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Relative gf values for 49 prominent U lr lines and 21 of the strongest U l lines have been. measured.
The U u measurements were made using a wall-stabilized arc into which the uranium was introduced
in the form of UF6. The U l values were measured with a flow-stabilized arc which is essentially a
free-burning arc stabilized by streaming argon around one of the electrodes which is formed from a
molten ball of uranium held in a tungsten cup. Temperatures in the wall-stabilized and flow-stabilized
arc were 10 500 K and 5500 K, respectively. The Ur relative gf values were placed on an absolute
scale employing a recent lifetime determination for the 27 887-cm level of U r. This absolute scale
was extended to the Ulr values by measuring the relative intensity of a U I and a U n line in the
wall-stabilized arc.

INTRODUCTION

This work describes the experimental determina-
tion of relative gf values for atomic and singly ion-
ized uranium. Uranium presents a special prob-
lem because of the complexity of its spectrum. It
is estimated that over 300000 lines of UI and UII
can be observed and measured with modern high-
resolution apparatus, Current measurements' in
the wavelength region of this experiment
(2900-5500 A) indicate that the spectral line
density is approximately 25 lines/A. With the
resolution obtained in this experiment (at best
0,05 A), only the stronger uranium lines could be
measured. Even for the stronger lines, careful
checking was necessary to ascertain whether
blending with weaker lines was negligible.

Two different arc sources were used in the ex-
periment, and they will be referred to through-
out as the flow-stabilized arc and the wall-stabi-
lized arc. The flow-stabilized arc is essentially
a free burning arc, which runs stably at a much
lower axis temperature than the wall-stabilized
are (5500 K as compared to 10 500 K when burning
with uranium) and was used for the measurement
of UI lines. This type of arc was first used by
Richter and Wulff' in the measurement of Fe I
lines. Because of the very low ionization potential
of uranium (6.22 eV), only a few of the strongest
U I lines were observable in the higher-temperature
wall-stabilized arc, and the U II spectrum remained
stronger, even in the flow-stabilized are. The
flow-stabilized arc is viewed side-on between the
electrodes, and since the observed intensity is in-
tegrated over zones of different temperature, an
Abel inversion process must be used to obtain
local intensity and temperature values. The prin-
cipal advantage of the flow-stabilized arc is that
low-temperature plasma conditions are achieved
where the metal lines are quite intense, and there

is very little continuum radiation; hence, many
weaker lines can be measured. Disadvantages are
that the electron density cannot be accurately de-
termined and also is too low to guarantee com-
plete local thermal equilibrium (LTE). The wall-
stabilized arc operates in a stable fashion only at
a higher temperature and electron density and
can be viewed end-on through the electrodes. The
arc is typically run in argon with the metal in-
troduced into the arc in gaseous form (e.g. , metal
halide with high vapor pressure). Two previous
experiments employing this method have been
successful in determining gf values for nickel'
and iron. ' In both of these experiments, the metal
tended to be concentrated preferentially in the
lower-temperature zones of the are. In the pre-
sent experiment, most of the metal radiation is
emitted from a visible ring concentric with the
arc axis. This "demixing*' effect makes side-on
measurements impossible, and, thus, intensity
measurements are taken end-on. The measure-
ments are taken through one electrode with a small
solid angle of observation, so that the observed
radiation will come from a small volume of plasma
over which the temperature is essentially constant,
and there is no radiation coming from the ring
where plasma conditions are quite different and
the assumption of LTE is not valid.

EXPERIMENTAL PROCEDURE

The wall-stabilized arc is shown in Fig. 1. It
is composed of six water-cooled copper disks
(water passages not shown in figure), separated
by Teflon rings which serve as electrical insula-
tors and to seal the arc from the outside air.
Since the disks are grooved to accept them, the
Teflon gaskets are also used to align, the pieces.
The copper disks serve to constrict the arc to
within a 4.8-mm-diameter channel, thus stabiliz-
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FIG. 1. Diagram of wall-stabilized are.

ing the arc position and raising the axis tempera-
ture significantly. This elevated axis temperature
was a disadvantage in that it ionized the uranium
to such a degree that the U j: line intensities were
greatly reduced. In order to observe the UI lines
in the wall-stabilized arc, the arc current would
have to have been lowered to the point where the
arc became unstable. The wall-stabilized arc
was, however, quite adequate in the measurement
of gF values of U Il lines, and these supplied a
means of temperature determination for the lower-
temperature flow-stabilized arc, in which the
U I lines could be observed.

The arc current is provided by a current-stabi-
lized power supply, whose stability over several
hours running time is about 0.2%. Most runs were
made at a current of 25 A, which produced an
arc axis temperature of approximately 10500 K.
Argon flows into the arc tangentially at the points
indicated in Fig. l. A mixture of Ar+H, (5%%uo)

flows into the central section at the rate of 500
ml/min. The hydrogen admixture is necessary
for the temperature determination to be described
below. Before entering the are, the H, -Ar mix-
ture passes the mouth of a bottle filled with UF,
crystals. The bottle is heated in a water bath to
70 C which produces a UF, vapor pressure og -2
atm. The amount of UF, vapor entering the H&-Ar
Istream is controlled by a needle valve attached to
the bottle. The valve is also immersed in the watelr
bath to prevent clogging. The arc is equipped
with windows for both side-on and end-on observa-
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FIG. 2. Diagram of flow-stabilized are.

tion. Pure argon is streamed past the side win-
dows, which are attached to the central section,
in order to prevent them from being corroded by
the UF, . All gases are exhausted from the two
sections adjacent to the central section, and pure
argon flows into the two outer sections at the rate
of 500 ml/min to each section. The flow arrange-
ment is necessary in order that the uranium be
confined to the central portion of the arc and kept
away from the electrode region.

The flow-stabilized arc is shown in Fig. 2. Ex-
cept for some small modifications, it is identical
to the arc described by Richter. ' The anode con-
sists of a tungsten cup (threaded into a copper rod)
on which a pellet of uranium is placed. The metal
is put on the anode (instead of the cathode, as in
the Richter arc) because this allows better evapor-
ation of the uranium. Argon flows through a large
nozzle around the anode to stabilize the arc. The
flow is varied between 0.5 and 3 l/min and passes
through a thick wire mesh, which distributes it
uniformly before reaching the nozzle. It was
found that the addition of N, to the stream also
aided the evaporation of uranium. The cathode
is a 6.4-mm tungsten rod, whose tip is situated in
the bore of an insulated iron disk for stabilization
of the arc. Both anode and cathode are insulated
from the other parts of the mounting. A current
of 5 A was adequate for stable running of the arc.
As it evaporates from the anode, the uranium is
drawn up into a mantle around the arc by thermal
convection and from this mantle diffuses into the
hot are column. The arc is observed side-on
through the mantle about 1 cm above the anode.

Both the wall- and flow-stabilized arc were ob-
served with the same optical system which is
shown in Fig. 3. The arc is imaged with a 2:1
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enlargement onto the slits of a monitor and scan-
ning monochromator using a concave mirror of
66-cm focal length and a beam splitter. All mea-
surernents of U G lines in the wa11-stabilized arc
were made end-on through a 3.2-rom hole in the
cathode. A 12.V-mm diaphragm on the concave
mirror limited the radiation to that coming from
a very narrow cone (f/80) centered at the arc
axis. To prov'ide the necessary data needed to
Abel invert the line intensities measured side-on
and, hence, integrated over the cross section of
the flow-stabilized arc, the concave mirror was
motor driven, so that the image of the arc could
be moved across the entrance slit of the scanning
monochromator. A 1-in. diaphragm at the concave
mirror limits the radiation to that coming from a
small strip through the arc cross section, which
is necessary in order that a sufficient number of
points may be taken from the arc intensity profile
and used in the Abel inversion process.

The spectral line intensities are measured pho-
toelectr ically with the amplified photomultiplier
signal recorded on a strip chart. The instrument
function of the scanning monochromator (20-pm
slits) was 0.2 A in first order and 0.1 A in second
order and was sufficiently larger than the widths
of the uranium lines measured, so that the inte-
grated intensities of the lines were proportional
to the peak photomultiplier signal. Two 0.25-m
monochromators are employed with reciprocal
linear dispersion of 16 A/mm in first order and
fixed 25-pm slits. One monochromator is used to
monitor a strong uranium line in order to account
for small uranium concentration changes in the
arc, and the other is used in the temperature de-
termination of the mall-stabilized arc. A third
monochromator of focal length 0.'t5 m with re-
ciprocal linear dispersion of 11 A/mm in first
order was used to scan the lines of U I and U D.
All lines above 4450 A were measured in first
order, while lower wavelengths were measured in
second order since the line density is much great-
er in this wavelength region, and the better reso-
lution is essential.

Because of the high density of lines in the spec-
trum, the background above which the signal height
of a spectral line was measured could only be de-
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fr om wall-stabilized arc.

termined in a somewhat arbitrary way. It was
chosen to be the lowest signal within 1 A on either
side of the line.

To calibrate the line intensities measured from
the arc on an absolute spectral radiance scale, the
arc was removed and replaced by a tungsten strip
lamp. Radiation from the arc and lamp thus passed
through the same optical system. Any window that
had been used in the arc was placed in the optical
path when calibrating with the lamp. The spectral
radiance of the tungsten strip lamp was previously
determined with a blackbody by the Optical Radia-
tion Section of the National Bureau of Standards.

For all runs with both the wall-stabilized arc and
the flow-stabilized arc, the intensity of a strong
uranium line (Ul or Uff, depending on which spec-
trum was being measured) was monitored, so that
the measured intensities could be adjusted accord-
ing to the change in the monitor produced by small
changes in the uranium concentration. In addition,
a11 lines for each run were measured relative to a
given standard line, whose signal height was mea-
sured a number of times during the run and its
variation checked with the monitor. The monitor
signal for both arcs varied by no more than 30%
for periods of up to 20 min. The short-term
stability was much better as is illustrated in Fig.
4, which shows a mall-stabilized arc scan over a
period of about 40 sec.

In order that relative oscillator strengths can
be determined from measured relative line inten-
sities, it is necessary that (a) the lines be optical-
ly thin, (b) the temperature be determined, and
(c) the assumption of LTE be justified.

(a) The optical depth of uranium lines in the wall-
stabilized arc was tested in the following manner.
A good criterion for a line to be thin is that the
line center is less than one-tenth of the blackbody
function, i.e.,

(1/4v)P(vu)ting, „]„h~su&0.1B(vu, T),
where the subscript U refers to uranium, v& is
the central frequency of the uranium line, s„ is
the length of plasma emitting the uranium line, I'
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is the line -shape function, N„ the number of atoms
in the upper state, and A.„ is the transition pro-
bability. The intensity ratio of an argon line and
a uranium line is given by

I„~ [N"A„~]„~sz~hv„
I„[NQ„~]„s„hv„ (2)

Solving for s„ in Eq. (1) and substituting in Eg.
(2), expressing quantities in terms of A, and sub-
stituting the Doppler expression for the line -shape
function at the line center, the following inequality
results:

4, 5sAi [A"~N~]A.
IU 2w B(XU, T) 2nhTAua

(3)

where M is the mass of the uranium atom, and
the quantity s&, is just the length of the arc chan-
nel since the arc is essential ly burning in pure
argon, except for the introduction of UF6 in the
central se ction. The relation is over -restrictive
to the extent that, while pressure broadening is
present and will lower the peak height of the ura-
nium line, only Doppler broadening has been con-
side red in this derivation. Use of the above re-
lation involves only relative intensity and tem-
pe ratur e measurements, but the absolute transi-
tion probability &„must be known for the argon
line, whose intensity is measured relative to that
of the uranium line . A number of runs were made
with the above criterion fulfilled for the strong-
est UII line (3859.6 A) measured. When the ura-
nium concentration was increased by adding more
UF„ it was found that no change in intensity ratios
resulted for temperature insensitive lines of ap-
proximately the same upper energy level. The
concentration could not be increased very much
before the ring of demixed uranium became dis-
torted and closed into the center of the arc, mak-
ing axis measurements meaningless. Hence, for
all feasible running conditions, it could be safely
assumed that the U II lines were optically thin.

For the flow -stabilized arc, a strong U II line
was used for the temperature determination;
therefore, an optical depth check was made using
the intensity ratio of the strong 3859.6-A U II line
and a weaker line of the same upper energy level ~

The ratio was the same as that observed in the
wall -stabilized are. When N, was added to the

gas flow around the anode, more uranium was
evaporated into the are column, and the ratio
changed, indicating that self -absorption in the
strong line was starting to take place. In order
to bring the U I lines up to a measurable intensity,
it was necessary to have some N, in the gas flow,
but the amount was always kept below that which
would cause the 3859.6-A line to become optically
thick. The U I lines measured were all weaker

than the 3859 .6-A line by an order of magnitude
and, consequently, were optically thin.

(b) The temperature of the wall-stabilized arc
is determined in the following manner. The arc
is initially operated with only the Ar + H, (5/p}
mixture (without UF, ) flowing into the central
section. The hydrogen admixture allowed mea, -
surementt

of the Balmer H 8 line profile, whose
halfwidth is a sensitive function of electron den-
s ity. The electron density is calculated from the
halfwidth using theoretical Stark broadening cal-
culations' with an empirical correction according
to Wies e et ah. ' Use of the Saba equation and the
ideal gas 1aw allows the cal culation of the tem-
pe ratur e from the electron density, assuming a
constant-pressure (1 atm) arc. The Ha measure-
ment is made end-on through the electrodes, and,
simultaneously, the side-on intensity of a strong
Ar I line is recorded. As the UF, is introduced
into the central arc section, the intensity of the
argon line is seen to decrease implying a decrease
in temperature which is calculated from the tem-

peraturee

dependence of the argon line. Concern-
ing the determination of the temperature lowering,
it must be established that the decrease in inten-
sity of the Ar. I line measured side -on is not due
simply to displacement of agon by the introduc-
tion of UF, . Measurement of a strong fluorine
line end -on demonstrated that displacement of
argon by fluorine was negligible. Since the stoi-
chiometric ratio of fluorine to uranium is 6, one
would, consequently, expect the displacement
effect by the uranium to be negligible . However,
owing to the demixing effect, the uranium con-
centr ation becomes very high in a ring about the
are axis . This ring has a relatively large dia-
meter which was measured to be about 3 mm.
End-on scans of the Ar I line revealed that the
major portion of its radiation was coming from
atoms well within the region of the ring.

The data analysis of the flow-stabilized arc is
more involved to the extent that measurements
were taken side-on. The temperature measure-
ment (employing UII gf values measured in the
wall-stabilized arc) and the relative gf values of
the U I lines measured were obtained from local
emission coefficients e(r) which came from the
Abel inversion of side-on intensity scans I(y),
l.e.)

1 "p [dI(y)/dy]dy
a a cga(y -r)

The I(y) are obtained from strip chart recordings
of the photomultiplier signal as the image of the
are is moved across the entrance slit of the spec-

trometerr

by the motor -driven concave mirror .
+0 is the radius beyond which the emission is neg—
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ligible. The inversion of this data is based on a
curve-fitting technique" in which the data are
integrated numerically to find the coefficients of
orthogonal Legendre polynomials which are used
in Eq. (4) to evaluate e(r).

For an efficient data analysis, it is advantageous
to use the complex Abel inversion procedure only
on a few selected lines of different upper state
energy and apply to the rest of the lines the fol-
lowing greatly simplified analysis, which involves
the introduction of an "equivalent path length. "
One measures the side-on intensities I(0) inte-
grated over the maximum arc cross section. The
equivalent path length s(r, E) is then defined as
follows:

s(r, E) =f(0)/e(r, E),
where

(5)

f,. (0) gf, I(23s(r, .E,) (E, —E,)
f, (2) gf, ~A, s(r, E,) . kT(r) (7)

Seven U I lines of various upper-state energies
were selected for the Abel inversion process and
yielded equivalent path lengths for the respective
energies according to Eq. (5), and from these,
path lengths for all other lines were interpolated.
Using these path lengths, relative UI gj values
were then calculated using Eq. (7) with the temper-
ature from the relative intensity of two UII lines
(which were Abel inverted) and the intensities f(0)
of the U I lines integrated over the maximum arc
cross section. For this analysis, the radial posi-
tion r=2.7 mm was chosen, where the information
coming from both UI and UII is relatively reli-
able. The data were not analyzed at smaller
radial distances since the behavior of the emission
coefficient versus radius for the U I lines indicates
that there is much UI emission from the outer
portions of the arc, and, hence, results from the
Abel inversion for points near the arc axis be-
come unreliable. The situation is almost reversed
for the U II line of higher upper-state energy used
in the temperature determination. Information
from points near the axis is more reliable, and
temperatures calculated from points too far from
the axis carry greater uncertainties.

(c) A useful theoretical criterion as to whether
the assumption of LTE is valid is the following

expression":

jy )1 6X102$ (8)

2m e9z+(r E ) AI (r)A +mfmn 0( )e-sn/kr(r)
9 tl 4 g N Ntlt g 3 g

(6)
Combining Eqs. (5) and (6), one can write an ex-
pression for the relative intensities:

'rASI K I. Zf»4, /gf $493 for different electron densities.

Ratio N (10~6 em 3)

26.2
27.4
24.4
27.9
24.4

0.88
1.65
2.47
3.42
4.00

where AE is in eV. If this is fulfilled for the
largest energy gap in the energy level schemes
of the atom and the ion, then both the Saha equa-
tion and the Boltzmann distributions are valid,
and the plasma is in complete LTE. If it is suf-
ficient to have a Boltzmann distribution for the
higher excited states only, then the energy term
in Eq. (8) is the much smaller energy separation
between the high levels. Such "partial" LTE is
achieved at much lower values of N, . Using known

energy levels of UII (Ref. 12) and the temperature
of the wall-stabilized arc, the criterion expressed
by Eq. (8) yields N, ~ 5.8 x10" cm ' as the limit-
ing electron density above which partial LTE
should exist. Typical wall-stabilized and flow-
stabilized arc electron densities in this experiment
were 3&&10"and 5&10"cm ', respectively. The
measurement of U I gf values relative to those of
Ull in the wall-stabilized arc (see below) requires
complete LTE for uranium. For this case, Eq.
(8) requires N, ~ 1.0x10" cm ' which is still well
below the measured electron density of the wall-
stabilized arc.

In addition to these theoretical estimates, an
experimental check was made on the equilibrium
of the levels of UII using gf value mea-surements
from the wall-stabilized arc. The results are
given in Table I which shows the gf-value ratio of
the 2941.9-A line (upper-state energy of 39 508
cm ') to the 5493.0-A line (upper-state energy of
18200 cm '). A change in the ratio (outside of
experimental error) as a function of electron den-
sity would indicate departures from partial LTE.
A similar check is provided by comparing gf values
of U II measured in the wall-stabilized arc and in
the flow-stabilized arc since the two sources have
electron densities which differ by a factor of about
600. Although the flow-stabilized arc was used
primarily for the measurement of UI lines, a
run was made where a number of UII lines were
measured for comparison with wall-stabilized
arc results. The comparison is shown in Fig, 5.
A departure of the points from a horizontal line
as a function of upper-state energy would indicate
departures from partial LTE.

In the initial (before UF, is added) temperature
determination of the wall-stabilized arc, the argon
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FIG. 5. Ratio of flow-stabilized arc gf values to wall-
stabilized arc gf values vs upper-state energy.

was assumed to be in complete LTE in order that
the Saha equation could be used in calculating the
temperature from the electron density. Equation
(8) yields N, ~ 2.5xla" cm ' for the typical wall-
stabilized arc temperature of 10 500 K. Recent
experimental studies' have shown that argon is in
complete LTE only for electron densities above
5x10" cm '. Since the electron densities in the
wall-stabilized arc were typically about 3~10'
cm ', it was necessary to check for the size of
any departures from LTE. The determination of
the electron density from the width of the H& line
does not depend sensitively on the existence of
LTE. Another determination of the electron den-
sity, which is dependent upon Saha equilibrium,
was made for comparison. The absolute intensity
of the 4300, 1-A Ar I line was measured, and line
wing corrections' were made to ensure that the
total intensity of the line was obtained. Using the
measured intensity of the argon line, the Saha.
equation, and the ideal gas law, the three unknowns

T, N„and the density of neutral argon were ob-
tained. The resultant electron density was com-
pared with that determined from the H8 measure-
ment, and the difference was within the error of
measurement (i.e., the error in N, resulting from
the Ha width measurement was estimated at 10%).
Since a 10% error in N, reflects a temperature
error of 1.5%, any errors in temperature larger
than this due to departures from LTE were ruled
out.

The preceding discussion relates to relative
gf values within the same stage of ionization. In
order to put the U I and V II relative gf values on
the same scale, it is necessary to measure the
intensity of a UI line relative to a UII line. This
appeared to be possible in the wall-stabilized arc
since a number of the strongest U I lines were
present, although very weak. Qn closer inspec-
tion, it was found that all the U I lines identified,
except the 3812.0-A line, were blended with UH

lines and could not be measured reliably. A mea-

surement was made of the intensity of the 3812.0-A
line relative to the 3826.5 UII line, and by use of
the Saba equation for uranium, the relative gf
ratio for these two lines was calculated. The re-
sult was uncertain by about 5(PO, owing mainly to
the uncertainty in the continuous background which
had to be subtracted from the 3812.0-A line in-
tensity. Since the dependence on partition func-
tions in the calculation cancels out, the unreliable
value of the partition function for U II (due to spar-
sely classified energy levels) did not contribute to
the final uncertainty.

TABLE II. Uf gf values.

Wavelength Lower energy Upper energy
O

(A) (cm ') (~In ) gfexpt gfCorliss

3584.9
3812.0
3839.6
3854.2
3871.0
3894.1
3943.8

4005.2
4005.7
4047.6
4154.0
4222.4
4246.3
4362.1

4393.6
4426.9
4516.7
4620.2
4631.6
4790.1
5027.4
5164.1

0
0

3801
0
0
0
0

620
620
620

0
3801

0
0

0
0

62Q

6249
0

3801
0

8119

27 887
26 226
29 838
25 938
25 826
25 672
25 349

25 580
25 577
25 319
24 067
27, 478
23 544
22 919

22. 754
22 583
22 754
27, 887
21 585
24 671
19 885
27 478

2.4 2,1
0.71 1.7
19 31
0,55 0.53
0.85 1.2
0.43 0,40
0.99 0.94

032 1.1
Q.23
0.46 0.34
0.69 0.55
0.92 0.61
0.40 0.15
0.74 0.23

0.60 0.17
0.14 0.034
0.25 0.038
2.6 0 ~ 76
0.45 0.10
0.17 0.054
0.53 0.070
0.72 0.21

RESULTS AND DISCUSSION

The results of the experiment are shown in
Tables II and III. Table II contains absolute gf
values for 22 lines of UI. The scale has been
obtained by adjusting the gf values of the 3584.9-A
and the 4620.2-A lines (while maintaining their
measured relative values) so that they agree with
the recently measured lifetime" of 7 =7.3 nsec
for the 27887-cm ' level of UI. This normaliza-
tion is possible because all other transitions from
this level are negligibly weak. Table III contains
absolute gf values for 49 lines of UII. The UII
absolute scale has been obtained by adjusting the
Id' value of the 3826.5 U II line relative to the gf
value of the 3812.0 UI line, so that the ratio a-
grees with the measurement made in the wall-
stabilized arc. For comparison, the data from
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NBS Monograph 53, "which contains the only other
measurements of uranium gf values, are listed in
both tables.

On a relative scale, errors in the final values
arise from three principal sources:

(a) Deviations in the measured intensities from
run to run. One of the major reasons for these
deviations in the wall-stabilized arc was radiation
from the ring of demixed uranium. For small
concentrations of uranium, the ring was well
defined, but measurements were difficult because
of the small line-to-continuum ratio. For larger
concentrations, the ring became distorted, and
although the greatest effort was made to eliminate
it, there always existed the possibility that ra-
diation from the ring was reaching the monitor
monochromator and not the scanning monochro-
mator or vice versa. In the flow-stabilized arc,
the addition of a small amount of nitrogen to the
gas flow around the anode allowed stronger U I
emission. The nitrogen had an adverse effect on

the stability of the are, and this was undoubtedly
part of the cause for varying results from run to
run. The standard deviation of the mean was cal-
culated for the number of measurements of each
line.

(b) Uncertainty in the tungsten strip lamp cali-
bration. This error was estimated not to exceed
2% for all wavelengths measured in the experi-
ment.

(c) Error in the temperature measurement. For
the wall-stabilized arc, the error in the initial
temperature determination before UF6 was added
was estimated at 3/p. This figure takes into ac-
count errors in the H8 width measurement and un-
certainties in the width data from which the elec-
tron density was calculated. The error in the
temperature lowering due to the addition of urani-
um was estimated at 40'%%uo. This error was due

principally to the uneven density distribution of
uranium along the axis (i.e., the temperature
lowering is large at the central arc section where
the argon line is observed, but goes to zero to-
ward the outermost sections of the arc as the
uranium diffuses out of the are column). Since
the 40%%uo error occurs for a temperature lowering
which was typically 400 K, this amounts to an
error in the final temperature of 1.5/o. The error
in determining the flow-stabilized arc temperature
was obtained by considering the uncertainty in the
relative gf values (measured in the wall-stabilized
arc) of the U rr lines used to determine the tem-
perature and the error in measuring their relative
intensity. The total temperature error was esti-
mated at 5%. The temperature error for both
arcs must be multiplied by the term ~/kT to
give the error in relative. gf values. The term

TABLE III. UjI gf values.

2941.9
3111.6
3305.9
3550.8
3670.1

5527
1749
2294

0
915

39508
33 877
30 240
28 154
28 154

3700.6
3701.5
3746.4
3748.7
3782.8

915
5527
5527
5716

289

27 930
32 535
32 211
32384
26717

3826.5
3831.5
3854.7
3859.6
3865.9

289
4663
4663

289
2295

26415
30756
30599
26191
28 154

3881.5
3890.4
3932.0
3985.8
3992.5

4585
289
289

5260
5716

30 342
25986
25 714
30 342
30 756

4017.7
4050.0
4051.9
4O62. 6
4067.8

5716
0

5260
0

6283

30 599
24 684
29932
24 608
30 860

4090.1
4116.1
4124.7
4128.3
4141.2

1749
0

1749
4420
8394

26191
24288
25986
28636
32535

4171.6
4241.7
4244.4
4341.7
4372.6

1749
4585

0
289
915

25714
28154
23 554
23315
23 778

4373.4
4472.3
4515.3
4538.2
4543.6

1749
289
289

1749
915

24608
22 642
22429
23778
22917

4567.7
4569.9
4571.0
4573.7
4641.7

1749
289

6283
2295
8399

23635
22 165
28 154
24152
29932

4689.1
4722.7
4731.6
5493.0

0
1749
4585

0

21320
22917
25714
18200

Wavelength Lower energy Upper energy

(A) (cm ') (cm ) gfexp t gfcorliss

0.66
p.19
0.12
P.052
0.26

1.7
0,29
0.14
0.10
0.38

0.046
0.24
O.1O

0.23
0.088

0.092
0.68
0.40
0.56
0.25

0.041
0.20
0.26
0.24
0.14

0.092
0.84
0.98
0.58
0.39

0.10
0.10
0.15
0.19
0.074

0.39
0.25
0.22
0.48
0.18

0.11
0.078
0.12
0.075
0.093

O.a6
0.15
0.21
0 ~ 078
0.27

0.20
0.064
0.055
0.071
0.20

0.31
0.068
0.055
0.12
O.40

0.11
0.21
0.052
0.061
0.029

0.18
0.28
0.039
0.051
p.Q14

0.024
0.066
0.029
0.028
0.069

p.012
0,040
0.016
0.018
0.048

0.033
0.037

0.018
0.040

0.021
0.028
0.033
0.025

0.010
0.015
0,026
0.0068

0.023 0.0090
0.021 0.0085
0.023 0.014
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TABLE IV, Intensities derived at 5100'K usinggf values from Ref. 14 and this experiment.

Above 4300 A

Ref. 14 This work
Below 4050 A

Ref. 14 This work

4341.7

4472.3

4543.6

50

Lines above 20 in intensity

4050.0
3932.0
3890.4
3859.6
3670.1

Lines below 10 in intensity

120
150
160
360
160

25
40
25
59
42

4372.6
4373.4
4538.2
4567.7

4569.9
4571.0
4573.7
4641.7
4722.7

4731.6

12
8

14

10
3

12
5

13
10

9.6
6.4
8.1
6.9
9.7
1.9
8.3
1.8
9.2
7.4

4017.7
3992.5
3881.5
3826.5
3746.4
3701.5
3550.8
3111.6
2941.9

42
28
75
55
50
40
48
40
55

7.1
4.4
7.8
9.6
4.9
7.7
9.3
9.7
8.4

~I I I I I I I I I

8.0

7.0

"—"I= 6.S

6.0— ~ X ~

4

I I I I ~ I I I I

24 26 28 30 32

E„„,„(10 (m j

pIG. 6. ]n(I~ /gf) vs upper-state energy using flow-
stabilized arc intensities for U u lines. The dots repre-
sent values calculated from Ref. 14 gf values. The open
circles represent values calculated from gf values mea-
sured in the wall-stabilized arc.

4E varies from line to line according to the dif-
ference between the upper-state energy of the
measured line and that of the standard line with
respect to which all the lines mere measured.
Possible errors arising from other sources, such
as the Abel inversion process, instabilities in the
amplifiers and photomultipliers, etc, , were esti-
mated to be negligible compared with the errors
discussed above. The errors described in (a)—(c)
were treated as independent and combined as
follows:

ngf (M) (dl, )' (aZ sT)' '&'

Qn a relative scale, the errors for both UI and
U H ranged between 5% and llPg.

Qn an absolute scale, three additional errors
must be considered which are the error in the
lifetime measurement (&15%)," the error (due to
the error in the temperature) in applying the Saha
equation to put the Ui and UII gf values on the
same scale (&20%), and the error in subtracting
the background from the U 1 3812.0 line (&50%).
These errors, when added to the errors in the
relative values, result in a total error of 20% for
the Ul gf values and 60% for the U 11 gf values.

As mentioned previously, the only other mea-
surements of uranium are contained in NBS
Monograph 53 (Ref. 14). The measurements were
made employing a free-burning arc run at 10 A dc.
There was a small amount of uranium added to the
copper electrodes. The temperature and electron
density were 5100 K and 2.4&10'4 cm ', respec-
tively, and the measurements were made photo-
graphically, side-on„and with no Abel inversion.

Looking at the comparison of results for UII in
Table III, it is seen that on a relative scale the
measurements agree fairly well, except Rat there
appears to be a wavelength-dependent factor which
takes the Monograph 53 values from about 0.6
times the present values above 4300 A to approxi-
mately a factor of 3 times the present values be-
low 4000 A. At first, it was thought that this dis-
crepancy might be intensity rather than wavelength
dependent. Intensities mere calculated from both
sets of gf values for T=5100'K. The calculated
Monograph 53 intensities were normalized to 120

0
for the 4050.0-A line, whereas the intensities cal-
culated from this experiment were normalized to
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25. Table IV presents the results arranged ac-
cording to wavelength region and intensity and
shows that the discrepancies are wavelength rather
than intensity dependent.

An over-all comparison of the two sets of gf
values is provided by Fig. 6. A run was made
with the flow-stabilized arc in the wavelength re-
gion 3750-4400 A, and a number of UII relative
line intensities were measured. Instead of per-
forming the Abel inversion for each line intensity
measurement, the equivalent path lengths for
selected U II lines were plotted, and the correction
factors for other lines were interpolated from the
graph as was done with the U I line analysis. The
corrected intensities were used to calculate the
quantity ln(IA. '/gf) employing the gf values of Mono-
graph 53 and of this experiment, and the results
were plotted against upper-state energy. The plot
shows the over-all consistency of the gf values
measured in the wall-stabilized arc with the flow-
stabilized arc intensities and also demonstrates
the large scatter of the Monograph 53 values. The
dashed line drawn through the points calculated
from the Monograph 53 data corresponds to a

temperature of about 3800 'K, which is unrealistic
for the flow-stabilized arc.

The comparison for UI appears in Table II. The
wavelength effect is quite noticeable here also.
The neglect of Abel inversion in obtaining the
Monograph 53 data should not have any appreciable
effect in the case of the UI lines considered since
the spread in upper energy levels is relatively
small. The same cap. be said for most of the UII
lines. The principal reason for discrepancies be-
tween the Monograph 53 data and this work seems
to be the use of photographic rather than photo-
electric techniques.

The measurement of gf values in two sources
that have significantly different temperatures and
electron densities, as realized in this experiment
for the UII lines, reduces the chance of systematic
errors. Because of the large line-to-continuum
ratio of UII lines in the flow-stabilized arc, the
measurement of a great many more U II lines is
possible in this arc, using U II lines already mea-
sured in the wall-stabilized arc for a temperature
determination.
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