36
100 77239.34
20 77230.75
30 77213.81

800 77195.63
200 77159.54
100 77121.57
500 77102.13

30 77076.28
2 77072.71
1 77053.89
1 77043.50

30 77036.08
20 77034.48

100 77013.00
60 77010.09

100 77000.78
300 76979.33

.002
-. 001

.000

.004

.009

.000

.002

.004

.006

.006

.004

.005
-. 001

.006
.006
.002
.003

-. 001
.001
.002

.002

.004

.004

.001

.003

.001

.004

.000
-. 002
-. 002

.004

.005

.000

.003

.003
-. 003

.004

.002

.003

.004

1299.153 30 76973.22 .004
1299.812 800 76934.20 .004

.003
1300.604 30 76887.35 .001
1301.405 200 76840.03 .007
1301.677 500 76823.97 .003
1301.754 20 76819.43 -. 002
1302.619 50 76768.41 .002
1303.886 50 76693.82 .001
1304.020 Ih 76685.94 -. 001

1304.118
1304.424
1304.502
1304.798
1304.980
1305.056

1305.456
1305.576
1305.622

50
20bl

500
200
200
300

76680.17
76662.19
76657.60
76640.21
76629.52
76625.06

100 76601.58
500 76594.54
200 76591.84

.002

.000
-. 005

.000

.001

.000

.000
-. 002

.004
-. 002

13948
46299
19487
58893
58730
43461
46962

1872
51425
1872

51482
12679
51482
27006

668
13948
58893
47978
19487
14357

22890
12510
19896
15871
23183
13811
19576
13928
13948
19487

56741
55366
13928
46962
23183
13948
19576
12679
23183
13275

50362
1223

19973
15871
19896
12679
16282
23183
19896
52697

56741
59059
13928
13948
12510
48734
14357
16282

242
16714

3-
3-
3-
3-
4-
3-
5-
4-
3-
4-

91674' 2
124005' 4
97184' 4

136575' 4
136402' 3
121118' 4
124605' 6
79508' 3

129055' 2
79497' 4

2- 129065' 1
4- 90255' 4
2- 129055' 2
3- 104511' 2
2- 78158' 3
3- 91387' 4
3- 136281' 3
2- 125359' 2
3- 96838' 3
2- 91674' 2

0- 100184' 1
1- 89775' 0
1 - 97135' 0
3- 93102' 4
2- 100397' 3
6- 91006' 5
2- 96736' 1
2- 91050' 3
3- 91050' 3
3- 96589' 2

2- 133818' 3
1- 132439' 2
2- 90982' 2
5- 124005' 4
2- 100219' 2
3- 90982' 2
2- 96589' 2
4- 89689' 5
2- 100184' 1
5- 90255' 4

1- 127336' 2
3- 78158' 3
6- 96907' 6
3- 92758' 3
1- 96736' 1
4- 89503' 4
4- 93102' 4
2- 99952' 2
1- 96589' 2
4- 129383' 4

2- 133422' 2
2- 135721' 2
2- 90586' 2
3- 90588' 3
1 - 89139' 1
1 - 125359' 2
2- 90982' 2
4- 92884' 5
1- 76836' 2
5- 93306' 6

666

1266.664
1267.139
1267.383
1267.839
1267.887
1267.995
1268.393
1268.551
1268.867
1268.943

1269.047
1269.490
1270.051
1270.521
1270.762
1271.007
1271.079
1271.492
1272.237
1273.260

.004
-. 003
-. 001

.004

.004

.002

.000
-. 003
-. 002
-. 003

.003

.002
-. 002
-. 001
-. 005

.003
-. 003

.001

.000

.003

300
500
100
50bl~Ihlb

100b1
800

8
80
80

200
50
50

300
20

100
500

2h
300
200

78326.20
78284.32
78279.17
78272.86
78254.30
78246.28
78222.90
78181.49
78171.04
78151.31

78111.75
78075.83
78055.54
78009.26
77973.25
77957.93
77950.76
77939.34
77908.74
77867.91

1276.712
1277.395
1277.479
1277.582
1277.885
1278.016
1278.398
1279.075
1279.246
1279.569

1280.217
1280.806
1281.139
1281.899
1282.491
1282.743
1282.861
1283.049
1283.553
1284.226

1284.605
1284.773
1285.092
1285.209
1285.509
1285.821
1286.245
1286.307
1286.410
1286.482

.002

.001

.002

.005
-. 002

.002

.004

.001
-. 003
-. 001

.004
-. 001

.003

.004

.002

.000
-. 004

.003

.000

.002

.005

.002

.002

.000
-. 003

.000

.003

.001
-. 003

.000
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

80 76572.84
40 76559.47
10 76540.55
30 76513.61

200 76475.92
50 76422.86
20 76420.23
30 76414.39
2 76387.65

300 76373.07

100 76368.58
500 76312.11
100 76306.75
300 76297.08
200 76285.56

2 76270.55

2 76262.52
10 76254.55
1 76248.22

80 76243.04
10 76233.57

200 76228.46

100 76226.54
100 76169.93
200 76159.66
100 76129.22
60 76081.90

5 76063.90
1 76014.52

100 75975.14
200 75971.50
100 75944.21

5 75939.71
5 75910.14

500 75878.63
10 75852.96
80 75824.49

500 75819.66
10 75803.34
2bl 75801.90
5 75785.53

20 75771.46
5 75729.92
lOHbl 75697.64
20 75673.47

10 75658.18
60 75655.61

100 75612.48
200 75555.57
40 75551.01

200 75540.11
40 75516.32
2 75487.08

20 75480.35
100 75468.05

.001 20611
.001 11271
.002 42665
.002 56741
.000 16282
.001 22890
.004 12679
.000 13275
.000 16714
.001 13928
.005 48734

.000 19487

.005 19973

.000 13948

.005 27006

.006 1872

.002 49088

.007 27006

.002 54191

.000 52811

.004 48734

.001 47978

.002 72187

.000 14357

.002 15871

.002 13275

.001 20611

.002 16714

.003 12510

.002 23183

.001 12510

.000 19487

.001 16714

.000 19576

.005 16282

.001 14357
.001 72481
.000 51425
.001 13811
.003 51482
.003 13275

12679
15871
58893
42665
59059
58730

242
56741
14296
20611

53407
19896

1223
13948
27006
16714
15871
48734
31323
19487

4- 97184' 4
0- 87831' 1
2- 119206' 1
2- 133255' 3
4- 92758' 3
0- 99313' 1
4- 89100' 4
5- 89689' 5
5- 93102' 4
2- 90301' 1
1- 125107' 1

3- 95856' 3
6- 96285' 5
3- 90255' 4
3- 103303° 2
4- 78158' 3
2- 125359' 2
3- 103276' 4
2- 130453' 3
1- 129065' 1
1- 124982' 0

2- 124221' 1
3- 148421' 2
2- 90586' 2
3- 92099' 2
5- 89503' 4
4- 96838' 3
S- 92884' 5
1- 88669' 0
2- 99313' 1
1- 88592' 2

3- 95551' 2
5- 92728' 6
2- 95551' 2
4- 92254' 5
2- 90301' 1
1- 148421' 2

3- 127336' 2
6- 89689' 5
2- 127336' 2
5- 89100' 4

4- 88499' 3
3- 91674' 2
3- 134695' 2
2- 118451' 2
2- 134844' 1
4- 134502' 4
1- 75972' 1

2- 132439' 2
4- 75816' 4
4- 96285' 5

0-
1-
3-
3-
3-
5-
3-
1-

2-
3-

129065' 1
95551' 2
76836' 2
89503' 4

102557' 3
92254' 5
91387' 4

124221' 1
106803' 3
94955' 4

1325.564
1326.635
1327.653
1327.958
1329.001
1329.073
1329.587
1329.984
1330.160
1330.387

1330.639
1330.974
1331.012
1331.198
1331.471
1331.555
1333.990
1334.679
1335.119
1335.304

1335.884
1336.431
1336.636
1336.703
1337.219
1337.479
1338.263
1338.392
1338.471
1338.671

1339.166
1339.344
1339.696
1339.944

1340.199
1340.299
1340.619
1341.012
1341.362

1341.549
1341.776
1341.833

1342.066
1342.432
1343.176
1343.797
1343.879
1344.005

1344.146
1344.377
1344.769
1344.793
1345.100
1345.790
1346.030
1347.084
1347.418
1347.480

100 75439.58
20 75378.68
30 75320.88
30 75303.58
80 75244.48

100 75240.41
200 75211.32
300 75188.87
100 75178.92
300 75166.09

5 75151.86
20 75132.94
60 75130.80
20 75120.30
40 75104.90
40 75100.16
20 74963.08
10 74924.38

200 74899.69
1 74889.31

Ih 74856.79
10 74826.16
5 74814.68

200 74810.93
200 74782.06
30 74767.52

1 74723.72
500 74716.52

10 74712.11
20 74700.95

30 74673.34
300 74663.41
300 74643.80
500 74629.98

2 74615.78
10 74610.21

100 74592.40
200 74570.54
300 74551.09

.001

.000

.001

.006

.002

.007
-. 004
-. 001

.003

.001

.001
-. 004

.003

.000
-. 002
-. 002

.000

.004

.002

.003

.003

.005

.004

.002

.003

.001

.008
-. 009

.000

.002

-. 004
-. 001

.000

.008
-. 005

.001

.003

.003
-. 001
-. 003

200 74540.69 .004
2 74528.08 .005
1 74524.92 .001

.000
20 74511.98 .004
80 74491.66 .001
10 74450.40 .002
5 74416.00 .003

30 74411.46 -. 003
10 74404.48 .005

200
40
lbl

10
2

10
200
50
10

200

74396.68
74383.89
74362.21
74360.88
74343.91
74305.79
74292.54
74234.42
74216.01
74212.60

.000
-. 001

.007

.000

.001
-. 001
-. 001

.002

.004

.006

19576
23183
12510

668
20611

1872
13928
19487
15871
13275

13948
49088
12679
19896
16282
19576
12510
58893
19487
43561

89482
72356
42521
19576
14357
16282
16282
19576
12679
72481

16714
13928
13948
13811
19487
72356
19487
1223

13928
13948

19576
58893
52811
58730
72356
19896
19973
32387
11271
32398

19896
15871
59059
51425
20611
16282
16714
14357
32587
12679

2- 95016' 1
2- 98562' 3
1- 8783 1' 1
2- 75972' 1
4- 95856' 3
4- 77113' 5
2- 89139' 1
3- 94676' 3
3- 91050' 3
5- 88441' 6

3- 89100' 4
2- 124221' 1
4- 87810' 3
1- 95016' 1
4- 91387' 4
2- 94676' 3
1- 87473' 2
3- 133818' 3
3- 94387' 2
3- 118451' 2

3- 164339' 3
2- 147182' 2
2- 117336' 2
2- 94387' 2
2- 89139' 1
4- 91050' 3
4- 91006' 5
2- 94292' 1
4- 87391' 3
1- 147182' 2

5-
2-
3-
6-
3-
2-
3-
3-2-
3-
2-
3-
I-4-
2-
I-
6-2-
0-
4-
I-3-
2-
3-
4-
4-
5-
2-
3-
4-

91387' 4
88592' 2
88592' 2
88441' 6
94117' 3

146972' 3
94098' 4
75816' 4
88499' 3
88499' 3

94117' 3
133422' 2
127336' 2
133255' 3
146868' 3
94387' 2
94424' 7

106803' 3
85683' 1

106803' 3

94292' 1
90255' 4

133422' 2
125786' 3
94955' 4
90588' 3
91006' 5
88592' 2

106803' 3
86892' 5

667

1305.946
1306.174
1306.497
1306.957
1307.601
1308.509
1308.554
1308.654
1309.112
1309.362

1309.439
1310.408
1310.500
1310.666
1310.864
1311.122

1311.260
1311.397
1311.506

1311.595
1311.758
1311.846

1311.879
1312.854
1313.031
1313.556
1314.373

1314.684
1315.538
1316.220
1316.283
1316.756
1316.834
1317.347
1317.894
1318.340
1318.835

1318.919
1319.203
1319.228
1319.513

1319.758
1320.482
1321.045
1321.467

1321.734
1321.779
1322.533
1323.529
1323.609
1323.800
1324.217
1324.730
1324.848
1325.064

.003

.000

.006

.001

.004

.003

.007

.001

.001

.001

.001

.003

.007

.000

.001

.000

.000

.001

.003

.002
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Table 3. Classified lines of Mo ill-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

1II.,G - -- 1C~ . - tC __ 1 a I 1 . I " -11^13 - Iaa 1s I sasI .11. _ Isar

30 74148.33
20 74141.68

300 74132.83
1 74124.14

60 74112.83
50 74065.73
30 74062.38
30 74056.02
40 74037.16

300 73972.15
40 73943.82
40 73916.55

5 73881.98
1 73876.63

30 73852.08
80 73846.29
2 73826.01
1 73822.53

20 73812.50

20 73790.44
20bl 73763.66
200 73746.63
20 73717.98
lh 73711.95

40 73654.62
10 73645.62
10 73632.76
200 73617.15
60 73614.23

2 73611.14
1 73604.85

50 73552.61
40 73544.66

1 73540.87
30 73505.63
20 73500.44

500 73486.34
1 73465.34

20 73453.04

200 73407.26
200 73406.29
20 73390.99

1 73380.06
40 73332.54
10 73326.20
Sbl 73273.70

200 73270.80
1 73229.11

40 73221.18

60 73216.46
60 73213.24

100 73187.85
10 73184.47
50 73181.95
50 73172.85
10 73159.52
2 73115.77

500 73081.41
1 73036.68

.003
-. 001
-. 001
-. 001

.004

.002

.000

.005

.000

.004

.004

.001

.000
-.002

.000

.001

.003

.005
-.001

.006

.007
-. 002

.003

.001

.000

.002
-. 002
-. 001
-.002

.000
-. 004

.003
-.001
-. 004

.001

.006
.001
.000
.001

-. 001
-. 002

.001
-. 003

.000

.003

.004
-. 002
-. 003
-. 001

.001

.002

.003

.005

.000

.000

.003
-.001

MO0
-.007

72187
14357
19576
50481
32398
19576
58730

668
11271

16282
1872

12510
13928
51482
27006
22890
43461
77557
12510

72187
72187
19896
31323
56741
23183
19576
15871
13275
19487

242
54191
23183
13928
16714
20611

1223
20611
64331
14357

16282
23183
27006
59059
19973
19896
64331
19487
15871
16282

12679
27006
31323

668
19576
12510
72187
14357
13811
43461

-3-
2-2-
6-
4-
2-
4-
2-
0-

146336' 4
88499' 3
93709' 1

124605' 6
106511° 4
93642' 2

132792' 5
74724' 3
85308' 1

4- 90255' 4
4- 75816' 4
I- 86426' 2
2- 87810' 3
2- 125359' 2
3- 100858' 4
0- 96736' 1
3- 117287' 4
2- 151380' 1
1- 86322' 0

3- 145978' 2
3- 145951' 4
1- 93642' 2
2- 105041' 1
2- 130453' 3
2- 96838' 3
2- 93222' 1
3- 89503' 4
5- 86892' 5
3- 93102' 4

1- 73853' 2
2- 127795' 3
2- 96736' 1
2- 87473' 2
5- 90255' 4
4- 94117' 3
3- 74724' 3
4- 94098' 4
3- 137796' 3
2- 87810' 3

4- 89689' 5
2- 96589' 2
3- 100397' 3
2- 132439' 2
6- 93306' 6
1- 93222' 1
3- 137605' 4
3- 92758' 3
3 - 89100' 4
4- 89503' 4

4- 85896' 4
3- 100219' 2
2- 104511' 2
2- 73853' 2
2- 92758' 3
1- 85683' 1
3- 145347' 2
2- 87473' 2
6- 86892' 5
3- 116497' 3

1370.034
1370.323
1370.885
1371.541
1371.975
1372.158
1372.297
1372.325
1372.382

1372.644
1372.866
1373.253
1373.298
1373.644
1373.825
1374.470
1375.125
1375.895
1375.955

1376.523
1376.786
1376.882
1377.017
1378.268
1378.883
1379.496
1379.714
1380.152
1381.488

138 1.825
1382.279
1382.875
1383.491
1383.660
1384.178
1384.427
1384.725
1385.082
1385.300

1386.067
1386.463
1386.510
1387.004
1387.113
1387.553

1389.049
1389.892
1390.365

1390.827
1391.095
1391.501
1391.933
1392.125
1393.177
1393.644
1394.165
1394.580
1395.327

5 72990.88
100 72975.49
300 72945.57
20 72910.69

1 72887.62
1 72877.90
1 72870.52
2 72869.03
1 72866.01

2

5
2
lh

200
100
40
20
20

40
I

80
200

5
200D
500

lh
2

50

72852.10
72840.32
72819.79
72817.40
72799.06
72789.47
72755.31
72720.66
72679.96
72676.79

72646.80
72632.92
72627.86
72620.74
72554.83
72522.46
72490.24
72478.78
72455.78
72385.71

50 72368.06
500 72344.29

5 72313.11
20 72280.91

100 72272.09
1 72245.04
1 72232.05

30 72216.50
10 72197.89
80 72186.53

10 72146.58
80 72125.97
30 72123.53
30 72097.84
10 72092.18
50 72069.31

100 71991.70
80 71948.03
80 71923.56

100 71899.66
100 71885.81
30 71864.84

5 71842.53
5 71832.63

20 71778.38
10 71754.33

300 71727.52
30 71706.17

1 71667.78

.005

.001

.001
-. 001
.003
.001
.004
.004

-. 005

.002
.000

-. 001
.001

-. 007
.000
.002
.004
.007
.003

-. 001
-. 008

.003
-. 001

.002

.008
-. 002
-. 005

.005

.001

.001

.000

.004

.001

.004
-. 010

.004

.000

.002

.002

.003

.004

.003

.001

.005

.002
-. 001

.001
-. 002

.004

-. 001
.001
.000
.003
.000
.003
.001

- .005
.0O
.00A

72356
16714
27006
19973
72187
46601
46299
48854
72481

1872
58730
12510
16282
12510
16714
19973
15871
72356
58893

77557
44655
15871
13275
72481
19576
20611
13948
72356
16714

23183
31323
56741
19973
20611
64331
43561
16282
32843
19487

20611
22890
32387
19576
32418
42521
14357
32519
13948
32587

19487
33155
12679
44655
23183
19896
13928
16714
12510
32843

2- 145347' 2
5- 89689' 5
3- 99952' 2
6- 92884' 5
3 - 145075' 4
4- 119479' 3
3- 119170' 2
0- 121723' 1
I- 145347' 2

4- 74724' 3
4- 131570' 4
1- 85329' 2
4- 89100' 4
1- 85308' 1
5- 89503' 4
6- 92728' 6
3- 88592' 2
2- 145036' 1
3- 131570' 4

2-4-
3-
5-
I-2-
4-
3-
2-
5-

2-
2-
2-
6-
4-
3-
3-
4-
2-
3-
4-
0-
2-
2-
I-
2-
2-
I-
3-
3-
3-
0-4-
4-
2-
1-
2-
5-
I-
2-

150204' 1
117287' 4

88499' 3
85896' 4

145036' 1
92099' 2
93102' 4
86426' 2

144812' 3
89100' 4

95551' 2
103667' 3
129055' 2
92254' 5
92884' 5

136575' 4
115794' 2
88499' 3

105041' 1
91674' 2

92758' 3
95016' 1

104511' 2
91674' 2

104511' 2
114591' 3
86426' 2

104511' 2
85896' 4

104511' 2

91387' 4
105041' 1
84544' 4

116497' 3
95016' 1
91674' 2
85683' 1
88441' 6
84216' 0

104511' 2

668

1q /.I y

1348.648
1348.769
1348.930
1349.088
1349.294
1350.152
1350.213
1350.329
1350.673

1351.860
1352.378
1352.877
1353.510
1353.608
1354.058
1354.164
1354.536
1354.600
1354.784

1355.189
1355.681
1355.994
1356.521
1356.632
1357.688
1357.854
1358.091
1358.379
1358.433

1358.490
1358.606
1359.571
1359.718
1359.788
1360.440
1360.536
1360.797
1361.186
1361.414

1362.263
1362.281
1362.565
1362.768
1363.651
1363.769
1364.746
1364.800
1365.577
1365.725

1365.813
1365.873
1366.347
1366.410
1366.457
1366.627
1366.876
1367.694
1368.337
1369.175
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Table 3. Classified lines of Mo imi-Continued

Wavelength Int.1 Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm'-) (A) Level J Level J

20 71642.57
20 71621.23
10 71602.10
20 71562.44

5 71560.08
80 71555.78
5 71501.04

80 71494.80
40 71493.12

50 71473.60
5 71452.86

20 71406.02
50 71402.40
10 71394.30

300 71381.40
5 71349.06

20 71325.50
20 71279.85

500 71268.42

1403.817 80 71234.35 .004
-. 004

1403.919 5 71229.18 .003
1403.946 2 71227.81 -. 001
1404.050 200 71222.53 .000
1404.414 30 71204.07 -. 001
1405.890 1 71129.32 .006
1406.293 100 71108.93 .003

.000
1406.453 5 71100.84 -. 005

1406.501 30 71098.42 -. 006
1406.731 10 71086.79 -. 004
1406.865 2 71080.02 .000
1407.283 2 71058.91 .000
1407.380 1 71054.01 -. 001
1407.716 1 71037.05 .002
1407.784 1 71033.62 -. 005
1407.868 1 71029.38 .002
1408.213 300 71011.98 -. 004
1408.266 300 71009.31 .001

1408.998 80 70972.42 .000
1409.420 40 70951.17 .004
1409.762 40 70933.95 -. 002
1410.109 10 70916.50 .001

-. 001
1410.343 80 70904.73 .002

.006
1410.727 1 70885.43 -. 003
1410.880 80 70877.75 .002
1411.153 30 70864.03 .003

1411.486 5 70847.32 .005
1411.929 1 70825.09 .003
1411.946 2 70824.23 -. 002
1412.042 100 70819.42 -. 002
1412.915 50 70775.66 -. 001
1413.081 2 70767.35 -. 004
1413.921 30 70725.30 -. 003
1414.094 30 70716.65 -. 001
1414.632 100 70689.76 .005

-. 008

20611
72187
15871
19487
58893
27006
47978
19487
23183
42521

19576
72356
19576
22890
59059
13948
42665
14357
32387
32398

31323
58730
72356
47978
32398
23183
43461
16282
23183
19487

19487
19896
32587
33452
56741
46299
19973
43561
19576
19576

14357
14357
23183
32387
54191
12679
59059
32418
32398
77557

72356
48734
32843
22890
20611
19487
19576
32587
19896
32587

4- 92254' 5
3- 143809' 3
3- 87473' 2
3- 91050' 3
3- 130453' 3
3- 98562' 3
2- 119479' 3
3- 90982' 2
2- 94676' 3
2- 114014' 1

2- 91050' 3
2- 143809' 3
2- 90982' 2
0- 94292' 1
2- 130453' 3
3- 85329' 2
2- 114014' 1
2- 85683' 1
2- 103667' 3
4- 103667' 3

2- 102557' 3
4- 129964' 3
2- 143585' 2
2- 119206' 1
4- 103621' 5
2- 94387' 2
3- 114591' 3
4- 87391' 3
2- 94292' 1
3- 90588' 3

3- 90586' 2
1- 90982' 2
3- 103667' 3
3- 104511' 2
2- 127795' 3
3- 117336' 2
6- 91006' 5
3- 114591' 3
2- 90588' 3
2- 90586' 2

2- 85329' 2
2- 85308' 1
2- 94117' 3
2- 103303' 2
2- 125107' 1
4- 83584' 3
2- 129964' 3
1- 103303' 2

4- 103276' 4
2- 148421' 2

2- 143204' 2
1- 119559' 0
2- 103667' 3
0- 93709' 1
4- 91387' 4
3- 90255' 4
2- 90301' 1
3- 103303' 2
1- 90586' 2
3- 103276' 4

1415.360 50 70653.40 -. 001
1415.639 500 70639.47 .002
1415.998 5 70621.56 -. 003
1416.225 500 70610.24 -. 007
1416.504 60 70596.34 -. 002
1416.548 10 70594.14 .000
1417.319 1 70555.74 -. 003
1417.919 300 70525.89 -. 003

.007
1418.012 10 70521.26 .001

1418.657
1418.990
1418.998
1419.081
1419.681
1419.729
1420.339
1420.554
1421.956
1424.940

1425.109
1425.285
1425.338
1426.179
1427.784
1428.059
1428.241
1428.446
1429.049
1429.180

1429.880
1430.690
1431.027
143 1.602
1432.014
1432.165
1434.382
1434.422
1435.629
1435.893

1436.032
1436.252
1436.499
1436.523
1437.301
1438.963
1439.113
1439.700
1441.700
1441.791

1442.243
1442.370
1444.167
1444.522
1445.463
1447.090
1447.366
1447.638
1447.710
1448.950

2 70489.20
2 70472.66
1 70472.26

100 70468.14
20 70438.35
2 70435.97

30 70405.72
30 70395.07
5 70325.66

40 70178.39

60 70170.07
10 70161.40
10 70158.79
1 70117.42

30 70038.60
300 70025.11
200 70016.19

5 70006.14
50 69976.60

100 69970.19

20 69935.93
1 69896.34

80 69879.88
20 69851.81

100 69831.72
1 69824.35

30 69716.43
1 69714.49

80 69655.87
200 69643.07

100 69636.33
5 69625.66

20 69613.69
10 69612.53
40 69574.84

5 69494.49
30 69487.24
5 69458.91

30 69362.55
200 69358.18

500 69336.44
30 69330.33
2 69244.06

100 69227.05
30 69181.98
80 69104.20
30 69091.02

100 69078.04
50 69074.60

200 69015.49

.005

.002
-. 008
-. 002

.001

.000

.002
-.001

.001
-. 003
-. 005

.003
-. 001

.000

.001

.001
-. 002
-. 005
-. 002

.000

.002

.001

.001
-. 002
-. 001

.000

.003
-.001
-. 002
-. 001

.002

-.001
-. 004
-. 004
-. 005

.001
-. 001

.000
-. 003
-.001

.002

.003
-. 003
-. 005
-. 002
-. 003

.000

.000

.000
-.001
-. 002

58730
36164
43461
16282
13948
56741
15871
23183
75816'
43561

72356
47978
48734
12679
20611
48734
19896
20611
46962
16714
27006

32387
58893
32398
49088
23183
15871
19487
59059
20611
32587

44655
46601
19896
33452
27006
33452
19973
32843
13928
20611

13948
77557
16282
19487
23183
46299
64331
15871
49088
47978

13811
12679
19896
14357
16714
19487
64331
20611
31323
19576

4-
4-
3-
4-
3-
2-
3-
2-
4 -
3-

129383' 4
106803' 3
114083' 2
86892' 5
84544' 4

127336' 2
86426' 2
93709' 1
146342 5
114083' 2

2- 142845' 1
2- 118451' 2
1 - 119206' 1
4- 83147' 5
4- 91050' 3
1- 119170' 2
1- 90301' 1
4- 91006' 5
5- 117287' 4
5- 86892' 5
3- 97184' 4

2-
3-
4-
2-
2-
3-
3-
2-
4-
3-
4-
4-
1-
3-
3-
3-6-
2-
2-4-
3-
2-
4-
3-2-
3-
3-
3-
2-
2-
6-
4-
1-
2-
5-
3-
3-
4-
2-
2-

102557' 3
129055' 2
102557' 3
1 19206' 1
93222' 1
85896' 4
89503' 4

129065' 1
90588' 3

102557' 3

114591' 3
116497' 3
89775' 0

103303' 2
96838' 3

103276' 4
89689' 5

102557' 3
83584' 3
90255' 4

83584' 3
147182' 2
85896' 4
89100' 4
92758' 3

115794' 2
133818' 3
85329' 2

118451' 2
117336' 2

83147' 5
82009' 4
89139' 1
83584' 3
85896' 4
88592' 2

133422' 2
89689' 5

100397' 3
88592' 2

669

1395.818
1396.234
1396.607
1397.381
1397.427
1397.511
1398.581
1398.703
1398.736

1399.118
1399.524
1400.442
1400.513
1400.672
1400.925
1401.560
1402.023
1402.921
1403.146

.001

.002

.000

.001

.000

.000

.000

.002

.002
.004

.001

.001

.002

.003

.000

.006

.002

.001

.002

.002
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Table 3. Classified lines of Mo Iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J j (A) (cm-') (A) Level J Level J

1449.035 30 69011.44 -.003
1450.866 60bl 68924.35 -. 003
1450.901 200 68922.69 -. 003
1451.043 10 68915.94 -.002
1451.334 40 68902.12 -. 001
1451.547 300 68892.01 -. 001
1452.189 200 68861.56 .000
1452.562 2 68843.87 .004

-. 005
1453.324 5 68807.78 -. 001

1454.045 100 68773.66 .002
1454.874 800 68734.47 -. 002
1455.688 80 68696.03 .001
1456.166 30 68673.48 -. 004
1457.481 500 68611.52 -.002
1457.898 200 68591.90 -. 001
1458.890 30 68545.26 -. 002
1460.049 50 68490.85 .000
1460.105 5 68488.22 .002
1460.533 30 68468.15 -. 001

1460.713 80 68459.71 .001
1461.089 5 68442.10 .002
1462.821 500 68361.06 -.002
1463.430 5 68332.61 -. 007
1463.639 40 68322.85 -. 002
1464.635 40 68276.39 .001
1464.746 80 68271.22 .002
1464.950 200 68261.71 .002
1465.105 200 68254.49 .001
1465.246 40 68247.92 .002

1465.543 5 68234.09 -. 002
1466.649 20 68182.63 -.001
1467.406 20 68147.46 -.004
1469.260 300 68061.47 .003
1469.437 10 68053.27 .008
1470.372 80 68010.00 .005
1470.615 10 67998.76 .000
1470.810 100 67989.74 -.001

.004
1470.903 80 67985.44 -.001

1471.364 2 67964.14 -.006
1471.688 60 67949.18 .001
1471.993 80 67935.10 .002
1472.420 1 67915.40 .000
1472.668 5 67903.96 -.001
1472.826 10 67896.68 -. 001
1473.030 10 67887.28 .001
1473.483 500 67866.40 .004
1474.592 200 67815.36 .004
1474.592 200 67815.36 -. 005

1474.706 100 67810.12 .004
1474.861 5 67803.00 .001
1474.950 30 67798.90 .000
1474.990 30 67797.07 .003
1475.284 1 67783.55 -. 002
1475.668 5 67765.92 .001
1476.809 500 67713.56 -.005
1477.093 60 67700.54 .002
1477.629 100 67675.98 -. 001
1477.659 100 67674.61 .004

19487
64331
19576
23183
58893
20611
31323
74724'
50362
50362

19896
13275
19896
15871
13928
13948
27006
23183
20611
19973

32398
58893
12679
34225
19487
59059
32587
16282
19576
49088

19576
14357
35129
13948
51425
32387
32398
46601
31323
19487

54853
27006
19896
91098
19487
19576
20611
23183
47978
19576

32587
58730
23183
32387
46299
32418
15871
32519
11271
12679

3- 88499' 3
3- 133255' 3
2- 88499' 3
2- 92099' 2
3- 127795' 3
4- 89503' 4
2- 100184' 1
3- 143568 4
1- 1 19206' 1
1- 119170' 2

1- 88669' 0
5- 82009' 4
1- 88592' 2
3- 84544' 4
2- 82540' 2
3- 82540' 2
3 - 95551' 2
2- 91674' 2
4- 89100' 4
6- 88441' 6

4- 100858' 4
3- 127336' 2
4- 81040' 3
4- 102557' 3
3- 87810' 3
2- 127336' 2
3- 100858' 4
4- 84544' 4
2- 87831' 1
2- 117336' 2

2- 87810' 3
2- 82540' 2
5- 103276' 4
3- 82009' 4
3- 119479' 3
2- 100397' 3
4- 100397' 3
4- 114591' 3
2- 99313' 1
3- 87473' 2

5- 122817' 5
3- 94955' 4
1- 87831' 1
4- 159013' 5
3- 87391' 3
2- 87473' 2
4- 88499' 3
2- 91050' 3
2- 115794' 2
2- 87391' 3

3- 100397' 3
4- 126533' 4
2- 90982' 2
2- 100184' 1
3- 114083' 2
I - 100184' 1
3- 83584' 3
I- 100219' 2
0- 78947' 1
4- 80354' 3

1477.760 60 67669.98 .003
1477.865 100 67665.17 .003
1477.901 60 67663.53 -. 001
1478.579 40 67632.50 .002
1480.063 10 67564.69 .003
1481.414 10 67503.07 .006
1481.927 1 67479.70 -. 003

-. 007
1482.420 20 67457.26 .002
1482.956 10 67432.88 .001

1483.328 1 67415.97 -. 001
1483.425 10 67411.56 .003
1483.482 2 67408.97 -. 001

.005
1483.544 80 67406.15 .000

.006
1483.576 200 67404.70 .001
1483.632 100 67402.15 .003
1484.099 200 67380.95 .003
1484.201 Ibl 67376.31 .008

1484.458 100 67364.65 .005
1485.841 300 67301.95 -. 003
1487.772 1 67214.60 .004
1490.039 500 67112.33 .008

-. 008
1490.490 500 67092.03 -. 008

.009
1491.209 1 67059.68 .000
1491.887 60 67029.20 .001
1492.357 1 67008.09 .006

1493.237 20 66968.60 -. 005
.008

1493.477 300 66957.84 -. 003
1493.896 30 66939.06 -. 003
1494.197 30 66925.57 .000
1494.339 1 66919.22 -. 003
1494.895 10 66894.33 .000
1494.919 5 66893.25 -.006
1495.211 5 66880.19 -. 002
1495.542 200 66865.39 -. 007

1496.362
1496.552
1497.144
1497.419
1499.133
1499.629
1499.945
1503.034
1503.672
1503.758

1505.172
1505.262
1505.432
1505.834
1505.882
1506.173
1508.735
1509.441
1510.080
1510.749

200 66828.74
200 66820.26
200 66793.84
50 66781.57
20 66705.22
10 66683.16

500 66669.11
300 66532.09
200 66503.86

1 66500.06

100 66437.59
500 66433.61

20 66426.11
10 66408.38
40 66406.26
30 66393.43
60 66280.69
40 66249.69

100 66221.65
1 66192.33

-. 003
-. 004
-. 004

.000

.002
-. 001
-. 004
-. 002
-. 003
-. 001

.002

-. 001
-. 005
-.007
-. 002
-. 001

.005

.001

.000
-. 002

.000

27006
32519
12679
32587
32387
36164
56741
77557
36164
32519

12679
22890
80343'
49088
11271
33452
23183
23183
27006
32843

32587
16282
78689'
36164
13928
27006
13948
48734
33155
77113'

51482
50318
12510
19487
32387
19973
32418
58893
75816'
16282

12679
13275
32519
52697
49088
14357
15871
13811
12510
33452
72187

12510
16714
13928
19487
13948
36164
20611

3-

24-

3-
2-
4-
2-

4-
10-

4-

2-
3-2-
2-
3-
2-
3-
4-
6-

4-
2-
3-
3-
1-
0-
5-
2-
5-
15-
3-
2-
6-
16-

3-
4-

4-
4-
4-

94676' 3
100184' 1
80343' 5

100219' 2
99952' 2

103667' 3
124221' 1
145036' 1
103621' 5
99952' 2

80095' 4
90301' 1

147752 5
116497' 3
78677' 1

100858' 4
90588' 3
90586' 2
94387' 2

100219' 2

99952' 2
83584' 3

145904 5
103276' 4
81040' 3
94098' 4
81040' 3

115794' 2
100184' 1
144121 5

118451' 2
117287' 4
79467' 2
86426' 2
99313' 1
86892' 5
99313' 1

125786' 3
142696 4
83147' 5

79508' 3
80095' 4
99313' 1

119479' 3
115794' 2
81040' 3
82540' 2
80343' 5
79013' 2
99952' 2

138688' 4

78947' 1
83147' 5
80354' 3
85896' 4
80354' 3

102557' 3
86892' 5

22890 0 - 89139' 1
13275 5 - 79497' 4
89482 3 - 155674' 4

670
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Table 3. Classified lines of Mo iji-Continued

Wavelength Int.1 Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm'-) (A) Level J Level J (A) (cm-') (A) Level J Level J

40 66175.03
50 66167.84
20 66163.16
50 66157.73
40 66147.45

500 66138.96
30 66106.56

500 66095.51
500 65997.23
40 65975.11

60 65956.10
2 65910.45

10 65861.83
1 65853.85

200 65842.19
10 65786.96
2 65741.98

80 65732.26
200 65727.29

2 65633.46

2 65588.26
50 65579.70

5 65560.14
50 65548.79
30 65539.30

100 65519.72
5 65515.25

30 65478.62
100 65413.13

1528.857 80 65408.34 .001
1531.034 100 65315.33 .004
1531.158 100 65310.04 .003
1531.762 10 65284.29 .001
1532.176 100 65266.65 .003
1534.463 100 65169.37 .003
1534.902 50 65150.73 .001
1535.855 50 65110.31 .001

-.004
1536.445 5 65085.31 -. 001

1536.911 100 65065.57 .003
1537.124 200 65056.56 .002
1538.013 100 65018.95 .002
1539.857 2 64941.09 .000
1541.351 5 64878.14 .004
1542.346 1 64836.29 .001
1543.548 50 64785.80 .002
1544.209 10 64758.07 -. 002
1544.418 80 64749.31 -. 002
1545.579 300 64700.67 -. 003

1546.636 30 64656.45 -. 001
1547.600 50 64616.18 .002
1548.052 200 64597.31 .002
1549.577 30 64533.74 -. 009
1550.784 30 64483.51 -. 005
1551.563 300 64451.13 -.006
1551.843 60 64439.50 -. 001
1551.984 1 64433.65 -.002
1554.565 200 64326.67 -. 002
1554.716 40 64320.42 .000

32387
12510
32398
33155
13948
15871
19576
27006
14357
32587

23183
51425
51425
51482
19487
19896
82009'
19576
16282
64331

79508'
13928
13948
13948
13928
13948
31323
12679
31323
19896

23183
23183
32398
20611
31323
15871
14357
14357
33452
13928

13948
19487
13928
22890
13811
83147'
32398
16282
13928
11271

14357
32519
32587
31323
15871
32387
32398
12679
12510
19896
14357

2- 98562' 3
1- 78677' 1
4- 98562' 3
0- 99313' 1
3- 80095' 4
3- 82009' 4
2- 85683' 1
3- 93102' 4
2- 80354' 3
3- 98562' 3

2- 89139' 1
3- 117336' 2
3- 117287' 4
2- 117336' 2
3- 85329' 2
1- 85683' 1
4- 147752 5
2- 85308' 1
4- 82009' 4
3- 129964' 3

3- 145096 4
2- 79508' 3
3- 79508' 3
3- 79497' 4
2- 79467' 2
3- 79467' 2
2- 96838' 3
4- 78158' 3
2- 96736' 1
1- 85308' 1

2- 88592' 2
2- 88499' 3
4- 97709' 5
4- 85896' 4
2- 96589' 2
3- 81040' 3
2- 79508' 3
2- 79467' 2
3- 98562' 3
2- 79013' 2

3- 79013' 2
3- 84544' 4
2- 78947' 1
0- 8783 1' 1
6- 78689' 6
5- 147984 6
4- 97184' 4
4- 81040' 3
2- 78677' 1
0- 75972' 1

2-
1-

3-
2-
3-
2-
4-
4-
1-
1-

2-

79013' 2
97135' 0
97184' 4
95856' 3
80354' 3
96838' 3
96838' 3
77113' 5
76836' 2
84216' 0
78677' 1

1555.455
1555.609
1556.398
1556.905
1557.039
1557.216
1557.381
1557.570
1560.143
1561.023

1562.302
1562.442
1564.151
1564.341
1565.115
1565.278
1566.252
1566.471
1567.080
1567.376

1567.920
1571.410
1571.613
1571.687
1572.796
1575.574
1575.741
1575.859
1577.750
1578.442

50 64289.87
1 64283.50
2 64250.91

10 64229.99
20 64224.46
10 64217.16
50 64210.36
10 64202.57
50 64096.68
40 64060.55

300 64008.11
50 64002.37
40 63932.44

1 63924.68
5 63893.06

300 63886.41
5 63846.68

10 63837.76
10 63812.95

200 63800.90

lh 63778.76
5 63637.11

200 63628.89
30 63625.90
20 63581.03
5 63468.93

200 63462.20
300 63457.45
20 63381.39

100 63353.61

-. 007
-. 001

.001
-. 007
-. 001
-. 002
-. 005
-. 003
-. 001
-. 002
-. 002

-. 006
.004
.005
.009
.002
.002
.000
.000

-. 001
-. 001

-. 007
.000

-. 002
.000
.000
.002

-. 002
.003

-. 004
.000

1579.726 40 63302.11 -.001
1580.553 60 63268.99 .002
1581.070 10 63248.30 .003
1581.641 2 63225.47 .004

.003
1581.916 30 63214.48 -.002

-. 004
1582.924 1 63174.22 .000
1584.722 1 63102.55 -. 003
1585.678 5 63064.50 .002

1586.483
1587.993
1588.201
1589.617
1590.113
1592.493
1592.797
1593.938
1596.321
1596.710

30 63032.50
20 62972.57

100 62964.32
40 62908.23

300 62888.61
1 62794.62
1 62782.64
2 62737.69

100 62644.04
200 62628.78

-.001
.002
.003

-. 003
-. 002
-. 004

.002
-.001

.002

.002

1598.542 100 62557.00 -. 001
1598.951 40 62541.00 .000
1599.335 2h 62525.98 .000
1599.443 200 62521.76 .006
1600.071 40 62497.22 .000

-. 007
1600.527 200 62479.42 -. 004

-. 007
1602.079 1 62418.89 -.002
1602.606 300 62398.36 .000

23183 2-
83147' 5-
32587 3-
13928 2-
15871 3-
32519 1-
13948 3-
32387 2-
19487 3-
16282 4-
79508' 3-

19576 2-
32587 3-
20611 4-
72356 2-
32843 2-
32398 4-
83584' 3-
13275 5-
16282 4-
14357 2-

80343' 5 -
15871 3-
16714 5-
15871 3-
33155 0-
32387 2-
12510 1-
32398 4-
16714 5-
31323 2-

13811 6-
32587 3-
27006 3-
16282 4-
80343' 5-
16282 4-
80354' 3-
19973 6-
80095' 4-
31323 2-

32519 1-
20611 4-
32587 3-
13928 2-
13948 3-
31323 2-
16714 5-
56741 2-
19896 1-
32387 2-

87473' 2
147431 4
96838' 3
78158' 3
80095' 4
96736' 1
78158' 3
96589' 2
83584' 3
80343' 5

143568 4

83584' 3
96589' 2
84544' 4

136281' 3
96736' 1
96285' 5

147431 4
77113' 5
80095' 4
78158' 3

144121 5
79508' 3
80343' 5
79497' 4
96736' 1
95856' 3
75972' 1
95856' 3
80095' 4
94676' 3

77113' 5
95856' 3
90255' 4
79508' 3

143568 4
79497' 4

143568 4
83147' 5

143198 4
94387' 2

95551' 2
83584' 3
95551' 2
76836' 2
76836' 2
94117' 3
79497' 4

119479' 3
82540' 2
95016' 1

32398 4- 94955' 4
13275 5- 75816' 4
79467' 2- 141993 3
19487 3- 82009' 4
27006 3- 89503' 4
32519 1- 95016' 1
14357 2- 76836' 2
80343' 5- 142822 6
22890 0- 85308' 1
36164 4- 98562' 3

671

1511.144
1511.308
1511.415
1511.539
1511.774
1511.968
1512.709
1512.962
1515.215
1515.723

1516.160
1517.210
1518.330
1518.514
1518.783
1520.058
1521.098
1521.323
1521.438
1523.613

1524.663
1524.862
1525.317
1525.581
1525.802
1526.258
1526.362
1527.216
1528.745

-. 002
-. 003

.007
-. 003
-. 003
-. 006
-. 003
-. 003
-. 007
-. 002

.000

.009

.001

.001
.002
.003
.005
.000
.002
.000

.003

.002

.002

.001

.002

.001

.000

.002

.005

.005

-.001
...
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Table 3. Classified lines of Mo iji-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm' ) (A) Level J Level J (A) (cm-) (A) Level J Level J

10 61905.24
30 61899.26
20 61875.90
80 61868.36

40 61861.05
80 61800.30
10 61699.45
2 61656.08

20 61614.97

10 61545.08
30 61530.28

5 61510.86
3 61435.55
1 61423.21

10 61321.77
20 61255.06

5 61188.16
5 61137.40
1 61055.13

1 61020.74
5 60973.97

30 60965.68
5h 60953.49

50 60866.79
2 60856.86
5 60853.82
1 60834.91
2 60796.22

10 60777.93

1645.371 100 60776.56 -. 003
-. 003

1647.366 30 60702.96 .002
.002
.004

1647.809 20 60686.64 .001
1647.942 10 60681.74 -. 003
1648.147 5 60674.20 .003
1649.968 5 60607.23 .003
1650.307 30 60594.78 .002

1652.489 20 60514.77 -. 004
1652.738 2 60505.65 .002
1654.354 lh 60446.55 .000
1654.834 2 60429.02 -. 006
1654.867 2 60427.81 -. 007
1655.656 30 60399.02 -.003
1656.430 Sh 60370.79 .010
1656.736 10 60359.64 .002
1661.337 20 60192.48 .006
1664.819 2 60066.59 -.006

94098' 4 -
32398 4 -
81040' 3 -
23183 2 -
32587 3 -
13928 2 -

91098 4 -
32387 2 -
16714 5 -

94676' 3 -

32387
31323
16282
32519
13948
33155
32587
32398
81040'
14357

36164
32587
32587
31323
94955'
32387
32387
82009'
33155
32587

36164
83147'
15871
81040'
19487
82540'

103485
32387
13928
19576

13948
31323
32519
82009'
32398
82009'
83147'
36164
53407
56741

32587
83147'
85896'
20611
55366
16714
32387
32398
91387'
75816'

156378 4
94676' 3
143198 4
85329' 2
94676' 3
75972' 1

153104' 3
94387' 2
78689' 6

156587 3

2 - 94292' 1
2 - 93222' 1
4 - 78158' 3
I - 94387' 2
3 - 75816' 4
0 - 95016' 1
3 - 94387' 2
4 - 94098' 4
3 - 142696 4
2 - 75972' 1

4 - 97709' 5
3 - 94117' 3
3 - 94098' 4
2 - 92758' 3
4 - 156378 4
2 - 93709' 1
2 - 93642' 2
4 - 143198 4
0 - 94292' 1
3 - 93642' 2

4 - 97184' 4
5 - 144121 5
3 - 76836' 2
3 - 141993 3
3 - 80354' 3
2 - 143396 3
4 - 164339' 3
2 - 93222' 1
2 - 74724' 3
2 - 80354' 3

3 - 74724' 3
2 - 92099' 2
1 - 93222' 1
4 - 142712 5
4 - 93102' 4
4 - 142696 4
5 - 143829 6
4 - 96838' 3
0 - 114014' 1
2 - 117336' 2

3 - 93102' 4
5 - 143653 5
4 - 146342 5
4- 81040' 3
1 - 115794' 2
5 - 77113' 5
2 - 92758' 3
4 - 92758' 3
4 - 151580 5
4 - 135882 3

1666.096
1668.182
1669.310
1669.690
1670.689
1671.907
1672.160
1672.268
1673.847
1674.158

1676.178
1677.473
1678.408
1678.645
1679.474
1679.714
1680.329
1682.443
1683.416
1684.739

1686.3 17
1686.705
1687.393
1689.067
1689.362
1690.911
1691.790
1691.980
1692. 159
1692.413

1693.419
1693.589
1694.499
1695.242
1695.404
1695.529
1695.881
1696.873
1698.766
1699.274

1699.559
1699.952
1700.280
1701.195
1702.294
1703.685
1704.428
1704.659
1704.991
1705.861

20 60020.55
1 59945.49
5 59904.99
5 59891.35

20 59855.54
1 59811.93

20 59802.89
10 59799.02
10 59742.61
10 59731.51

40 59659.53
5 59613.47

40 59580.26
1 59571.85

40 59542.45
2 59533.94
1 59512.15
5 59437.37
1 59403.02

200 59356.37

1 59300.83
1 59287.19
5 59263.01
2 59204.28
5 59193.94

20 59139.71
1 59108.99
2 59102.35

10 59096.10
10 59087.23

5 59052.13
20 59046.20
5 59014.49

30 58988.62
10 58982.99
10 58978.64
2 58966.40
1 58931.92

10bl 58866.2s
10 58848.66

20 58838.79
50 58825.19

5 58813.84
20 58782.20
10 58744.25
5 58696.29

40 58670.70
5 58662.75
5 58651.33
2 58621.42

-. 003
-. 005
-. 002
-. 002

.002

.009

.000
-. 001

.000
-. 006

-. 001
.001

-. 002
.002
.000

-. 004
.001

-. 002
.000
.002

-. 005
-. 003
-. 003

.003

.003
-. 001

.000
-. 006
-. 001
-. 001

.000
-. 004
-. 001
-. 001

.000

.002
-. 008

.003
-. 001
-. 003

-. 003
-. 001
-. 009
-. 008
-. 002
-. 008
-. 005

.003

.002

.001

1706.249 2 58608.09 -. 002
1706.354 1 58604.48 -. 003
1707.014 5 58581.82 -. 002
1707.730 30 58557.26 .002
1710.486 20 58462.91 .000
1711.090 5 58442.27 -. 008
1711.854 20 58416.19 -. 002
1712.144 5 58406.30 -. 001

-. 005
1712.467 1 58395.28 -. 002

19487
15871
13948
19576
32398
83584'
83147'
83147'
20611
20611

3 - 79508' 3
3 - 75816' 4
3 - 73853' 2
2 - 79467' 2
4 - 92254' 5
3 - 143396 3
' - 142950 5
' - 142946 5
4 - 80354' 3
4 - 80343' 5

31323 2-
83584' 3-
32519 1-
19896 1-
88441' 6-
16282 4-
32587 3-
19576 2-
97184' 4-
23183 2-

72481 1-
32387 2-
31323 2-
88499' 3-
97184' 4-
75972' 1 -
84544' 4-
16714 5-
43461 3-
32587 3-

56741 2-
76836' 2-
74724' 3-
32398 4-
75816' 4-
31323 2-
44655 4-
88499' 3-
77113' 5-
75816' 4-

74724' 3-
47978 2-
73853' 2-
19896 1-
77113' 5-
92884' 5-
19487 3-
32387 2-
32398 4-
44655 4-

32398 4 -
76836' 2 -
19576 2 -

58730 4 -
32587 3 -
16282 4 -
78158' 3 -
77557 2 -
84544' 4 -
32587 3 -

90982' 2
143198 4
92099' 2
79467' 2

147984 6
75816' 4
92099' 2
79013' 2

156587 3
82540' 2

131782'
91674'
90586'

147703
156378
135112
143653
75816'

102557'
91674'

2
2
4
4

2
5
4
3
2

115794' 2
135882 3
133739 4
91387' 4

134799 5
90301' 1

103621' 5
147431 4
135979 6
134665 3

133563 2
106803' 3
132666 3
78677' 1

135857 4
151580 5
78158' 3
91050' 3
91050' 3

103276' 4

91006' 5
135441 2
78158' 3

117287' 4
91050' 3
74724' 3

136574 4
135963' 2
142950 5
90982' 2

672

20bl
300

I

80
10

300
3h

30
30

5

62280.57
62277.86
62157.28
62146.34
62089.47
62043.78
62006.31
62000.20
61975.30
61910.80

1605.637
1605.707
1608.822
1609.105
1610.579
1611.765
1612.739
1612.898
1613.546
1615.227

1615.372
1615.528
1616.138
1616.335

1616.526
1618.115
1620.760
1621.900
1622.982

1624.825
1625.216
1625.729
1627.722
1628.049
1630.742
1632.518
1634.303
1635.660
1637.864

1638.787
1640.044
1640.267
1640.595
1642.932
1643.200
1643.282
1643.793
1644.839
1645.334

.000
-. 001

.002
-. 002
-. 003
-. 003
-. 006

.001
-. 004

.007

.001
.000
.005
.000
.003
.003
.001
.002
.005
.005

.001

.002

.001

.001

.006

.006

.000

.001

.004

.001

.000

.002

.002

.008

.005

.006

.002

.000

.006

.003
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Table 3. Classified lines of Mo Iii-Continued

Wavelength Int.' Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm- ') (A) Level J Level J (A) (cm-') (A) Level J Level J

5 58375.20
1 58275.19

10 58274.00
5 58248.48

10 58212.60
40 58198.47
2 58168.24
2h 58097.44

30 58060.14
50 58047.77

20 58001.14
5 57982.03

20 57953.47
20 57934.10
10 57914.20
1 57911.92
1 57857.14

10 57849.54
20 57816.70

20 57815.63
2 57809.18
2 57794.48
2 57767.47

20 57763.63
5 57714.86
2 57700.34

20h 57698.94
1 57672.68
1 57667.79

40 57630.04
30 57591.11

5 57546.67
40 57542.79
30 57536.67
30 57526.17
30 57500.61
2 57428.58
1 57397.37
2 57357.27

1746.418 40 57260.06 .003
1746.474 50 57258.22 -. 001
1746.528 50 57256.45 .000
1747.364 Sbl 57229.06 -. 001
1747.674 20 57218.90 .006
1748.387 lOh 57195.57 .010
1748.977 50 57176.28 -. 003

-. 005
1750.095 60 57139.75 .000
1750.273 20 57133.94 -. 005

2- 132228
2- 135112
6- 151580
4- 147752
1- 134185
2- 90586'
4- 142712
2- 130453'
2- 131913
2- 131900

2
2
I

5

2
5
3
2

90588' 3
73853' 2
94117' 3
94098' 4
90301' 1

145978' 2
81040' 3

114591' 3
156378 4
89139' 1

146257 7
148816 5
131647 2
116497' 3
144656 4
106803' 3
147182' 2
135857 4
143568 4
90255' 4

133446 4
133563 2
78158' 3

131396 1
133508 0
131379 2
143396 3
148816 5
100858' 4
89775' 0

134185 1
143198 4
89689' 5

135979 6
99952' 2

135441 2
145347' 2
88592' 2

144656 4
106803' 3

76836' 2
134371 5
89775' 0

144121 5
131072 2
129383' 4
147431 4
88499' 3
77113' 5
90586' 2

1750.539
1752.720
1753.782
1755.323
1755.823
1756.216
1756.303
1757.557
1757.643
1758.468

1759.457
1760.050
1760.480
1760.553
1761.305
1761.774
1762.041
1762.074
1762.845
1763.042

1763.629
1764.638
1764.935
1765.135
1766.024
1767.469
1769.240
1769.522
1769.697
1770.029

1770.123
1770.301
1770.869
1772.578
1773.036
1773.647
1774.389
1774.648
1774.699
1774.863

1775.146
1775.288
1775.692
1775.720
1776.308
1777.749
1778.370
1778.725
1778.900
1779.215

1779.567
1779.672
1780.088
1780.488
1780.721
1780.932

1781.361
1782.156
1782.843

40
10
2

20
2

500
l0bl

I

100

1
10

60
10
30
30
10bl
lOHh

100

10
60

5
10
5

10
30

300
l0bl
10

57125.26
57054.17
57019.63
56969.57
56953.34
56940.60
56937.78
56897.15
56894.37
56867.68

56835.71
56816.56
56802.69
56800.33
56776.08
56760.96
56752.36
56751.30
56726.48
56720.14

56701.26
56668.84
56659.31
56652.89
56624.37
56578.07
56521.44
56512.43
56506.84
56496.24

5 56493.24
5 56487.56
2 56469.45

20 56415.00
2 56400.43

30 56381.00
100 56357.42

1 56349.20
1 56347.58
5 56342.37

50
2

SHbl
100

40
Sh

60

56333.39
56328.88
56316.07
56315.18
56296.54
56250.91
56231.26
56220.04
56214.51
56204.56

200 56193.44
30 56190.12
50 56176.99

5 56164.37
1 56157.02

80 56150.37

1 56136.85
20 56111.81

1 56090.18

-. 006
.008
.006
.007
.009
.007
.006

-. 001
.003
.006

.006

.006
.004
.002
.001

-. 003
.000
.000
.003
.000

.000

.005

.000
-. 002
-. 001
-. 005

.000

.000
-. 007
-. 003

.006
.000
.000

-. 001
.000

-. 002
-. 001
-. 002

.000
-. 002

-. 006
-. 008

.001
-. 006

.000

.005

.003

.000
-. 005

.002

.000

.000
.000

-. 002
.001
.000

-. 006
.007

-. 002
.010

35129 5- 92254' 5
85896' 4- 142950 5
46601 4- 103621' 5
88067 2- 145036' 1
78158' 3- 135112 2
19896 1- 76836' 2
36164 4- 93102' 4
77113' 5- 134010 6
79497' 4- 136391 5
74724' 3- 131592 3

43561 3- 100397' 3
85896' 4- 142712 5
33452 3- 90255' 4
85896' 4- 142696 4
73853' 2- 130629 1
86892' 5- 143653 5
32387 2- 89139' 1
91006' 5- 147758 6
76836' 2- 133563 2
36164 4- 92884' 5

32398 4- 89100' 4
77113' 5- 133782 5
46962 5- 103621' 5
89689' 5- 146342 5
94955' 4- 151580 5
27006 3- 83584' 3
75816' 4- 132337 3
73853' 2- 130365 3
78158' 3- 134665 3
89482 3- 145978' 2

78947' 1 -
31323 2 -
89482 3 -
79467' 2 -
89503' 4 -
91050' 3 -
75816' 4 -
79508' 3 -
74724' 3 -
88441' 6 -

77113'5 -
19487 3 -

91387' 4 -
76836' 2 -
32843 2 -

32418 1 -
80343' 5 -
80354' 3 -
89689' 5 -
32387 2 -

74724' 3 -
100397' 3 -

87391' 3 -
78947' 1 -
88499' 3 -
32519 1 -
31323 2 -

78158' 3 -
32387 2 -

135441 2
87810' 3

145951° 4
135882 3
145904 S
147431 4
132173 4
135857 4
131072 2
144783 6

133446 4
75816' 4

147703 4
133151 3
89139' 1
88669' 0

136574 4
136574 4
145904 5
88592' 2

130918 4
156587 3
143568 4
135112 2
144656 4
88669' 0
87473' 2

134295 3
88499' 3

36164 4 - 92254' 5

673

1713.056
1715.996
1716.031
1716.783
1717.841
1718.258
1719.15 1
1721.246
1722.352
1722.719

1724.104
1724.672
1725.522
1726.099
1726.692
1726.760
1728.395
1728.622
1729.604

1729.636
1729.829
1730.269
1731.078
1731.193
1732.656
1733.092
1733.134
1733.923
1734.070

1735.206
1736.379
1737.720
1737.837
1738.022
1738.339
1739.112
1741.293
1742.240
1743.458

1743.732
1745.144
1745.471
1745.500
1745.615
1745.728
1745.795
1746.149
1746.291
1746.362

.000

.001

.003
-. 007

.001

.002

.005
-. 001
-. 001
-. 005

-. 002
-. 002

.002

.004

.005
-.007
-. 005
-. 005
-. 008

.000

-. 004
.001

-.006
.000
.000
.001
.001
.003

-. 003
-. 004

-. 002
-. 002
-. 004

.001
-. 004
-. 005

.000
.000

-. 010
-. 004

-. 003
-. 001
-. 003
-. 006

.003
.003
.003
.003
.007
.002

73853'
76836'
93306'
89503'
75972'
32387
84544'
72356
73853'
73853'

32587
15871
36164
36164
32387
88067
23183
56741
98562'
31323

88441'
91006'
73853'
58730
86892'
49088
89482
78158'
85896'
32587

75816'
75972'
20611
73853'
75972'
73853'
85896'
91387'
43461
32418

76836'
85896'
32398
78689'
42665
78158'
88067
31323
87391'
49541

19576
77113'
32519
86892'
73853'
72187
90255'
31323
19973
33452

3-
4-
42-
2-2-2-
3-2-
6-
5-
2-4-
2-3-
3-4-
3-
4-
1-
4-

2-

1-
2-4-4-
3-
1-
2-
4-

2-
3-
2-

2-
3-4-
2-
5-

3-

40
10
20
2Hbl
I

50
lh

50
20
10

57348.26
57301.86
57291.12
57290.17
57286.40
57282.69
57280.49
57268.88
57264.22
57261.89
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Table 3. Classified lines of Mo ill-Continued

Wavelength Int.3 Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm' ) (A) Level J Level J (A) (cm -n ) (A) Level J Level J

5 56087.73
20 56076.53

1 56068.86
40 56058.05
60 56054.12
40 56004.74
5h 55973.24

10 55952.75
10 55940.98
2 55932.60

200 55929.72
200 55921.40

10 55911.86
40 55873.78
30 55865.07
20 55860.67

200 55838.00
20 55803.85

300 55791.18
5 55776.64

1793.251 2 55764.64 -
1793.975 3h 55742.13

1794.398 40 55728.99
1794.884 lOh 55713.90
1795.405 40 55697.74
1795.910 100 55682.07 -
1795.974 80 55680.09 -
1796.135 40 55675.10
1796.912 5 55651.02

.006 79497' 4-

.004 88067 2-

.008 44655 4-

.004 100858' 4-

.006 93102' 4-

.008 77557 2-
-.003 78689' 6-
-.003 88441' 6-
.000 75972' 1-
.002 79013' 2-

.005 90255' 4-

.005 33452 3-

.001 79467' 2-
.006 80343' 5-
.002 88067 2-
.000 89482 3-
.000 86426' 2-
-.003 91098 1-
-.003 103485 4-
.004 80354' 3-

.000 100858' 4-

.008 88067 2-

.003 80343' 5-

.002 92254' 5-

.008 34225 4-

.000 92254' 5-

.003 76836' 2-

.007 72356 2-

.005 75972' 1-

.003 32418 1-

.006 76836' 2-

.002 88441' 6-

.007 51425 3-

.003 91006' 5-

.002 89482 3-

.001 47978 2-
-.003 77113' 5-
.004 79497' 4-
.001 93306' 6-
.006 78158' 3-

1809.789
1810.350
1810.465
1810.831

1811.944
1812.361
1812.546
1812.707
1813.299

1813.572
1813.666
1814.828
1814.882

1815.078
1815.117
1815.309
1815.658
1815.884

60 55255.06
200 55237.93
50 55234.42
30 55223.26

20 55189.34
10 55176.64
IOh 55171.01
20 55166.11

5 55148.10

20 55139.80
50 55136.94
40 55101.64

100 55100.00

200
200h
500
50
40

55094.05
55092.86
55087.04
55076.45
55069.59

.003

.000
-.003

.001

.007
-. 003

.002

.000
-. 005

.000
-. 001

.001

.003

.000
-. 002
-.003

.000
-. 003
-. 001

.001

.000

1816.070 2 55063.95 .001
1817.412 30 55023.29 -. 005

.005
1818.547 2 54988.95 -. 001
1818.582 20 54987.89 .001
1819.010 50 54974.95 -. 008
1819.296 40 54966.31 .001
1819.661 20 54955.29 -. 002

-. 005
1819.703 30 54954.02 -. 002

1821.010
1821.257
1821.571
1821.955

1822.284
1822.354
1822.560
1823.039

1823.395
1823.510
1823.791
1823.893
1824.172
1824.461
1824.656
1826.233
1826.293
1828.024

5 54914.58
30 54907.13
40bl 54897.66
80 54886.09

100 54876.18
200 54874.08

10 54867.87
50 54853.46

50 54842.75
20 54839.29

1 54830.84
50 54827.77
50 54819.39
30 54810.70
5 54804.85
1 54757.52

50 54755.72
20 54703.87

.000
-.002
-. 003
-. 005

.006
-. 006

.003
-. 002

.001

.001

.004
-.005

.004
-.007

.001
-.003
-.004

.001

.002

.000

1828.195 1 54698.76 .002
1828.870 10 54678.57 .004
1828.962 80 54675.82 -. 001
1829.076 10 54672.41 -.004

.007
1829.587 300 54657.14 .002

-.007
1829.887 500 54648.18 .000
1830.495 30 54630.03 .000
1830.907 80 54617.73 .002

92728' 6- 147984 6
91098 4- 146336' 4
92728' 6- 147963 7
32587 3- 87810' 3
36164 4- 91387' 4
58893 3- 114083' 2
92254' 5- 147431 4
79013' 2- 134185 1
80095' 4- 135261 4
72187 3- 127336' 2
19576 2- 74724' 3

33452 3- 88592' 2
88067 2- 143204' 2
75816' 4 -130918 4
75972' 1- 131072 2
92884' 5- 147984 6
89689' 5- 144783 6
78689' 6- 133782 5
88441' 6- 143528 7
76836' 2- 131913 2
88499' 3- 143568 4

76836' 2- 131900 1
92728' 6- 147752 5
59059 2 - 114083' 2

102557' 3- 157546 3
32843 2- 87831' 1
23183 2- 78158' 3
89689' 5 - 144656 4
91387' 4- 146342 5
59059 2- 114014' 1
32519 1- 87473' 2

75972' 1- 130886 1
80354' 3- 135261 4
88499' 3- 143396 3
87810' 3- 142696 4
36164 4- 91050' 3
32587 3 - 87473' 2
78158' 3- 133034 4
92884' 5- 147758 6
92884' 5 - 147752 5
91098 4- 145951' 4

36164 4- 91006' 5
64331 3- 119170' 2
78677' 1- 133508 0
79467' 2- 134295 3
92884' 5- 147703 4
76836' 2- 131647 2
88592' 2- 143396 3
80354' 3- 135112 2
76836' 2- 131592 3
80095' 4- 134799 5

88499' 3- 143198 4
50362 1 - 105041' 1
33155 0- 87831' 1
96907' 6- 151580 5
92758' 3- 147431 4
93306' 6- 147963 7
75972' 1- 130629 1
78689' 6- 133337 7
32843 2- 87473' 2
89503' 4- 144121 5

674

90255' 4 -
19896 1 -
31323 2 -

86892' 5 -

86892' 5 -

32587 3 -
79467' 2 -
49088 2 -
75972' 1 -
79508' 3 -

146342 5
75972' 1
87391' 3

142950 5
142946 5
88592' 2

135441 2
105041' 1
131913 2
135441 2

1782.921
1783.277
1783.521
1783.865
1783.990
1785.563
1786.568
1787.222
1787.598
1787.866

1787.958
1788.224
1788.529
1789.748
1790.027
1790.168
1790.895
1791.991
1792.398
1792.865

-.001
-. 006
-. 006
-.001

.000
-.001

.001
-.007
-.002

.009

-. 001
.000

-.001

.000
-.001

.004

.001

.004

.005

.005

86892'
77113'
32587
91098
89482
58730
77113'
86892'
75816'
48734

5- 142822 6
S- 133034 4
3- 88499' 3
4- 146972' 3
3- 145347' 2
4- 114591' 3
5- 132951 5
S- 142696 4
4- 131607 5
1 - 104511' 2

135261 4
143809' 3
100397' 3
156587 3
148816 S
133255' 3
134371 5
144121 5
131647 2
134665 3

145904 5
89100' 4

135112 2
135979 6
143701' 3
145075' 4
141993 3
146655' 5
159013' 5
135882 3

156378 4
143585' 2
135857 4
147752 5
89689' 5

147703 4
132279 3
127795' 3
131396 1
8783 1° I

132228 2
143829 6
106803' 3
146342 5
144812' 3
103303' 2
132424 6
134799 5
148595 7
133446 4

1796.975
1797.017
1797.136
1797.393
1797.435
1798.782
1799.626
1799.944
1800.884

1801.148
1801.200
1801.342
1801.882
1802.962
1803.456
1803.664
1803.778
1804.289
1804.649

1805.335
1805.451
1805.787
1807.150
1807.337
1807.485
1807.952
1808.244
1808.672
1808.714

2
2

30
40bl

100
100

5
200
20

50bl
50bl
40
50
10
I

100

20
3

10
60

3
10
80bl
20

500
lOb]
2

10

55649.07
55647.77
55644.09
55636.13
55634.83
55593.17
55567.10
55557.28
55528.28

55520.14
55518.54
55514.16
55497.53
55464.28
55449.09
55442.69
55439.19
55423.49
55412.43

55391.38
55387.82
55377.51
55335.75
55330.02
55325.49
55311.20
55302.27
55289.18
55287.90

I

-
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

40 54615.35
lOh 54578.83
1 54569.54

2h 54564.72
2h 54561.11
1 54559.15

1833.281 5 54547.01
1834.171 5 54520.54

1834.301 10 54516.68
1834.585 80 54508.24

30bl 54494.72
10 54468.66
10 54452.14
60 54445.97
40 54424.34

5 54401.37
20 54380.63

30 54358.52
10 54331.91
10 54326.71
10 54310.63

200 54285.30
2h 54276.11
5h 54269.93
2 54261.83

10 54257.18
10 54242.67

.010
-. 006

.004
-. 003
-. 003

.001

.001
-. 002

.001

.002

.003

.001

.001
-. 005
-. 001
-. 001

.001
.003

-. 005
.002

-. 003
-. 006

.000
-. 002
-. 004
-. 008
-. 002
-. 001
-. 003
-. 002

1843.811 40 54235.49 .000
1845.109 40 54197.34 .002
1845.523 1 54185.18 .000
1845.952 5 54172.59 -.001
1846.739 30 54149.50 .005
1847.082 80 54139.44 .001
1848.240 80 54105.52 .005
1848.497 10 54098.00 .003

-. 005
1848.587 5 54095.37 .003

80 54090.83
10 54088.14
10 54067.73
30 54049.99

100 54028.41
50 54023.01
40 54021.05
20 54015.39

200 54006.84
50 53985.79

100 53970.70
5 53957.16

60 53949.39
5 53940.92
5 53939.41

20 53920.30
30 53903.85

100 53896.76
20 53878.84
lh 53866.39

.006

.003

.002

.005
-. 004

.000

.000

.003

.001

.001

.000

.001

.000

.003

.005

.003

.004
-. 007

.002

.007

78947' 1 -
49088 2-
48734 1-
80095' 4-
82009' 4-
78947' 1 -
76836' 2-
46299 3-
92884' 5-
87473' 2 -

91387'
78158'
90588'
77113'
89100'
93306'
93306'
36164
90255'
88441'

133563 2
103667' 3
103303' 2
134665 3
136574 4
133508 0
131396 1
100858' 4
147431 4
141993 3

4 - 145904 5
3 - 132666 3
3 - 145096 4
5 - 131607 5
4 - 143568 4
6 - 147758 6
6 - 147752 5
4 - 90588' 3
4 - 144656 4
6 - 142822 6

33452 3-
42404 1-
89482 3-
80354' 3-
79497' 4-
80095' 4-

103276' 4-
78689' 6-
46601 4-

103303' 2-

76836' 2-
88499' 3-
42404 1-
42665 2-
89503' 4-
89689' 5-
52697 4-
46299 3-
89100' 4-
79467' 2-

36164 4-
92254' 5-
90588' 3-
76836' 2-
80343' 5-
92254' 5-
33452 3-
78158' 3-
31323 2-
31323 2-

35129 5-
19896 1-
79497' 4 -
80354' 3-
33452 3-
46299 3-
32418 1-
46962 5-
89689' 5-
90255' 4-

87810' 3
96736' 1

143809' 3
134665 3
133782 5
134371
157546
132951
100858'
157546

S
3
S
4
3

131072 2
142696 4
96589' 2
96838' 3

143653 5
143829 6
106803' 3
100397' 3
143198 4
133563 2

90255' 4
146342 5
144656 4
130886 1
134371 5
146277 6

87473' 2
132173 4
85329' 2
85308' 1

89100' 4
73853' 2

133446 4
134295 3
87391' 3

100219' 2
86322' 0

100858' 4
143568 4
144121 5

1856.661 lh 53860.12 .004
1856.988 100 53850.64 -. 006
1857.124 50 53846.70 -.004
1858.255 10 53813.92 .002
1858.871 30 53796.09 .000
1859.529 80 53777.05 .000
1860.298 40 53754.82 .002
1860.985 20 53734.98 -. 003

.003
1861.395 10 53723.14 .000

1861.457 lh 53721.35 .005
1861.879 2 53709.18 .002
1862.403 20 53694.07 .004
1862.657 50 53686.75 -. 002
1863.335 300 53667.21 .000
1863.771 30 53654.66 .002
1863.836 5 53652.78 -. 002

-. 004
1863.951 10 53649.47 -. 004
1864.870 30 53623.04 -. 001

1865.474
1866.184
1866.247
1867.068
1867.399
1867.465
1867.792
1867.846
1868.176
1868.257

1869.345
1869.547
1870.612
1870.765
1871.022
1871.157
1871.291
1871.465
1872.595
1872.713

1872.893
1874.380
1874.773
1874.953
1875.328
1875.692

1875.791
1876.856
1877.001

1877.273
1877.383
1877.757
1877.872
1878.152
1878.265
1878.895
1878.967
1879.189
1879.380

40D
100

2
50
10

5
5bl

40h
100
300

53605.67
53585.28
53583.47
53559.91
53550.42
53548.52
53539.15
53537.60
53528.14
53525.82

50 53494.67
10 53488.89
30 53458.44
40 53454.06

lh 53446.72
30 53442.87
80 53439.04
20 53434.07
20 53401.83
20 53398.46

50 53393.33
80 53350.97
20 53339.79
5 53334.67

20 53324.00
50 53313.65

20h 53310.84
2 53280.59
1 53276.47

30
20

100bl
100
100
80
50
40
50
50

53268.75
53265.63
53255.02
53251.76
53243.82
53240.62
53222.77
53220.73
53214.44
53209.03

.010

.000

.002

.004

.001

.001

.003

.000

.001

.002

.001

.005

.004

.005

.003

.001

.002

.004

.000
-. 001

.000
-. 003

.001
-. 002
-. 001

.000

.003

.008

.002

.004

.000
-. 001
-. 008
-. 004
-. 001

.004

.003

.002
-. 001

.002
-. 004

94955'
89100'
89100'
52697
46601
91006'
78158'
78689'
49541
43461

89482
91387'
89503'
80095'
80343'
79497'
79013'
46299
91006'
43561

91050'
34225
32843
94424'
78677'
92728'
94424'
79497'
92728'
36164

88499'
78158'
92884'
79497'
89503'
89503'
80343'
78158'
88592'
90255'

4-
4-
4-
4-
4-
5-
3-
6-
4-
3-

148816 5
142950 5
142946 5
10651 1' 4
100397' 3
144783 6
131913 2
132424 6
103276' 4
97184' 4

3 - 143204' 2
4 - 145096 4
4 - 143198 4
4 - 133782 5
5 - 134010 6
4 - 133151 3
2 - 132666 3
3 - 99952' 2
5 - 144656 4
3 - 97184' 4

3-
4-
2-
7-
1-
6-
7-
4-
6-
4-

144656 4
87810' 3
86426' 2

147984 6
132228 2
146277 6
147963 7
133034 4
146257 7
89689' 5

3 - 141993
3 - 131647
5 - 146342
4 - 132951
4 - 142950
4 - 142946
5 - 133782
3 - 131592
2 - 141993
4 - 143653

92884' 5 -
80095' 4 -
36164 4 -
42521 2 -

79013' 2 -
94117' 3 -
90255' 4 -

103276' 4 -

78947' 1 -
43561 3 -

91387'
79013'
81040'
82009'
83147'
93102'
78677'
78158'
79013'
89503'
80354'

146277
133446
89503'
95856'

132337
147431
143568
156587
132228
96838'

4- 144656
2- 132279
3- 134295
4- 135261
5- 136391
4- 146342
1- 131900
3- 131379
2- 132228
4- 142712
3- 133563

3
2
S
5
5
5
5
3
3
S

6
4
4
3
3
4
4
3
2
3

4

3

4
5
5

2
2
2

2

675

1830.987
1832.212
1832.524

1832.686
1832.807
1832.873

1835.040
1835.918
1836.475
1836.683
1837.413
1838.189
1838.890

1839.638
1840.539
1840.715
1841.260
1842.119
1842.431
1842.641
1842.916
1843.074
1843.567

1848.742
1848.834
1849.532
1850.139
1850.878
1851.063
1851.130
1851.324
1851.617
1852.339

1852.857
1853.322
1853.589
1853.880
1853.932
1854.589
1855.155
1855.399
1856.016
1856.445
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Wavelength Int.a Wavenumber O-C Classification [ Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

30 53103.36
20 53102.12
40 53056.25

200 53053.77
5 53035.45

30 53028.28

80 53023.00
60 53020.07

100 53016.00

40 53005.60
20 53003.04
5 52980.32

100 52971.46
100 52957.88
50 52953.06
50 52951.09
60 52942.96
Ah 52900.84

50 52899.41

1893.519 30bl 52811.72 -.002
1893.553 60 52810.77 .001

-. 005
1893.645 2h 52808.20 .005
1894.036 60 52797.30 .001
1894.313 200 52789.58 .000

.000
1894.561 10 52782.67 -. 006
1894.977 2 52771.08 .006
1895.357 100 52760.50 -.001

89503' 4- 142696 4
92728' 6- 145904 5
79497' 4- 132666 3
34225 4- 87391' 3
32519 1- 85683' 1
79508' 3- 132666 3
90255' 4- 143396 3
50481 6- 103621' 5
89689' 5- 142822 6
91006' 5- 144121 5

80343' 5- 133446 4
103276' 4- 156378 4
80095' 4- 133151 3
44655 4- 97709' 5

104511' 2- 157546 3
51482 2- 104511' 2
43561 3- 96589' 2
89689' 5- 142712 5
92884' 5- 145904 5
49541 4- 102557' 3

64331 3- 117336' 2
72356 2- 125359' 2
90588' 3- 143568 4
93306' 6- 146277 6
50318 5- 103276' 4
78947' 1- 131900 1
93306' 6- 146257 7
90255' 4- 143198 4
82540' 2- 135441 2
79013' 2- 131913 2

32418 1- 85308' 1
79013' 2- 131900 1
79467' 2- 132337 3
80095' 4- 132951 5
92254' 5- 145096 4
79497' 4- 132337 3
83147' 5- 135979 6
79508' 3- 132337 3
78568' 0- 131396 1
91006' 5- 143829 6

79467' 2- 132279 3
90586' 2- 143396 3
32519 1- 85329' 2
90588' 3- 143396 3
80354' 3- 133151 3
82009' 4- 134799 5
32519 1- 85308' 1
79497' 4- 132279 3
79508' 3- 132279 3
79467' 2- 132228 2

103621' 5- 156378 4
32587 3- 85329' 2
91387' 4- 144121 5
79508' 3- 132228 2
78677' 1- 131396 1
83147' 5- 135857 4
78677' 1- 131379 2
78947' 1- 131647 2
81040' 3- 133739 4
90255' 4- 142950 5

1897.829
1898.246
1898.369
1898.775
1899.145
1899.454
1900.794
1900.849
1902.153
1902.182

1902.521
1903.648
1903.694

1903.940
1904.090
1904.174
1904.958
1905.119
1905.656

1906.009
1906.290
1906.635
1906.745
1906.883
1908.602
1909.052
1909.663
1910.199
1910.346

1910.654
1910.757
191 1.366
1912.105
1912.239
1913.034
1913.290
1914.074
1914.155
1914.188

1914.604
1915.380
1915.483
1916.112
1916.321
1916.460
1916.927
1917.413
1917.628
1917.702

1917.946
1918.467
1918.993
1919.087
1920.077
1920.922
192 1.968
1922.737
1923.447
1924.047

30
60h
30

200
60

100
40
40

IOOD
20bl

52691.78
52680.21
52676.79
52665.53
52655.27
52646.70
52609.59
52608.07
52572.00
52571.20

1 52561.83
5 52530.72

10 52529.45

40 52522.66
10 52518.52
2 52516.20

30 52494.59
30 52490.15
20 52475.36

60 52465.64
60 52457.91
30D 52448.42
30 52445.39
30 52441.60
40h 52394.37

5h 52382.02
10 52365.26
10 52350.56
5 52346.53

50 52338.10
80 52335.27
50 52318.60

100 52298.38
1 52294.71

30 52272.98
50 52265.99
5h 52244.58

50 52242.37
50 52241.47

10
10
40
10
5
5
5

40
20bl

300

5
40
20
10
60
20

200
2h

40
I

52230.12
52208.96
52206.15
52189.01
52183.32
52179.53
52166.82
52153.60
52147.75
52145.74

52139.11
52124.95
52110.66
52108.11
52081.24
52058.33
52030.00
52009.19
51989.99
51973.78

-. 003
.000
.000
.001

-. 004
-. 004

.000

.001
-. 003
-. 004

.002

.000
.000
.001
.002

-. 001
.003

-. 004
-. 004

.000

.000
-. 001
-. 007
-. 001
-. 002

.000

.000
-. 001
-. 001
-. 001

.001
-. 004
-. 001

.000
-. 001
-. 002

.000
-. 004
-. 001

.001

.001

.003

.002

.001

.004
-. 010
-. 001
-. 002
-. 002
-. 001
-. 004

.000
-. 001

.003

.001
-. 001
-. 001

.001

.004

.002

.000

90255'
80354'
79497'
79508'
82009'
91006'
90588'
80343'
82540'
80095'

4 - 142946 5
3 - 133034 4
4 - 132173 4
3 - 132173 4
4 - 134665 3
5 - 143653 5
3 - 143198 4
5 - 132951 5
2 - 135112 2
4 - 132666 3

91006' 5 -
96285' 5 -
92254' 5 -
44655 4 -
81040' 3 -
91050' 3 -
77557 2 -
42521 2 -

89503' 4 -
94955' 4 -

32843
90255'
78947'
79467'
90255'
78677'
79013'
79013'
42665
91050'

92758'
36164
78568'
83584'
43561
83584'
91387'
94098'
80095'
47978
51425

143568 4
148816 5
144783 6
97184' 4

133563 2
143568 4
130073' 2
95016' 1

141993 3
147431 4

2- 85308' 1
4- 142712 5
1- 131396 1
2- 131913 2
4- 142696 4
I- 131072 2
2- 131396 1
2- 131379 2
2- 95016' 1
3- 143396 3

3- 145096 4
4- 88499' 3
0- 130886 1
3- 135882 3
3- 95856' 3
3- 135857 4
4- 143653 5
4- 146342 5
4- 132337 3
2- 100219' 2
3- 103667' 3

52811 1-
78677' 1 -
47978 2-

103485 4-
44655 4-
79467' 2-
64331 3-
33155 0-
91050' 3-
32398 4-

79508' 3 -
82540' 2-
79497' 4-
90588' 3-
80343' 5-
79013' 2-
84544' 4-
91387' 4-
43561 3-
47978 2-

105041' 1
130886 1
100184' 1
155674' 4
96838' 3

131647 2
116497' 3
85308' 1

143198 4
84544' 4

131647
134665
131607
142696
132424
131072
136574
143396
95551'
99952'

2
3
5
4
6
2
4
3
2
2

676

5Hbl
2

SOh
50

I

100

100
30
20

53192.79
53175.53
53169.59
53166.46
53163.80
53158.32
53141.93
53139.79
53132.42
53114.69

1879.954
1880.564
1880.774
1880.885
1880.979
1881.173
188 1.753
188 1.829
1882.090
1882.718

1883.120
1883.164
1884.792
1884.880
1885.531
1885.786

1885.974
1886.078
1886.223

1886.593
1886.684
1887.493
1887.809
1888.293
1888.465
1888.535
1888.825
1890.329
1890.380

1890.709
1890.831
1891.438
1891.941
1892.421
1892.477
1892.800
1892.877
1892.950
1893.131

.001

.007

.000

.002

.002

.002

.007

.000

.000

.002

.002

.001

.001

.001

.001

.001

.006

.001

.001

.000

.001

.003

.000

.001

.001

.001

.002

.001

.008

.003

.002

.001

.007

.003

.005

.002

.002

.000

.001

.002

30
20
20

200
40
40h

200
40
lOh
80

52890.21
52886.80
52869.82
52855.77
52842.36
52840.80
52831.78
52829.63
52827.59
52822.54

1895.468
1895.999
1896.303
1896.810
1896.887
1897.182
1897.488
1897.546
1897.590
1897.686

50
10
30
40
20

100bl
100
50bi

500
20

52757.41
52742.64
52734.18
52720.09
52717.95
52709.75
52701.25
52699.64
52698.42
52695.75

.000
-. 001
-. 001
-. 001

.004
-. 002

.000
.002
.002

-. 006
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Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

60 51957.14
20 51951.23
20 51943.76
40h 51939.82
10 51925.01
80 51908.19
5h 51899.73

50 51877.74
40 51870.82
40 51865.84

.000

.005

.000

.001

.003
-. 001

.002
.001
.002
.001

1928.400 40 51856.46 .008
1928.751 100 51847.02 .001

.005
1929.708 1 51821.31 -. 008
1929.778 lh 51819.43 -.001
1929.928 lh 51815.40 .001
1930.104 lh 51810.68 -.005
1930.278 40 51806.00 .000
1930.585 2 51797.77 -. 002
1931.591 5 51770.79 .001

1931.872 2 51763.26 -.004
1932.165 80 51755.41 -. 002
1932.783 40 51738.86 -.001
1934.283 20h 51698.74 -.001
1934.343 50 51697.14 -.003
1934.709 40 51687.36 .001
1935.095 200 51677.04 -.001
1935.789 300 51658.52 .003
1936.709 1 51633.98 -. 005
1936.853 20 51630.14 -.002

1936.973 1 51626.94 -. 002
1937.005 5h 51626.09 -.003
1937.407 10 51615.38 -.002
1937.817 1 51604.46 -. 003
1938.924 5 51574.99 -.004
1939.342 5 51563.88 .003
1939.531 20 51558.85 -. 002
1939.706 10 51554.20 .002
1940.710 10 51527.53 .000
1941.286 30 51512.24 .000

1943.007 5 51466.61 .004
1943.147 20 51462.91 -.002
1944.142 40bl 51436.57 .001
1944.807 10 51418.98 .001
1945.157 20 51409.73 .004
1945.746 5 51394.17 -. 003
1945.801 40 51392.71 -. 001
1947.359 5 51351.60 .001
1947.860 30 51338.39 .000
1948.006 10 51334.54 .000

1948.352 lh 51325.42 .001
1948.671 5 51317.02 -. 001
1948.824 10 51312.99 -. 002
1948.974 5 51309.04 .002

-. 004
1950.662 1 51264.64 .000
1952.221 50 51223.70 .000
1952.549 50 51215.10 .000
1953.082 50 51201.12 .002
1953.239 50 51197.01 .003

32587
78677'
91006'
91006'
80354'
96907'
92884'
33452
79508'
42521

3- 84544'
1- 130629
5- 142950
5- 142946
3- 132279
6- 148816
5- 144783
3- 85329'
3- 131379
2- 94387'

83584' 3-
84544' 4-
95856' 3-
51482 2-
80354' 3-
91006' 5-
91387' 4-
94098' 4-
32418 1-
42521 2-

35129 5-
82540' 2-
90255' 4-
96285' 5-
32519 1-
96907' 6-
83584' 3-
54853 5-
53407 0-
44655 4-

42665 2 -
81040' 3 -
79013' 2 -

79467' 2 -

92254' 5 -

79508' 3 -
80354' 3 -

93102' 4 -
83584' 3 -
80095' 4 -

96285' 5 -
64331 3 -

82009' 4 -
79467' 2 -

79508' 3 -
43561 3 -

92728' 6 -
79013' 2 -

84544' 4 -

47978 2 -

91387' 4 -
49541 4 -
84544' 4 -

91387' 4 -

49088 2 -
80343' 5 -
83147' 5 -
43461 3 -

44655 4 -
32387 2 -

135441
136391
147703
103303'
132173
142822
143198
145904
84216'
94292'

4

5
5
3
5
6
2
2
2

2
5
4
2
4
6
4
5
0
I

86892' 5
134295 3
141993 3
147984 6
84216' 0

148595 7
135261 4
106511' 4
105041' 1
96285' 5

94292' 1
132666 3
130629 1
131072 2
143829 6
131072 2
131913 2
144656 4
135112 2
131607 5

147752 5
115794' 2
133446 4
130886 1
130918 4
94955' 4

144121 5
130365 3
135882 3
99313' 1

142712 5
100858' 4
135857 4
142696 4
100397' 3
131607 5
134371 5
94676' 3
95856' 3
83584' 3

1953.672
1954.603
1955.341
1955.733
1956.156
1956.377
1957.103
1957.240
1957.695
1957.857

1958.656
1959.453
1959.834

1959.890
1960.028
1960.893
1961.587
1961.671
1962.779

50 51185.66
5 51161.28
lh 51141.97

10 51131.72
10 51120.66
5 51114.89
5 51095.93

10 51092.35
40 51080.48
20 51076.25

lOh 51055.41
10 51034.65
10 51024.73

20
5

200
5h
5
I

51023.27
51019.67
50997.17
50979.13
50976.94
50948.17

-. 001
.003

-. 002
.002
.001
.003
.000

-. 002
.002

-. 003

-.001
.000
.003

-.001
.000

-. 002
-. 001

.001
-. 008

.010

1962.956 5 50943.57 .001
-. 002

1963.039 5 50941.42 -. 001
1963.630 2 50926.09 .000
1963.692 2 50924.48 .003
1966.339 10 50855.93 .003
1966.796 2h 50844.11 .003
1967.504 40 50825.81 .005
1967.744 10 50819.61 .000
1968.106 2 50810.27 -.003

1968.511
1970.484
1970.558
1970.714
1970.782
1971.272
1974.934
1976.017
1976.910
1976.940

1977.709
1978.010
1978.636
1978.680

1979.458
1980.476
1983.343
1987.289
1987.310

1988.056
1988.282
1989.061
1989.651
1990.190
1990.579

1991.133

1993.917

50 50799.81
10 50748.95
10 50747.04
5 50743.03

10 50741.27
2 50728.66

10 50634.60
1 50606.85

100 50583.99
60 50583.22

1 50563.55
5h 50555.86

20 50539.86
40 50538.74

1 50518.87
1 50492.91

40 50419.92
10 50319.80
50 50319.27

80 50300.39
8 50294.67
5 50274.97
2 50260.07

10 50246.45
8 50236.64

-. 005
-. 003
-. 003
-. 002
-.001
-. 003
-. 002
-. 004
-. 003
-.001

.004
-. 002
-. 001
.001

-. 002
-. 002

.000

.003

.003

.003
-. 005

.007

.004

.002

.001

.000

.006

.005
10 50222.66 .000

-. 004
200 50152.53 .006

32398
79467'
82009'
51425
42521
43561
49088
33452
83584'
96907'

96907'
106511'
82009'
80354'
82540'
93102'
32587
94117'
42665
94955'

91050'
92254'
82009'
43461
92728'
49541
96907'
43561
72187
92758'

92728'
32398
46962

106803'
32843
36164
83147'
81040'
47978
46601

80354'
43561
50318
46299
94117'
97184'
52811
94676'
54191
91674'
34225

4-
2-
4-
3-
2-
3-
2-
3-
3-
6-

83584' 3
130629 1
133151 3
102557' 3
93642' 2
94676' 3

100184' 1
84544' 4

134665 3
147984 6

6 - 147963 7
4 - 157546 3
4 - 133034 4
3 - 131379 2
2 - 133563 2
4 - 144121 5
3 - 83584' 3
3 - 145096 4
2- 93642' 2
4 - 145904 5

3- 141993 3
5- 143198 4
4- 132951 5
3- 94387' 2
6- 143653 5
4- 100397' 3
6- 147752 5
3- 94387' 2
3- 123007' 3
3- 143568 4

6- 143528 7
4- 83147' 5
5- 97709' 5
3- 157546 3
2- 83584' 3
4- 86892' 5
5- 133782 5
3- 131647 2
2- 98562' 3
4- 97184' 4

3- 130918 4
3- 94117' 3
5- 100858' 4
3- 96838' 3
3- 144656 4
4- 147703 4
1- 103303' 2
3- 145096 4
2- 104511°'2
2- 141993 3
4- 84544' 4

44655 4 -
93102' 4 -
97709' 5 -
64331 3 -

97184' 4 -
42521 2 -
46601 4-
46962 5 -
93306' 6 -
32387 2 -

94955' 4
143396 3
147984 6
114591' 3
147431 4
92758' 3
96838' 3
97184' 4

143528 7
82540' 2

677

1924.663
1924.882
1925.159
1925.305
1925.854
1926.478
1926.792
1927.609
1927.866
1928.051
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Wavelength Int.a Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm-) (A) Level J Level J (A) (cm-') (A) Level J Level J

50 50132.24 .002
.000

20 50121.52 -.002
1 50111.24 -. 001

10 50092.97 -. 005
15 50075.99 -. 005
20bl 50061.72 .001
15 50057.46 -. 004
1 50043.11 -. 004

50 50021.38 .003

1 49961.30
30 49952.78
5 49945.82
1 49938.21
3h 49887.08
5 49866.93

15 49859.67
3 49857.48
1 49848.73
2 49828.81

3 49827.04
5h 49803.07
5 49758.18
1 49754.49
3 49729.57

50 49696.79
100 49694.79

1 49688.35
5 49683.80

10 49618.83

2015.035 10 49610.90 .001
.004

2015.902 10 49589.57 .004
2016.381 20 49577.79 -.003
2016.807 5 49567.32 -.001
2017.231 1 49556.91 -. 002
2017.905 3 49540.35 -. 004
2018.885 3 49516.31 -.004
2019.591 1 49499.00 -. 003
2020.621 8 49473.78 -. 005

2021.091 20 49462.27 .001
2021.882 1 49442.92 .002
2022.259 200 49433.71 .003
2022.716 10 49422.54 -.001
2023.025 100 49414.99 .003
2023.423 1 49405.27 .002
2024.888 1 49369.54 .002
2025.060 1 49365.34 .001
2025.253 5 49360.64 .001
2025.316 5 49359.10 .002

2026.788 10 49323.26 .001
2027.806 1 49298.50 .001
2027.866 5 49297.04 -. 002
2028.984 20 49269.88 -. 002
2029.603 20 49254.86 .000
2030.204 15 49240.28 .000
2031.997 10 49196.84 .000
2033.276 1 49165.90 -. 004
2033.600 2 49158.06 -. 004
2033.825 30 49152.63 .004

33452 3 -
85308' 1 -
32418 1 -
85329' 2 -
42665 2 -

106511' 4 -
56741 2 -

96285' 5 -
97709' 5 -
44655 4 -

85896' 4 -
32587 3 -
46962 5 -
92884' 5 -
83147' 5 -

106511' 4 -
52697 4 -
50362 1 -
93102' 4 -
92884' 5 -

84544' 4 -

85308' 1 -
85683' 1 -
93642' 2 -
88067 2 -
32843 2 -

42404 1 -
82540' 2 -

46601 4 -

103485 4 -

96285' 5 -

93102'
32398
50362
42521
83584'
46299
43561
93306'
86892'
49088

44655
44655
42665
32587
35129
94424'
96907'
85896'
82540'
34225

4-
4-
I-2-
3-3-
3-
6-
5-2-

83584' 3
135441 2
82540' 2

135441 2
92758' 3

156587 3
106803' 3
146342 5
147752 5
94676' 3

135857 4
82540' 2
96907' 6

142822 6
133034 4
156378 4
102557' 3
100219' 2
142950 5
142712 5

134371 5
135112 2
135441 2
143396 3
137796' 3
82540' 2
92099' 2

132228 2
96285' 5

153104' 3
145904 5

142712 5
82009' 4
99952' 2
92099' 2

133151 3
95856' 3
93102' 4

142822 6
136391 5
98562' 3

4 - 94117' 3
4 - 94098' 4
2 - 92099' 2
3 - 82009' 4
5 - 84544' 4
7 - 143829 6
6 - 146277 6
4 - 135261 4
2 - 131900 1
4 - 83584' 3

46962 5-
94098' 4-
43461 3-
42404 1-
46601 4-
95856' 3-
43561 3-
94955' 4-
97184' 4-
42521 2-

96285' 5
143396 3
92758' 3
91674' 2
95856' 3

145096 4
92758' 3

144121 5
146342 5
91674' 2

2034.155
2034.300
2035.809
2036.512
2036.548
2039.299
2039.558
2039.800
2040.308
2041.335

2041.620
2043.398
2043.711
2044.195
2046.184
2048.050
2048.769
2049.837
2050.290
2052.942

2054.702
2055.096
2055.355
2055.531
2056.331
2056.470
2056.647
2057.885
2058.289
2058.745

2059.597
2060.078
2061.254
2062.499
2062.862
2063.179
2064.458
2065.492
2066.697
2066.787

2067.534
2067.727
2068.493
2069.009
2072.785
2073.479
2074.135
2074.238
2074.829
2075.429

2075.717
2077.362
2077.785
2078.200
2078.806
2079.413

2079.500
2079.783
2079.889

5 49144.65
5 49141.15
2 49104.73
3 49087.78
5 49086.92

20 49020.71
1 49014.48

50 49008.67
3 48996.47
5 48971.82

3h 48964.99
15 48922.39

1 48914.89
5 48903.31
5 48855.78
2 48811.28
2 48794.15
1 48768.73

10 48757.96
1 48694.98

20 48653.27
5 48643.95

100 48637.82
20 48633.66

1 48614.74
3 48611.45

15 48607.27
20 48578.03
3 48568.50

20 48557.74

50 48537.66
5 48526.33
5 48498.64
1 48469.37
5 48460.84

10 48453.40
15 48423.38

1 48399.15
3 48370.93
1 48368.82

1 48351.35
1 48346.84
8 48328.94

15 48316.89
10 48228.88

100 48212.74
5 48197.49

10 48195.10
3 48181.37

15 48167.44

1 48160.76
2 48122.63
3 48112.83

50 48103.23
5 48089.21
3 48075.17

10 48073.16
20 48066.62
10 48064.17

.000

.003
-. 006

.005
-. 002

.000
-.004

.004
-.005
-. 002

-. 006
.000

-.004
-.001

.003

.003
-.004

.005

.001

.004

-. 002
-.003

.005

.000
-. 002
-. 002

.002
-.006
-. 003
-.003

.005

.001
-. 003

.001
-. 003
-. 004

.000

.006
-. 002

.005

.001
-. 001
-. 007
-. 003

.001

.008
-. 004

.004
-. 004
-. 002

-.002
-.003
-. 002

.004
-. 002
-. 001

.007

.000

.000

.000

55366
98562'
94424'
33452
86892'
49541
86426'
42665
96907'
51425

I- 104511' 2
3- 147703 4
7- 143528 7
3- 82540' 2
5- 135979 6
4- 98562' 3
2- 135441 2
2- 91674' 2
6- 145904 5
3- 100397' 3

86892' 5 -
34225 4 -
51482 2 -
85896' 4 -
82540' 2 -

96285' 5 -
51425 3 -
85896' 4 -
47978 2 -
83584' 3 -

32387
83584'
43461
97709'
94098'
47978
84544'
42404
97709'
33452

43561
51425
96285'
51482
42521
32587
54853
85896'
96285'
86892'

93642'
82540'
83584'
42665
44655
43461
32843
97709'
42404
49541

52697
89482
43561
44655
82540'
46601
88499'
58730
42521
42521

135857 4
83147' 5

100397' 3
134799 5
131396 1
145096 4
100219' 2
134665 3
96736' 1

132279 3

2- 81040' 3
3- 132228 2
3- 92099' 2
5- 146342 5
4- 142712 5
2- 96589' 2
4- 133151 3
1- 90982' 2
5- 146277 6
3- 82009' 4

3-
3-
5-
2-
2-
3-
5-
4-
5-
5-

2-
2-
3-
2-
4-
3-
2-
5-
I-
4-

4-
3-
3-
4-
2-
4-
3-
4-
2-
2-

92099' 2
99952' 2

144783 6
99952' 2
90982' 2
81040' 3

103276' 4
134295 3
144656 4
135261 4

141993 3
130886 1
131913 2
90982' 2
92884' 5
91674' 2
81040' 3

145904 5
90586' 2
97709' 5

100858' 4
137605' 4
91674' 2
92758' 3

130629 1
94676' 3

136574 4
106803' 3
90588' 3
90586' 2

678

1994.724

1995.151
1995.560
1996.288
1996.965
1997.534
1997.704
1998.277
1999. 145

2000.901
2001.242
2001.521
2001.826
2003.878
2004.688
2004.980
2005.068
2005.420
2006.222

2006.293
2007.259
2009.070
2009.219
2010.226
2011.552
2011.633
2011.894
2012.078
2014.713

-. 002
-. 001

.000
-. 003
-. 006
-. 002

.002
-. 004
-. 004
-. 002

-. 003
.002

-. 004
-. 009
-. 003

.003

.002
-. 004

.000

.001

.003
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Table 3. Classified lines of Mo iii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.' Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

300 48018.23
20 48002.12
80 47993.64

1 47967.25
1 47958.78
1 47955.45
1 47950.09

10 47944.34
5 47937.54
1 47926.00

20 47922.74
10 47920.19
5 47909.76
3 47897.12

10 47878.06
5 47876.09

50 47855.48
5 47830.30

10 47825.66

2090.597 5 47818.02 -. 001
-. 004

2091.442 10 47798.70 -. 001
2091.621 1 47794.61 .002
2091.671 3 47793.47 -. 001
2092.064 100 47784.49 .001
2092.201 5 47781.36 .005
2092.731 3 47769.26 -.002
2092.826 1 47767.09 .001
2093.589 10 47749.69 -. 004

2093.835 5 47744.08 -. 002
2095.915 15 47696.70 .001
2098.282 50 47642.90 .008
2098.582 5 47636.09 -. 002
2099.375 10 47618.10 .001
2100.685 100 47588.41 .002
2102.647 5 47544.01 .000
2103.667 50 47520.96 .001
2103.889 50 47515.95 .002
2104.098 1 47511.23 -.001

2104.234 20 47508.16 .003
2104.542 100 47501.21 -. 002
2104.746 20 47496.60 .003
2105.110 30h 47488.39 .006
2108.110 20 47420.82 .001
2109.470 50 47390.25 .000
2109.590 1 47387.56 .004
2110.321 10 47371.14 -. 002
2111.580 100 47342.90 .002
2113.644 200 47296.68 .000

.001
-. 010

.001

.000
-. 006
-. 002
-. 001
-.001
-. 003
-. 004

35129 5- 83147' 5
48734 1- 96736' 1
46962 5- 94955' 4
32387 2- 80354' 3

103621' 5- 151580 5
32398 4- 80354' 3
88441' 6- 136391 5
32398 4- 80343' 5
55366 1- 103303' 2
43461 3- 91387' 4

42665 2- 90588' 3
42665 2- 90586' 2
58893 3- 106803' 3
42404 1- 90301' 1
47978 2- 95856' 3
96907' 6- 144783 6
48734 1- 96589' 2
51482 2- 99313' 1
82540' 2- 130365 3
43561 3- 91387' 4
85683' 1- 133508 0

46299 3- 94117' 3
96838' 3- 144656 4
46299 3- 94098' 4
83584' 3- 131379 2
84544' 4- 132337 3
34225 4- 82009' 4
58730 4- 106511' 4
56741 2- 104511' 2
32587 3- 80354' 3
49088 2- 96838' 3

59059 2- 106803' 3
32398 4- 80095' 4
49541 4- 97184' 4
42665 2- 90301' 1
58893 3- 106511' 4
33452 3- 81040' 3
96285' 5- 143829 6
43461 3- 90982' 2
46601 4- 94117' 3
32843 2- 80354' 3

32587 3- 80095' 4
49088 2- 96589' 2
46601 4- 94098' 4
43561 3- 91050' 3
43561 3- 90982' 2
50318 5- 97709' 5
97709' 5- 145096 4
42404 1- 89775' 0
46299 3- 93642' 2
49541 4- 96838' 3

72187 3- 119479' 3
88592' 2- 135882 3
50481 6- 97709' 5
52811 1- 99952' 2
46962 5- 94098' 4
43461 3- 90588' 3
43461 3- 90586' 2
72356 2- 119479' 3
32387 2- 79508' 3
32398 4- 79497' 4

2123.390
2123.476
2123.606
2124.126
2124.763
2125.280
2125.777
2 127.727
2129.385
2130.362

2130.569
2131.077
2131.420
2131.592
2132.078
2132.406
2133.071
2133.810
2135.279
2135.965

2136.378
2137.114
2137.310
2137.550
2137.792
2138.650
2139.176
2139.536
2140.734
2140.963

10 47079.62
20 47077.71

5 47074.83
5 47063.31
1 47049.20
1 47037.76
3 47026.76

10 46983.67
8 46947.09
3 46925.56

200
5

50
I
5h

10
200

50
15

100

46921.00
46909.82
46902.27
46898.48
46887.80
46880.58
46865.97
46849.74
46817.51
46802.48

50 46793.43
1 46777.32

80 46773.03
30 46767.78

1 46762.49
100 46743.73

10 46732.24
50 46724.37
15 46698.23

150 46693.23

-. 005
.000
.002
.001
.002
.004

-. 003
.003
.004

-. 002

-. 002
-. 004
-. 001
-. 004
-. 004
-. 001
-. 001

.000
-. 002
-. 002

.000
-. 003
-. 001
-. 003
-. 006
-. 001
-. 001

.000

.001

.002

2142.249 300 46665.21 .003
-. 007

2142.301 100 46664.07 -. 002
2143.253 200 46643.35 .001
2144.026 50 46626.53 .000
2144.113 100 46624.64 .000
2144.652 1 46612.93 -. 004
2 145.464 200 46595.29 .000
2145.749 50 46589.10 .000
2146.992 30 46562.13 -. 002

2147.079
2148.518
2149.560
2149.844
2150.108
2151.062
2151.308
215 1.568
2151.752
2153.277

2154.063
2154.728
2155.475
2155.706
2156.364
2156.743
2157.098
2158.463
2159.635
2159.960

3 46560.24
10 46529.06

1 46506.51
30 46500.37
10 46494.66
20 46474.04

1 46468.72
1 46463.11
1 46459.14

50 46426.24

10
30

15

200
100
80
5

lObl

46409.30
46394.98
46378.90
46373.93
46359.78
46351.64
46344.01
46314.70
46289.57
46282.61

.003

.001

.004

.003
-. 001

.000

.000
-. 002
-. 005

.003

-. 003
.002
.007

-.003
-.004
-. 001
-. 001

.003

.001
-. 001

51482
72481
97709'
84544'
32418
47978
43561
36164
97709'
56741

32587
32587
33452
85329'
89503'
32587
50318
72356
48734
46299

43461
53407
50362
49088
88499'
49541
44655
72481
47978
43561

96285'
32843
77557
33452
32387
32843
88499'
32418
50318
56741

32387
32418
91098
46601
32519
42665
97184'
49088
46299
50481

47978
44655
89503'
50362
96838'
44655
46962
49541
89689'
46601

2- 98562' 3
1- 119559' 0
5- 144783 6
4- 131607 5
I- 79467' 2

2- 95016' 1
3- 90588' 3
4- 83147' 5
5- 144656 4
2- 103667' 3

3- 79508' 3
3- 79497' 4
3- 80354' 3
2- 132228 2
4- 136391 5
3- 79467' 2
5- 97184' 4
2- 119206' 1
1 - 95551' 2
3- 93102' 4

3- 90255' 4
0- 100184' 1
1- 97135' 0
2- 95856' 3
3- 135261 4
4- 96285' 5
4- 91387' 4
1 - 119206' 1
2- 94676' 3
3- 90255' 4

5- 142950 5
2- 79508' 3
2- 124221' 1
3- 80095' 4
2- 79013' 2
2- 79467' 2
3- 135112 2
I- 79013' 2

5- 96907' 6
2- 103303' 2

2- 78947' 1
I- 78947' 1

4- 137605' 4
4- 93102' 4
1- 79013' 2
2- 89139' 1
4- 143653 5
2- 95551' 2
3- 92758' 3
6- 96907' 6

2-
4-
4-
1-
3-4-
5-4-
5-
4-

94387' 2
91050' 3

135882 3
96736' 1

143198 4
91006' 5
93306' 6
95856' 3

135979 6
92884' 5

679

2081.879
2082.578
2082.946
2084.092
2084.460
2084.605
2084.838
2085.088
2085.384
2085.886

2086.028
2086.139
2086.593
2087.144
2087.975
2088.061
2088.960
2090.060
2090.263

.003

.000

.005
-.009

.001

.006
-. 008
-.002
-.001
-. 005

-. 002
.002
.002
.000

-.004
-. 002

.003
-.007
-. 008

.003

.006

2113.872
2113.896
2116.743
2120.616
2120.837
2121.260
2121.372
2121.431
2121.528
2122.548

8
8bl

200
20
30
3
8

10
20

I

47291.58
47291.04
47227.44
47141.20
47136.28
47126.89
47124.40
47123.09
47120.93
47098.29
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Table 3. Classified lines of Mo ill-Continued

Wavelength Int.1 Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

200 46149.64
80 46139.87
20 46139.10

300 46129.16
300 46117.88
200 46104.48
50 46094.75

1 46086.97
50 46070.21

500 46056.10
8 46049.02

200 46044.82
10 46042.25

1 46038.71
1 46028.75

400 46015.76
15 46005.30
30 45993.37

100 45981.63

50 45977.38
10 45969.36
80 45966.60
60 45942.11

2 45933.06
3 45927.49
3 45926.22

60 45922.00
1 45911.17

30 45905.62

400 45870.18
100 45864.47

3 45858.22
10 45834.64

100 45833.46
300 45803.69
30 45800.01

500 45766.87
10 45758.70
10 45730.96

1 45703.39
1 45678.33

100 45653.05
500 45638.53

5 45627.91
200 45617.25

3 45599.60
20 45587.98

3 45571.03
2 45567.62

48734
42404
72187
32418
50362
42404
32843
89689'
89100'
32519

32418
46962
47978
34225
34225
32843
72356
85308'
85308'
42521

33452
32519
33452
43461
96907'
54191
33452
54853
54191
59059

42521
72481
50318
43561
44655
49088
42665
46962
86426'
53407

34225
52697
96838'
32843
42665
50481
46299
46962
51425
47978

88592'
87473'
46601
43461
90255'
58893
44655
49088
32587
91006'

1-
1-
3-
1-
1-
1-
2-
5-
4-
1-

95016' 1
88669' 0

118451' 2
78677' 1
96589' 2
88592' 2
79013' 2

135857 4
135261 4
78677' 1

I- 78568' 0
5- 93102' 4
2- 94117' 3
4- 80354' 3
4- 80343' 5
2- 78947' 1
2- 118451' 2
1- 131396 1
1- 131379 2

2- 88592' 2

3- 79508' 3
1 - 78568' 0
3- 79497' 4
3- 89503' 4
6- 142946 5
2- 100219' 2
3- 79467' 2
5- 100858' 4
2- 100184' 1
2- 105041' 1

2- 88499' 3
1 - 118451' 2
5- 96285' 5
3- 89503' 4
4- 90588' 3
2- 95016' 1
2- 88592' 2
5- 92884' 5
2- 132337 3
0- 99313' 1

4- 80095' 4
4- 98562' 3
3- 142696 4
2- 78677' 1
2- 88499' 3
6- 96285' 5
3- 92099' 2
5- 92728' 6
3- 97184' 4
2- 93709' 1

2-
2-
4-
3-
4-
3-
4-
2-
3-
5-

134295 3
133151 3
92254' 5
89100' 4

135882 3
104511° 2
90255' 4
94676' 3
78158' 3

136574 4

2194.302
2195.263
2196.034
2199.457
2200.669
2201.352
2202.697
2203.171
2204.813
2206.079

2206.360
2206.870
2207.027
2207.362
2207.646
2208.194
2209.082
2209.745
2211.019
2212.227

2213.396
2213.461
2213.602
2213.872
2214.401
2214.883
2215.533
2216.612
2217.197
2218.146

2218.369
2219.677
2219.823
2220.105
2220.978
2221.334

2222.757
2222.885
2222.949

20 45558.34
300 45538.40

5 45522.41
50 45451.57

200 45426.54
40 45412.45

3 45384.72
50 45374.96

1 45341.17
300 45315.15

5 45309.38
200 45298.91

1 45295.69
400 45288.82
100 45282.99
300 45271.75
200 45253.56

10 45239.98
500 45213.92
30 45189.23

8 45165.37
100 45164.04

1 45161.16
1 45155.66

500 45144.87
3 45135.05

200 45121.81
200 45099.84
200 45087.95
400 45068.66

5 45064.13
10 45037.57

100 45034.61
20 45028.89

200 45011.20
5 45003.98

50 44975.17
10 44972.58
1 44971.29

-.001
.000
.006

-. 003
-. 003
-.001
-. 003

.000

.000
-.001

-. 001
.003

-. 002
.000

-. 002
-. 002

.001
-. 001
-. 009
-. 001

.003
-. 003

.002
-. 005

.001

.000
-. 001

.001
-. 001
-. 004

.003

.001

.001
-. 002
-. 004

.004
-. 006
-. 002

.001

.002

2223.201 300 44966.19 -.002
2223.928 20 44951.49 -.001
2224.649 200 44936.93 .000
2226.927 400 44890.96 -. 002
2227.643 1 44876.54 .006
2227.966 1 44870.03 -. 004
2228.717 30 44854.91 .000

-. 001
2228.789 10 44853.46 .002
2228.932 15 44850.59 -.002

2229.036
2229.741
2230.545
2232.152
2232.767
2233.9 10
2235.139
2235.723
2236.132
2237.787

15 44848.50
1 44834.32

200 44818.16
100 44785.89
80 44773.56
50 44750.65
20 44726.05
3 44714.37

100 44706.19
1 44673.13

.003

.005

.001

.001

.001

.003
-. 002

.001

.000
-. 002

48734
43561
33155
59059
42404
51425
91006'
46299
87810'
32843

I- 94292' 1
3- 89100' 4
0- 78677' 1
2- 104511' 2
1- 87831' 1
3- 96838' 3
5- 136391 5
3- 91674' 2
3- 133151 3

2- 78158' 3

42521 2-
49088 2-
89503' 4-
42521 2-
34225 4-
34225 4-
51482 2-
88499' 3-
35129 5-
50362 1-

42665 2-
51425 3-
89503' 4-
96838' 3-
42665 2-
49541 4-
54191 2-
72187 3-
46299 3-
42404 1-

88499' 3-
43461 3-
44655 4-
49088 2-
52697 4-
91387' 4-
97709' 5-
48734 1-
91006' 5-
88592' 2-

35129
42521
58730
58730
36164
42521
72481
48854
55366
91006'

44655
98562'
55366
46601
58893
46299
42665
32398
33452
90588'

5-
2-
4-
4-
4-
2-
I-
0-
I-
5-

87831' 1
94387' 2

134799 5
87810' 3
79508' 3
79497' 4
96736' 1

133739 4
80343' 5
95551' 2

87831' 1
96589' 2

134665 3
141993 3

87810' 3
94676' 3
99313' 1

117287' 4
91387' 4
87473' 2

133563 2
88499' 3
89689' 5
94117' 3
97709' 5

136391 5
142712 5
93709' 1

135979 6
133563 2

80095' 4
87473' 2

103667' 3
103621' 5
81040' 3
87391' 3

117336' 2
93709' 1

100219' 2
135857 4

4- 89503' 4
3- 143396 3

1 - 100184' 1
4- 91387' 4
3- 103667' 3

3- 91050' 3

2- 87391' 3
4- 77113' 5
3- 78158' 3
3- 135261 4

680

100bl
10
80

300
20
50

400
10
2

20

46282.05
46265.03
46263.31
46259.25
46227.29
46187.40
46170.68
46167.50
46161.30
46158.68

2159.986
2160.781
2160.861
2161.051
2162.545
2164.413
2165.197
2165.346
2165.637
2165.760

2166.184
2166.643
2166.679
2167.146
2167.676
2 168.306
2168.764
2169.130
2169.919

2170.584
2170.918
2171.116
2171.237
2171.404
2171.874
2172.487
2172.981
2173.545
2174.100

2174.301
2174.680
2174.811
2175.970
2176.399
2176.663
2176.723
2176.923
2177.437
2177.700

2179.383
2179.654
2179.951
2181.073
2181.129
2182.547
2182.722
2184.303
2184.693
2186.018

2187.337
2188.537
2189.749
2190.446
2190.956
2191.468
2192.316
2192.875
2193.691
2193.855

.003

.000

.001

.000

.001

.002

.001

.002

.004

.004

.002

.002

.000

.002

.004

.000

.000

.004

.002

.001

.000

.000

.002

.001

.005

.001

.003

.001

.002

.001

.000

.001

.002

.001

.005

.005

.003

.003

.001

.000

.002

.003

.001

.001
.001
.003
.002
.001
.008
.001

.002

.009
.006
.001
.003
.002
.008
.001
.001
.001

I
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Table 3. Classified lines of Mo sin-Continued

Wavelength Int.' Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

30 44653.76
8 44620.65

50 44607.79
100 44585.79

1 44559.72
100 44556.54

5 44553.74
15 44546.22
10 44544.49

1 44523.54

100 44488.00
80 44486.75

1 44475.28
200 44448.64

15 44444.83
200 44430.57
100 44425.38
60 44418.11
10 44410.12

100 44405.25
200 44382.94
50 44373.60

300 44367.67

1 44362.75
10 44349.11
30 44324.51

200 44288.92
100 44286.37

1 44254.61
20 44249.40
20 44248.75
30 44244.33

1 44235.36
2 44211.36
1 44179.01
1 44154.58

100 44141.62
50 44140.39

30 44133.53
20 44125.87

1 44121.14
1 44076.72

100 44068.98
2 44051.64

300 44044.77
50 44025.13
50 44022.12
50 43993.47

20 43986.87
15bl 43955.33
15 43946.48

400 43942.42
200 43933.06
200 43930.11

10 43925.42
60 43917.95
10 43911.53

50362 1-
49088 2-
59059 2-
55366 1-
88592' 2-
49541 4-
49088 2-
58730 4-
90255' 4-
90588' 3-

48734 1-
52697 4-

103276' 4-
46601 4-
44655 4-
51425 3-
46962 5-
32418 1-
58893 3-
90255' 4-

46601 4-
58893 3-
51482 2-
35129 5-
48854 0-

103621' 5-
43461 3-
52811 1-
46299 3-
46299 3-

91006' 5-
32587 3-
43561 3-
59059 2-
89503' 4-
91050' 3-
36164 4-

103276' 4-
72356 2-
52697 4-

49088 2-
51425 3-
47978 2-
90588' 3-
51482 2-
89100' 4-
46962 5-
50362 1-
42404 1-
32843 2-

46601
46299
55366
50481
34225
43461
50362
52811
42404
43561

4-
3-
I-
6-
4-
3-
I-
I-
I-
3-

95016' 1
93709' 1

103667' 3
99952' 2

133151 3
94098' 4
93642' 2
103276' 4
134799 5
135112 2

93222' 1
97184' 4

147752 5
91050' 3
89100' 4
95856' 3
91387' 4
76836' 2

103303' 2
134665 3

91006' 5
103276' 4
95856' 3
79497' 4
93222' 1

147984 6
87810' 3
97135' 0
90588' 3
90586' 2

135261 4
76836' 2
87810' 3

103303' 2
133739 4
135261 4
80343' 5

147431 4
116497' 3
96838' 3

93222' 1
95551' 2
92099' 2

134665 3
95551' 2

133151 3
91006' 5
94387' 2
86426' 2
76836' 2

90588' 3
90255' 4
99313' 1
94424' 7
78158' 3
87391' 3
94292' 1
96736' 1
86322' 0
87473' 2

2276.942
2278.079
2278.544
2280.117
2280.835
2280.987
2282.782
2283.478
2284.433
2286.316

2287.128
2287.264
2287.830
2289.200
2289.516
2290.065
2292.101
2292.559
2293.532
2293.672

2294.974
2295.3 10
2296.375
2296.558
2298.243
2299.300
2300.629
2301.171
2301.446

2301.766
2302.502
2304.255
2305.278
2306.257
2306.493
2307.210
2308.109
2309.823
2309.905

23 10.800
2311.381
2311.682
23 12.539
2313.194
2313.545
2313.718
2313.868
23 14.428
2316.175

2316.327
2316.498
2316.745
2317.912
2320.100
2320.989
2323.928
2325.552
2326.088
2326.226

30 43904.99
1 43883.08
2 43874.12

10 43843.86
150 43830.06
50 43827.14
2 43792.68
5 43779.33

100 43761.03
1 43724.99

2 43709.47
1 43706.87
1 43696.06

200 43669.91
1 43663.88

200 43653.42
2 43614.65
3 43605.93

50 43587.44
20 43584.78

600 43560.05
50 43553.67
20 43533.48

200 43530.01
200 43498.10
50 43478.10

3 43452.99
20 43442.75
10 43437.56

1 43431.53
8 43417.64

200 43384.62
50 43365.37
50 43346.96

200 43342.52
10 43329.06
60 43312.18

100 43280.04
100 43278.51

1 43261.75
20 43250.87

1 43245.24
10 43229.22
1 43216.98

50 43210.42
1 43207.19

50 43204.39
100 43193.94
30 43161.36

5 43158.53
10 43155.34
3 43150.74

100 43129.02
50 43088.35

8 43071.85
100 43017.38
100 42987.34

1 42977.44
5 42974.89

-.001
.005

-. 003
.004

-. 002
.003

-.004
.005
.000

-. 001

.001

.009

.001
-. 002
-. 002

.003

.006

.008
-. 001

.007

.000

.000
-. 002
-. 003
-. 002
-. 001

.001

.000
-.001
-. 003

-. 001
-. 002
-. 002
-. 008
-. 004
-. 001
-. 001

.000
-. 006
-. 006

-. 006
-. 003
-. 002
-. 004
-. 002
-. 003
-. 007
-. 007
-. 004
-. 005

-. 002
.002

-. 002
.003

-.001
-.001
-. 002
-. 004
-. 002

.003

42521 2-
90301' 1 -
91387' 4-
44655 4-
43561 3-
58730 4-
91006' 5-
50318 5-
42665 2-
92254' 5-

90586' 2-
90588' 3-
47978 2-
49088 2-
58893 3-
46601 4-
91050' 3-
72187 3-
52697 4-
32387 2-

35129 5-
32418 1-
51482 2-
51425 3-
59059 2-
56741 2-
32519 1-
56741 2-
72356 2-
91674' 2-

98562' 3-
32398 4-
33452 3-
48734 1-
50362 1-
49541 4-
53407 0-
72481 1-
50362 1-
42404 1-

87810' 3-
51425 3-
91050' 3 -
32587 3-
49541 4-
56741 2-
90301' 1-
46299 3-
51482 2-
42521 2-

52697 4-
44655 4-
90588' 3-
32843 2-
46601 4-
47978 2-
42665 2-
50318 5-
90586' 2-
90588' 3 -

86426' 2
134185 1
135261 4
88499' 3
87391' 3

102557' 3
134799 5
94098' 4
86426' 2

135979 6

134295 3
134295 3
91674' 2
92758' 3

102557' 3
90255' 4

134665 3
115794' 2
96285' 5
75972' 1

78689' 6
75972' I
95016' 1
94955' 4

102557' 3
100219' 2
75972' 1

100184' 1
115794' 2
135112 2

141993 3
75816' 4
76836' 2
92099' 2
93709' 1
92884' 5
96736' 1

115794' 2
93642' 2
85683' 1

131072 2
94676' 3

134295 3
75816' 4
92758' 3
99952' 2

133508 0
89503' 4
94676' 3
85683' 1

95856' 3
87810' 3

133739 4
75972' 1
89689' 5
91050' 3
85683' 1
93306' 6

133563 2
133563 2

681

2238.758
2240.419
2241.065
2242.171
2243.483
2243.643
2243.784
2244.163
2244.250
2245.306

2247.100
2247.163
2247.743
2249.090
2249.283
2250.005
2250.268
2250.636
2251.041

2251.288
2252.420
2252.894
2253.195

2253.445
2254.138
2255.389
2257.202
2257.332

2258.952
2259.218
2259.251
2259.477
2259.935
2261. 162
2262.818
2264.070
2264.735
2264.798

2265.150
2265.543
2265.786
2268.070
2268.468
2269.361
2269.7 15
2270.728
2270.883
2272.362

2272.703
2274.334
2274.792
2275.002
2275.487
2275.640

2275.883
2276.270
2276.603

.001

.004

.000

.000

.002

.002

.002

.002

.002

.003

.002

.003

.004

.004

.003

.001

.001

.001

.002

.006

.003

.001

.001

.002

.006

.003

.004

.001

.002

.003

.002

.002

.007
.002
.002
.005
.008
.005
.007
.001

.005

.001

.003

.006

.003

.001

.001
_.001

.001

.003

.000

.007

.003

.001
-.001

.003
-.002
-. 002

.000

.001
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Table 3. Classified lines of Mo tin-Continued

Wavelength Int.a Wavenumber O-C Classification 1 Wavelength Int.' Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm' ) (A) Level J Level J

1 42973.37
50 42965.15
20 42961.78
40 42940.22
20 42925.35
10 42904.99
30 42904.27
10 42902.25
100 42887.89
20 42865.04

-. 005
.002
.001
.000

-.004
-. 009
-.003

.001

.000
.001

2332.476 20 42859.74 .002
2332.687 50 42855.87 -. 007
2334.398 20 42824.46 .001
2334.814 3 42816.83 .007
2335.194 5 42809.86 -.004
2335.286 3 42808.18 -. 001
2336.439 50 42787.05 .003

.004
2336.646 20 42783.26 -.004
2338.969 40 42740.77 -. 002

2339.205 3 42736.46 .002
2339.305 1 42734.64 -. 008
2339.680 30 42727.79 .001
2340.499 20 42712.84 .000
2341.660 50 42691.66 .001
2342.720 10 42672.35 .000
2343.168 80 42664.19 .001
2344.102 5 42647.19 -. 005
2344.327 50 42643.10 .004
2344.788 50 42634.72 -. 001

2347.481 20 42585.81 .000
2348.292 1 42571.10 .001
2348.608 50 42565.38 -. 001

.007
2349.732 3h 42545.02 -. 002
2349.911 100 42541.78 -. 002
2355.845 1 42434.63 -. 003
2357.204 20 42410.17 -. 002
2357.582 50 42403.37 -. 002
2357.634 15 42402.43 .007

2357.844 40 42398.65 -. 001
2359.760 300 42364.23 .002
2360.463 1 42351.62 .003
2361.260 10 42337.32 -. 003
2361.419 3 42334.47 -. 002
2361.590 5 42331.41 .001
2362.042 1 42323.31 .003
2363.105 1 42304.27 -. 006
2363.766 30 42292.44 .002
2365.696 2 42257.94 -. 003

2366.290 200 42247.33 .000
2366.850 10 42237.34 .000
2367.884 1 42218.90 -. 004
2368.011 2 42216.63 -. 001
2368.650 15 42205.24 .001
2368.963 70 42199.67 -. 002
2370.026 100 42180.74 .001
2371.205 30 42159.77 -. 007
2372.468 15 42137.33 .001
2372.981 150 42128.22 -. 001

92884'
43461
51425
48734
42404
51482
42404
46601
34225
43561

50362
54853
50481
33155
51482
42521
42521
88592'
50318
52811

44655
89689'
46962
49541
51425
51425
42665
54191
42665
51482

49088
56741
50318
92099'
92254'
46962
43461
50318
72187
50481

54191
33452
91387'
32387
43561
54853
47978

106511'
46299
52697

50481
44655
93222'
51425
52811
46299
64331
51482
32587
58730

5- 135857 4
3- 86426' 2
3- 94387' 2
I- 91674' 2
1 - 85329' 2
2- 94387' 2
1 - 85308' 1
4- 89503' 4
4- 77113' 5
3- 86426' 2

1- 93222' 1
5- 97709' 5
6- 93306' 6
0- 75972' 1
2- 94292' 1
2- 85329' 2
2- 85308' 1
2- 131379 2
5- 93102' 4
I- 95551' 2

4- 87391' 3
5- 132424 6
5- 89689' 5
4- 92254' 5
3- 94117' 3
3- 94098' 4
2- 85329' 2
2- 96838' 3
2- 85308' 1
2- 94117' 3

2- 91674' 2
2- 99313' 1
5- 92884' 5
2- 134665 3
5- 134799 5
5- 89503' 4
3- 85896' 4
5- 92728' 6
3- 114591' 3
6- 92884' 5

2-
3-
4-
2-
3-
5-
2-4-
3-
4-
6-
4-
I-
3-
I-
3-
3-
2-
3-
4-

96589' 2
75816' 4

133739 4
74724' 3
85896' 4
97184' 4
90301' 1

148816 5
88592' 2
94955' 4

92728' 6
86892' 5

135441 2
93642' 2
95016' 1
88499' 3

106511' 4
93642' 2
74724' 3

100858' 4

2377.137 300 42054.57 .000
2381.145 200 41983.79 .001
2381.431 10 41978.75 .001
2382.221 15 41964.83 .001
2382.408 50 41961.54 .002
2383.877 150 41935.68 .001
2384.650 100 41922.09 .001
2386.051 100 41897.47 .009

.009
2386.185 20 41895.12 .000

2386.260
2386.969
2387.709
2388.660
2388.997
2390.444
2390.948
2393.176
2393.442
2393.604

2395.227
2395.824
2399.242
2399.354
2399.756
2402.041
2402.603
2403.043
2403.627
2404.468

50 41893.80
500 41881.36

1 41868.38
30 41851.72

200 41845.81
100 41820.48
50 41811.67
50 41772.75
20 41768.10
3 41765.28

20 41736.98
50 41726.58
40 41667.14

100 41665.19
30 41658.22

5 41618.59
80 41608.86

2 41601.24
200 41591.13
30 41576.58

.003

.004
-.001
-. 003

.001

.000

.002

.009

.007

.002

-.001
.000
.003
.001
.003
.005
.003

-.001
.000
.003

2404.995 50 41567.47 .001
-. 003

2408.269 1 41510.97 .006
2408.410 20 41508.54 .005
2408.684 100 41503.82 .002
2409.072 2h 41497.13 .008
2409.971 50 41481.65 -.004
2410.101 300 41479.42 .007
2410.342 1 41475.27 .004
2410.676 5 41469.52 .001

2410.925
2412.718
2412.856
2413.581
2414.709
2418.342
2418.587
2418.657
2419.872
2422.190

2422.578
2425.068
2425.678
2425.919
2428.725
2428.783
2430.875
2433.363
2434.208
2434.560

100 41465.24
300 41434.43
100 41432.06

1 41419.62
100 41400.27

1 41338.08
50 41333.89
20 41332.70
80 41311.94

300 41272.41

1 41265.80
30 41223.43
50 41213.07
5 41208.97

50 41161.37
100 41160.39

1 41124.97
2 41082.92

50 41068.66
30 41062.72

-. 001
.004

-.001
.000
.002

-. 001
-. 004

.001

.001

.004

.000
-. 001

.002

.006
-. 002
-. 001

.005
-. 002

.001
-. 002

54853
35129
52697
58893
49088
50318
77557
88067
46601
72187

49088
32843
43461
48734
49541
56741
42404
50481
43561
94117'

50362
72356
58730
54191
72356
94955'
53407
72481
34225
52811

48734
72481
46299
49541
58893
49088
52811
46962

103621'
93642'

49541
32418
54853
52697
52697
59059
32519
51425
50362
33452

32587
55366
49088
46601
47978
59059
59059
43461
50318
42521

5 - 96907' 6
5 - 77113' 5
4 - 94676' 3
3 - 100858' 4
2 - 91050' 3
5 - 92254' 5
2 - 119479' 3
2 - 129964' 3
4 - 88499' 3
3 - 114083' 2

2- 90982' 2
2- 74724' 3
3- 85329' 2
1- 90586' 2
4- 91387' 4
2- 98562' 3
I- 84216' 0
6- 92254' 5
3- 85329' 2
3- 135882 3

1 - 92099' 2
2- 114083' 2
4- 100397' 3
2- 95856' 3
2- 114014' 1
4- 136574 4
0- 95016' 1
1- 114083' 2
4 - 75816' 4
1- 94387' 2

1- 90301' 1
1- 114014' 1
3- 87810' 3
4- 91050' 3
3- 100397' 3
2- 90586' 2
1- 94292' 1
5- 88441' 6
5- 145096 4
2- 135112 2

4- 91006' 5
1- 73853' 2
5- 96285' 5
4- 94117' 3
4- 94098' 4
2- 100397' 3
1- 73853' 2
3- 92758' 3
I- 91674' 2
3- 74724' 3

3- 73853' 2
1- 96589' 2
2- 90301' 1
4- 87810' 3
2- 89139' 1
2- 100219' 2
2- 100184' 1
3- 84544' 4
5- 91387' 4
2- 83584' 3

682

2326.308
2326.753
2326.936
2328.104
2328.911
2330.016
2330.055
2330.165
2330.945
2332. 188

I
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Table 3. Classified lines of Mo inn-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-n) (A) Level J Level J (A) (cm-') (A) Level J Level J

1 41058.41
1 41053.38
5 41046.76

100 41041.47
300 41009.92
80 40982.75
1 40926.92

30 40918.78
lh 40901.64

30 40898.42

1 40893.82
50 40892.62
15 40885.29
60 40831.44

150 40713.34
15 40688.10
50 40687.07
70 40673.58

2 40620.04
20 40616.72

10 40613.59
20 40525.24
80 40499.31

150 40485.51
10 40411.21
50 40405.49

200 40404.07
60 40400.84

1 40393.25
500 40291.04

1 40248.64
20 40223.46
50 40196.45

300 40186.19
1 40150.46

300 40148.23
200 40122.94

3 40106.10
10 40102.58
5 40101.39

50 40096.40
15 40060.62

200 40051.10
300 40022.73
200 40018.29
30 39994.58

100 39962.27
50 39961.57

2 39939.22
50 39936.23

50 39935.44
200 39930.52
50 39926.38
3h 39919.32
1 39904.45

500 39889.20
100 39874.37
100 39857.77

8 39831.99
80 39779.30

58893 3-
92728' 6-
49541 4-
48734 1-
32843 2-
43561 3-
94955' 4-
42665 2-
94955' 4-
52811 1-

77557
59059
53407
52811
49541
50318
35129
51425
50362
51482

47978
50481
34225
54191
52811
48734
52697
33452
92758'
46601

99952' 2
133782 5
90588' 3
89775' 0
73853' 2
84544' 4

135882 3
83584' 3

135857 4
93709' 1

2- 118451' 2
2- 99952' 2
0- 94292' 1
1- 93642' 2
4- 90255' 4
5- 91006' 5
5- 75816' 4
3- 92099' 2
I- 90982' 2
2- 92099' 2

2- 88592' 2
6- 91006' 5
4- 74724' 3
2- 94676' 3
1 - 93222' 1
1- 89139' 1
4- 93102' 4
3- 73853' 2
3- 133151 3

4- 86892' 5

51425 3-
50362 1-
54191 2-
52697 4-
92884' 5-
49541 4-
43461 3-
96285' 5-
54853 5-
54191 2-

56741
52697
49088
43561
42521
56741
49541
51425
50362
50318

48734
46962
54191
92254'
90982'
44655
42665
48734
58730
77557

2-
4-
2-3-
2-
2-
4-
3-
I-
5-
I-
5-
2-
5-
2-
4-
2-
1-
4-
2-

91674' 2
90586' 2
94387' 2
92884' 5

133034 4
89689' 5
83584° 3

136391 5
94955' 4
94292' 1

96838' 3
92758' 3
89139' 1
83584' 3
82540' 2
96736' 1
89503' 4
91387' 4
90301' 1
90255' 4

88669' 0
86892' 5
94117' 3

132173 4
130886 1
84544' 4
82540' 2
88592' 2
98562' 3

117336' 2

2519.782
2521.3 19
2522.943
2524.711
2525.804
2526.573
2527.139
2527.261

2529.718

2530.668
2530.706
2530.901
2531.214
2534.013
2536.633
2539.174
2541.418
2544.112
2545.772

2547.336
2549.715
2551.227
2552.694
2552.857
2555.827
2556.412
2556.578
2556.985
2558.184

2560.406
2561.299
2561.340
2561.935
2564.755
2565.122

2566.120
2566.919
2567.251

2567.676
2567.992
2568.200
2572.170
2572.341
2573.144
2575.289
2575.899
2578.062
2580.610

1 39674.03 -. 008
3 39649.85 .000

20 39624.33 .004
200 39596.58 .002

1 39579.45 -. 006
50 39567.40 .002
10 39558.54 -. 003

100 39556.63 .004
-. 005

2 39518.21 .000

30 39503.38
20 39502.78
30 39499.74
3 39494.86

20 39451.24
10 39410.49
30 39371.05
8 39336.29

100 39294.64
2h 39269.02

150 39244.91
50 39208.30
15 39185.06
20 39162.54
10 39160.04
8 39114.54

15 39105.59
30 39103.05

5 39096.83
100 39078.50

1 39044.59
10 39030.98
1 39030.36

100 39021.29
200 38978.39
100 38972.81

80 38957.66
3 38945.53

10 38940.50

20 38934.05
100 38929.26

3 38926.11
3 38866.03
8 38863.45
1 38851.32
1 38818.96
1 38809.77

50 38777.21
1 38738.93

-. 003
-. 001
-.001
-. 002

.003
-.001

.002
-.004
-. 002

.000

.000
-. 001
-. 002

.001

.003

.001

.000

.005

.002

.001

-. 003
.009
.003

-. 004
-.001
-.001
-. 005
-. 008

.002

.002

.003
-.001

.005

.007

.002
-. 001
-. 001

.009

.001

.003

2581.751 2 38721.81 .008
2583.911 15 38689.44 .006
2584.385 3 38682.34 .009
2592.094 30 38567.31 .004
2593.366 200 38548.39 -. 008
2595.352 300 38518.90 -. 003

.003
2597.129 300 38492.54 .002

-. 005
2599.717 5 38454.23 .005

103276' 4-
55366 1-
51425 3-
46299 3-
92758' 3-
51482 2-
49541 4-
51425 3-
52697 4-
54191 2-

49088 2-
59059 2-
51482 2-
47978 2-
54191 2-
49088 2-
50318 5-
64331 3-
46601 4-
88067 2-

54853 5-
50481 6-
50318 5-
51425 3-
51425 3-
56741 2-
51482 2-
51482 2-
48734 1-
43461 3-

96838' 3-
54191 2-
46299 3-
55366 1-
43561 3-
64331 3-
92099' 2-
49541 4-
64331 3-
77557 2-

46962 5-
44655 4-
55366 1-
91098 4-
52811 1-
96589' 2-
51482 2-
56741 2-
50362 1-
48734 1-

49088 2-
52697 4-
97709' 5-
54191 2-
43461 3-
42521 2-
93709' 1-
95016' 1-
44655 4-
58730 4-

142950 5
95016' 1
91050' 3
85896' 4

132337 3
91050' 3
89100' 4
90982' 2
92254' 5
93709' 1

88592' 2
98562' 3
90982' 2
87473' 2
93642' 2
88499' 3
89689' 5

103667' 3
85896' 4

127336' 2

94098' 4
89689' 5
89503' 4
90588' 3
90586' 2
95856' 3
90588' 3
90586' 2
87831' 1
82540' 2

135882 3
93222' 1
85329' 2
94387' 2
82540' 2

103303' 2
131072 2
88499' 3

103276' 4
116497' 3

85896' 4
83584' 3
94292' 1

129964' 3
91674' 2

135441 2
90301' 1
95551' 2
89139' 1
87473' 2

87810' 3
91387' 4

136391 5
92758' 3
82009' 4
81040' 3

132228 2
133508 0
83147' 5
97184' 4

683

2434.816
2435.114
2435.507
2435.821
2437.695
2439.311
2442.639
2443.125
2444.149
2444.341

2444.616
2444.688
2445.126
2448.351
2455.454
2456.977
2457.039
2457.854
2461.094
2461.295

2461.485
2466.852
2468.431
2469.273
2473.813
2474.163
2474.250
2474.448
2474.913
2481.192

2483.806
2485.361
2487.03 1
2487.666
2489.880
2490.018
2491.588
2492.634
2492.853
2492.927

2493.237
2495.464
2496.057
2497.827
2498.104
2499.585
2501.606
2501.650
2503.050
2503.237

2503.287
2503.595
2503.855
2504.298
2505.231
2506.189
2507.121
2508.165
2509.789
2513.113

.002

.002
.002
.000
.001
.000
.008
.001
.002
.002

.001
.002
.002
.001
.002
.002
.002
.004
.002
.003

.000

.002

.001

.001

.006

.001

.002

.006

.002

.000

.000

.003

.000

.002

.003

.000

.002

.005

.005

.002

.003

.001

.002

.002
.001
.002
.006
.002
.002
.001

.002

.001

.003

.004

.007

.002

.000

.002
.005
.001
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Table 3. Classified lines of Mo III-Continued

Wavelength Int.2 Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm' ) (A) Level J Level J (A) (cmn-) (A) Level J Level J

20 38452.73
200 38448.33
30 38384.60

100 38374.96
100 38352.23
15 38308.90

1 38307.15
80 38290.94
5 38285.41

15 38275.97

20 38274.36
8 38270.65

50 38248.70
10 38244.96
20 38236.59
80 38229.53
20 38226.47

1 38203.79
20 38171.52
30 38122.81

10 38107.82
30 38078.01
5 38076.87
1 38056.21

100 38030.82
300 37960.04
20 37942.94
20 37908.35

100 37890.53
50 37875.61

50 37778.71
2 37696.11

50 37688.72
10 37656.95
20 37645.84
20 37582.39
50 37579.11
30 37357.05
20 37554.92

1 37552.36

20 37550.75
10 37529.77
80 37478.91
2 37457.16

30 37401.17
50 37375.71

100 37354.58
1 37330.48

10 37284.94
30 37166.18

2692.734 20 37125.95 .002
2693.837 20 37110.75 -.003

-. 002
2693.949 15 37109.21 -. 001
2696.560 10 37073.28 .002
2697.288 50 37063.27 -. 004
2699.432 10 37033.84 .000
2700.709 20 37016.33 .001
2702.492 200 36991.91 .003
2702.887 100 36986.50 .000

54853
47978
49088
42665
52697
52697
50362
58893
91098
55366

5- 93306' 6
2- 86426' 2
2- 87473' 2
2- 81040' 3
4- 91050' 3
4- 91006' 5
I- 88669' 0
3- 97184' 4
4- 129383' 4
I- 93642' 2

56741 2-
93642' 2-
54853 5-
46299 3-
77557 2-
50362 1-
64331 3-
93709' 1-
52811 1-
50318 5-

58730 4-
51425 3-
97184' 4-
94117' 3-
54853 5-
50481 6-
46601 4-
54191 2-
52697 4-
54853 5-

59059 2-
58893 3-
42665 2-
51482 2-
56741 2-
46962 5-
43461 3-
52697 4-
58730 4-
97709' 5-

56741 2-
94117' 3-
43561 3-
96838' 3-
54853 5-
56741 2-
44655 4-
47978 2-
46299 3-
51425 3-

58730 4-
50362 1-
97184' 4-
51482 2-
51425 3-
42404 1-
77557 2-
51482 2-
52697 4-
42521 2-

95016' 1
131913 2
93102' 4
84544' 4

115794' 2
88592' 2

102557' 3
131913 2
90982' 2
88441' 6

96838' 3
89503' 4

135261 4
132173 4
92884' 5
88441' 6
84544' 4
92099' 2
90588' 3
92728' 6

96838' 3
96589' 2
80354' 3
89139' 1
94387' 2
84544' 4
81040' 3
90255' 4
96285' 5

135261 4

94292' 1
131647 2

81040' 3
134295 3
92254' 5
94117' 3
82009' 4
85308' 1
83584' 3
88592' 2

95856' 3
87473' 2

134295 3
88592' 2
88499' 3
79467' 2

114591' 3
88499' 3
89689' 5

79508' 3

2703.153
2704.271
2704.479
2704.632
2705.841
2709.180
2709.750
2712.237
2713.440
2716.151

2716.428
2717.127
2717.227
2718.088
2721.532
2727.112
2728.896
2730.739
2731.761
2731.853

2733.391
2734.272
2735.456
2735.684
2736.383
2739.505

2742.344
2744.485
2745.618

2746.643
2746.838
2746.860
2749.877
2750.350
2750.350
2753.392
2755.378
2758.470
2758.515

2759.679
2760.073
2761.528
2762.711
2764.390
2764.968
2765.165
2768.461
2773.303
2774.220

2775.666
2776.012
2776.467
2777.691
2780.036
2780.300
2781.100
2781.957
2784.005
2784.215

50 36982.86
50 36967.57
15 36964.73
5 36962.64

100 36946.13
1 36900.59

80 36892.83
IO 36859.00
1 36842.66

200 36805.89

20 36802.14
30 36792.67
20 36791.32

1 36779.66
1 36733.12

20 36657.97
1OO 36634.00

5 36609.28
1 36595.59
1 36594.35

300 36573.76
1 36561.98

20 36546.16
50 36543.11
50 36533.78
15 36492.14

1 36454.37
50 36425.93
50 36410.90

2
10
5

100
50
50
15
50
50
20b1

36397.3 1
36394.73
36394.44
36354.51
36348.26
36348.26
36308.10
36281.93
36241.27
36240.67

20 36225.39
10 36220.22
10 36201.14

200 36185.63
20 36163.66
50 36156.10
20 36153.52

2 36110.48
8 36047.44
5 36035.52

5 36016.75
3 36012.26

15 36006.36
10 35990.50

100 35960.14
1 35956.73

50 35946.38
50 35935.31

1 35908.88
100 35906.17

.006
-. 001

.001
-. 001
-. 002

.002

.003

.004
-. 008
-.001

.001

.004

.003
-. 002
-.004

.001
-. 001
-. 001

.005

.002
-. 005

.002
-. 003

.001
-. 005

.005

.000

.004

.000

.000

.007

-. 007
.002

-. 002
.001
.005

-.004
-. 002

.004
-.001
-. 009

-.001
-.001
-.010

.002

.000

.000

.002

.008
-. 003
-. 004

-. 003
-.008
-. 004
-. 006
-. 005
-.001
-. 010

.002

.003
.000

46601
56741
52811
58893
42521
56741
43461
54191
42665
52697

42665
43561
54191
94292'
55366
58893
43461
42404
48734
49088
94292'

50318
96589'
46601
42404
43561
42521
59059
48854
42521
50481

4 - 83584' 3
2- 93709' 1
1- 89775' 0
3- 95856' 3
2- 79467' 2
2- 93642' 2
3 - 80354' 3
2- 91050' 3
2- 79508' 3
4- 89503' 4

2- 79467' 2
3- 80354' 3

2- 90982' 2
1- 131072 2
1- 92099' 2
3 - 95551' 2
3- 80095' 4

- 79013' 2
- 85329' 2

2- 85683' 1
- 130886 1

5 - 86892' 5
2 - 133151 3
4- 83147' 5
I- 78947' 1
3 - 80095' 4
2- 79013' 2
2 - 9555 1 2
0- 85308' 1
2- 78947' 1
6- 86892' 5

54191 2 -

54191 2 -

106803' 3 -

49541 4 -
51482 2 -
42665 2 -
55366 1 -
42665 2 -
49088 2 -
46299 3 -

58730
49088

106511°
46962
42404
42521
54853
54191
51425
43461

56741
42665
43461
51482
50362
59059
58730
43561
51482
43561

4-
2-
4-
5-
I-

2-
5-
2-
3-
3-

2-
2-
3-
2-
I-
2-
4-
3-
2-
3-

90588' 3
90586' 2
143198 4
85896' 4
87831' 1
79013' 2
91674' 2
78947' 1
85329' 2
82540' 2

94955' 4
85308' 1

142712 5
83147' 5
78568' 0
78677' 1
91006' 5
90301' 1
87473' 2
79497' 4

92758' 3
78677' 1
79467' 2
87473' 2
86322' 0
95016' 1
94676' 3
79497' 4
87391' 3
79467' 2

684

2599.818
2600.116
2604.433
2605.087
2606.631
2609.580
2609.699
2610.804
2611.181
2611.825

2611.935
2612.188
2613.687
2613.943
2614.515
2614.998
2615.207
2616.760
2618.972
2622.319

2623.350
2625.404
2625.483
2626.908
2628.662
2633.564
2634.751
2637.155
2638.395
2639.435

2646.205
2652.004
2652.524
2654.762
2655.545
2660.029
2660.261
2661.824
2661.975
2662.156

2662.270
2663.759
2667.374
2668.923
2672.918
2674.739
2676.252
2677.980
2681.251
2689.819

.001

.001
-. 002
-. 003

.007

.003

.000

.001
-. 006

.005

.005

.008
-. 003
-. 002

.000
-.003
.001
.003
.001
.001

.003
-. 005
-. 006

.007

.001
-. 001

.000
-.003
-. 003

.000

.002
-. 003

.000
-. 001
-. 003

.002
-.003

.003
-.001

.008

.001
.007
.001
.000
.000

-.002
.002

-. 001
.000

-. 001
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Table 3. Classified lines of Mo sii-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-') (A) Level J Level J

10 35888.82
100 35801.26

1 35781.07
10 35710.33

300 35699.19
100 35687.85

5 35621.10
1 35616.16

20 35577.41
20 35552.36

10 35493.92
5 35492.76

30 35452.21
5 35440.36

10 35401.76
20 35387.21
15 35367.89
1 35335.44
15 35233.07
15 35223.79

100 35219.55
3 35204.43

10 35047.77
50 35020.16

1 35002.91
5 35000.94

40 34967.37
1 34946.37
8 34935.33

15 34932.71
100 34853.10
30 34841.81

300 34836.61
1 34789.26

200 34741.22
20 34662.27
10 34650.57

200 34596.55
20 34582.93

50 34495.81
3 34470.22

20 34439.08
80 34423.82
50 34409.33
50 34400.84
5 34371.59

80 34315.00
50 34308.38
20 34250.46

20 34240.71
1 34208.21
5 34200.22

30 34194.67
50 34171.08

3 34054.96
30 33904.14
10 33864.82
8 33856.66

50 33853.89

64331
52697
52811
46299
44655
44655
64331
55366
50318
43461

58893
42665
43561
44655
54853
58730
58730
96838'
59059
58893

55366
58893
46962
52811
49541
51425
98562'
50362
50362
55366

56741
44655
44655
54853
96589'
46299
52811
54853
43561
59059

49088
51425
46601
53407
55366
54191
58730
42521
56741
99313'

56741
58893
51482
52697
42665
46299
51425
58893
62879
50362

3-
4-
1-
3-
4-4-
3-
1-
5-
3-
3-
2-
3-
4-
5-
4-
4-
3-2-
3-
1-
3-
5-
1-
4-
3-
3-
1-
1-
1-
2-
4-
4-
5-
2-
3-
1-
5-
3-
2-
2-
3-
4-
0-
1-2-
4-
2-
2-
1-
2-
3-
2-
4-
2-
3-
3-
3-
0-
1-

100219' 2
88499' 3
88592' 2
82009' 4
80354' 3
80343' 5
99952' 2
90982' 2
85896' 4
79013' 2

94387' 2
78158' 3
79013' 2
80095' 4
90255' 4
94117' 3
94098' 4

132173 4
94292' 1
94117' 3

90586' 2
94098' 4
82009' 4
87831' 1
84544' 4
86426' 2

133563 2
85329' 2
85308' 1
90301' 1

91674' 2
79508' 3
79497' 4
89689' 5

131379 2
81040' 3
87473' 2
89503' 4
78158' 3
93642' 2

83584' 3
85896' 4
81040' 3
87831' 1
89775' 0
88592' 2
93102' 4
76836' 2
91050' 3

133563 2

90982' 2
93102' 4
85683' 1
86892' 5
76836' 2
80354' 3
85329' 2
92758' 3
96736' 1
84216' 0

2953.595
2953.857
2955.436
2957.206
2958.059
2961.844
2962.833
2971.788
2976.357
2982.066

2983.171
2983.927
2984.740
2988.627
2994.838
2995.362
3001.542
3003.749
3004.382
3008.851

3010.377
3010.653
3011.120
3011.33 1
3014.045
3018.571
3023.722
3039.040
3041.209
3049.684

3058.638
3060.380
3061.228
3065.181
3070.415
3074.234
3076.230
3079.367
3080.010
3085.723

3089.823
3097.338
3097.407
3099.422
3101.223
3101.264
3106.860
3 108.682
3108.892
3109.068

3113.699
3114.201
3118.345
3120.263
3138.795
3154.194
3154.552
3167.977
3174.514
3175.761

50 33847.15
50 33844.15
20 33826.07
30 33805.82

1 33796.07
20 33752.89
20 33741.62
50 33639.95
20 33588.31

1 33524.01

20
300
20

200bl
100
100
100
80

200
100

33511.59
33503.10
33493.98
33450.42
33381.05
33375.21
33306.49
33282.02
33275.01
33225.59

15 33208.75
2 33205.70
5 33200.55

40 33198.23
1 33168.34

200 33118.61
5 33062.19

20 32895.55
10 32872.09

1 32780.74

1 32684.78
30 32666.18
10 32657.13

1 32615.02
8 32559.42

100 32518.98
30 32497.88
15 32464.77

100 32457.99
5 32397.90

30 32354.91
10 32276.42
10 32275.70
50 32254.71
1 32235.98

10 32235.56
100 32177.50
15 32158.64
3 32156.47

10 32154.65

1 32106.83
50 32101.65
8 32058.99
3 32039.29

100 31850.13
5 31694.64

20 31691.04
10 31556.75
1 31491.77

15 31479.40

-. 003
-. 004

.000
-. 001
-. 004

.002
-. 001

.000
-. 001

.003

.000

.003

.004

.010

.003
-. 001

.008

.003

.004

.000

.000

.002
-. 001

.001

.001

.001

.002
-. 003

-.004
-. 002

.000
-. 004

-. 010
-. 007

-.001
-. 005

.000
-. 004

.000

.001

-. 003

.001

.001

.003

.007

.001

.006
-. 001

.001

.000

.000

.001
-. 004

-.001
.005
.000
.003
.009
.010
.006

51482
56741
51482
48734
46299
46601
46601
54191
54853
58730

52811
44655
46601
42521
46962
43461
42665
54191
43561
55366

46299
58893
54191
52697
46299
51425
47978
46601
52811
58893

72356
50481
58730
59059
72481
52811
52811
55366
44655
56741

43461
58730
53407
43561

103621'
54191
50362
51425
58893
72356

55366
51482
42665
54853
56741
58893
50318
46601
54191
72187

2- 85329' 2
2- 90586' 2
2- 85308' 1
1- 82540' 2
3- 80095' 4
4- 80354' 3
4- 80343' 5
2- 87831' 1
5- 88441' 6
4- 92254' 5

1- 86322' 0
4- 78158' 3
4- 80095' 4
2- 75972' 1
5- 80343' 5
3- 76836' 2
2- 75972' 1
2- 87473' 2
3- 76836' 2
1- 88592' 2

3- 79508' 3

3- 92099' 2
2- 87391' 3
4- 85896' 4
3- 79467' 2
3- 84544' 4
2- 81040' 3
4- 79497' 4
1- 85683' 1
3- 91674' 2

2- 105041' 1
6- 83147' 5
4- 91387' 4
2- 91674' 2
1- 105041' 1

1- 85329' 2
1- 85308' 1

1- 8783 1' 1
4- 77113' 5
2- 89139' 1

3- 75816' 4
4- 91006' 5
0- 85683' 1
3- 75816' 4
5- 135857 4
2- 86426' 2
1- 82540' 2
3- 83584' 3

3- 91050' 3

2- 104511' 2

1- 87473' 2
2- 83584' 3
2- 74724' 3
5- 86892' 5

2- 88592' 2
3- 90588' 3

5- 82009' 4
4- 78158' 3
2- 85683' 1
3- 103667' 3

685

2785.561
2792.374
2793.950
2799.485
2800.358
2801.248
2806.498
2806.887
2809.944
2811.924

2816.554
2816.646
2819.868
2820.811
2823.887
2825.048
2826.591
2829.187
2837.408
2838.155

2838.497
2839.716
2852.410
2854.659
2856.066
2856.227

2858.969
2860.687
2861.591

2861.806
2868.343
2869.272
2869.701
2873.607
2877.580
2884.135
2885.109
2889.614
2890.752

2898.053
2900.205
2902.827
2904.114
2905.337
2906.054
2908.527
2913.324
2913.886
2918.814

2919.645
2922.419
2923.102
2923.576
2925.595
2935.571
2948.630
2952.054
2952.765
2953.007

-. 002
-. 001
-. 005
-. 001

.001

.004
-. 001
-. 003
-. 003
-. 001

.004
-. 009

.000
-. 003

-. 004

-. 008

-. 009

.009
-. 001
-. 003

-. 002

.000

.002
-. 002

-. 005

-. 003

.006

.003
-.001

.002

-. 004

-. 004

.000
-. 003

.004
-.010
-. 003

-. 005

.009
-.001

-. 001
.007
.002

-. 002

.000
-.001
-. 005

-.001
.002

-. 007

-. 001
-. 002

.001
-. 002

-. 003

-. 005

-. 005

-. 003

.003
-. 006
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Table 3. Classified lines of Mo in-Continued

Wavelength Int.a Wavenumber O-C Classification Wavelength Int.a Wavenumber O-C Classification
(A) (cm-') (A) Level J Level J (A) (cm-,) (A) Level J Level J

3183.256 100 31405.29 .006 52811 1- 84216' 0 3220.417 3 31042.91 -. 006 54853 5 - 85896' 4
3187.736 200bl 31361.15 .007 58893 3- 90255' 4 3229.446 20 30956.12 .007 55366 1 - 86322' 0

-. 008 103303' 2- 134665 3
3190.772 30 31331.31 .003 42521 2- 73853' 2
3197.456 20 31265.82 -. 007 49088 2- 80354' 3
3197.733 1 31263.11 -. 002 43461 3- 74724' 3
3208.009 10 31162.97 -. 002 43561 3- 74724' 3
3210.507 300 31138.73 .002 54191 2- 85329' 2
3212.678 50 31117.69 .001 54191 2- 85308' 1
3218.921 5 31057.34 -. 007 51482 2- 82540' 2

a Symbols following are: h=hazy, bl=blended.

Table 4. Least-squares fitted (LSF) and Hartree-Fock with relativistic corrections (HFR)
parameter values and their ratios for the 4d 4, 4d 3 5s and 4d2 5s2 configurations of doubly
ionized molybdenum (Mo in) in cm'

Config. Parameter LSF HFR LSF/HFR

4d4 Eav 19370(12)
F2(dd) 45688(35) 58323 0.783
F4(dd) 30027(76) 37994 0.790
g4d 699(8) 700 0.999
a 31(1)
.3 -237(21)

4d3 5s Eav 49995(10) 49865 1.003
F 2(dd) 48283(40) 61345 0.787
F4(dd) 32087(81) 40177 0.799
G2(ds) 11882(30) 15321 0.776
g4d 756(9) 768 0.984
a 23(1)
l3 -102(20) a

4d2 5S2 Eav 95745(30) 99404 0.963
F2(dd) 51728(220) 64131 0.807
E4(dd) 32720(fixed) 42200 0.775
g4d 850(fixed) 837 1.015
a 30(fixed)
/3 -102(20) a

CI R2(ddds)c -12107(150) -17754 0.686b
R 2(dd,ss) 12684(160) 18454 0.686b
R2(dd,ds)c - 11868(150) -17253 0.686b

Standard deviation of the level fit = 44 cm-'

a The values of /3 for 4d 3 5s and 4d 2 5s 2 were held equal to each other.
b The values of the R2 parameters were restricted to have the same LSQ/HFR ratios.
c The first R 2 (dd,ds) is the interaction parameter between 4d4 and 4d 3 5s. The second
R 2(dd,ds) is for the 4d3 ss-4d2 5S2 interaction.
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Table 5. Least-square fitted (LSF) and Hartree-Fock with relativistic corrections (HFR)
parameter values and their ratios for the 4d3 6s and
ized molybdenum (Mo In) in cm-'.

4d3 5d configurations of doubly ion-

Config. Parameter LSF HFR LSF/HFR

4d3 6s Eav 146417(17) 144393 1.016
F2 (dd) 48943(60) 62696 0.781
F4 (dd) 30828(220) 41170 0.749
G2(ds) 2247(36) 2861 0.785
44d 804(11) 792 1.015
a 41(3)

4d3 5d Eav 147035(41) 144217 1.022
F2(dd) 49036(77) 62758 0.781
F4(dd) 30803(120) 41218 0.747
F2(4d,5d) 8598(90) 10145 0.848
F4(4d,5d) 3219(120) 4438 0.725
G°(4d,5d) 2396(70) 3456 0.693
G2 (4d,5d) 2053(80) 3466 0.592
G4 (4d,5d) 1614(110) 2702 0.597
44d 804(6) 793 1.014
g5d 102(9) 80 1.275
a 48(2)

CI R2(4dsd,4d6s) -2164(100) -2747 0.790a
R 2(4d5d,6s4d) -112(5) -141 0.790a

Standard deviation of the level fit = 33 cm-'

a The CI parameters were constrained to have the same LSQ/HFR ratios.
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Table 6. Least-squares fitted (LSF) and Hartree-Fock with relativistic corrections (HFR)
parameter values and their ratios for the 4d3 5p and 4d2 5s5p configurations of doubly
ionized molybdenum (Mo iii) in cm-.

Config. Parameter LSF HFR LSF/HFR

4d3 5p Eav 93015(37) 91474 1.017
F2(dd) 48622(120) 61908 0.785
F 4(dd) 31578(260) 40591 0.780
F2(dp) 16820(210) 21158 0.795
G'(dp) 7189(80) 8947 0.804
G3(dp) 4267(210) 7464 0.572
44d 832(24) 779 1.068
45p 1529(49) 1217 1.256
a 35(4)
/3 212(62)'

4d2 5s5p Eav 138238(50) 136752 1.011
F2(dd) 51906(340) 64574 0.804
F4(dd) 36428(550) 42528 0.857
F2(dp) 19456(230) 22847 0.852
G2(ds) 11844(350) 15246 0.777
G'(dp) 8003(190) 9207 0.869
G3(dp) 5605(500) 7900 0.709
G'(sp) 24399(180) 42122 0.579
44d 849(28) 847 1.002
45p 1841(90) 1470 1.249
a 30(fixed)
/ -212(62) a

CI R2(dd,ds) -10683(500) -17155 0.623
R2 (dp,sp) -11097(520) -17820 0.623
R'(dp,ps) - 10779(500) -17302 0.623

Standard deviation of the level fit = 183 cm-'

a The values of /3 for the two configurations were constrained to be equal.
b The CI parameters were constrained to have the same LSF/HFR ratios.
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1. Introduction

Radiometric gauging is a powerful and generally
noninvasive, nondestructive metrology tool used in
a variety of industrial, agricultural, and medical hu-
man enterprises. Not only the industrialized na-
tions, but also many less-developed countries have
found this "high tech" (radiation physics) method-
ology to be readily adaptable to regional metrology
needs following various indigenous original devel-
opments.

The radiations usually employed in radiometric
gauging and control devices are photons (x rays,
gamma rays, bremsstrahlung), electron beams (beta
rays), neutrons, and, more rarely, alpha and other
heavy charged particles. Types of gauges include
transmission gauges, albedo (backscatter) gauges,
x-ray fluorescence gauges, and other devices em-
ploying a variety of radiation physics, atomic
physics, and nuclear physics principles, sometimes
rather exotic such as the Mossbauer effect. Radio-

metric gauging and control devices have been re-
viewed by a number of authors, including, for
example, Taylor [1], Palmer [2], Bock [3], Snow
and Morris [4], Hubbell [5,6], and Clayton [7]. A
review specializing in geology, mining, and metal-
lurgy has been given by Kartashev [8], and on ra-
diometric gauging in Portugal by Salgado et al. [9].
The International Organization for Standardization
(ISO) [10] has developed and issued a Standard for
design and application of radionuclide gauges,
which is also a good source of information.

2. General Principles of Radiometric
Gauging and Control

Radiation gauges necessarily involve a radiation
source, surrounded by appropriate shielding to
minimize any health hazard, plus usually a collima-
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tor to confine the radiation to a narrow beam as it
impinges on the material sample. The other essen-
tial element of the gauge is a radiation detector,
usually energy-selective, and also collimated and
shielded, and associated electronics, as described,
for example, in the level-gauging paper by Heier
[11]. General approaches to the design, optimiza-
tion, calibration, and error sources of both static
(sample properties remain constant during mea-
surement period) and dynamic (sample properties
change during measurement) radiation gauges have
been given by Urbanski [12,13], Henderson and
McGhee [14], Notea and Segal [15,16], Zav'yalkin
and Osipov [17], and Kasi [18].

In transmission (attenuation) gauges, as recently
discussed by Bernhardt [19] and Oyedele [20,21] in
the context of sheet-material production thickness
control, the detector is located so as to directly
"see" the collimated beam of radiation with inten-
sity Io from the source. The sample is then inter-
posed in the beam with surfaces normal to the
beam direction, resulting in attenuation of the de-
tector signal to an intensity I, for photons exponen-
tially related to the sample thickness t (in mass per
unit area) according to

I/Io = exp(-(pip)t) (1)

where p/p (in area per unit mass) is the mass atten-
uation coefficient for the sample material. Hence,
for example, the mass per unit area thickness t of a
sample can be determined as

t = [ln(Io/I)]/(p./p) (2)

from measurements of photon (x ray or gamma
ray) intensities Io (no sample in beam) and I (sample
in beam) and a knowledge of photon pt/p data from
published tables such as those of Hubbell [22],
Berger and Hubbell [23], or Cullen et al. [24].

Scatter gauges for density and thickness mea-
surements are also widely used, usually relying on
photon Compton scattering, the energy-angle rela-
tionship for this process, and the dependence of
this process on electron density in the sample, as
discussed by Taylor and Kansara [25,26], Pandey
[27], Gayer et al. [28], and Zabrodskii [29,30,31].
Although the detector, which may be either on the
same or far side of the sample from the radiation
source, is usually collimated to restrict the detector
view, in some monitoring devices neither the
source nor the detector is collimated. When the
detector and source are on the same side of the
sample, the device is known as an albedo or
backscatter gauge. Golikov et al. [32] have de-

scribed a sheet-collimation gamma-ray albedo
gauge for multi-layer structures, and Mohammadi
[33] describes both gamma and electron-albedo
gauges for measurement of glass container wall
thickness.

Although x-ray fluorescence (XRF) is more
widely used for chemical analysis than for gauging,
XRF is sometimes used as a type of albedo gauge
for thickness measurements of thin films and coat-
ings as discussed, e.g., by Saneyoshi et al. [34].
Analogous to XRF but involving atomic nuclei in-
stead of atomic electron shells is the use of neu-
trons and the resultant gamma rays from inelastic
scattering, radiative capture, and other nuclear in-
teractions, for materials monitoring, as discussed
by Pekarski [35]. Included in the variety of other
radiation gauging and monitoring devices is detec-
tion of positron annihilation radiation for determi-
nation of mean radius and concentration of
micropores in porous materials such as ceramics
and powdered alloys as discussed by Semenov [36].
Radiographic determination of thickness variations
using film detectors has been discussed by Lahure
[37], and a good overview of neutron radiography
and gauging can be obtained from the papers in an
ASTM conference proceedings edited by Berger
[38].

3. Radiometric Gauging and Control in
In-Plant Industries

Computer aided (or axial) tomography (CAT
scanning), first finding its dramatic application in
medical diagnostic radiography, is now finding
wide and very advantageous use in on-line dimen-
sional, shape, and flaw-detection gauging and pro-
duction control in in-plant industrial situations, as
discussed by Morgan [39], Martz et al. [40], Se-
shadri et al. [41], and Altukhov et al. [42]. A some-
what simpler large-object flaw-detection device,
using a thin fan-beam photon source and a one-di-
mensional array of silicon detectors has been de-
scribed, e.g., by Gusev et al. [43].

In in-plant industries, an accurate knowledge of
the level of material inside closed tanks is fre-
quently required. Several kinds of radiometric
level gauges are in use, including gamma transmis-
sion gauges (e.g., Apelblat [44] and Amberger and
Heier [45]), gamma albedo gauges (e.g., Ochiana et
al. [46]), and neutron albedo level gauges which are
particularly well-suited to hydrogenous substances
(Mathew et al. [47]). A linear-detection radiometric
liquid-level gauge employing an array of sources
(e.g., '37Cs) has been described by Gliser and
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Emmelmann [48]. When the material in the tank is
radioactive, the level gauge consists of the detector
only (Dickstein and Notea [49]), since the sample is
also the radiation source.

Techniques for radiometric bulk density mea-
surements of powdered process materials are re-
viewed by Thyn and Pokorny [50], and for density
distribution measurements in dynamic high-temper-
ature systems by Kondic and Lassahn [51].
Gamma-ray transmission measurements can be
used in tubing-wall thickness monitoring (e.g., Fre-
vert [52,53]), and gamma albedo tubing coating
thickness measurements are described by Kapra-
nov et al. [54]. A number of coating-thickness ra-
diometric measurement techniques are available,
including a scheme described by Grupper [55] uti-
lizing a positron emitting radionuclide source, in
which the positron absorption in the coating is
measured by detecting the annihilation radiation. A
more widely-used coating and thin film measure-
ment technique is x-ray fluorescence (XRF) as de-
scribed, for example, by Salmi et al. [56], Singh et
al. [57], Kaushik et al. [58], Luzzi et al. [59], and
Kowalska and Urbanski [60]. A related technique
for thin film thickness measurement is PIXE (parti-
cle-induced x-ray emission) as described by
Miranda et al. [61] and compared with RBS
(Rutherford backscattering, using ions with energy
of the order of 0.5 MeV) by Oliver and Miranda
[62].

A microcomputer-based gamma absorption
gauge for routine production control of profiled
rubber strip, also a beta-absorption monitor control
for production of plastic foil in the 20 to 35 ttm
thickness range, have been described by Tabor et
al. [63]. In steel sheet hot rolling, x-ray transmission
gauges are now used almost exclusively for roller
control to achieve and maintain thickness dimen-
sion within desired tolerances as described, e.g., by
Petushkov et al. [64] and by Firstov et al. [65]. A
neutron gauge for determining acid concentrations
in industrial pipelines has been described by
Mirowicz and Lis [66], in which the hydrogen con-
tent in the acid solution is inferred from the slow-
ing down of fast neutrons from a Pu-Be source and
detection of thermal neutrons. For dynamic thick-
ness measurements of liquid films, a tracer tech-
nique using technetium 99m, for industrial
application, has been described by Stopporka et al.
[67]. On-stream analysis of material flowing in
pipes, including chemical information, by energy-
dispersive x-ray fluorescence, has been discussed
by Donhoffer [68].

For two-phase flow within pipes, Oyedele
[69,70] has studied the effect of void distributions

on void determination using a gamma transmission
gauge. Lin et al. [71] have described a pulsed pho-
ton activation (PPA) technique for nonintrusive
measurements of single- and two-phase flows in a
horizontal pipe. For measuring void fraction in a
vertical pipe containing a flowing air-water mix-
ture, Wang and Shih [72] describe a technique uti-
lizing a bromine-82 gamma-ray source and a
NaI(TI) scintillation detector. Hussein [73] has de-
scribed a neutron scattering system ("scatterome-
ter") for measuring the void fraction in a gas-liquid
flow, and Hussein and Waller [74] have also incor-
porated this device into a steam-quality meter in a
fluidized bed plant, in which coal is burned with
limestone in a "bed" suspended in air in a com-
buster.

To answer the demand for production quality
control of new high-performance reinforced plas-
tics, Entine et al. [75] have developed an x-ray
transmission and scattering device for analytical
measurement of the glass, graphite, and other fillers
used in these plastics. In the fabrication of laser
fusion targets, small spherical capsules containing
deuterium-tritium, for the Lawrence Livermore
National Laboratory (LLNL) Inertial Confinement
Fusion (ICF) program, the absorption of liquid into
a foam needed to be characterized, which proved
to be amenable to an x-ray radiographic (vidicon)
technique described by Rikard and Streit [76].

4. Radiometric Gauging and Control in
Transportation and Building Industries

A current problem in the cargo and passenger air
transport industry is the reliability of the fuel quan-
tity gauging (FQG) systems aboard aircraft.
Present aircraft FQG systems are based on the old
capacitance gauges which sometimes suffer from
fouling and electrical noise problems. Singh et al.
[77] and Singh [78] have demonstrated the feasibil-
ity of a gamma-ray attenuation gauge using a weak
2 4"Am (59.5 keV) collimated radiation source and a
colinear collimated detector capable of continu-
ously monitoring the fuel quantity in the aircraft
tanks to an accuracy of better than 1%.

In the transport industries the density of high-
way concrete is related to its durability, and a two-
channel gamma albedo density gauge is described
by Groshev and Zabrodski [79] in which one de-
tector views the highway surface where the
gamma beam enters, and the other detector views a
scattering volume below the surface. Another
gamma albedo gauge, for assessing the density of
concrete in both fresh and hardened states, consists
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of an uncollimated source and detector arrange-
ment (Adil [80]). For measuring the density of the
asphalt layer (thin lift) laid down on a repaved
highway, a special gamma albedo gauge was devel-
oped by Dunn and Hutchinson [81]. A rather inter-
esting example of radiometric gauging in the
railway transport industries is gamma-ray albedo
examination of railway ties (sleepers) for termite
damage (Fookes et al. [82]).

Pipeline transport of solids in a slurry form can
be a useful alternative to road and rail transport in
terms of exhaust-fume air-pollution, vehicular acci-
dents, and other hazards, as well as possible eco-
nomic advantages in some cases. In the most usual
situation in which the particles are denser than the
fluid, for horizontal flow the concentration of solid
particles is higher near the bottom of the pipe, re-
sulting in a higher erosion rate in the bottom inside
surface of the pipe than in the sides and top. Ro-
hella [83] has demonstrated and described a
gamma-ray attenuation device for measuring and
monitoring both the chord-average concentration
of solids in the flowing slurry, which determines
the pipeline capacity, and the concentration gradi-
ent which affects the pipeline longevity.

In the building construction industry, an impor-
tant parameter is the density of rock, soil, and other
materials, characterizing a given building site, to be
disturbed and to support the building. Henderson
and McGhee [84,85] have mathematically mod-
elled a gamma-ray backscattering (albedo) gauge
using '3 7

Cs (0.66 MeV) or 60Co (1.17, 1.33 MeV)
sealed "not too powerful" (e.g., 74 MBq) radiation
sources for probing near-surface rock and soil den-
sities without the need of the boreholes required in
transmission gauging. For examining concrete
walls in existing buildings, particularly for the pres-
ence, quantity, size, and position of steel reinforc-
ing bars (rebar), and also for voids, Hussein and
Whynot [86] and Tuzi and Sato [87] have demon-
strated and described Compton-scattering gamma-
ray single-scatter albedo probes. Such probes
examine the small volume which is the common
volume of intersection of the projections of the
source collimator and the detector collimator, ax-
ially intersecting inside the concrete wall material,
which volume can then be characterized by its den-
sity and other gamma-ray Compton scattering
properties. If these collimator projections inside
the concrete wall can be approximated by right cir-
cular cylinders of unequal or equal radii, this inter-
section volume may be obtained from formulas or a
table given by Hubbell [88].

5. Radiometric Gauging and
the Mineral Industries

Control in

In addition to the work by Kartashev [8] men-
tioned earlier, a good overview of applications of
radiometric gauging and control in the mineral in-
dustries is the report given by Watt [89] at the Fifth
Pacific Basin Nuclear Conference (PBNC-5, 1985)
in Seoul. The radiation physics basis for devices for
formation lithology logging (well logging) with
gamma rays, including Compton scattering and
photoelectric absorption, is outlined by Bertozzi et
al. [90].

In coal mining, an advance coal-degasification
technique is used to remove much of the methane
gas trapped in coal seams prior to the mining pro-
cess in order to reduce the possibility of explosions
during mining. In this technique, boreholes approx-
imately 10 cm in diameter are drilled as deep as 600
m into the working faces of the mine. The methane
gas permeates through the coal into the boreholes,
from which as much as 50% of the methane in the
seam can be captured and safely removed. A major
obstacle in this technique is that coal seams are in
general not straight, requiring periodical removal
of the bit and taking of core samples to be sure that
the bit has not left the seam. The drill strings used
for this process have hydraulically powered drill
bits which can be steered slightly into a curved
drill path chosen by the operator. To provide steer-
ing information to the operator, Entine et al. [91]
have developed and demonstrated a CdTe solid-
state detector probe, mounted adjacent to the drill
tip, which detects the natural radioactivity (usually
of uranium, with gamma rays of several hundred
keV energy) in the shale outside the seam, and
hence the nearness of the drill bit to the seam edge-
region where, incidentally, is also found the coal
highest in both ash and sulfur content.

On-stream and bulk analysis radiometric devices
for probing iron and other ores on moving con-
veyor belts, using a variety of radiations including
gamma rays and both fast and thermal neutrons
have been described by Holmes [92] and by Bor-
saru et al. [93]. A time-of-flight fast-neutron probe
useful not only for coal analysis and oil shale assay,
but also adaptable to detection of contraband drugs
and explosives, has been successfully demonstrated
by Gordon and Peters [94].

Production of synthetic crudes is currently re-
ceiving some attention, since depletion of natural
crudes is effectively irreversible, and because polit-
ical and now military turmoil has rendered highly
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uncertain some major sources of imported natural
crudes. One of the processes being developed by
CANMET (Canada Centre for Mineral and En-
ergy Technology, Ottawa) to produce synthetic
crudes by upgrading heavy oils, refinery residua,
tar sand bitumen, and coal, is by adding hydrogen
to increase the H/C ratio by various techniques,
such as hydrocracking, all of which require high
temperatures and pressures and close monitoring of
the multi-phase hydrodynamic activity inside
closed chemical reactors. Liu and Patmore [95]
have demonstrated a '37Cs gamma-ray attenuation
scanning densitometer on-line in a hydrocracking
pilot plant, as a noninvasive probe of the H/C ratio
enhancement chemical processes.

For determining the ash content, also calcium
and iron oxides, in brown coal, a computer con-
trolled probe based on XRF (x-ray fluorescence)
and scattering of the low energy x rays from a 238Pu
source is described by Antoniak et al. [96]. For ash
content determination of washed coking coal on a
conveyor belt, a dual energy gamma-ray transmis-
sion gauge was demonstrated by Gravitis et al. [97]
over a 13-month trial period to measure ash con-
tents in the 5%-10% (wt) range differing from
chemical assays by 0.3%-0.4%, and related tech-
niques for on-line radiometric analysis and grading
in mineral and coal processing are reviewed by
Cutmore et al. [98]. An x-ray albedo gauge for de-
termining ash in coal and coke, with correction for
moisture content, has been described by Pandey
and Prasad [99], and a combination x-ray transmis-
sion and albedo gauge "SIRO" (Scientific and In-
dustrial Research Organization) for monitoring
solids weight fraction and ash content of coal slur-
ries of variable voidage has been demonstrated by
Gravitis et al. [100]. Combination gamma-albedo
and neutron-activation gauges have been devel-
oped by Holmes et al. [101] for on-stream (on con-
veyor belts) and bulk (in bins) analysis of iron ores
to determine shale content and other information
needed for ore grading. Holmes et al. [101] also
describe a gauge for determining the iron content
in iron ores, in which the ore is irradiated by pho-
tons from 226Ra, and the 0.511 MeV photons result-
ing from electron-positron pair production and
annihilation are counted, based on principles devel-
oped by Sowerby and Ngo [102] and by Millen and
Sowerby [103] for measuring ash content in coal.

6. Radiometric Gauging and Control in
the Agricultural and Forest Industries

Radiometric gauging is used in all stages of the
agricultural process, from snowpack profile radio-

isotopic measurements (e.g., Smith et al. [104]) to
radiometric monitoring and control of product
packaging such as cottonwool bales for the ban-
dage industry (Tabor et al. [105]). Fishman et al.
[106] describe a soil moisture gamma-ray transmis-
sion gauge for use as a control unit for automatic
irrigation in a field, also as a scanner for developing
regional irrigation plans. A gamma-ray backscat-
tering soil density gauge was demonstrated by Pirie
et al. [107], and Ertek and Haselberger [108] have
developed a gamma multiple-scattering gauge for
determining both density and water content in soil.
For greater sensitivity to the soil moisture content,
Ciftcioglu and Taylor [109] and Ciftcioglu et al.
[110] describe a gamma-ray backscatter soil gauge
with differential-mode counting. Neutron soil
moisture gauges, including an analysis of the size of
the region sampled by the device, are described by
Kasi and Koskinen [111], Kasi [112], and by Kasi et
al. [113]. Wilson [114] presents a parametric study
of neutron backscattering soil moisture meters us-
ing transport theory.

Schatzler and Kuhn [115] have developed a
gamma-ray transmission and scanning device to
measure and monitor the biomass in a field of
growing plants, such as cereal grains, and Kuhn
[116] also describes a gamma-ray transmission
device for monitoring the growth of individual
agricultural products such as cabbage heads. In the
latter application, the sawtooth growth curve of a
cabbage head, from sprout to coleslaw, clearly re-
vealed the biomass increase at night and loss during
the day due to evaporation, also that wrapping the
cabbage head in clear plastic for a segment of its
life had no noticeable effect on this characteristic
growth curve.

The moisture content of wheat is a critical
parameter for the milling of wheat, and to achieve
optimum milling performance it is usual to temper
wheat to a set moisture content before milling, best
done by using an on-line moisture measuring sys-
tem to control the addition of water to the wheat.
For this purpose a device for measuring both the
moisture content and the density of the wheat by
simultaneous neutron and gamma-ray transmission
(NEUGAT technique) has been demonstrated by
Bartle et al. [117], who also examined the merits of
three different radiation sources: Am-Be (neutron
mean energy 4.5 MeV, gamma-ray highest energies
4.4 MeV), an accelerator-base pulsed source (mo-
noenergetic neutrons 4.5 MeV, gamma-ray mean
energy 1.5 MeV), and 252Cf (neutron mean energy 2
MeV, gamma-ray mean energy 1 MeV). They con-
cluded that the accelerator source has the highest
figure of merit, followed by 252Cf and 241Am-Be, but
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that in practice the 252Cf source may be preferred
because of its simplicity. Another foodstuff moni-
toring radiometric device, described by Gliser et
al. [118], is a two-energy (24"Am: 60 keV, "'3 Cs: 662
keV) gamma-ray transmission gauge (KRAS-2),
originally developed for ash content determination
in lignite, to measure the amount of rocks and other
mineral material accompanying potatoes on a con-
veyor belt transporting the potatoes into a storage
facility.

In the forest industries, gamma-ray transmission
gauges for determination of wood density and
moisture content have been in use for some time,
and a review of the early work has been given by
Loos [119]. Now, densitometry and den-
drochronology of tree cores are done routinely us-
ing scanning gamma transmission gauges,
employing beam collimation widths as small as 0.1
mm to allow study of shapes as well as spacing of
individual annual growth rings (e.g., Cown and
Clement [120]). A somewhat different technique is
described by Kouris et al. [121] in which a film is
placed in contact with a thin slice of wood, and a
radiograph of ring patterns is obtained using x rays
emitted from a source on the other side. The opti-
cal film density variations, according to Kouris et
al. [121], can be related to chemical composition
variations, as well as simple density variations. Liu
et al. [122] and Olson et al. [123] have recently re-
viewed theoretical wood densitometry, including
(1) [122] mass attenuation equations and (2) [123]
optimal x-ray energy for wood density measure-
ment. X-ray computed axial tomography (CAT),
has also found its way into the forest industries, in a
portable CAT device demonstrated and described
by Onoe et al. [124] for measuring the water con-
tent and distribution in the annual rings of living
trees, also for noninvasively examining the interiors
of utility poles for deterioration.

In woodworking factory situations the wood
byproducts and their physical characteristics are
frequently of importance. For example, for measur-
ing the moisture and density of bulk quantities of
spruce chips, Korell et al. [125] have investigated
gamma transmission gauges, and also gamma
albedo gauges in the form of immersion probes,
similar in geometry to the well-logging probes used
in mineral exploration, inserted into barrels of
chips.

7. Radiometric Gauging and Control in
Medicine and in the Medical Industries

Concern over osteoporosis has resulted in the
development of a variety of radiometric gauges for

noninvasive measurement of bone mineral. Peppler
and Mazess [126] and Mazess et al. [127] have de-
veloped a dual energy photon transmission method
for measuring the total body bone mineral content
as well as the total lean body mass. Smith et al.
[128] have compared the accuracy of photon ab-
sorptiometry (or transmission) for local bone min-
eral measurements with that for neutron activation,
and conclude that neutron activation offers some-
what better precision.

Photon scattering bone density gauges have been
used in studies of osteoporosis and treatment effec-
tiveness by Roberts et al. [129]. Assessments of
dual energy Compton scatter densitometers, in-
cluding the effects of multiple scattering in both
the object of interest and the overlying material,
have been made by Huddleston and Weaver [130]
and by Huddleston et al. [131]. Bone densitometers
using the ratio of coherent to Compton scattering
have been described by Stalp and Mazess [132] and
by Shukla et al. [133].

Among the more exotic medical radioisotopic
metrologies is a widely-used technique for studying
the vibrations in the inner ear in which to the basi-
lar membrane is attached a small radioactive source
whose emission energies are Doppler-shifted to al-
ter their transmissions through a fixed M6ssbauer
absorber, a technique pioneered by Johnstone and
Boyle [134]. Kliauga and Khanna [135] examined
the dose rate delivered to the inner ear in the
course of such measurements, including a theoreti-
cal analysis which depended heavily on plaque-
source radiation field formulas and tables,
including exponential attenuation and buildup fac-
tor, given by Hubbell et al. [136] and by Hubbell
[137,138].

In the medical pharmaceutical industry, a
gamma-ray attenuation technique is used for moni-
toring the packing uniformity of powders for com-
pressed tablets and for filling capsules, as described
by Woodhead et al. [139], Woodhead and Newton
[140], and Charlton and Newton [141].

8. Summary

In summary, we see that radiometric gauging
and control devices employ photons, charged-
particle beams, and neutrons in a great variety of
both routine and some very specialized tasks. Some
tasks, such as thickness control in hot rolling and
forming of steel, and observation of the contents
and status of sealed pipes and vessels, benefit par-
ticularly from the noncontact, nonintrusive nature
of radiometric gauging and control.
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Many of the above examples of radiometric
gauging techniques have been developed and/or
exploited in developing countries. This trend will
probably continue, with accompanying interna-
tional health-safeguard studies and local legislation
to minimize the risks inherent in radiation usage
while optimizing the technical and economic bene-
fits. In all countries, sophisticated microcomputer
analysis will extract additional useful information
from the output of such complex devices as bore-
hole loggers with both gamma and neutron sources
and albedo spectrometer-detectors, also making
more complete use of secondary signals as pro-
jected by McMaster [142] for all nondestructive
evaluation (NDE) devices. Due also to increasing
computer capabilities and availability, computed
tomography (CT) will find more use across the
board in industrial, agricultural, and medical situa-
tions, providing structural image information as
well as density, thickness, and other parameters
given by present radiation transmission and scatter
gauges (Gilboy [143], Reimers et al. [144], and
Vetter et al. [145]). However, process control in
steel rolling and other hot fabrications, also in the
paper and fabric industries, will likely continue to
be dominated by present radiometric techniques
through the remainder of the 1990s. In general, as
pointed out by Charlton [146], radiation metrology
will continue to gain favor with instrument engi-
neers who are finding that nucleonic instruments,
for a variety of special measurement problems, pos-
sess advantages offered by no other type of instru-
mentation.
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1. Introduction

In several previous papers, the Leung-Griffiths
model [1], as modified by Moldover, Rainwater,
and coworkers [2-7], has been shown to be a very
useful technique for correlation of vapor-liquid
equilibria (VLE) of binary mixtures over an ex-
tended critical region [8-10]. It has also been
shown that the model can provide a highly plausi-
ble description of a coexistence surface from lim-
ited data [11], and therefore, that it shows some
promise as a "predictive" as well as a correlative
technique. We describe in the present paper our
experiences in correlating with the modified
Leung-Griffiths model two very similar mixtures
of particular interest for enhanced oil recovery,
carbon dioxide + isobutane and carbon dioxide +
n -butane. We will show that the model can, in cer-
tain instances, identify data that are suspect or in-
correct.

In the development of the model, care has been
taken to avoid overfitting. For any equation of
state or thermodynamic model, the use of addi-
tional parameters will lead to a closer fit to bench-

mark quality data. However, the addition of new
parameters also increases the danger of inappropri-
ately fitting noise or error in data of lesser quality.

Elsewhere [10], we report the results of a com-
prehensive literature survey of binary mixture
VLE over the "extended critical region," defined
as the region from the mixture critical pressure
down to one-half that pressure. Our criteria for
thorough measurement essentially are that at least
four isopleths (loci of constant composition) or
four isotherms, more or less evenly spaced between
the two pure-fluid critical points, should be mea-
sured and reported. Our survey has located 129
thoroughly measured mixtures, according to these
criteria, which represent a wealth of experimental
data for testing the model, but still a small fraction
of the total number of binary mixtures of interest.
The majority of these mixtures have been measured
no more than once; the multiple measurement of
carbon dioxide + n-butane noted in this article is
quite exceptional.
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While the technology to perform critical-region
VLE experiments has been available for nearly a
century [12,13], the experiments remain a very te-
dious process and resistant to automation proce-
dures, so that, worldwide, typically an average of
only three new mixtures are thoroughly measured
each year [10]. Therefore, it is unrealistic to expect
that benchmark quality data for most mixtures of
interest will be retaken in the near future. A corre-
lator is then faced with the problem of developing
the best possible mathematical description of the
coexistence surfaces of mixtures with data from
many different laboratories over a long period of
time, and of widely differing precision and accu-
racy. For such correlations, then, it would be par-
ticularly useful to have a model which succeeds in
fitting accurate data but which fails to fit, and
thereby identifies as suspect, data with noise or er-
ror.

In the testing of a phase equilibrium algorithm as
an evaluative technique, ideally the following sce-
nario would confirm its utility. First, the VLE sur-
face of a particular mixture is measured. Second,
the algorithm is used to correlate the data, and it is
found that most of the data can be represented ac-
curately, but in some small regions of pressure or
temperature there are irreconcilable discrepancies,
thus suggesting that in those regions the data are
suspect. Third, a separate and independent mea-
surement of the mixture in the suspect regions is
performed, and the new data are compared against
the calculations of the model. The model can then
be judged successful as an evaluative technique if
the new data agree better with the model predic-
tions than with the older data.

While such a scenario is ordinarily very difficult
to organize, it has taken place during our studies of
carbon dioxide with isobutane and with n-butane.
Our case histories are described in detail in sections
3 and 4. To give a brief summary, we began this
study in 1985 by fitting carbon dioxide + isobutane
only with the data of Besserer and Robinson [14],
although their measurements did not fully define
the critical locus. It was not possible to fit the dew
side of their highest isotherm (394.26 K) with any
set of adjustable parameters, but other dew-bubble
curves were well represented. Upon subsequently
comparing with the data of Weber [15], which had
just then become available, we found that the cor-
relation agreed with the dew curve at that temper-
ature quite accurately.

For carbon dioxide + n-butane, at the beginning
of our study the only data available to us and con-
sidered to be useful as input were those of Weber
[15] and those of Olds et al. [16]. Some additional

data for this mixture had been reported by
Robinson and coworkers [17,18] and by Behrens
and Sandler [19], but only over a restricted temper-
ature range. Poettmann and Katz [20] measured
VLE along isopleths up to the critical locus, with-
out densities, for mixtures of carbon dioxide with
propane, n-butane, and n-pentane. We did not in-
clude these data as input to our original correlation
because they have been frequently criticized in the
literature [9,21,22].

Since our original correlation, a remarkably
large amount of additional carbon dioxide + n -bu-
tane VLE data has become available. In fact, it ap-
pears that carbon dioxide + n-butane has become
somewhat of a "standard mixture" within the VLE
experimental community, and that the motivation
for much of the recent work has been to test a new
apparatus for reliability against a well character-
ized mixture rather than to add to the world's VLE
database. The sources for VLE data on carbon
dioxide + isobutane and carbon dioxide + n -bu-
tane are summarized in table 1.

The original correlation represented the
isotherms of Olds et al. [16] and of Weber [15] ac-
curately except for data near the maxcondentherm
point on Weber's dew curve at 394.26 K. Shortly
thereafter, data from the thesis of Pozo de Fernan-
dez [24], subsequently published [26], became avail-
able to us. Along her isotherms nearest to 394.26 K,
her data and our model agreed remarkably well.
With this result as partial motivation, Niesen [28],
using the apparatus of Weber upgraded to measure
densities, remeasured the 394.26 K isotherm and
found much closer agreement to our model predic-
tions than to Weber's earlier data in that region.

The Leung-Griffiths model is briefly reviewed in
section 2; it has been explained in considerably
more detail elsewhere [7]. We present the data and
correlation for carbon dioxide + isobutane in sec-
tion 3, and for carbon dioxide + n -butane in sec-
tion 4. These sections include many graphical
illustrations of the model as applied to the various
data sets. The work is summarized in section 5.

2. The Modified Leung-Griffiths Model

A discussion of the Leung-Griffiths formalism
must necessarily begin with the distinction made by
Griffiths and Wheeler [29] between "field vari-
ables" and "density variables." In a two-phase
equilibrium system of liquid and vapor, field vari-
ables have equal values in the two phases; examples
are the pressure P. temperature T, and chemical
potentials pt and t2 . By contrast, density variables
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Table 1. Data sources

Experimentalists Isotherms (K)

C02 +i-Butane

Besserer and Robinson [14]
Leu and Robinson [251
Weber [15]

310.93, 344.26, 377.61, 394.26
383.15, 398.15
310.93, 344.26, 369.26, 394.26

CO2 + n -Butane

Niesen [28]
Olds et al. [16]
Pozo de Fernandez et al. [24,26]

Besserer and Robinson [17]
Kalra et al. [18]
Leu and Robinson [25]
Hsu et al. [23]
Behrens and Sandler [19]
Shibata et al. [27]
Weber [15]

311.09, 344.43, 394.26
310.928, 344.261, 377.594, 410.928
292.6, 325.01, 344.25, 357.77,
377.55, 387.62, 397.89, 418.48
310.85
283.15
368.15, 393.15, 418.15
319.3, 344.3, 377.6
310.85
310.9, 344.3, 410.9
309.1, 344.26, 369.26, 394.26

CO2 + n -Butane

Poettmann and Katz [20] 0.1393, 0.3761, 0.4551, 0.6073,
0.7102, 0.8609 (mole fraction CO2 )

have different values in the liquid and the vapor;
examples are the molar density p and composition
x.

Griffiths and Wheeler have proposed that the
thermodynamic description of a mixture is simpler
when expressed entirely in terms of field variables.
Conventional equations of state are mixed repre-
sentations of two field variables, P and T, and two
density variables, p and x.

Furthermore, the modified Leung-Griffiths
model introduces functions of field variables, them-
selves also field variables, that represent dimension-
less "distances" from one of the pure fluids and
from the critical locus. These distance variables are

e&I/RT

KeF2/RT+eL1/RT (1)

and

T- Tc(4) (2)

where R is the gas constant, K can be a constant or
a temperature-dependent function [7], and Tc(4) is
the critical temperature for the given 4 value on the
critical locus.

Our (arbitrary) conventions are that fluid 1 is the
less volatile component, here the butane isomer,

that fluid 2 is the more volatile component, here
carbon dioxide, and that x = 1 denotes pure fluid 2.
In the limit of pure fluid 1, t2= - Xo and vice
versa, so that =0 when x=l and =1 when
x =0. Loci of constant X on the coexistence surface
are given by

P =T(Z) [ 1 + C3 (A)(-t)a
T Tc(4)

+ C4(4)t + C5 (4)t2 + C6 (4)t3 ] (3)

and coexisting densities as functions of 4 and t by

P=Pc(4)[l ±C1Q()(-t)+ C2AM)t] (4)

where plus denotes liquid and minus vapor, and a
and /3 are the usual critical exponents. Classically,
a = 0 and /3 = 1/2, while according to present theo-
retical understanding and the most accurate experi-
mental results to date, a =0.11 and 8 = 0.325 at the
critical limit. We use the "effective" values a= 0.1
and /8=0.355, which differ slightly from the
asymptotic or "scaling-law" values but provide a
better fit over an extended critical region
-0.1 <t <0 or, equivalently, from the critical pres-
sure down to about half that pressure.
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For I = 1 and 4 =0, eqs (3) and (4) become fitting
equations for the vapor pressure curves and coexis-
tence temperature-density curves of fluids 1 and 2,
respectively. The parameters for the three pure flu-
ids of this study are listed in table 2, and the func-
tions Ci(4) must assume these values as boundary
conditions. Within the present model, for i>3 the
functions Ci(Q) are simple linear interpolations be-
tween the pure-fluid values, but the 4-dependences
of C, and C2 are characterized by adjustable
parameters Cx, Cy and CR which are different for
each mixture; see reference [6], eqs (26) and (27).

The equations for the liquid and vapor composi-
tions are rather involved; see reference [6], eqs (18)
and (19). An auxiliary function H(4,t) appearing in
the equations for x contains the additional ad-
justable parameters CH, Cz and H1. The mixture
parameters for the systems studied here are listed in
table 3. To complete the specification of the model,
the critical locus must be fitted to polynomial func-
tions; see reference [6], eqs (21) and (24). These
functions include the additional parameters T, and

Pi, Is<i<4, and pi, I<i <3. Parameters for the crit-
ical loci of carbon dioxide + isobutane and carbon
dioxide + n-butane are listed in table 4.

For the correlations presented here, the mixture
parameters have been adjusted by graphical meth-
ods for a best fit according to purely visual criteria.
Towards the end of this project, we succeeded in
developing the first formal nonlinear fitting pro-
gram for the Leung-Griffiths model [10], but this
approach is in a preliminary stage at present. For
example, we have not yet systematically examined
different choices of an "objective function" or
"distance" between theory and experiment that is
to be minimized, and our formal fits have depended
on initial guesses made by the older visual methods.
Our main objective of this paper is not to produce
the absolutely optimal correlations of mixtures of
carbon dioxide and the butane isomers, but rather
to show the potential of the modified Leung-
Griffiths model as a data evaluation technique, and
for this purpose the visual fits suffice.

Table 2. Pure-fluid parameters

CO2 iC4 nC4

Tc (K) 304.17 407.84 425.38
Pc (kmol/m 3 ) 10.620 3.880 3.936
P. (MPa) 7.386 3.629 3.809
C, 2.009 1.9843 1.991
C2 -0.995 -0.8738 -0.912
C3 30.870 30.223 30.000
C4 5.997 5.8742 5.99
C5 -26.130 -25.4473 -24.42
C6 -5.490 -3.2867 0.0

Table 3. Mixture parameters

C02-iC4 C0 2-nC 4

a 2m 0.272 0.304
CH -10 -14
Cx 0.9 0.9
CZ -0.5 -1.0
CR 4.0 4.5
CY -0.2 -0.2
HI -0.2 -0.2
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Table 4. Critical-line parameters

C02-iC4 C02 -nC4

T1 [(kmol/m 3 )/MPa] -0.063764 -0.084643
T2 [(kmol/m 3)/MPa] -0.029541 0.000818
T3 [(kmol/m 3)/MPaI 0.045235 0.045271
T4 [(kmol/m3)/MPal -0.006689 -0.030294

PI (kmol/m3 ) 2.1383 3.0729
P2 (kmol/m 3 ) 1.1390 1.1274
P3 (kmol/m 3 ) -0.0228 -0.4107
P4 (kmol/m 3 ) 0.1010 -0.1657

p, (kmol/m 3 ) -2.6851 - 1.8705

P2 (kmol/m 3 ) 5.4864 5.3753
p3 (kmol/m 3 ) -0.9751 -2.9065

3. Carbon Dioxide + Isobutane

There are three sources of experimental satura-
tion points for the mixture carbon dioxide + isobu-
tane. The first set was measured by Besserer and
Robinson [14]. For four temperatures they provide
liquid and vapor measurements of composition and
density at pressures up to the critical line. Theirs
are the only high-pressure coexisting density mea-
surements available for this mixture. Weber [15], in
this laboratory, has taken P-x data for four
isotherms, three of which are at the same tempera-
tures as those of Besserer and Robinson. Recently,
Leu and Robinson [25] have published P-x data at
two additional temperatures. These various satura-
tion points are displayed in figures 1-3.

The parameters for the pure-fluid saturation cor-
relations are listed in table 2. The fit for carbon
dioxide is taken from Moldover and Gallagher [2]
which is based on the measurements of Michels et
al. [30]. That for isobutane is from the paper by
Diller et al. [31] as based on the correlation of
Waxman and Gallagher [32]. We first attempted a
fit to the results of Besserer and Robinson. Despite
the poor agreement with the dew curves of their
two highest isotherms, that initial correlation
agreed well with Weber's dew curves in the same
temperature range. The final correlation as pre-
sented in figures 1-3 was simultaneously optimized
to both sets of data. Parameters for the critical lo-
cus are listed in table 4. For this system, six mixture
parameters are necessary as listed in table 3.

The agreement between theory and experiment
is best on the two lowest isotherms of Besserer and
Robinson. As can be seen from figure 1, the 310.93

K isotherm of these authors is displaced by approx-
imately 0.01 mole fraction from that of Weber, and
the correlation effects a compromise between the
two curves. The liquid densities of Besserer and
Robinson in figure 2 are predicted to be larger than
experimental values by 2 to over 5 percent on 7 of
the 12 points for which p>9.0 kmol/m3 . A similar
discrepancy is seen with carbon dioxide + n-bu-
tane and other similar mixtures, and is probably a
minor shortcoming of the 6-parameter model.

The higher isotherms have what may be legiti-
mately interpreted as outlier points. The vapor
points at x =0.3288 and x =0.3638 on the 377.61 K
isotherm are high in x on both the P-x and the p-x
sides. It is interesting to note that Besserer and
Robinson omit the P=6.1984 MPa dew point in
order to fit their curve. By contrast, the model in-
dicates that the actual outlier is the next lower dew
point (P=5.7227 MPa) which is low in x by 0.03
mole fraction on both plots. On the density side,
the bubble point x =0.1242 is high in p by about
five percent, in comparison with both the model
and the adjacent data.

While the scatter in vapor compositions for
T=377.61 K appears to be random, the dew points
for T=394.26 K are systematically high in compo-
sition relative to the model. The vapor points be-
low P =4.6 MPa are high in by 0.02 to 0.03 mole
fraction. Note, however, from figure 1 that the
model is in excellent agreement with Weber's dew
curve at the same temperature. Also, the vapor
pressures measured by Besserer and Robinson at
x =0 (pure isobutane) at the higher temperatures
are over 0.1 MPa higher than those from the corre-
lation of Diller et al. [31].
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Figure 1. VLE isotherms for carbon dioxide + isobutane from the model as com-
pared with the data of Besserer and Robinson [14]; A, 310.93 K; 0, 344.26 K; V,
377.61 K; 0, 394.26 K; and the data of Weber [15]; A, 310.93; *, 344.26 K; V,
369.26 K; *, 394.26 K. The dashed line in this and subsequent figures is the critical
locus.

This example shows the utility of the modified
Leung-Griffiths model as both a correlative and an
evaluative technique. Clearly, the model yields a
highly plausible overall fit for the coexistence sur-
face. Except for the points explicitly singled out in
the above discussion, agreement is to within 0.1
MPa in pressure, 0.01 in mole fraction and 3 per-
cent in density. Besserer and Robinson state uncer-
tainties for their measurements but these are
generally an order of magnitude lower than the dis-
crepancies between the model and the measure-
ments of others; especially for the higher
isotherms. The underestimation of experimental
uncertainty is not uncommon in VLE metrology.

This is our first case history to demonstrate that
the model can lead to identification of certain data
as suspect. We originally fitted the model only to
the data of Besserer and Robinson, but finally had
to accept the poor fit at T=394.26 K. When We-
ber's data subsequently became available, however,
the same correlation offered excellent agreement
with his dew curve at that temperature. The final
correlation, of course, included Weber's data. We
also readjusted the P-T critical locus, since the lat-

ter's data extends closer to the critical line. Very
similar irregularities were encountered in a sepa-
rate analysis of the ethane + isobutane data also
measured by Besserer and Robinson [33].

The overall agreement between theory and ex-
periment is considerably better with the data of
Weber, as is illustrated in figure 1. The 344.26 K
isotherm has the largest deviations. On the liquid
side is a set of five points between x = 0.2409 and
x = 0.4373 that are all low in P by over 0.11 MPa
and high in x by over 0.011 mole fraction. On the
vapor side, two of the points near the critical locus
are high in x by 0.0 13 and 0.0 17 mole fraction. The
x =0.5760 dew point at the bottom of the extended
critical region is low in x by 0.013 mole fraction.
This may be a small defect in the model critical
locus from compromises made in fitting both data
sets simultaneously. Otherwise, the agreement is to
within 0.08 MPa in P and 0.009 mole fraction in x.

Recently, Leu and Robinson [25] reported some
new high-temperature VLE data for the same
mixture. Figure 3 shows that the agreement
between theory and experiment is best on the
lower isotherm (383.15 K). On the higher isotherm
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Figure 2. Density-composition diagram for carbon dioxide + isobutane with
isotherms from the model as compared with the data of Besserer and Robinson
[14]; same temperatures and symbols as figure 1.

(398.15 K) there are four points in the immediate
critical region that are significantly high in P. Once
more, though the measurements show less scatter
than in the data of Besserer and Robinson [14], the
x =0 (isobutane) vapor pressures at which the dew
and bubble curves converge are 0.08 and 0.09 MPa
higher than those of the model and those from a
correlation done by Diller et al. [31]. In the follow-
ing section similar problems with the highest
isotherms of the same authors' recent measure-
ments of carbon dioxide + n-butane [25] and of
carbon dioxide with the pentane isomers [34,35]
will be discussed.

4. Carbon Dioxide + n -Butane

The coexistence surface in the extended critical
region of carbon dioxide + n -butane has been mea-
sured perhaps more extensively than that of any
other mixture. Data have been presented by labora-
tories at seven different institutions: the University
of Michigan [20], California Institute of Technol-

ogy [16], the University of Alberta [17,18,25], the
University of Delaware [19,27], Cornell University
[24,26], Oklahoma State University [23], and the
National Institute of Standards and Technology,
Boulder [15,28]. A correlation of this mixture based
on an earlier version of the model was performed
with some success by Al-Sahhaf et al. [36].

This modified Leung-Griffiths correlation, pre-
sented previously by Moldover and Rainwater [6],
was optimized to the data of Olds et al. [16] and
Weber [15]. The parameters for pure n-butane in
table 1 were determined by Rainwater and
Williamson [5] from the data of Kay [37]. For this
system, six mixture parameters (table 3) are neces-
sary. Parameters for the critical locus are listed in
table 4. Comparisons have then been made without
further adjustment against the remaining data sets,
many of which have been published only very re-
cently. We present many of these comparisons
graphically in this section. Some have been omitted
because of space considerations.
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Figure 3. VLE isotherms for carbon dioxide + isobutane from the model as com-
pared with the data of Leu and Robinson [25]; A, 383.15 K; l, 398.15 K.

Figures 4 and 5 compare the model with the
measurements of Olds et al.; their data are
smoothed as explained in their article. In P-x space,
figure 4, the agreement is quite good, within 0.01 in
mole fraction except for the vapor points nearest
the critical point on the 344.261 and 377.594 K
isotherms. During the time of their experiments
dew-bubble curves were usually assumed to have a
parabolic shape. This assumption yields a critical
exponent /3 of 1/2 which would greatly affect their
data smoothing. Modern scaling-law theory, con-
tained within the Leung-Griffiths model, has pre-
dicted that /3 equals approximately 1/3.

As seen from figure 5, coexisting density predic-
tions are quite accurate on the 410.928 and
377.594 K isotherms, within 0.06 kmol/m 3 and 0.01
mole fraction. However, as with carbon dioxide +
isobutane, there are systematic deviations in the liq-
uid densities for the two lower isotherms. Near the
critical locus the densities are underpredicted by as
much as 0.6 kmol/m 3 , while far from the critical
locus (at t = -0.1, the limit of the computed
curves) they are overpredicted by as much as 0.6
kmol/m 3 . Again, such discrepancies are probably

due to limitations of the present model for mixtures
of dissimilar fluids.

The model is compared with the data of Weber
[15], who did not measure coexisting densities, in
figure 6. Agreement with Weber's isotherm at
309.1 K is somewhat better than with the 310.93 K
isotherm of Olds et al. There are three noticeable
systematic discrepancies between the correlation
and Weber's measurements, one more serious than
the others.

On the bubble side at 344.26 K, the compositions
as predicted by the model are lower than the data
by 0.009 to 0.018 mole fraction; this is further dis-
cussed below. On the 369.26 K isotherm the results
near the critical point and on the dew side for
P > 5.0 MPa suggest a mismatch in critical temper-
ature between the model and Weber's results near
x =0.59 to x =0.65 of about 1 to 2 K. This could be
remedied with a revised fit but at the expense of the
good agreement between the model and the neigh-
boring isotherm of Olds et al. The parameters of
the correlation represent the best mutual optimiza-
tion of Weber's data and those of Olds et al.
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with the data of Weber [15]; A, 309.1 K; E, 344.26 K; V, 369.26 K; 0,

The most serious discrepancy is on the dew side
of the 394.26 K isotherm between 4.8 and 6.2 MPa.
The experimental results show a larger composi-
tion than the model predictions by as much as 0.026
mole fraction at x = 0.442. A close fit to these va-
por points was not possible. Data that became
available to us subsequent to this correlation
strongly support the hypothesis that the model,
rather than the dew curve of Weber at 394.26 K, is
correct. Figure 7 shows the model predictions, the
isotherm of Weber, and a remeasurement of the
same isotherm by Niesen [28] at 394.25 K as well as
the isothermal data of Pozo de Fernandez [24,26]
and model predictions at 387.62 and 397.89 K. Ex-
cept for part of Weber's dew curve and very near
the critical point of Niesen (where there is a slight
mismatch of critical pressure between the data and
the model), the theoretical and experimental results
at 394.26 K agree to within 0.01 mole fraction and
0.06 MPa. Most importantly, the maximum vapor
composition (maxcondentherm point) of Niesen,
x =0.417, is in excellent agreement with the model
prediction of x =0.416 and differs substantially
from Weber's result of x =0.442.

A full comparison of the model with Niesen's
pressure measurements is illustrated by figures 7, 9,

and 10. The 344.43 K isotherm in figure 9 is dis-
cussed below. Agreement with the bubble curve at
T=311.09 K in P-x space is excellent, within 0.01
in composition, whereas the model systematically
predicts lower vapor compositions away from the
critical point by as much as 0.017 mole fraction. As
with Olds et al., the densities in figure 8 are best
predicted on the highest isotherm, 394.26 K, where
the model agrees with experiment on the liquid side
by 0.026 kmol/m 3 and 0.007 mole fraction and on
the vapor side by 0.13 kmol/m3 and 0.01 mole frac-
tion. Again, as with the data of Olds et al., the
discrepancies at the lower isotherms are probably
due to limitations of the model.

As shown by Moldover and Rainwater [6], the
agreement between the model and the data of Hsu
et al. [23] is quite similar to that of Niesen. The
critical pressure of the lowest isotherm of Hsu et
al., however, is lower than the correlation by 0.1
MPa. Excellent agreement between the model and
Niesen's low-temperature data near the critical
point lead us to conclude that the critical pressure
reported by Hsu et al. is too low. It is worth men-
tioning, however, that Morrison and Kincaid [38]
found a small minimum in critical pressure for di-
lute n-butane in carbon dioxide.
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Six independent sources have reported dew and
bubble points close to T=344.26 K (160'F). Fig-
ure 9 shows these results as well as the model pre-
dictions. On the liquid side, the model agrees best
with the data of Olds et al. and of Pozo de Fernan-
dez, but is systematically low in composition com-
pared with the data of Weber, Hsu et al., Shibata,
and Niesen by approximately 0.01 to 0.02 mole
fraction. On the vapor side, the model shows a lack
of curvature relative to the data, and predicts
higher compositions than Pozo de Fernandez by
more than 0.01 mole fraction but lower composi-
tions than Hsu et al. by approximately 0.01 mole
fraction.

Also, five sources have reported dew and bubble
points close to T=310.9 K (100 'F). Figure 10
shows these results as well as the model's predic-
tions. The liquid points of Behrens and Sandler are
low in x by 0.02 to 0.03 mole fraction compared to
the others and their vapor points show quite a bit
of scatter. Near the critical locus, the isotherm of
Besserer and Robinson [17] in both P-x space and
p-x space is low in x by roughly 0.015 mole frac-
tion.

Of course, it is clear from the figures that there
are systematic discrepancies among the data sets by

as much as 0.03 in composition. Such systematic
differences among results of reputable investigators
is not uncommon. In fact, disagreement among ex-
perimentalists is often an order of magnitude
greater than their stated uncertainties. The modi-
fied Leung-Griffiths model can fit a particular
dew-bubble curve more closely than the agreement
between measurements from separate laboratories.
However, in the current case it cannot be deter-
mined from the model alone which of these dew-
bubble curves is correct.

Robinson and coworkers have published five
isotherms (not shown) of carbon dioxide + n-
butane over a period of years [17,18,25]. The
isotherms at 283.15 K [18] and 310.85 K [17] are in
fair agreement with the model, though the vapor
compositions at 310.85 K appear to have some sig-
nificant random scatter. These two lowest (and ear-
liest) isotherms, unlike the other three [25], include
coexisting densities. The 283.15 K isotherm is be-
low the critical temperature of carbon dioxide and
barely crosses the extended critical region
-0.1 <t <0. The model overestimates the liquid
densities by 0.9 kmol/m 3 .

On the isotherms at 368.15 and 393.15 K the bub-
ble sides agree well with the model, to within 0.009
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Figure 10. Comparison of the model predictions and four independent experimen-
tal isotherms for carbon dioxide + n-butane at T=310.9±0.3 K (100'F); A,
Niesen [28]; O, Olds et al. [16]; V, Besserer and Robinson [17]; 0, Behrens and
Sandler [19]; 0, Shibata et al. [27].

mole fraction and 0.07 MPa. But on the dew sides,
much like Weber's questionable dew curve, the ex-
perimental compositions are higher than those of
the model by as much as 0.025 mole fraction. Com-
parison with the model and the data sets of other
experimentalists suggests that Leu and Robinson
[25] were unintentionally recording vapor points at
slightly lower temperatures. In fact, their data at
418.15 K agree with the model's predictions at a
temperature 1.5 K lower. The model is not likely to
be in error here since it agrees almost perfectly
with the isotherm of Pozo de Fernandez at the
nearly identical temperature of 418.48 K. Further-
more, according to Rainwater and Moldover [4],
their vapor pressure for pure n-butane is low and
corresponds to a temperature also about 1.5 K
lower. We conclude that there is a systematic ex-
perimental error in the apparatus of the University
of Alberta group at high temperatures, which also
affected their 398.15 K isotherm of carbon dioxide
+ isobutane.

This systematic error in the measurements of
Leu and Robinson can be seen especially clearly at
the highest temperatures of their VLE data for
mixtures of carbon dioxide with pentane isomers
[34,35]. These mixtures have also been recently

measured by the Cornell group; carbon dioxide
with n-pentane [39], isopentane [40], and neopen-
tane [41]. Though these mixtures are more difficult
to correlate because the dissimilarity of the compo-
nents is greater, we have developed quality corre-
lations in P-T-x space for these three mixtures [10].
Figure 11 shows the correlation of carbon dioxide
+ n-pentane for pentane-rich mixtures as com-
pared with the 458.54 K isotherm of Cheng et al.
[39] and the 463.15 K isotherm of Leu and
Robinson [34]. The same systematic error is evi-
dent with the other carbon dioxide + pentane iso-
mer mixtures as with this mixture.

Behrens and Sandler [19] have reported a single
isotherm of carbon dioxide + n-butane at 310.85 K
without coexisting densities. Shibata et al. [27] re-
measured this isotherm and measured two addi-
tional ones all with coexisting densities. These data
are not shown, but there is much scatter in compo-
sition in the data of Behrens and Sandler, particu-
larly at lower pressure; data of reference [27] are
much more smooth. The model clearly agrees with
the lone isotherm of Behrens and Sandler within
the scatter, and is in good agreement with the data
of Shibata et al., notwithstanding the discrepancy
already noted on the 344.3 K bubble curve.
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Figure 11. Comparison of prediction from a formal nonlinear VLE correlation of
carbon dioxide + n-pentane with the isotherms of Cheng et al. [39]; El, 458.54 K;
and of Leu and Robinson [34]; 0, 463.15 K.

Finally, we consider the original VLE data for
this mixture, the work of Poettmann and Katz [20],
measured along isopleths (loci of constant composi-
tion) rather than isotherms. This work has been fre-
quently criticized in the literature. Their critical
locus for carbon dioxide + propane is drastically
in error for pressure, as pointed out first by Roof
and Baron [21] and more definitively by Niesen and
Rainwater [9]. Despite these problems, we show
here that their dew-bubble measurements of carbon
dioxide + n-butane may have been substantially
correct except for the composition measurements
of their fixed samples.

Figure 12 shows their data in P-T space and the
model predictions for their stated compositions
(0.1393, 0.3761, 0.4551, 0.6073, 0.7102, 0.8609).
Note that on a P-T plot, the critical locus is the
envelope of the constant composition dew-bubble
curves, whereas on the P-x plots considered earlier
the critical line is the locus of maximum pressure
points of isothermal dew-bubble curves. Except for
the dew-bubble curve closest to pure n -butane, the
agreement is poor.

There is evidence, however, that the University
of Michigan group determined compositions inac-
curately. Elsewhere [42], we have analyzed the
ethylene + n-butane VLE data of Williams [43]
from the. same laboratory, and found that the dew-
bubble isopleths can only be fitted if the stated
compositions are shifted. Figure 13 shows the same
data but with model dew-bubble curves shifted in
composition (0.14, 0.34, 0.44, 0.55, 0.70, and 0.85,
respectively). The agreement is much improved
and the only substantial discrepancies are near the
critical point of the presumed x =0.44 isopleth,
where the data are high in pressure by about 0.25
MPa, and on the dew side of the presumed x =0.55
isopleth, where the data are low in temperature by
about 4 K. Our conclusion is that Poettmann and
Katz performed their experiments with reasonable
accuracy in P and T for their time, before modern
spectroscopic techniques had become available, but
the compositions of their samples were closer to
our shifted values.
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Figure 12. VLE isopleths (loci of constant composition) from the model as com-
pared with the data of Poettmann and Katz [20], with the following stated compo-
sitions: 0, 0.1393; V, 0.3761; A, 0.4551; 0, 0.6073; El, 0.7102; *, 0.8609.
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Figure 13. Same as figure 12 except that the model isopleths are at shifted compo-
sitions, from right to left 0.14, 0.34, 0.44, 0.55, 0.70 and 0.85.
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5. Conclusions

We have analyzed in detail the binary mixtures
carbon dioxide + isobutane and carbon dioxide +
n-butane with the Leung-Griffiths model as modi-
fied by Moldover, Rainwater, and coworkers. The
model with six mixture parameters provides an ex-
cellent representation of the coexistence surface in
P-T-x space, except perhaps for the curvature of
the dew curves in the range 305 K< T <350 K. It
does not quite reproduce properly the coexisting
density curves, particularly at the lower tempera-
tures. Our extensive work has shown that as the
fluids in a binary mixture become more highly dis-
similar the minor problems encountered in this
work with densities become major problems but
with similar kinds of disagreement between theory
and experiment. The incorporation of extended
scaling, as first suggested by Wegner [44], could
reduce these disagreements between the model and
the measurements. A generalization of the model
with extended scaling is currently under investiga-
tion.

Because additional data for these mixtures, par-
ticularly the n-butane mixture, became available
very recently and after our initial correlations, we
have been able to study the merits of the modified
Leung-Griffiths model as an evaluative, as well as a
correlative, technique. For the isobutane mixture,
the correlation was first attempted with only the
data of Besserer and Robinson [14] as input but
with significant discrepancies from their dew curve
at 394.26 K. Weber's measurements [15] at the
same temperature then agreed with the model and
the fit was revised for optimal overall agreement
with both experiments. For the n-butane mixture,
the correlation was optimized to the results of Olds
et al. [16] and of Weber [15], though it was not
possible to fit Weber's dew curve at 369.26 K. Sub-
sequent measurements by Pozo de Fernandez
[24,26] and by Niesen [28] agreed much better with
the model. Also the shapes of some dew-bubble
curves of Olds et al. near the critical point were not
quite reproduced by the model, but the predicted
shapes agreed with the subsequent data of Niesen
and of Hsu et al. [23]. Once again the high-temper-
ature data of Leu and Robinson [25] did not agree
with the optimized fit. We conclude that in many
instances, if the model fails to correlate a certain
limited feature of otherwise consistent data, the
model may well be more reliable. However, when
comparing different experiments there can also be
small systematic errors among which the modified
Leung-Griffiths formalism cannot discriminate, as
shown by figures 9 and 10.
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Conference Reports

FIFTIETH ANNUAL
CONFERENCE
ON PHYSICAL
ELECTRONICS
Gaithersburg, MD
June 11-13, 1990

Report prepared by

Richard Cavanagh

Surface Science Division,
Center for Atomic, Molecular, and Optical Physics,
National Institute of Standards and Technology,
Gaithersburg, MD 20899

The National Institute of Standards and Tech-
nology (NIST) and The University of Maryland
jointly hosted the Fiftieth Annual Conference on
Physical Electronics, held at NIST in Gaithers-
burg, MD, June 11-13, 1990. This annual confer-
ence provides a forum where important new
research results concerned with the physics and
chemistry of solid surfaces presented in a 3-day
conference with ample time for discussion.

1. The Conference

The 1990 meeting in Gaithersburg marked both
the fiftieth anniversary of the conference and the
first return to the NIST site since the 1971 confer-
ence. Approximately 125 participants registered for
the meeting, representing a broad spectrum of the

scientific community. Participants included repre-
sentatives from industry (AT&T, IBM, AMP,
Perkin Elmer Corp., and Exxon), national labora-
tories (NRL, Sandia, Brookhaven), numerous
American academic laboratories, and several inter-
national institutions (Indian Institute of Technology,
University of Cambridge, University of Toronto,
University of Tokyo, Forschungszentrum-Jiilich,
and Kyoto University).

1.1 Nottingham Competition

The competition to select the outstanding stu-
dent paper saw an unusual number of highly quali-
fied contestants. Their papers reflected the breadth
of interests of the overall conference, covering top-
ics from molecular beam probes of chemical pro-
cesses at surfaces to the use of scanning tunneling
microscopy (STM) to characterize the interaction
of steps and defects. This year's Nottingham Prize
was awarded to Yuan-Wo Mo, from The Univer-
sity of Wisconsin, Madison. His paper, "Scanning
Tunneling Microscopy Studies of Surface Kinetic
Processes at the Atomic Level," focused on the
direct use of STM imaging of surface atoms to de-
termine self-diffusion parameters.

1.2 Atomic-Scale Mechanisms Underlying
Surface Behavior

A variety of talks at this year's meeting contin-
ued the strong tradition of demonstrating the
atomic-scale mechanisms underlying surface be-
havior. The increasing power of field ion mi-
croscopy to determine fundamental parameters
was demonstrated in a number of talks (T. Tsong-
Penn State, S. Wang-Univ. of Ill.). These experi-
mental studies were nicely complemented
by theoretical studies which utilized either
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first-principles techniques (P. Feibelman-Sandia)
or embedded atom calculations (M. Daw-Sandia)
to extract diffusion barriers, binding energies, and
cluster geometries. The difficult problem of con-
certed surface diffusion was addressed in several
experimental talks showing the use of Low Energy
Electron Diffraction (LEED) studies of ordering
(M. Tringides-Iowa State), laser-induced desorp-
tion studies of filling (M. Arena-Stanford), and
Low Energy Electron Microscopy (LEEM)
studies of step motion (R. Phaneuf-Univ. of
Maryland).

The physical properties and growth properties
of thin films were the focus of a group of talks,
ranging from the growth of Au on Ag(1 10)
(P. Fenter-Rutgers) to the electronic proper-
ties of metal/semiconductor interfaces such as
Cs-GaAs(110) (T. Wong-Univ. of Penn.) and
Cs-InSb(1 10) (L. Whitman-NIST).

1.3 Electronic Structure of Surfaces and
Interfaces

A broad range of probes is now being applied to
characterize the electronic structure of surfaces
and interfaces. Of particular note was the emer-
gence of laser-based three-wave mixing techniques
which are now beginning to provide complemen-
tary data to that available from synchrotron-based
photoemission (J. Hamilton-Sandia, L. Urbach-
Univ. of Penn., S. Janz-Univ. of Toronto). Sev-
eral related papers reported on the role played by
these excited surface electronic states in radiation-
induced surface reactions, ranging from hot elec-
tron attachment to Mo(CO)6 (Z. Ying-Cornell) to
the influence of coadsorbates on excited state
lifetimes (T. Orlando-Sandia).

With an eye toward future device developments,
the layer-dependent properties and electronic exci-
tations in cleaved high temperature superconduc-
tors were discussed (J. Demuth-IBM) as were the
kinetic and dynamic factors associated with ballis-
tic electron emission across interfaces (M. Stiles-
NIST).

1.4 Advances in Electron Spectroscopies

Recent refinements in both instrumentation and
interpretation of x-ray photoelectron spectroscopy
(XPS) lineshapes have led to the use of core-level
shifts to follow both reconstructions (G.
Wertheim-AT&T) and the degree of charge
transfer at interfaces (Y. Ma-AT&T). Parallel ad-
vances in electron spectroscopies have permitted

the clear identification of adsorbate symmetry at
surfaces (F. Sette-AT&T), measurement of
substrate dielectric response (E. Jensen-Univ. of
Cambridge), and direct probing of adsorption/
desorption kinetics at constant coverage (B.
Hinch-AT&T, L. Peterson-Univ. of Oregon).
The elegant use of synchrotron-based angle-re-
solved photoemission to map out surface Fermi
contours of O/W(011) and O/Mo(011) and to es-
tablish the relationship of these states to the surface
reconstruction (S. Kevan-Univ. of Oregon) was
discussed. Results from an exciting new tool for the
study of electronic state densities (Auger Coinci-
dence Spectroscopy) were reported for the
TaC(1 11) surface (R. Bartynski-Rutgers).

1.5 Equilibrium Statistical Mechanics

Studies of equilibrium statistical mechanics at
surfaces were represented by direct STM imaging
of step wandering (X. Wang-Univ. Maryland)
and related calculations (T. Einstein-Univ. of
Maryland), by a LEED search for the elusive
surface roughening and/or melting transition
(Y. Cao-Univ. of Missouri), and by an x-ray study
of soliton pinning in an epitaxial overlayer
(K. Liang-Exxon).

1.6 Molecular Processes at Surfaces

Remarkable progress was noted in the frontier of
molecular processes at surfaces. Several theoretical
talks addressed the nature of molecular energy
transfer at surfaces using techniques such as
wavepacket dynamics to account for the redistribu-
tion of energy following molecular beam scattering
(N. Sathyamurthy-Indian Inst. of Tech.), electron
stimulated desorption (D. Jennison-Sandia), and
laser induced processing (H. Guo-Northwestern
Univ.). These theoretical reports were comple-
mented by several timely experimental papers
which included femtosecond probes of adsorbate
energy transfer processes (J. Beckerle-NIST), op-
tical, electron and atom scattering probes of the
vibrational dynamics of ideally H-terminated
Si(l 11) (Y. Chabal-AT&T), and state-resolved
measurements of non-thermal desorption phenom-
ena (L. Richter-NIST, T. Orlando-Sandia). In
addition, there were several papers which reported
on optically driven surface reactions where excited
carriers in the substrate were identified as being
responsible for the observed processes
(L. Richter-NIST, Y. Li-Univ. of Calif. Irvine,
Z. Ying-Cornell).
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Molecular beam scattering techniques were used
in several experiments to clarify the adsorption/ab-
sorption process. Collision induced absorption in
the H/Ni( 1I1) system demonstrated the role of
high-kinetic-energy collisions in driving adsorbates
into the subsurface (A. Johnson-MIT). This result
is particularly significant in terms of accounting for
reaction pathways which may only contribute at
elevated pressure. Molecular beam scattering was
also used to probe the surface/subsurface kinetics
of H/D exchange on Pd surfaces (V. Shamamian-
Sandia) and trapping-mediated chemisorption of
ethane (C. Mullins-Cal. Tech.)

1.7 Magnetism

Characterizations of the magnetic properties of
bulk metals and thin epitaxial films were presented
in several papers. Bulk materials [Mo(110) and
Cu(100)] were probed using spin-exchange electron
scattering (G. Mulhollan-Rice Univ.). Thin films
of Co/Cu( 1I1) and Fe/W(l00) were examined
using the surface magneto-optic Kerr effect
(M. Kief-Penn State) and spin-polarized angle-
resolved photoemission (R. Fink-Univ. of Texas),
respectively.

2. Summary

A healthy balance between theory and experi-
ment was reflected in the papers at this year's meet-
ing. The diversity of topics and the quality of the
papers reflect the vitality of surface science.
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NOR TH AMERICAN
INTEGRA TED
SER VICES DIGITAL
NETWORK (ISDN)
USERS' FOR UM
(NI U-FOR UM)
Gaithersburg, MD
August 6-9, 1990

Report prepared by

Elizabeth B. Lennon

National Computer Systems Laboratory,
National Institute of Standards and Technology,
Gaithersburg, MD 20899

The National Computer Systems Laboratory
(NCSL), National Institute of Standards and Tech-
nology, sponsored and hosted the North American
ISDN Users' Forum at its Gaithersburg, MD site
on August 6-9, 1990. Held three times a year at
various locations throughout the nation, the NIU-
Forum traditionally attracts about 300 vendors and
users of ISDN. NCSL and industry established the
NIU-Forum in 1988 to create a strong user voice in
the implementation of ISDN applications and to
ensure that emerging ISDN technology meets
users' applications needs. Although the forum fo-
cuses on the requirements of ISDN users in North
America, membership is open to all interested
users, product providers, and service providers.

1. What is ISDN?

The Integrated Services Digital Network
(ISDN) is a group of international standards for a
worldwide communications network for the ex-
change of voice, data, and image information
among all users, independent of any manufacturer,
service provider, or implementation technology.
ISDN standards are developed by the International
Telephone and Telegraph Consultative Committee
(CCITT) and, for North America in particular, by
the Exchange Carriers Standards Association'
(ECSA) accredited standards committee, Tl, un-
der the umbrella of the American National Stan-
dards Institute (ANSI).

The result is a set of standards with a tremen-
dous variety of options and parameters to meet all
possible needs and technologies for which the stan-
dards could be used. To ensure interoperability and
terminal portability within the ISDN network and
its attendant equipment, a uniform subset of options
and parameters must be selected for implementa-
tion. Each application usually requires only a sub-
set of total functionality available in the standards;
for ISDN products and services to work together
in a multi-vendor environment, common sets of op-
tions must be selected.

To cope with this proliferation of choices and to
provide practical products and services which
meet users' needs, the standards specification pro-
cess must be extended to include the development
of Application Profiles, Implementation Agree-
ments, and Conformance Criteria which will pro-
mote interoperability. The NIU-Forum addresses
all of these areas.
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2. NIU-Forum Objectives

The NIU-Forum seeks to achieve three principal
objectives:

* To promote an ISDN forum committed to
providing users the opportunity to influence de-
veloping ISDN technology to reflect their
needs;

* To identify ISDN applications, develop imple-
mentation requirements, and facilitate their
timely, harmonized, and interoperable introduc-
tion; and

* To solicit user, product provider, and service
provider participation in the process.

3. NIU-Forum Organization

The actual work of the NIU-Forum is accom-
plished in two workshops: the ISDN User's Work-
shop (IUW) and the ISDN Implementor's
Workshop (11W). The IUW produces Application
Requirements which describe potential applica-
tions of ISDN and the features which may be
needed. The IIW develops Application Profiles,
Implementation Agreements, and Conformance
Criteria which provide the detailed technical deci-
sions necessary to implement an application re-
quirement in an interoperable manner. The
NIU-Forum Executive Steering Committee coor-
dinates the activities within the two workshops.

4. Accomplishments of August 1990
NIU-Forum

Specific accomplishments from the August 1990
NIU-Forum include the following:

* The IUW logged in 10 new applications for de-
velopment of Application Profiles by the IIW;
one previous application was revised. This ac-
tion brings the total number of applications sub-
mitted in the NIU-Forum to 110;

* The IUW elected to add a new family, Secu-
rity, to the applications family groups;

* Four Applications Profiles for Call Manage-
ment were submitted to become stable imple-
mentation agreements;

* Stable agreements will be published as a NIST
Special Publication after the November 1990 meet-
ing of the NIU-Forum; and

* The NIU-Forum plans a nationwide, possibly
worldwide, demonstration of ISDN technology for
October 1991. The demonstration will highlight
ISDN products and services implementing specifi-
cations agreed to in forum workshops.

For More Information

For more information about the NIU-Forum or
to obtain conference proceedings, contact Dawn
Hoffman, National Computer Systems Laboratory,
National Institute of Standards and Technology,
Building 223, Room B364, Gaithersburg, MD
20899; (301) 975-2937 or FTS 879-2937.
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News Briefs

General Developments

HPEAK: A COOL TOOL FOR ANALYZING
HEAT PUMPS
Heat pumps are getting smarter. Some of the
newest models not only heat and cool your home
but provide hot water as well. But how do these
advanced systems affect energy consumption and
are they cost effective? To get some answers,
NIST researchers developed a computer program
to evaluate the performance and economics of con-
ventional and advanced heat pump and water
heating systems. Called HPEAK (Heat Pump/
Economic Analysis of Kilowatt-hours), the pro-
gram can simulate the daily, hour-by-hour
operation of a heat pump and can predict the
monthly and annual energy consumption as well as
peak demand times. It also can be used to analyze
the cost effectiveness of operating a particular heat
pump system and can compare the energy con-
sumption and costs of conventional and advanced
heat pump systems. Designed to run on a personal
computer, HPEAK can be used by electric utilities,
heat pump manufacturers, and building research-
ers. The software and related documentation is
available from the Electric Power Research Insti-
tute in Palo Alto, CA, 214/655-8883.

LESS EXPENSIVE VOLTAGE STANDARD
DEVELOPED
A precise voltage is generated when microwave
radiation is applied to a Josephson junction (two
layers of superconducting material separated by a
thin-film insulator). NIST researchers pioneered
the development of voltage standards based on
large arrays of superconducting Josephson junc-
tions. Since 1984 more than 20 national, military,

and industrial standards laboratories have "imple-
mented Josephson array voltage standards. Until
recently, however, the designs required a high mi-
crowave operating frequency (70-100 GHz) to
achieve stable operation. This increases the cost of
the standards, slowing their wider use in secondary
calibration laboratories. Now, NIST scientists
working with private industry have developed a
successful design at an operating frequency of 24
GHz, a frequency at which the availability of
equipment is significantly greater. As a result the
possibility now exists of reducing the cost of the
system significantly. Paper No. 43-90, which
describes this development, is available from
Jo Emery, Division 104, NIST, Boulder, CO
80303, 303/497-3237.

NOVEL NIST DEVICE MEASURES A
VARIETY OF PULSES
A new measurement device that could help curb
future electrical power outages as well as aid in the
understanding of pulse phenomena such as heart-
beats and pulsating fluids has been developed at
NIST. The device, which makes real-time mea-
surements of statistical correlations among pulses,
is an improvement over other instruments that
provide only limited information about pulse prop-
erties. NIST researchers have tested the instru-
ment, called the stochastic analyzer for pulsating
phenomena (SAPP), extensively by measuring the
kinds of pulses that can occur when insulating ma-
terials in electrical systems are subjected to stress.
These "partial discharge" pulses can induce mate-
rial degradation that leads to eventual failure of the
insulation, causing electrical breakdown in the sys-
tem. Gauging and understanding these pulses is im-
portant because faulty insulating materials could
mean the loss of electricity in large geographic ar-
eas. The NIST device can be used to study the
underlying physics of pulsating discharges and
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provide an indication of insulation performance.
While they have mainly applied the device to
electrical systems, NIST researchers say the SAPP
can be used to investigate all kinds of pulsating
phenomena.

ELECTROMAGNETIC MEASUREMENT PUBS
LISTED
NIST has published bibliographic updates for Jan-
uary 1970 through August 1989 in the general area
of electromagnetic measurements. A Bibliography
of the NIST Electromagnetic Fields Division Pub-
lications (NISTIR 89-3920) lists publications in the
following areas: antennas, dielectric measurements,
electromagnetic interference, microwave metrol-
ogy, noise, remote sensing, time domain, and wave-
form metrology. Order by PB #90-163635FAH for
$23 prepaid. Metrology for Electromagnetic Tech-
nology: A Bibliography of NIST Publications (NI-
STIR 89-3921) identifies reports in the fields of
optical electronic metrology, cryoelectronic
metrology, and superconductor and magnetic mea-
surement. Order by PB #90-161670FAH for $17
prepaid. Both publications include author indices
and are available from the National Technical In-
formation Service, Springfield, VA 22161.

NIST WINS HONORS IN RESEARCH
COMPETITION
Five advances in instrumentation and measurement
technology developed at NIST received R&D 100
Awards at ceremonies Sept. 26 in Chicago. NIST
also shared two awards for work done in collabo-
ration with other research organizations. R&D 100
Awards are presented annually by Research & De-
velopment magazine to highlight the 100 "signifi-
cant new technical products" of the preceding
year. NIST projects honored this year are: a sys-
tem for retrieving information from computer data-
bases containing large amounts of text; a new type
of microscope that uses optical techniques to exam-
ine the surface microstructure of materials; a
device that measures a variety of rapid pulses such
as heartbeats; a method of growing single crystals
of proteins and other substances; and a system for
measuring radiation dosage. The following two
awards were shared: high-efficiency silicon diodes
developed for space, defense, and numerous other
applications (with UKDT Sensors Inc.); and a
cryogenic refrigerator that has no moving parts
(with Los Alamos National Laboratory).

NIST TURNS THE HEAT ON HOSPITAL
ENERGY COSTS
NIST researchers have developed a personal com-
puter (PC) program to help hospital managers
evaluate the effectiveness of various energy conser-
vation measures. HEAT-the Hospital Energy
Analysis Toolkit-is a fully documented, menu-
driven program. The user enters specific informa-
tion about the facility-its location (zip code) and
local energy prices, for example-and a description
based on 21 prototype energy zones. Energy con-
servation plans of up to 10 elements can be speci-
fied for each zone. HEAT calculates and reports
expected annual energy savings and economic re-
sults by zone for each plan, taking into account all
interactions among different elements of the plan.
The program runs on a standard MS-DOS PC with
a hard disk drive and is available for $60 plus $3
handling, prepaid, from the National Technical
Information Service, Springfield, VA 22161. Re-
quest PB #90-504036ACU.

FOUR COMPANIES WIN 1990 BALDRIGE
NATIONAL QUALITY AWARD
The four winners of the 1990 Malcolm Baldrige
National Quality Award for excellence in quality
management were announced recently. They
are: the Cadillac Motor Car Division (Detroit, MI)
and IBM Rochester (Rochester, MN) in the manu-
facturing category; Federal Express Corp. (Mem-
phis, TN) in service; and Wallace Co. Inc.
(Houston, TX) in small business. Commerce Secre-
tary Robert A. Mosbacher announced the awards
and praised the winners for making quality im-
provement a way of life. "Quality is their bottom
line, and that kind of can-do attitude makes for
world-class products and services," he said. The
award, named for the late Commerce Secretary
Malcolm Baldrige, was established by legislation in
August 1987. It promotes national awareness about
the importance of improving total quality manage-
ment and recognizes quality achievements of U.S.
companies. The award is managed by NIST with
the active involvement of the private sector.

QEIII SPOTLIGHTS QUALITY AWARD
WINNERS
"Quest for Excellence III," an executive confer-
ence featuring the 1990 winners of the Malcolm
Baldrige National Quality Award, will convene
Feb. 13-14, 1991 at the Sheraton Washington Hotel
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in Washington, DC. Senior executives from the
winning companies will discuss in detail their win-
ning strategies and the results they have achieved
through their quality improvement initiatives. This
third annual conference is co-sponsored by NIST,
the American Society for Quality Control (ASQC),
and the Association for Quality and Participation.
The Malcolm Baldrige National Quality Award,
established by law in 1987, was first awarded in
1988. The first year's winners were Motorola Inc.,
the Commercial Nuclear Fuel Division of Westing-
house Electric Corporation, and Globe Metallurgi-
cal Inc. Milliken & Company and Xerox Business
Products and Systems won in 1989. Questions on
general information and conference registration
should be directed to ASQC at 414/272-8575.

1991 AWARD APPLICATIONS AVAILABLE
The application guidelines for the 1991 Malcolm
Baldrige National Quality Award will be available
in early December. The award promotes quality
strategies. The booklet containing the application
includes a description of the award, an application
form, detailed instructions for completing the form,
and specifics about the scoring criteria and exami-
nation. Free copies will be available from the Mal-
colm Baldrige National Quality Award Office,
A537 Administration Buildiing, NIST, Gaithers-
burg, Md. 20899, 301/975-2036.

QUALITY INVESTMENTS UP IN TWO KEY
U.S. INDUSTRIES
Semiconductor and optical fiber firms in the
United States have dramatically increased invest-
ments in quality practices over the past decade.
Many are now funneling as much as a third of their
operating budgets into total-organization ap-
proaches that aim to assure quality of both prod-
ucts and related services. This is a key conclusion
of a report prepared for NIST. The study, cover-
ing the 1980-89 period, surveyed managers of
prominent companies in the semiconductor and op-
tical fiber industries. The study was commissioned
to help NIST shape its own research programs,
which assist and leverage measurement and quality
aspects of industrial research and development.
Copies of the report, U.S. Investment Strategies for
Quality Assurance, are available free of charge.
Send a self-addressed mailing label to Quality
Report, c/o Dr. Gregory Tassey, A1002 Adminis-
tration Bldg., NIST, Gaithersburg, MD 20899.

NIST WANTS INDUSTRY REACTION TO
VIRUS CONSORTIUM
NIST is considering forming a government-indus-
try consortium to combat computer viruses and re-
lated threats and would like to hear from others
who are interested in the idea. "Computer system
and software vendors want to devote their efforts
to developing and marketing information technol-
ogy, not fighting virus threats. Users need to have
confidence in the reliability and safety of that tech-
nology," said a NIST computer security official on
Oct. 2 at the 13th National Computer Security
Conference. The consortium would enable NIST
and the private sector to work together on a prob-
lem of common interest. Results of the consortium
would be distributed as widely as possible. NIST
has organized and managed several industry-gov-
ernment consortia and usually provides research
facilities while the industry partners provide fund-
ing. Interested organizations should contact Dennis
Steinauer, A216 Technology Building, NIST,
Gaithersburg, MD 20899, 301/975-3359, or elec-
tronic mail: steinauer@ecf.ncsl.nist.gov.

NIST REGISTERS TEST SYSTEMS FOR GOSIP
NIST has assessed and registered a number of test
systems as a first step in setting up a testing pro-
gram needed to ensure that networking products
purchased by federal agencies comply with the
Government Open Systems Interconnection Pro-
file-GOSIP (Federal Information Processing
Standard 146). Federal agencies must use the
GOSIP specifications in procuring networking
products. The next step is to evaluate and accredit
testing laboratories through the NIST National
Voluntary Laboratory Accreditation Program. For
a list of registered test systems or for further infor-
mation about the GOSIP testing program, contact
Jean-Philippe Favreau, 301/975-3634, or Stephen
Nightingale, 301/975-3616.

"HOTLINE" TO REPORT ON EUROPEAN
LAWS AND STANDARDS
Exporters, manufacturers, standards organizations,
and others concerned about trade with the
European Community (EC) may now telephone a
recorded "hotline" message on draft EC laws and
standards that might create technical trade barriers.
The new hotline, which can be reached on 301/
921-4164, is maintained by NIST and updated
weekly. The hotline reports on proposed laws in
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the form of directives and standards being devel-
oped by the EC and its two major standards devel-
opment organizations in Brussels: the European
Committee on Standardization (CEN) and the
European Committee for Electrotechnical Stan-
dardization (CENELEC). Proposed standards also
are reported from the European Telecommunica-
tions Standards Institute, which is working to unify
the European telecommunications system. Hotline
topics are listed by subject area and product. Infor-
mation is provided on deadlines for comments, and
a point of contact for obtaining a review copy of
the text is given.

EUROPEAN REGIONAL STANDARDS
ORGANIZATIONS LISTED
A new directory published by NIST is designed to
help those concerned with the standards-related
activities of regional organizations in the European
Community and the European Free Trade Associa-
tion. The Directory of European Regional Stan-
dards-Related Organizations (NIST SP 795),
identifies more than 150 European regional organi-
zations that engage in standards development, cer-
tification, laboratory accreditation, and other
standards-related activities. Entries include ad-
dresses; telex, telephone, cable, and fax numbers;
acronyms; national affiliations of members; mem-
bership restrictions; scope of interest; activities in
standardization, certification, laboratory accredita-
tion, and related fields; and the availability of stan-
dards in English. SP 795 is available from the
Superintendent of Documents, U.S. Government
Printing Office, Washington, DC. 20402. Order by
stock no. 003-003-03038-4 for $10 prepaid. For a
list of other standards-related and certification di-
rectories published by NIST, contact the Standards
Code and Information Program, A629 Administra-
tion Building, NIST, Gaithersburg, MD 20899,
301/975-4031.

FIRST FELLOWS NAMED FOR STATISTICS
PROGRAM
NIST and the American Statistical Association
have named the first awardees of recently created
senior research fellowships for applying statistical
techniques to quality engineering. The subject ar-
eas to be addressed by the awardees in-
clude: accelerated reliability testing of products
and more accurate coordinate measuring machine
processes. Funded by grant from the National Sci-
ence Foundation, the fellowships further collabora-
tive research between engineers and statisticians on
industrial quality and productivity needs, thus

bridging gaps between research and the use of
statistical quality techniques.

FIRST LABS ACCREDITED FOR AIRBORNE
ASBESTOS ANALYSIS
More than 115 laboratories have received the first
accreditations to analyze airborne particulate as-
bestos under the National Voluntary Laboratory
Accreditation Program (NVLAP) for asbestos in
schools. The asbestos testing program, adminis-
tered by NIST, was established to meet the re-
quirements of the Asbestos Hazard Emergency
Response Act of 1986. Under the law, NIST is di-
rected to evaluate and accredit laboratories that
perform asbestos analysis of bulk insulation materi-
als and of air samples taken from public schools
after asbestos abatement procedures. A laboratory
is accredited by NIST for 1 year and can maintain
accreditation by continuing to demonstrate compli-
ance with NVLAP criteria through on-site assess-
ments every 2 years and twice-yearly proficiency
testing. For information on the laboratories accred-
ited for airborne asbestos analysis, contact David
Alderman, Asbestos Program Manager, NVLAP,
A124 Building 411, NIST, Gaithersburg, MD
20899, 301/975-4016. Information is also available
by dialing the NVLAP computer bulletin board,
available via modem at 301/948-2058.

NO EVIDENCE FOR FIFTH FORCE FOUND
The most sensitive gravity experiment of its kind
ever conducted has failed to find evidence for a
suggested "fifth force" in nature, according to re-
searchers at the Joint Institute for Laboratory As-
trophysics (JILA) in Boulder, CO. The results,
which appeared in a recent issue of Physical Re-
view Letters, rule out the exis-tence of any such
force at the magnitudes previously suggested. The
experiment was carried out by a team of scientists
working with a NIST scientist at JILA, a coopera-
tive venture between the University of Colorado at
Boulder and NIST. The experiment measured
gravity at various heights on a 1,000-foot meteoro-
logical tower located 15 miles east of Boulder in
Erie, CO. These measurements were then com-
pared with the values that were predicted from
surface gravity measurements and Newton's in-
verse-square law. The agreement found between
the measured values and the Newtonian predicted
values were excellent. The four known forces of
nature are gravity, electromagnetism, the strong
force that binds atomic nuclei, and the weak force
that causes radioactive decay.
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FIRST COMPARISON WITH SOVIET ATOMIC
CLOCKS
NIST has facilitated the first-ever direct compari-
son between Soviet and American atomic time-
keeping devices. In late September, two hydrogen
masers developed by the Gorki R&D Instrument
Making Institute were transported to the Smithso-
nian Astrophysical Observatory (SAO), Cam-
bridge, MA. They are being compared with
hydrogen masers at SAO for short-term perfor-
mance. The clocks' long-term performance will be
measured, via satellite hook-up, with NIST's
atomic-clock ensemble in Boulder, CO. The Soviet
institute has made major advances in hydrogen
maser technology and has produced 150 of the
devices for export and for use in a series of Soviet
navigation satellites.

NIST, HIGHWAY INDUSTRY PROGRAM
CELEBRATES 25 YEARS
Millions of dollars are spent every year to build
and repair the nation's highways. Assuring that the
materials used in this construction are of sufficient
quality is the goal of a joint NIST/industry pro-
gram. Since 1965, NIST and the American Associ-
ation of State Highway and Transportation
Officials (AASHTO) have sponsored the
AASHTO Materials Reference Laboratory pro-
gram at NIST to improve and standardize methods
used to test highway construction materials such as
asphalts, bituminous materials, and soils. As part of
a voluntary program, AASHTO staff annually visit
more than 80 testing laboratories to determine
whether the methods and equipment used conform
to national standards. In addition, they provide
several thousand material samples to laboratories in
the United States and abroad for comparative test-
ing. In a similar program, NIST, through the
Cement and Concrete Reference Laboratory, has
worked with ASTM for more than 60 years to im-
prove methods for testing other construction
materials.

OPTICAL FIBER MANUFACTURERS ASK
FOR NIST AID
The optical fiber industry has requested NIST to
develop test methods needed for optical fiber geo-
metry standards. Many feel traceable standards are
needed if the optical fiber industry is to reduce tol-
erances on fiber cladding diameter. Narrower in-
dustry tolerances will allow connectors and splices
with lower losses, which improves the perfor-
mance of optical fiber systems. For details, write
Aaron Sanders, Division 724.02, NIST, Boulder,
CO 80303.

INFRARED WAVELENGTH MEASURING
DEVICE DEVELOPED
A precision wavelength measuring device (lamb-
dameter) for infrared radiation from diode and gas
lasers has been developed at NIST. Intended as a
working standard for wavelength measurement at
1.3 and 1.5 pnm, the system also can be used in the
red and near-infrared regions of the spectrum. The
uncertainty of the lambdameter is about 2 parts in
10 million. Details of construction and testing are
contained in Wavelength Measurement System for
Optical Fiber Communications (NIST TN 1336).
Available from the Superintendent of Documents,
U.S. Government Printing Office, Washington,
DC. 20402. Order by stock no. 003-003-03017-1 for
$2.50 prepaid.

WEIGHTS AND MEASURES HANDBOOKS
REVISED
Two NIST handbooks have been revised to reflect
changes adopted at the July f990 annual meeting of
the National Conference on Weights and Measures
(NCWM). Established in 1905, NCWM is an orga-
nization of state, county, city weights and measures
enforcement officials, and industry representatives.
NIST, a nonregulatory agency, provides technical
assistance to NCWM through its Office of Weights
and Measures.

NIST Handbook 44-1991, Specifications, Toler-
ances, and Other Technical Requirements for
Weighing and Measuring Devices. The major
changes to Handbook 44 include a new table of
marking requirements for scales, revised test proce-
dures for coupled-in-motion railway track scales, a
table of revised tolerances for scales without an ac-
curacy class, and information on the Jan. 1, 1999,
deadline to establish national uniformity of motor
fuel dispensers used in multi-tier cash/credit
pricing.

NIST Handbook 130-1991, Uniform Laws and Reg-
ulations. Besides modifications to the Uniform
Weights and Measures Law, Packaging and Label-
ing Regulations, and Method of Sale of Commodi-
ties Regulation, a new section on NCWM policy,
interpretations, and guidelines for defining prod-
ucts and services has been added to Handbook 130.

Available from the Superintendent of Docu-
ments, U.S. Government Printing Office, Washing-
ton, DC. 20402. Order Handbook 44-1991 by stock
no. 003-003-03052-0 for $12 prepaid and Handbook
130-1991 by stock no. 003-003-03048-1 for $10
prepaid.
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IMPROVING CONTACTS TO HIGH-Tc
SUPERCONDUCTORS
A broad-based method for making vastly improved
electrical contacts to high-critical-temperature
(high-Tc) superconductors is the subject of a new
patent. NIST and industry scientists developed
techniques for making ultra-low-resistivity con-
tacts for various kinds of high-Tc ceramic oxide su-
perconductors. Contact resistivity using these
methods is less than a billionth of that of conven-
tional indium-solder contacts. The work removes a
serious obstacle to the commercial application of
high-temperature superconductors in both large-
scale and thin-film devices. The technology is
available for licensing under U.S. patent number
4,963,523, "High-Tc Superconducting Unit Having
Low Contact Surface Resistivity and Method of
Making." Interested parties should contact Bruce
Mattson, A343 Physics Building, NIST, Gaithers-
burg, MD 20899, 301/975-3084. Reprints of papers
describing the techniques are available from Jack
Ekin, Division 724.05, NIST, Boulder, CO 80303.

MAKING MEASUREMENTS ON HIGH-Tc
SUPERCONDUCTORS
Measuring the critical current (Ic) of high-critical-
temperature (high-Tc) superconductors has been
more difficult than similar measurements on con-
ventional low-Tc materials. Existing measurement
practices and concepts bring inconsistency, ambi-
guity, and sometimes, invalid results. Measure-
ments in high-T, superconductors are sensitive to a
number of subtle variables. If these variables are
not thoroughly quantified and reported, the mea-
surement may not be reproducible. A paper by
NIST researchers, published in Cryogenics, de-
scribes pitfalls to be avoided and ways to minimize
their effects. Suggestions regarding the measure-
ment parameters and conditions to be included in
reporting results are also given. Reprints (paper no.
48-90) are available from Jo Emery, Division 104,
NIST, Boulder, CO 80303, 303/497-3237.

NEW SEPARATOR FOR BIOPRODUCTS
A NIST researcher has been awarded a patent for a
simple, automated product separator-termed
SEPSOL-for use in the supercritical fluid extrac-
tion of natural products from aqueous fermentation
broths. The separator is expected to have direct
application to the separation of beta-carotene-a
basic source of vitamin A-from a water slurry.
About 50 tons of beta-carotene are produced

annually with a market value between $80 and $100
million. It is used as a nutritional supplement, a
food and drug colorant, a treatment for some skin
disorders, and a possible anti-cancer agent. If suc-
cessful in large-scale operations, SEPSOL should
reduce the high cost of beta-carotene, which now
averages $35 a pound. For licensing information,
contact Bruce Mattson, A343 Physics Building,
NIST, Gaithersburg, MD 20899. For information
on SEPSOL, contact Dr. Bruno, Division 584.03,
NIST, Boulder, CO 80303, 303/497-5158.

DURING A FIRE, BRIGHTNESS IS BEST FOR
EXIT SIGNS
Exit signs with stenciled, brightly lit red letters on
an opaque background remain visible through
smoke longer than other types of signs, NIST re-
searchers found in a recent study. The researchers
used both instrumentation and 21 observers to as-
sess the brightness and visibility of 12 exit signs in
both smoky and clear conditions. The signs varied
in light sources, brightness, color, and lettering.
Uniform lighting was another important factor in
observers being able to detect and read a sign. In
addition, unlike a Canadian study that suggested
that green might be a more effective color for exit
markings, the observers in the NIST study pre-
ferred red. However, the NIST researchers note,
the red signs were brighter and the observers were
accustomed to exit signs being red. A report, Eval-
uation of Exit Signs in Clear and Smoke Conditions
(NISTIR 4399), is available from the National
Technical Information Service, Springfield, VA
22161. Order by PB #90-269523 for $17 prepaid.

PATENT COULD HELP ABATE ACID RAIN
Tighter controls on atmospheric pollutants ex-
pected with passage of the Clean Air Act Amend-
ments of 1990 may revive interest in a NIST
proposal for cleansing flue gases of noxious sulfur
and nitrogen oxides. In 1982, NIST researchers
logged patent 4,351,810 ("A Method for Removing
Sulfur Dioxide from a Gas Stream"). The patent
describes a novel chemical process that can remove
SO2 and NO. (all implicated in acid rain problems)
from exhaust gases without complicated equipment
or critical temperature control. Moreover, the pro-
cess could be designed to yield ammonium nitrates
and sulfates, which are basic components of com-
mercial fertilizers. In 1983, the invention received
an "IR 100" award as one of the 100 most signifi-
cant new technical products of the year.
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POLYMER/SUPERCONDUCTOR
COMPOSITES PATENTED
A patent was issued to NIST scientists for com-
posites of certain polymers and high-temperature
superconductors. The polymer composites may
have applications in magnetic levitation and other
uses of high-temperature superconductors for
which electrical contact between superconducting
grains is not essential. Advantages of these com-
posites are ease of fabrication and enhanced tough-
ness. The composites may be extruded into flexible
fibers, ribbons, and sheets, or injection molded into
complex shapes. Problems of brittleness and sensi-
tivity to thermal cycling associated with ceramic
superconductors are circumvented in the com-
posites since mechanical properties are dominated
by the polymer. When cooled to superconducting
temperatures, the composites become stiff, but re-
tain toughness. The patent was based on work at
NIST on composites of a ceramic superconductor,
(yttrium barium copper oxide) in a matrix of
polyvinylidene fluoride. The polymer not only pro-
vides mechanical support and ease of fabrication,
but also protects the superconductor from expo-
sure to chemically active substances that can de-
stroy the superconductivity.

MOLECULAR ORBITAL CALCULATIONS OF
BOND RUPTURE IN BRITTLE SOLIDS
It is known that virtually all brittle solids ranging
from completely ionic (MgF2) to mixed ionic/co-
valent (SiO2 , A12 03) materials undergo environ-
mentally enhanced bond rupture under monotonic
loads, leading to flaw extension and ultimate fail-
ure. To further understanding of the bond rupture
mechanism, molecular orbital calculations were
carried out using an ab initio self consistent field
technique. The work to date has involved investi-
gations of the effects of strain on the atomic
charges, bond overlap population, and ionic char-
acter of the Si-O bond at highly strained crack tips
in silica (SiO2). Silica was chosen as a model mate-
rial because of the extensive experimental crack
growth data available on it. Pyrosilicic acid,
H6Si2O7, was employed as the model molecule.
Bond strains up to 30 percent were simulated in
terms of bond stretching and angle distortion. The
ultimate goal of this work is a method to predict
material systems with an optimal resistance to envi-
ronmentally enhanced fracture.

Results to date have shown that the net charge
on the oxygen atom in silica becomes more nega-
tive as strain increases, while the net charge on the
silicon atom varies depending on how the molecule

is distorted. These calculations are in general
agreement with a previous model developed at
NIST for chemically enhanced crack growth in ox-
ides. According to this model, the chemical inter-
action between a strained bridging bond at the
crack tip in silica and an adjacent water molecule
involves the reaction of the oxygen lone pair elec-
trons on the water molecule with a silicon atom
and the transfer of a proton from water to the oxy-
gen atom. The basic predictions of the model agree
quite well with experimental crack growth data,
not only in silica, but also in SiO 2-based glasses as
well as in single-crystal aluminum oxide.

WETTABILITY OF SOLDER ON
INTERMETALLICS
Advanced microelectronic manufacturing depends
on the ability of industry to produce reliable solder
joints under automated conditions. However, in
such joints, layers and dispersions of copper-tin in-
termetallic compounds often form. The wettability
of these intermetallics by solder can be crucial in
controlling solderability.

NIST scientists used rapid solidification and
powder-processing techniques to prepare for the
first time anywhere bulk samples of these inter-
metallics suitable for measuring wettability. Sessile
drop measurements of wettability of lead-tin solder
on these intermetallics were subsequently done at
NIST. Results show that wetting behavior on the
intermetallics is much poorer than that on copper
but with proper fluxes may still produce the rapid
solderability required by automated techniques.
These results provide a quantitative basis for evalu-
ation of soldering processes and mechanisms.

TWO NEW NIST PRECISION
MEASUREMENT GRANTS
AWARDED FOR FY 91
Two new $30,000 NIST precision measurement
grants have been awarded for fiscal year 1991. The
recipients, John E. Thomas of Duke University
and Ngai C. Wong of the Massachusetts Institute
of Technology, were selected from an initial group
of 37 candidates.' NIST sponsors these grants to
promote fundamental research in measurement sci-
ence in U.S. universities and to foster contacts be-
tween NIST scientists and researchers in the
academic community actively engaged in such
work.

Thomas' project "Precision Atomic Position
Measurement Using Optical Fields," will develop
new optical techniques for achieving ultrahigh spa-
tial resolution of moving atoms. The goal is to
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achieve nanometer resolution limited by the uncer-
tainty principle for highly collimated or trans-
versely cooled atomic beams.

Wong's project, "Optical Frequency Division
Using an Optical Parametric Oscillator: Applica-
tions to Precision Measurements," will develop a
new method of frequency division based on optical
parametric downconversion in a nonlinear crystal.
The method will convert the signal from an un-
known input laser into two coherent subharmonic
outputs with linewidths limited by the input pump
linewidth. By locking their difference frequency to
a known reference source, the output frequencies
and hence the frequency of the unknown may be
determined precisely.

NEW LASER TELEMETERING DOSIMETRY
SYSTEM DEVELOPED
A long-range laser-based system for the remote de-
tection and dose quantitation of gamma-ray and x-
ray radiation fields has been developed at NIST.
The system will allow on-line measurements in
high-dose environments such as nuclear power
plants and radiation processing facilities. It em-
ploys GafChromicTm dosimetry media, a radiosen-
sitive film that upon exposure to ionizing radiation,
visibly darkens as a function of dose, and a helium-
neon laser operating at the wavelength of 632.8
nm. The film is "read" by measuring the transmit-
ted light intensity of an incident beam and convert-
ing that quantity to an optical density, thus yielding
an optical density versus dose relationship. With
the present film, the applicable dose range is 1 to
1000 gray. (One gray (Gy) is equal to 1 J/kg.) The
basic system can be configured for real-time, on-
line monitoring of radiation procedures in indus-
trial radiation processing as well as other industrial
and military applications.

FAST INFORMATION RETRIEVAL SYSTEM
NIST scientists developed a computer system that
automatically retrieves relevant text from large
databases in response to simple natural language
user queries. The information retrieval system ac-
cepts a simple user query such as a sentence or a
phrase and returns a list of records ranked in order
of likely relevance to that query within 1 or 2 s.
The computer system is particularly well suited for
retrieval from manuals, sets of related records, bib-
liographic files, and other types of data containing
sufficient amounts of text.

NIST PUBLISHES GUIDELINES TO
EVALUATE MESSAGE HANDLING
SYSTEMS (MHS)
NIST Special Publication 500-182, Guidelines for
the Evaluation of Message Handling Systems Im-
plementations, assists users in determining which
implementation, among several candidates, will
best meet the functional and performance require-
ments of the user. The document provides guid-
ance for evaluating the functional specifications of
MHS implementations, for measuring the perfor-
mance of MHS implementations, and for matching
the functional and performance specifications of an
MHS implementation to user requirements. FIPS
146, GOSIP, Version 1, mandates that federal
agencies procure MHS products to provide the
electronic mail capabilities required by those agen-
cies as of August 15, 1990.

NIST HOSTS EMC/EMI MEASUREMENTS
SHORT COURSE
NIST recently hosted a short course on measure-
ments for determining electromagnetic compatibil-
ity/electromagnetic interference (EMC/EMI),
principally based on methods developed by the
NIST fields and interference metrology group.

The course was offered in response to requests
from NIST clientele and others in having the op-
portunity for intensive exposure to NIST develop-
ments in this area of growing national concern.

Some 40 participants from industry, other gov-
ernment agencies, and academic institutions
learned about NIST measurement services; mea-
surements in support of FCC regulations and mili-
tary standards; and measurement methods and
instrumentation, including electromagnetic probe
development, the use of transverse electromagnetic
cells and reverberation chambers, whole-system
testing, and the determination of shielding effec-
tiveness and site attenuation. The course also pro-
vided the NIST organizers with information on
practical measurement needs faced by industry.

X-RAY DIFFRACTION PHASES
DETERMINED FROM
NATIVE PROTEIN DATA
Scientists at NIST and a Swedish University have
developed a method for applying the principle of
maximum entropy to the problem of determining
the phases of x-ray diffraction data from biological
macromolecules such as proteins. Previously used
methods for determining phases, which are neces-
sary for determining the structure from the dif-
fraction data, have depended on the ability to
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incorporate heavy atoms into crystals of proteins
or on prior knowledge of the structure of some
major fraction of the molecule. The new method
can be used with data obtained from the native
protein alone and with no prior knowledge except
for approximate chemical composition.

Employing 1970 reflections, the method has
been used to produce an electron density map of
the known structure of recombinant bovine chy-
mosin that is in remarkable agreement with one cal-
culated using phases determined from the refined
structure (12346 reflections). This method for de-
termining phases ab initio from native protein data
alone opens the way to a major advance in the abil-
ity to determine the structures of the macro-
molecules that play vital roles in all life processes.

THE INFLUENCE OF LITHIUM ON THE
CORROSION BEHAVIOR OF ALUMINUM
ALLOYS
Lithium is an important alloying element in alu-
minum because it reduces density while simulta-
neously increasing strength and stiffness.
Aluminum-lithium alloys and metal matrix com-
posites made with these alloys promise to improve
the performance and efficiency of aircraft and
other vehicles. However, the addition of an alloy-
ing element as active as lithium may dramatically
alter the corrosion behavior of aluminum alloys.
Numerous investigations have been conducted into
the corrosion behavior of aluminum-lithium alloys
but these studies have failed to distinguish between
the effect of the precipitation of lithium rich phases
from the influence, if any, of lithium on the growth
and stability of passivating films on the surface of
aluminum alloys. To resolve this issue, the NIST
corrosion group developed a new experimental
technique for the evaluation of electrochemical re-
actions on the bare surface of aluminum alloys.
This technique was used to examine the rate of dis-
solution and passive film growth on the bare sur-
face of aluminum-lithium binary alloys with
differing lithium contents. It was found that lithium
does not alter the dissolution rate or the repassiva-
tion rate of these alloys unless they are heat treated
in such a manner as to yield large lithium rich pre-
cipitate phases at the grain boundaries. That is, alu-
minum-lithium alloys do not inherently have a
poor corrosion resistance and, if heat treatment
procedures are developed that suppress the nucle-
ation and growth of the lithium rich precipitate
phases at the grain boundaries, then the corrosion
resistance of these alloys will be essentially identi-
cal to that of other aluminum alloys.

DEVELOPMENT OF A NIST X-RAY
MICROFLUORESCENCE SPECTROMETER
An x-ray spectrometer has been constructed at
NIST for performing multielement compositional
analysis of areas on samples as small as 50 ,um. This
new technique, called x-ray microfluorescence
spectrometry, represents a new capability for mate-
rials characterization and has been developed as
part of an industrial cooperative research project.
This system allows automated, programmable X-Y
scans of samples with simultaneous x-ray data ac-
quisition and spectral deconvolution functions. In a
demonstration of capabilities, x-ray fluorescence
analysis of areas 200 times smaller than those used
for bulk analysis of stainless steels gave elemental
compositions that agreed with the bulk values
within 2-3 percent. The instrument also will be use-
ful in assessing the properties of films, including the
homogeneity of chemical composition of small re-
gions compared to the bulk chemical composition,
film thickness, and potentially on-line process
control.

NIST PROVIDES STANDARDS SUPPORT FOR
NASA SATELLITE PROGRAM
A NIST scientist is playing the lead role in stan-
dards activities for two important NASA programs
during his assignment at NASA's Langley Re-
search Center for 1 year under a special intera-
gency agreement. One of these is the SAFIRE
(spectroscopy of the atmosphere using far-infrared
emission) experiment, which will use satellite mea-
surements to furnish a global measurement of the
critically important OH radical. The second is
IBEX (infrared balloon experiment), which in-
volves balloon-based measurements of the ozone
chemistry of the upper atmosphere to be followed
by correlative measurement flights in support of
the upper atmosphere research satellite. He has
been working with other NIST staff to make sure
that the measurement systems being developed for
these NASA programs are traceable to national
standards and of sufficient quality to support the
missions of the programs.

NIST COSPONSORS INTERNATIONAL
CONFERENCE ON OPEN SYSTEMS
STANDARDS
Calling for "common solutions that serve both
users and vendors who want to compete in an in-
ternational marketplace," Under Secretary Robert
White keynoted the 6th International Conference
on the Application of Standards for Open Systems.
White challenged the international community to
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work together to develop policies, standards, and
conformance tests that will advance the develop-
ment and use of open systems. More than 150 com-
puter professionals from government, industry, and
user organizations worldwide attended the Octo-
ber 2-4, 1990, conference, which was cosponsored
by NIST, the Institute of Electrical and Electronic
Engineers (IEEE), and the IEEE Computer Soci-
ety. The conference program featured 36 experts
representing governments throughout the world
who addressed the key issues affecting the imple-
mentation of open systems: policy development, in-
ternational collaboration, free trade and standards,
Open Systems Interconnection applications, con-
formance and interoperability, and security.

COMPUTER SECURITY GUIDANCE
PUBLISHED
Four new publications report on computer security
studies and guidelines developed by other federal
agencies. U.S. Department of Energy (DOE) Risk
Assessment Methodology (NISTIR 4325) presents
risk assessment guideline instructions, a resource
table, and a completed sample as well as DOE risk
assessment worksheets. Domestic Disaster Recov-
ery Plan for PCs, OIS, and Small VS Systems
(NISTIR 4359) describes a disaster recovery
methodology. Automated Information System Se-
curity Accreditation Guidelines (NISTIR 4378)
provides procedures developed by the Federal
Aviation Administration for the preparation of
documentation for the security accreditation of au-
tomated information systems. U.S. Department of
Justice Simplified Risk Analysis Guidelines
(NISTIR 4387) contains a risk analysis methodol-
ogy. NIST published these documents as part of a
continuing effort to assist federal agencies in im-
proving the security of their information systems
and to make useful information available to the fed-
eral community.

NIST HOSTS SLATEC MEETING ON
LIBRARY SOFTWARE
NIST hosted the fall meeting of the SLATEC
committee, the group that develops and maintains
mathematical software for scientific computing ap-
plications at member government and national lab-
oratories.

The SLATEC committee produces a compre-
hensive library that features uniform documenta-
tion and error handling, quality control through

careful testing requirements, effective utilization of
vector supercomputers, and portability to almost
any computer with a Fortran compiler. The scope
of the SLATEC library is comparable to that of
the commercial IMSL and NAg libraries.

A major new software program, representing a
capability not found in IMSL and NAg, was ac-
cepted into the library at the fall meeting. This soft-
ware includes a set of routines for computing
Wigner 3j and 6j coefficients, also known as Cleb-
sch-Gordan coefficients, used in quantum mechan-
ics and the theory of angular momentum. The
routines were produced jointly by Harvard Uni-
versity and the Max Planck Institute. As required
by the SLATEC library, the Wigner software
passed an independent validation test developed by
NIST.

NIST INITIATES RESEARCH FOR HALON
REPLACEMENTS
NIST Scientists have completed the first two
projects in a government-industry plan to identify
and qualify replacements for the halogenated fire
suppressants (halons). These chemicals have been
designated for phase-out due to their destruction of
stratospheric ozone. The projects incorporate
state-of-the-art in testing methodology and mecha-
nistic thinking. The two reports, entitled Prelimi-
nary Screening Procedures and Criteria for
Replacements for Halons 1211 and 1301 and Con-
struction of an Exploratory List of Chemicals To
Initiate the Search for Halon Alternatives, have
been issued as NIST Tech Notes 1278 and 1279,
respectively.

NIST DEMONSTRATES SMOKE TOXICITY
DATA RELEVANCE
For the first time, NIST scientists have shown a
relationship between the toxicity of room fire
smoke and that measured in the combustion of
small samples. Two bench-scale apparatus and pro-
tocols, one developed at NIST and the other devel-
oped jointly with an outside organization, produce
data that agree with data from newly conducted
wall fire experiments on multiple bases such as:
toxic potency of the smoke, sameness of toxic spe-
cies, similar yields of toxic species, and agreement
of toxic potency prediction. The agreement is ac-
curate to within a factor of 3, which is within ac-
ceptable limits for the prediction of life safety in
building fires.
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DIRECT FORGING OF STEEL
NIST is collaborating with industry to study mi-
croalloyed bar steels for direct forging application.
The direct forging process is of interest to the auto-
motive industry because the properties of forged
parts meet specified levels without the need for
subsequent heat treatment. The idea is to control
the temperature-deformation schedule during forg-
ing and cooling in order to achieve the desired
metallurgical structure and properties.

Metallurgical data on microalloyed SAE 1141
and AISI 1522 steels were provided by industry.
High-temperature, high-strain rate flow curves and
continuous cooling transformation diagrams under
different temperature-deformation schedules have
been measured for these two steels. The informa-
tion provides the basis for optimizing the forging
schedule. Theoretical models are being used to
make the high-temperature deformation behavior
and the transformation kinetics applicable to a
wide range of forging conditions.

SOCIETY OF AUTOMOTIVE ENGINEERS
AND NIST USE NEUTRON DIFFRACTION
TO CHARACTERIZE RESIDUAL STRESSES
NIST scientists are collaborating with engineers of
the Fatigue Design and Evaluation Committee of
the Society of Automotive Engineers in a multiax-
ial fatigue lifetime prediction project. The project
is part of an integrated engineering approach for
design analysis and validation of components for
vehicles. Specifically, component-like axles will be
tested for fatigue life; characterized for materials
properties, including residual stress; and modeled
by finite-element techniques. Neutron diffraction
has particular value in this application because it is
nondestructive and because the penetrating power
of neutrons allows probing of residual stresses vir-
tually to the center of the 40-mm diameter axles.

To date, two axles have been examined: one
which was induction hardened but not fatigued; a
second was hardened and fatigue cycled to about
half of the expected lifetime. Even in the unfa-
tigued sample, significant differences from the ini-
tial, calculated stress distribution were seen. The
fatigued specimen shows a clear asymmetric redis-
tribution of stresses not yet predicted by finite ele-
ment methods.

PATENT SOUGHT FOR ASSAY FOR ATAXIA
TELANGIECTASIA
In collaboration with the Imperial Cancer Re-
search Fund, researchers at NIST have developed
an assay that has the potential of detecting the dis-
ease ataxia telangiectasia (AT) before the onset of
symptoms. AT is a human genetic disease charac-
terized by an extreme sensitivity of the body's cells
to the lethal effects of ionizing radiations (y rays,
x rays, etc.). The disease is first manifested in early
childhood (2 years) when changes similar to accel-
erated aging, malignancies, and immune dysfunc-
tion appear. Death usually occurs by age 25, and
currently there is no cure. Early detection is ex-
pected to lead to more effective treatments, espe-
cially in the inhibition of malignancies and boosting
of the immune system.

During studies of the biochemistry of the en-
zyme deoxyribophosphodiesterase (dRpase) in var-
ious cell lines, NIST researchers detected a
modified deoxyribosephosphate (dRp-X) in the as-
say for an AT patient. The modified enzymes be-
haved the same as normal enzymes, but appeared
only in cell lines derived from AT patients (seven,
so far). It is not detectable in any other diseased or
normal cell lines. This product has been identified
tentatively by gas chromatography/mass spec-
trometry, and a patent for its use as a marker for
AT has been filed in Europe and the United States.

NIST DEVELOPS STANDARD OF
RHENIUM-186 FOR
RADIOPHARMACEUTICAL
MANUFACTURERS
At the request of radiopharmaceutical manufactur-
ers and medical investigators, NIST has developed
new radionuclide standards of '86Re. Rhenium-186
is a short half-life radionuclide now undergoing in-
vestigation in a number of clinical trials for im-
proved cancer treatment. Industry is providing a
'86 Re bone-seeking pharmaceutical for clinical trials
at the University of Cincinnati, University of
Utrecht (Netherlands), and Memorial Sloan-
Kettering. This material is intended to reduce pain
from bone metastases for terminal patients. Indus-
try is developing '86 Re-labeled monoclonal antibod-
ies which are being used in clinical trials at the
Virginia Mason Medical Center, Memorial Sloan
Kettering, and other centers. These tumor-specific
radiolabeled antibodies are targeted to kill colon,
ovarian, and small-cell lung cancer cells.

Two batches of the radionuclide were obtained
from the University of Missouri Research Reactor,
and the half-life was measured at NIST as
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89.25 ±0.07 h. The radionuclide was standardized
by liquid-scintillation counting, and measurements
were made on the photon emission rates of the
principal x and gamma rays using semiconductor
detectors. The uncertainty in the standard is ± 1.6
percent, which will allow physicians to
assay radiopharmaceutical injections to within ±5
percent.

HIGH-RESOLUTION PROTEIN SEPARATIONS
APPLIED TO CANCER RESEARCH
NIST scientists in collaboration with researchers
from four prominent cancer research institutions
have developed a procedure, based on two-
dimensional electrophoresis (2-DE) with com-
puter-assisted image analysis, capable of detecting
molecular changes that occur in cancerous vs. nor-
mal cells.

The 2-DE separations and imaging procedures
developed at NIST allow visualization of picogram
quantities of individual proteins. Experimental
measurements have been made using human colon
cancer cell lines and malignant gastric and colon
tumorous tissues. The NIST-developed technol-
ogy, based on the appearance or disappearance of
10 to 20 selected proteins from complex maps con-
taining more than 2,000 proteins, appears to be ca-
pable of detecting the onset and progress of various
types of carcinoma.

This technology shows immediate potential for
use in cancer diagnosis and treatment. Proteins re-
lated to cancer development can be isolated and
sequenced. The sequence then can be decoded to
determine which genes are being expressed. This
technology also has potential as a molecular basis
for selecting chemopreventive agents.

NIST ESTABLISHES RESEARCH PROGRAM
TO SUPPORT THE ADVANCEMENT OF
DNA PROFILING TECHNOLOGY
In collaboration with the National Institute of Jus-
tice, NIST scientists and other researchers have es-
tablished a program to address standards and
rapid-high-resolution separation needs in forensic
DNA profiling. A guest scientist is focusing his ef-
forts on the development of a moving boundary
electrophoresis system that uses a novel medium
for separations. A visiting forensic serologist is us-
ing FBI protocols for DNA fingerprinting to qual-
ify cell lines and molecular weight standards for
use as reference materials. One output of the pro-
gram is the discovery of techniques for modifica-
tion of electrophoresis media that allow various
DNA-size fragments to be separated in less than

1 h, as compared to 15 or more hours using current
procedures. A patent disclosure has been submitted
based on this effort.

The DNA separations and standards research at
NIST is being followed with great interest by the
worldwide forensic community, since standardiza-
tion and quality assurance of DNA fingerprinting
methods have become important considerations in
many criminal court cases. Interlaboratory studies
to assess the DNA profiling capabilities of forensic
labs will be conducted later this year employing
materials qualified and value assigned at NIST.
This exercise will serve as a prelude to the devel-
opment and issuance of SRMs to support DNA fin-
gerprinting technology.

PARALLEL PROCESSING RESEARCH
REPORTED
Workloads, Observables, Benchmarks and Instru-
mentation (NISTIR 90-4275) describes research
on measuring the performance of computer sys-
tems. Partially supported by two other government
agencies the research focused on a compact user-
level summary that captures the performance vari-
abilities of a system. NIST researchers used a
dependency tree to delineate the relationships
among a very limited number of major system re-
sources that explain most performance variance.
The tree supports simple predictions and promotes
more meaningful comparisons of workloads.

ENHANCED CRITICAL CURRENT ACHIEVED
THROUGH GRAIN ALIGNMENT OF BULK
HIGH-CRITICAL-TEMPERATURE
SUPERCONDUCIORS
A NIST scientist in collaboration with industry re-
searchers, has demonstrated an enhancement of
transport critical current (Jc) as a result of deliber-
ate grain alignment in bulk polycrystalline yttrium-
barium-copper oxide superconductors. Their
research provides clear evidence that it is possible
to achieve relatively high supercurrents across
grain boundaries at high magnetic fields (up to 30
T at 77 K). The work also shows the existence of a
"good" component of current conduction across
grain boundaries and that the amount of good ma-
terial can be manipulated. The limited current-car-
rying capacity of the ceramic superconductors in
relatively high-magnetic fields poses a serious limi-
tation to their practical exploitation. The results of
these tests show the importance of grain alignment
in achieving higher current capacity.
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Calibration Services

NEW TRANSIENT HIGH-CURRENT
CALIBRATION CAPABILITY ESTABLISHED
NIST has developed capability and an associated
special-test measurement service for calibrating
and evaluating high-current sensors, initially in re-
sponse to needs of the resistance welding industry.
Currents as high as 100 kA can be generated and
measured with an uncertainty of less than 0.35 per-
cent. Support of present welders requires a capabil-
ity of about 50 kA, although a new generation of
welders is being developed which may require ca-
pability even above 100 kA. The welding industry
needs more accurate measurement of power-line
frequency welding burst currents than heretofore
available, in order to achieve better weld quality in
critical applications such as oil and gas pipelines
and nuclear reactor power plant plumbing. Typical
sensors used in the measurements are four-terminal
shunts (having a resistance of 20 ptm or less), or
Rogowski coils (air-core mutual inductors having a
mutual inductance of 1 ,pH or less). Because of the
transient nature of the measurements, high-speed
digitizers are used to capture the signals, and digi-
tal processing is carried out immediately after a
measurement run. Prior to the development of the
new capability, the highest current that could be
generated by NIST for similar measurement pur-
poses was only about 6 kA. As a derivative effort
from the welding work, methods and apparatus are
being developed to characterize equipment used in
the testing of circuit breakers. This application re-
quires a NIST current capability of about 80 kA.

Standard Reference Materials

NEW GLASS DENSITY STANDARDS
AVAILABLE FOR INDUSTRY
NIST has developed four new standard reference
materials (SRMs) for the producers of flat and con-
tainer glass products. The SRMs are quality con-
trol standards for calibrating densitometers and
other instruments used to measure the density of
solids and liquid materials. Each of the SRMs has a
certified density value determined by hydrostatic
weighing. SRM 1825, Fused Silica Density Stan-
dard; SRM 1826, Soda-Lime Glass Density Stan-
dard; and SRM 1827, Lead Silica Glass Density
Standard are available for $133 each. SRM 1919,
Lead Silica Glass Density Standard, is the same

material as SRM 1827 but each unit is individually
certified to the sixth decimal place. It is priced at
$168. The new glass density standards are available
from the Standard Reference Materials Program,
Room 204, Building 202, NIST, Gaithersburg, MD
20899, 301/975-6776, fax: 301/948-3730.

COMPUTER MAGNETIC TAPE CERTIFIED
AS A STANDARD REFERENCE MATERIAL
SRM 3201 is a computer magnetic tape calibrated
and certified as a standard reference material for
the 1/2-in serial serpentine 22-track and 48-track
tape used by many minicomputers. The SRM is
specified by American National Standard X3.181
for the recorded tape and by a forthcoming stan-
dard for the unrecorded tape. The magnetic prop-
erties specified are output signal amplitude, typical
field, overwrite, resolution, and peak shift. These
properties are specified at two densities: 6667 ftpi
(flux transitions per inch) and 10,000 ftpi.

SRM 3201 is needed by manufacturers of the
tape media and the tape drives to assure confor-
mance with ANSI X3.197 and X3.181. Industry
support of the research came from six companies.
Five other SRMs developed by NIST for different
types of computer magnetic tape are available from
the Office of Standard Reference Materials.

Standard Reference Data

PC DATABASE TO SPEED USE OF
ADVANCED CERAMICS
A new structural ceramics database (SCD) for per-
sonal computers (PCs) is designed to speed the ap-
plication of high-temperature advanced ceramic
materials from the laboratory to the marketplace.
The database was developed by NIST materials
scientists, with industry support. SCD provides de-
sign engineers with rapid access to important infor-
mation on the thermal and mechanical properties
of silicon carbide and silicon nitride monolithic ma-
terials. These materials are primary candidates for
the manufacture of heat exchangers, ceramic en-
gine components, sensors, and cutting tools be-
cause of their high strength and dimensional
stability, chemical inertness, and wear resistance.
NIST Structural Ceramics Database (SCD), Stan-
dard Reference Database 30, is available for $495.
To order PC Version 1.0, contact the Standard
Reference Data Program, A320 Physics Building,
NIST, Gaithersburg, MD 20899, 301/975-2208,
fax: 301/975-2183.
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