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1. Introduction

The vacuum ultraviolet (VUV) region of the
spectrum has become important in several areas of
research and development. These include space-
based astronomy and astrophysics, thermonuclear
fusion research, ultraviolet laser development, and
general atomic physics research. Applications of
VUV radiation in chemical, biophysical, and medi-
cal fields are widespread. Many applications re-
quire knowtedge of not only the wavelength of the
radiation involved but also the intensity or flux of
radiation. This implies a calibration of some type.
The calibration may be based upon a standard
source, i.e., one whose output is known, or a stan-
dard detector, i.c., one whose response to & given
radiation lavel is known. Two general cases can be
distinguished. In the first case one wishes to deter-
mine how much radiation a source such as the sun
or a plasma device is emitting at a given wave-
length. Usually, the source is not monochromatic,
s0 a monochromator must be used to select the
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desired wavelength. In this case the most direct
procedure is to employ a standard source. The
source to be investigated as well as the standard
source are set up in turn so that radiation from each
source passes through the same monochromator
and optical elements. The calibration is performed
essentially by a direct substitution of the standard
source for the one to be calibrated.

The second case occurs when one wishss to
know the flux in a monochromatic beam of radia-
tion, such as the flux emerging from the exit slit of
a monochromator. For this determination a stan-
dard detector is more appropriate; the flux is deter-
mined by simply measuring the signal when the
detector is irradiated with the beam to be cali-
brated. If one were to attempt to perform the cali-
bration in the first case above using a standard
detector or in the second case using a standard
source, one would in both cases need to know the
spectral efficiency of the monochromator used in
the measurement. This would require an additional
measurement using a second monochromator and
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would introduce additional uncertainties and com-
plexities, Therefore, a nesd exists for both standard
sources and standard detectors.

Standard sources may be divided into primary
standards and secondary or transfer standards. Pri-
mary standards are ones whose output is known
from basic principles. The primary standards of
VUV radiation include plasma sources, especially
the wall-stabilized hydrogen and blackbody line
arcs, and electron storage rings emitting synchro-
tron radiation.

There are storage rings at several laboratories,
including NBS, which are used as primary VUV
radiation standard sources. They produce highly-
polarized continuum radiation for wavelengths
»0.03 nm. Limited access to storage rings and
problems with the emitted polarized light, how-
ever, make it desirable to have available other stan-
dard VUV sources. The wall-stabilized hydrogen
and blackbody line arcs were developed to provide
alternative primary standard sources. These
sources, however, are also not able to be easily
used for calibrations. Hence, secondary or transfer
standards which are relatively easy to apply have
been developed. These include the deuterium lamp
and the argon mini-arc. These sources are more
readily available and make possible relatively inex-
pensive and convenient calibrations. Also for re-
searchers having access to a storage ring, the
secondary standards are useful in making possible
more frequent calibrations. Finally, the secondary
standards possess some useful properties not char-
acteristic of the available primary standards such
as, for example, emission over a relatively large
solid angle,

The two principal radiometric quantities which
are measured and calibrated are radiance and irra-
dignee. For an object or source which emits radia-
tion, the radiance is the radiant power emitted per
area per solid angle, L=(Wcmsr~!). If the
SOUTGe emits & continuunt, i.e., emits radiation at all
wavelengths near a particular wavelength, the
spectral radiance is the radiance per wavelength in-
terval or bandpass, Ly=(W cm™2sr~' nm~"). The
radiance will in general vary over the source area,
the direction, and the wavelength. The definition
assumes that the area, solid angle, and wavelength
band are small enough that the radiance does not
vary greatly within these quantities, Irradiance is
the radiant power incident upon a target per area,
E =(W cm™?), and speciral irradiance is the radiant
power incident upon 2 target per area per wave-
length band, £;,=(W cm™? nm~'). A source of radi-
ation may serve as a standard source of irradiance
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by operating it at a given distance from the tarpet
area. Some sources may be used as either standard
radiance or standard irradiance sources, A separate
calibration must be performed, however, for each
quantity.

The services performed by the Atomic and
Plasma Radiation Divisicn of the National Bureau
of Standards include tests and -calibrations of
portable secondary YUYV standard radiance and ir-
radiance sources. These are usually rare-gas dimer
lamps, which emit continuum radiation over lim-
ited wavelength ranges, and hollow cathode lamps,
which emit spectral lines in the wavelength range
from the VUV through the visible. All sources are
generally supplied by customers. The main groups
of customers have included those in the fields of
space-based astronomy and solar physics who have
used standard sources to calibrate satellite, rocket,
or balloon-borne spectrometers. Other customers
have needed calibrations in the 100-300 nm range
for plasmz radiation studies.

2. Apparatus
2.1 Primary Standards

2.1.1 The Hydrogen Arc A high temperature wall-
stabilized steady-state hydrogen arc has been de-
veloped as our primary standard of spectral radi-
ance [1]. This type of arc lends itself to such a use
because at sufficiently high temperatures it yields
absolute intensities independent of other radiomet-
ric standards or of the accuracy of any plasma di-
agnostics. Previous efforts at lower powers were
hindered by large uncertainties in plasma diagnos-
tics, a difficulty that has been overcome in the high
temperature arc. Figure | illustrates the UV spec-
trum of several of the more common standard
sources, including that part of the hydrogen arc
spectrum that is the subject of this paper.

The method depends upon the phenomenon that
the continuum emission coefficient for a strongly
ionized hydrogen plasma which is in or close to the
condition of local thermodynamic equilibrium
(LTE) is calculable to within one percent [2]. This
follows from the fact that the essential spectro-
scopic constants, i.e., the continuum absorption co-
efficients and transition probabilities, are exactly
known for atomic hydrogen. The continuum inten-
sities emitted from a typical pure hydrogen wall-
stabilized arc discharge in the spectral region
above 91.5 nm are optically thin and a function of
the electron density and temperature [3,4]. In the
low power hydrogen arc the electron density
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Figure 1, Comparizzns of spectral radiarcss For far UV sources.
The output of the kycroger arc is 2iven for the temperature of
maximun continuun smission; the outputs of the other sources
are at typical operating conditions.

and temperature are determitted from plasma diag-
nostics in the visible spectral region using available
radiometric standards [3]. These quantities are then
used to calculate the continuum intensities in the
VUV, There are known to be significant uncertain-
ties in the plasmia diagnostics, and as a result we
have adopted as our primary standard & higher
power hydrogen arc which operates such that a
2-mm diameter wall-stabilized discharge reaches a
temperature of about 20,000 K. For these condi-
tions the continuum emission coefficient as a func-
tion of temperature shows a broad maximum which
shifts with wavelergth as is shown in figure 2. This
oplimum conditicn is brought about essentially by
the compensating effects of an increase in the ion-
ization fraction and a decrease in the total number
density as the temperature is increased in a constant
1-atm pressure cperating environment. Beyond this
maximum [5,6] the ionization is practically com-

plete, and any further increase in arc temperature
results only in a gradual decrease in intensity be-
cause of the decrease in the number density. The
weak wavelength dependence of this maximum
seen in figure 2 cccurs because of the change in the
energy distribution of the eguilibrated electrons as
the electron temperature is varied.
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Figore 2, The emission coeffigient for 4 Ll-atm hydrogen plasma
in LTE as a function of temperature for several wave-
lengths: 250 nm { F; 200 o {ecoe); 150nm {-- --)% and
124 nm {—-— ),

Figure 3 shows the measured radial dependence
of the hydrogen continuum emission coefficient at
190 nm and the corresponding calcnlated LTE
temperature (2] for an arc current of 80 A. Because
the maximum in the coefficient is broad and the
absolute magnitude of the peak intensity is not very
sensitive to the electron temperature, the emission
characteristics of the plasma are nzarly homoge-
neous over its certral region which sxtends to
abont 0.6 nmm from the arc axis. This is espeeially
significant if only a small sample of ths region is
cbserved as indicated in the figure. First, iz mzans
that the slignment precision, which was responsi-
ble for much of the uncer:ainty in the low power
arc method, is not critical here. Second, i means
that rthe arc current necessary 1o chtain the maxzi-
mum emission coefficient is alsp not critical.
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Figare 3, Radial dependence of the continuum intensity and are
temperature for a 2-mm wail-stabilized hydropen arc operating
at B0 A, The dashed lines define the dimensions of the plasma
that is observed by spectrometers.

Additional advantages of operating the hydro-
gen arc under such conditions are (1) the H;
Lyman band molecular emission, which limited the
low power hydrogen arc to wavelengths longer
than 165 nm, is negligible; (2} the assumption of
LTE appears to be very closely fulfilled as shown
by experimental consistency checks and theoretical
validity criteria [7]; and (3) the hydrogen arc as it is
described here constitutes a true primary standard
of spectral radiance in that except for the minor
uncerfainties associated with the theoretical model
for the plasma, knowledge of the absolute contin-
uvum intensities does not depend on any other stan-
dards of calibration or sophisticated plasma
diagnostics and requires only a measurement of the
ambient pressure (= ! atm) and the arc length. The
procedure for applying the arc as a radiometric
standard involves only adjusting the are current for
maximum signal at the wavelength of interest. The
overall system efficiency is given then by the ratio
of the detector response to the hydrogen arc spec-
tral radiance calculated using the maximum LTE
emission coefficient at 1-atm pressure and the ac-
1ual physical length of the discharge.

Figure 1 shows the wavelength dependence of
the maximum emission coefficient of the hydrogen
arc plasma, and table 1 lists the values of the same
quantity obtained through a calculation of the hy-
drogen continuum [2], The Stark broadened wing
of the Lyman a line at 122 nm has been included in
these calculations and, as can be seen from the
table, becomes significant at wavelengths below
140 nm [8]. The uncertainty in the calculated con-
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tinuum emission coefficient is estimated to be about
2%, due mostly to uncertainties in the high density
plasma corrections [2]. Combining this uncertainty
in quadrature with the uncertainties in the Stark
broadening calculations, the uncertainty in the to-
tal emission coefficient comes out to be 2% above
140 nm, 8% at 130 nm, and 13% at 124 nm. These
urcertainties and all those succeeding unless stated
otherwise are taken to be 2 standard deviations
(2a), te., as having a confidence limit of about
95%.

Table 1. Maximum emission coefficient from a l-atm hydrogen
plasma in LTE calculated as a function of wavelength®

Lya
A(nm) (W em—*nm~" srY) T(K) T (%)
350 0.73 17,000 0
300 0,68 17,000 0
250 0.59 17,500 0.01
200 0.424 18,500 0.07
190 0.386 18,800 0.11
180 0.347 19,200 0.20
170 0.308 19,500 0.34
160 0.269 20,000 0.65
150 0.232 21,000 1.3
140 0.200 21,700 4
130 0.245 17,500 54
128 0372 16,500 77
126 0.79 16,500 ey
124 322 16,000 93

* The percentage of this emission due to Ly o and the arc tem-
perature required for maximum emission are also listed.

Three factors are of special concern in applying
the high power hydrogen arc standard: the arc
length, spatial resolution, and off-axis H, emission.
Figure 4 is a schematic of the hydrogen arc [1,4,9].
The arc is struck between a set of four tungsten
anodes and four tungsten cathodes that are sym-
metrically located and share the current load
equally. At each end of the 2-mm diameter channel
formed by the 20 water-cooled stacked copper
plates, the discharge expands and separates into
four smaller arcs terminating at each of the elec-
trode tips. The length of this inhomogeneous re-
gion is made small compared to the total length of
the arc, and the emission coefficient and tempera-
tures are lower than in the channel. Therefore, its
contribution to the total arc signal obtained in an
end-on measurement along the axis of the dis-
charge is small but not precisely known. The mini-
mum possible length of the arc is 5.05 cm, the total
length of the channel formed by the 20 arc plates,
and the maximum length is 5.5 cm, the total dis-
tance between the electrodes. The estimated length
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of the homogeneous hydrogen arc plasma was thus
taken to be 5.3 cm with an uncertainty of 5% (207).

Spatial resolution is not much of a problem for
the high power arc since the emission characteris-
tics are nearly uniform in the vicinity of the arc
axis. The regions of the arc that fall into the cone
of observation determined by the £/200 aperture
and the 0.30 mm field stop of the observing optics
are illustrated in figure 3. Thus, knowledge of the
emission coefficient as a function of radial position
allows the calculation of the effect of spatial aver-

gas

aging. The main result is that the integrated emis-
sion coefficient & has a maximum about 1% lower
than €., from a truly homogeneous plasma with an
axis temperature T(€)} slightly higher than T{en..).
The arc plasma is cylindrically symmetric, and be-
cause the area of the differential shells increases as
27rAr, the off axis regions are weighted more than
the axis region. Therefore, when one obtains maxi-
mum signal, the current has been adjusted so that
the temperature maximum occurs slightly off-axis
as seen in figure 3.
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Figure 4. Schematic of the hydrogen wall-stabilized arc. A cutaway top view drawing of one of the arc
plates illustrates the flow of cooling water through specially machined channels within each plate. The
symbols in the four corners show the direction of water flow.
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Below 165 nm the Lyman bands of H; are emit-
ted from low temperature off-axis regions. Figure 5
shows a radial scan of the arc at a wavelength
where one of the stronger H, features can be ob-
served. The off-axis line peak is about 100 times
larger than the on-axis hydrogen continuum, but
clearly if the observation column is restricted to no
more than the central 0.5 mm diameter plasma, H,
lines should not be cobserved. Molecular emission
from the inhomogeneous end regions also is a pos-
sibility. However, none is observed since the arc
terminates at points that are out of the line of obser-
vation (the cooler plasma regions are off-axis) and
the end-layer on-axis temperature gradient is quite
sharp (the length of the cool plasma is therefore
very short).

ﬂ

SPATIAL RESQOLUTION
-

X
GAIN
x 10

| | \ | I
05 0] 0.5 +1.0

R(mm)

Figure 5. The radial dependence of the hydrogen arc spectral
radiance at 160.6nm for an arc axis temperature of about
19,500 K. The intense off-axis radiation is due to Lyman band
molecular emission. The nearly uniform radiation in the vicinity
of the axis contains no molecular contributions, but is due to the
hydrogen continuum that is being used as a spectral radiance
standard.
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In figure 6 the calculated spectral radiance of the
high power hydrogen arc is compared with cali-
brations of that arc made with several other stan-
dard sources [1]. The theoretical spectral radiance
is the product of the theoretical maximum hydro-
gen plasma emission coefficient and the arc length.
This quantity is graphed as a shaded area which
represents the rms uncertainty due to the previ-
ously described uncertainties in both the calculated
emission coefficient and the arc length. The solid
and open circles represent the measured continuum
intensities using, respectively, a calibrated tungsten
strip lamp [10] and blackbody limited lines from
another arc for spectral radiance normalization.
The crosses represent the measured intensities us-
ing the low power hydrogen-arc standard. The er-
ror bars attached to the data points represent
uncertainties associated not with the hydrogen arc
but with the various standards used to calibrate the
spectral radiance, The discontinuity in the wave-
length scale is due to the interruption of the hydro-
gen spectrum by the Balmer line series of atomic
hydrogen, which dominates the high temperature
arc spectrum above 360 nm except for a small re-
gion around 560 nm between H, and Hy. Inspec-
tion of figure 6 leads us to conclude that the
various standards are consistent with one another
over the entire range of comparison.

In summary, a high power atmospheric pressure
hydrogen arc capable of operating at temperatures
on the order of 20,000 K has been examined theo-
retically and experimentally and found to be suit-
able as a primary radiometric standard in the VUV,
The experimental investigations have shown that at
such temperatures molecular hydrogen emission at
wavelengths shorter than 165 nm is negligible, and
the hydrogen plasma continuum emission coeffi-
cient can be measured throughout the 124-360 nm
spectral range. By operating the arc at currents
such that the maximum emission coefficient is
reached, the uncertainties associated with various
plasma diagnostics and alignment imprecisions are
minimized to the one-percent range. The results of
a comparison with other available standard sources
are consistent with the estimated 2o uncertainty of
+5% in the hydrogen arc spectral radiance be-
tween 140 and 360 nm. This uncertainty is due
mainly to the uncertainty in the measurement of
the arc length. Below 140 nm the Lyman a Stark
broadened wing becomes significant, and the esti-
mated uncertainty in the hydrogen arc intensities
increases to about +9% at 130 nm and =14% at
124 nm due mainly to uncertainties in the plasma
line broadening theory. These results are also
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Figure 6. Maximum spectral radiance vs wavelength calculated for a 5.3-cm length hydrogen arc
plasma in LTE at 1 atm pressure. The calculation is shown as a grid and represents the rms uncertainty
due to uncertainties in the arc length (5%} and the calculated emission coefficient (between 2% and
139%). The points are actual measurements of the spectral radiance calibrated either with a tungsten strip
lamp (.), blackbody limited lines (c), or a low power hydrogen arc (x).

consistent with a comparison standard. Finally, all
experimental comparison data confirm that the hy-
drogen arc spectral radiance is calculable through-
out the 124-360 nm range without dependence on
any other radiometric standard or plasma diagnos-
tic technique. Therefore, the high power hydrogen
arc is a true primary standard. A detailed descrip-
tion of the hydrogen arc is given elsewhere [4].
2.1.2 Blackbody Line Arc The short wavelength
limit of the hydrogen arc at about 124 nm is deter-
mined by the onset of the Stark-broadened, opti-
cally thick Lyman line series of atomic hydrogen
that dominates the spectrum between 94 and
124 nm. Since the short wavelength cutoff of mag-
nesium fluoride windows which are used in many
VUV instruments is at about 115 nm, it would be
convenient to have a primary standard which cov-
ers the range 115 to 124 nm. This need has been
met with the development of the blackbody line
arc [11-13].

Blackbody radiances for a number of prominent
ultraviolet spectral lines are determined in the fol-
lowing manner. A wall-stabilized steady-state arc
source is operated at about 12,000 K in argon with
small admixtures of oxygen, nitrogen, and carbon
dioxide. The admixtures produce very strong emis-
sion for their principal resonance lines, which all
happen to lie conveniently in the wavelength range
from 115 to 250 nm. These extremely strong reso-
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nance lines reach the blackbody intensity limits
even at very small concentrations of the elements
in the plasma, ie., they become “optically thick.”
More precisely, the central regions of these line
profiles reach, for a small wavelength range of a
few hundreths of a nanometer, the intensity a black-
body would have at the arc temperature. ‘Thus, the
arc represents, for a few narrow wavelength bands
in the UV spectrum, a very high ‘temperature
blackbody. To wutilize this arc as a stan-
dard source, the temperature must be accurately
determined using standard plasma spectroscopic
techniques including absolute radiometry in the
visible region of the spectrum. Subsequently, using
Planck’s radiation law, absolute intensities are es-
tablished for these narrow spectral bands and are
utilized as calibration points. Calibrations at other
wavelengths are usually found by interpolation.

This technique has been used in a number of ex-
periments and has been found to be reliable, with
uncertainties ranging from about 10% at 250 nm to
about 25% at 115 nm. For general use, however, it
has the significant deficiency that large areas of the
far UV have to be covered by interpolation since
very few blackbody limited lines are found outside
the ranges 115 to 126 nm and 146 to 175 am. Since
we are primarily interested in the range 115 to
124 nm, this is no great handicap here.
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The accuracy of the blackbody line method de-
pends critically on the measurement of the arc tem-
perature, which is applied in the Planck function to
determine the intensity of the blackbody ceilings of
the optically thick resonance lines. It has been esti-
mated that no single spectroscopic method is suffi-
cient to determine the temperature of such a
plasma with small O,, N,, and CO, additions to
within an uncertainty of #=2% [11]. This represents
an uncertainty in the blackbody ceiling of about
10% at 250 nm and about 25% at 115 nm as was
mentioned above. To reduce this uncertainty, it
was recommended that several methods be applied,
and the results averaged. However, a single
method, which is thought to be superior, was
adopted here to determine the blackbody tempera-
ture.

The blackbody ceiling of the C 1 emission line at
247.9 nm is measured with a UV-calibrated tung-
sten strip lamp. The uncertainty in the spectral ra-
diance of the strip lamps calibrated by NBS at this
wavelength is about 29. The peak of the
2479nm C1line is actually calibrated in two
steps: first, the continuum emitted by the arc mix-
ture at 250 nm is measured and calibrated at low
spectral resolution using the tungsten strip lamp
and the air-path predisperser and monochromator;
and second, the peak of the carbon line is cali-
brated with respect to this continuum using the
VUYV instrument at high resolution. The difference
in the VUV system efficiencies between 247.9 and
250 nm is minimal but is measured with the hydro-
gen arc and taken into account. Care is also taken
to ensure that the contribution of the line wing at
250 nm in the low resolution air system is negligi-
ble. For a 4.7 nm diameter arc at 60 A the axis tem-
perature of the argon plasma with admixtures of N,
C, O, and H was measured to be 11,900 K. A tem-
perature uncertainty of +160 K is estimated due to
an estimated rms uncertainty of about 6% in the
blackbody intensity determination at 247.9 nm.
This results in an uncertainty of 10% in the black-
body line radiances between 115 and 140 nm,

Besides the temperature of the plasma, the char-
acter of the blackbody limited lines is also critical.
For example, if the boundary layers between the
mixed plasma and the pure argon buffer are too
thick, the radiation transfer may be complicated by
the density and temperature gradients through the
layers. Such conditions are more the rule than ex-
ception and are easily detected at high resolution as
structure in the line peaks. However, by appropri-
ate flow rate adjustments, this effect can be mini-
mized so that the blackbody plateaus are essentially
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flat-topped. Referring to figure 6, we see that for a
high power hydrogen arc the calibrated spectral
radiances obtained using blackbody limited lines
are consistent with the corresponding calculated
quantities, as was noted in section 2.1.1.

2.2 Secondary Standards
2,2.1 Argon Mini-Arc

Physical Principles After development of the hy-
drogen arc as a primary standard of radiance in the
VUV, it was realized that a simpler, portable, more
easily operated, and lower powered transfer stan-
dard would be of great value. The hydrogen arc is
complicated and difficult to operate, and requires a
massive highly stable dc power source rated at
1200 V and 110 A. A secondary standard which
could be compared with our primary standard and
then transported to the user’s laboratory was rec-
ognized as being essential.

The most widely used transfer standard at that
time was the commercially available deuterium
lamp. Although the deuterium lamp has attractive
properties such as its relatively strong continuum,
low power requirements, and small size, it also has
limitations. First, its region of applicability as a ra-
diometric standard is restricted to wavelengths
above 165 nm due to the presence of 2 many-line
molecular deuterium band system below 165 nm.
Second, the lamp exhibits a variability related to
the positioning of the discharge on the electrodes
following each ignition. Finally, the deuterium
lamp has aging characteristics which are not well
known. At the least, this means that the lamp must
be frequently recalibrated to ensure accuracy.

To meet the lack of adequate transfer standards
in the far UV, the argon mini-arc was developed at
NBS [14]. This source can be conveniently applied
as a radiometric transfer standard without the limi-
tations of the deuterium lamp. The wavelength
range of the argon mini-arc overlaps the lower
range of the tungsten strip lamp in the near UV and
extends beyond the short wavelength limit of the
low pressure deuterium lamp at 165 nm. The mini-
arc was designed to fulfill, insofar as possible, the
following goals: 1) an intense line-free continuous
spectrum between 115.and 330 nm; 2) stability and
reproducibility over many hours of operation;
3) light source and power supply both portable;
4) uniform output over a large solid angle;
5) radiant power output adjustable over a range of
several decades; and 6) simple alignment and oper-
ation. We now proceed to discussions of the arc
construction and operating characteristics,
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Description of the Arc  Figure 7 is a photograph of
the arc source. The model described here was de-
signed specifically for use as a secondary radiance
standard and is different in some respects from arc
sources previously designed for other purposes. It
was developed after experimentation as the sim-
plest model which meets the requirements listed
above. Argon was chosen as the operating gas be-
cause of its suitability in providing a stable dis-
charge and an intense, line-free UV continuum
with minimal power requirements. In the pho-
tograph the arc is mated to a monochromator with
a stainless steel bellows. Water cooling connections
and a triple-tube manifold for supplying argon are
also shown. The two vertical threaded posts on the
top of the arc are the electrical connections to the
anode and cathode. The arc is mounted on an ad-
justable table which allows precise translation and
rotation about two axes. All sources utilized in the
NBS VUV radiometry program are mounted on
this type of table.

As shown in figure 8, which is drawn to scale,
the arc source is constructed essentially of five
copper plates separated by silicone rubber insulat-
ing rings and clamped together to form the device.
The central plate forms a channel which guides

and constricts the discharge. The plates adjacent to
the central plate contain the anode, a 3.2-mm di-
ameter thoriated tungsten rod pressed into its plate,
and the cathode, also of tungsten but mounted so
that it can be moved into and out of the arc chan-
nel. The cathode was made adjustable for ease in
igniting the arc. All five plates are water-cooled
with the water flowing inside each piece through
holes drilled in the sides. These holes are seen in
the photograph but not in the diagram. The arc
constricting section is 6.3 mm thick with a 4.0 mm
diameter hole. Diameters smaller than this were
considered unacceptable since they caused a higher
plasma temperature and significant Ar 11 line emis-
sion in the wavelength region of interest. Larger
diameters were rejected since the radiant power
for a given current decreased considerably. The
arc plasma is observed end-on through the holes in
the electrode pieces, and the radiation calibrated is
that emitted along the arc axis and emerging
through the magnesium fluoride window on the
cathode side. This window is set back to avoid pos-
sible contamination from the discharge. The gas
purity necessary to maintain arc stability and re-
producibility of the continuum emission is ensured
by operating with a continuous flow of argon.

Figure 7. A photograph of the argon mini-arc mated to a monochromator.
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Figure 8. A schematic of the argon mini-arc light source.

Maintaining a high degree of argon purity within
the arc chamber also minimizes the radiant power
of atomic resonance lines in the spectrum which
arise from small (ppm) concentrations of oxygen,
nitrogen, carbon, and hydrogen. These elements
are present due to air and water vapor in the arc
chamber and gas handling system. The positions of
the gas inlet and outlet ports are chosen to keep all
sections of the arc chamber thoroughly purged.
The argon is admitted to the inlet ports through
plastic tubing connected to a flowmeter. Under the
flow rate used here, the pressure in the chamber is
unchanged from the ambient atmospheric pressure.
The arc may be operated most conveniently with
the outlet ports open and the data given below
used to account for local and temporal differences
in atmospheric pressure, if necessary.

Optical alignment can be performed by sighting
with a telescope or laser beam down the arc axis.
The distance for proper focus should be measured
to the center of the middle copper piece. ,

The arc discharge is initiated by applying
voltage between the electrodes and then inserting a
tungsten rod, which is externally connected to the
anode potential, until it touches the cathode pro-
truding into the arc channel. The discharge is
transferred from the tip of the rod to the anode as
the rod is withdrawn. Finally, the cathode is with-
drawn from the channel as shown in figure 8.
Power for the discharge is furnished by a current
regulated supply, the size of which is determined
by the current required. For example, the power
supply used in some of our experiments was a
1.2 kW, high efficiency switching regulator weigh-
ing only 10 kg. For starting the arc without diffi-
culty, it was found necessary to use a ballast
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resistor of about 0.5 Q in series and to apply a po-
tential of at least 40 V. The arc can be started at
currents above 10 A, and after ignition the resistor
may be shorted out if desired. For currents above
10 A the voltage drop across the arc is nearly con-
stant at 28 V.

Wall-stabilized arcs employed for end-on mea-

surements usually are constructed of many con-
stricting plates or disks, in order to obtain a nearly
homogeneous plasma extending along the axis to
the boundary regions near the electrodes at each
end. These boundary regions emit a negligible part
of the radiation emerging along the arc axis. The
hydrogen and blackbody arcs which we use for
primary radiance calibrations are necessarily of this
type, since the lengths of the emitting plasma
columns must be well defined. In such cases, how-
ever, the solid angle over which uniform radiation
can be observed is small (f/200 is used for calibra-
tions with the hydrogen and blackbody arcs) and
not convenient for the calibration of many optical
systems. For a transfer standard, on the other hand,
the arc length does not need to be precisely known
as long as it is a reproducible quantity. Thus, in
order to provide a much greater solid angle, the
argon mini-arc was made with only one constrict-
ing plate. Measurements show that this construc-
tion provides a rather large angular beam of
radiation (f/10) having a practically uniform inten-
sity distribution [14]. This should be considered an
advantage even if one does not require such a large
solid angle, since having the larger available angle
makes the angular alignment of the mini-arc less
critical.
Spectrum  Figure 9 illustrates the spectral radi-
ance of the argon mini-arc light source for two arc
currents: 25.0 and 50.0 A. The continuous spec-
trum of the argon arc arises primarily from atomic
recombination radiation. Near the short wave-
length end the molecular continuum mentioned
above contributes to some degree, and below
125 nm the increased output is from the wings of
the argon resonance lines at 106.7 and 104.8 nm.
Below the MgF, window cutoff, one should expect
to have strong emission on the wings of the reso-
nance lines with complete absorption at their cen-
ters. Below 80nm there should be complete
resonance continuum absorption by ground state
argon atoms.

The spectral radiance was determined by direct
comparison to the NBS wall-stabilized hydrogen
arc [1] between 130 and 330 nm and to a plasma
blackbody line radiator below 130 nm [1,3,11].
Data were taken with a spectral resolution of
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0.01 nm. The temperature of the blackbody line ra-
diator was determined to be 11,800£100 X by di-
rectly measuring the blackbody ceilings at 193, 174,
165, 149, and 146 nm, using the hydrogen arc as a
primary standard of spectral radiance. With this
temperature the radiant power of other blackbody
limited lines emitted below 130 nm could then be
calculated. For the calibration of longer wave-
lengths (>210nm), the second-order spectrum
from shorter wavelengths was eliminated by purg-
ing the small volume between the arc and the spec-
trometer with oxygen. Below 210 nm, argon was
used as the purge gas.
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Figure 9. Speciral radiance as a function of wavelength for a
mini-arc with an arc plate diameter of 4.0 mm operated at two
different currents: 50.0 and 250 A.

The spectral radiance values illustrated in figure
9 and listed in table 2 apply to the plasma radiation
emitted along the axis of the mini-arc which is im-
aged with a focusing mirror on a (.30 mm diameter
aperture (magnification=1} at a solid angle £/200.
The basic uncertainty in the spectral radiance is
+35% above 140 nm and 3109 below 140 nm due
to uncertainties in the primary radiometric stan-
dards. Also included in table 2 for reference pur-
poses is the measured transmission of the MgF,
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window used on the mini-arc. If one wishes to
know the spectral radiance of the plasma itself, the
figures in the table must be divided by the transmis-
sion. Known systematic deviations or uncertainties
in the radiant power due to different operating or
imaging conditions are described elsewhere [14].

Table 2. Spectral radiance as a function of wavelength for a
50.0-A argon mini-arc light source with an arc plate diameter of
4.0 mm®

Mom) LymWem™* T Mnm) LimWom=2 T

nm-'sr Y nm~!sr— )
330.5 70 0.945 198.0 26.6 0.900
325.5 70 0.943 192.5 24.0 0.900
320.5 69 0.942 191.0 235 0.594
3155 69 0.942 186.0 20.8 0.891
310.5 68 0,941 181.0 18.4 0.833
305.5° a7 0.940 176.0 16.1 0.873
.5 66 J.939 173.5 15.0 0.870
285.5 64 {0.839 170.0 13.6 0.860
250.5 63 0,938 166.5 11.8 0.850
2855 62 0.938 165.0 11.1 0.848
280.5 60 0.638 162.0 9.9 0.840
2755 58 0.538 159.5 9.3 0.826
270.5 57 0.937 157.0 8.3 0.810
265.5 55 0.937 155.0 7.8 0.798
260.5 54 0.937 153.5 7.3 0.785
255.5 52 0,935 151.0 6.5 0.765
2505 S0 0933 148.5 5.9 0.740
245.5 48,1 0.932 147.0 5.4 0.724
240.5 45,2 0.931 144.0 4.73 0.700
2355 43.3 0,928 138.5 3.B1 0.672
230.5 40.9 0.925 135.0 3.38 0.655
225.5 39.1 0.922 129.5 297 0.662
220.5 36.3 0,920 127.0 2.65 0.642
215.5 4.6 a.917 123.5 2.54 0.626
210.5 324 0914 118.5 2.77 ‘0.597
205.5 30.3 0.910 116.0 3.34 0.530
200.5 27.9 0.900 114.5 .74 0.439

*The measured transmission 7 of the arc window is also listed.
The radiance of the plasma itself is obtained by calculating the
quantity L7,

There are no Ar I lines in the spectrum between
114 and 330 nm. Below 200 nm there are several
narrow Ar II lines and atomic nitrogen, carbon, and
oxygen lines in the mini-arc spectrum due to air
impurities in the argon gas (99.999% pure). In addi-
tion the hydrogen Lyman « line at 121.6nm is
present due 1o trace quantities of water vapor
throughout the system. These impurity lines can be
seen in figure 10 which is a photoelectric scan of
the spectrum between 113 and 320nm. The
halfwidths of the lines are on the order of 0.01 nm,
and the lines are well separated. Their presence
has no significant influence on the ability to make
absolute continuum measurements except when
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Figure 10. A photoelectric scan of the spectrum of the argon mini-arc between 115 and 320 nm, taken
with a 0.01 nm spectral resolution and with a solar blind phototube detector.

extremely coarse wavelength resolution is used, as
would be the case, for example, if the monochro-
mator were replaced by relatively wideband filters.
All lines observed in the spectrum are listed in
table 3. From this list one may readily determine if,
for a given wavelength and bandpass, one is free of
lines. This precaution is necessary since the amount
of trace impurities in the arc and the corresponding
line intensities may vary somewhat from one sys-
tem to another.

Figure 11 compares the spectrum of the mini-arc
with several other light sources which have been
applied as spectral radiance standards. Included in
this figure is a representation of the spectra of the
two primary standards, the hydrogen wall-
stabilized arc and the blackbody line radiator,
which were used to calibrate the mini-arc spec-
trum, The figure clearly illustrates the main advan-
tages of the new transfer source. The mini-arc has
substantially larger output and longer UV wave-
length range than either the deuterium lamp or the
tungsten strip lamp. Also, scattered visible light is
not a significant factor, as it is when the tungsten
lamp is used as a UV light source. The visible light
from the argon arc is of the same order of magni-
tude as the near UV light, and there is less than a
factor of 100 difference between the radiance at
110 and at 330 nm.
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2.2.2 Argon Maxi Arc A recent advance in the
arc standards program at NBS is the development
of the argon maxi-arc. This source is essentially a
high powered version of the mini-arc with three or
four arc confining plates instead of one and power
ratings of 5-10 kW instead of 1.5 kW. The maxi-arc
with three plates has an irradiance approximately
30 times that of a mini-arc and was designed to

- enable calibrations to be performed at a level com-

parable to the solar irradiance in the near UV (250~
350 nm). The discussion of the mini-arc given
above generally applies also to maxi-arcs except for
the powers and radiances. Figure 11 gives a com-
parison of the spectral radiance of the maxi-arc
with that of several other UV primary and transfer
standard sources. Several of these arcs have been
supplied for use in calibration of space experiments.

2.2,3 Deuterium Arc Lamp

Introduction A source which has advantageous
properties as a radiometric standard and is quite
convenient to use is the molecular deuterium arc
lamp [15]. This lamp has considerable UV radiant
power, is light and compact, is low-powered
(30 W), and with maximum radiant power at
190 nm has a very favorable ratio of UV to visible
radiant power. This last fact is important in
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Table 3. Survey of emission lines appearing in spectrom of

mini-arc
Radiance relative

A{nm) Identification to continuum®
115.22 01 1
116.79 N1 1
117.69 N1 0.
118.94 Ci1 0.3
119.33 Ct 1
119.99 Nt 30
121.57 Hi 100
124.33 N1 5
126.13 C1 2
127.75 Ci 5
128.98 C1 1
130.22 Q1 15
130.55 Q1 10
131.07 NI 1
131.95 NI 0.5
13292 CI 4
133.53 Cu 8
135.58 C1 0.2
141.19 NI 0.7
143.19 Ci 0.1
145.91 Ci1 0.1
146.33 C1 1
146,75 C1 0.1
148.1% Ci 0.2
149.26 N1 4
149.47 N 6
156.10 (o8] 4
157.50 Ari 02
160.04 Arnr 0.2
160.35 Arp 0.1
160.65 Arn 0.05
165.72 Cr1 2
174.27 N1 1
174.53 N1 0.5
175.19 Ci1 0.1
187.31 Aru 0.05
188.90 Arn 0.1
193.09 CI 2
247.86 Ct .05

2 Tn column three are listed line radiances relative to the contin-
uum, measured with 0.25-nm spectral resolution.

avolding systematic errors due to visible scattered
light effects when making measurements in the
UV. Its disadvantages are that it is restricted to
wavelengths above 165 nm due to the presence of a
many-line molecular band system below 165 nm; it
may exhibit a variability in the positioning of the
discharge on the electrodes following each igni-
tion; and its aging characteristics are not well
known. On balance, however, the advantages of
the deuterinm lamp outweigh its disadvantages
making it an essential component of any program
of UV radiometry. The following discussion will
describe the calibration of the deutertum lamp for
spectral irradiance in the range 167-350 nm.

33

2 T ===
10 L~ 1 11800K BLACKBODY
’/"+
g BLACKBODY LIMITED LINES
K FROM 11800K ARC PLASMA
4
1ot 1
NBS HYDROGEN ARC

ok ARGON MAXI ARC ]
S 1
. ARGON MINI ARC
r:::
£
LE]
z
= 0 -
i

D, LAMP
{30W)
103
104 TUNGSTEN STRIP/ LAMP

1 1 ] 1 1 1
130 150 180 230 270 310 38D
A [nm]

Figure 11, Comparison of the spectral radiance of several UV
primary and (ransfer standard sources.

Discussion of the spectral radiance calibration of
the deuterium lamp is not presented here since it is
not a standard calibration service offered by NBS.
However, this type of calibration can be requested
under the category “Special Tests of Radiometric
Devices in the Near and Vacuum Ultraviolet.”
Description and Operation of the Lamp A sche-
matic illustrating the operation of the deuterium
lamp is shown in figure 12. In order to start the
lamp, the cathode coil is first heated for 5 s by a dc
power supply (10 V at 0.8 A) in order to provide
some free electrons which facilitate initiating the
discharge. When a voliage of about 400V is ap-
plied to the lamp, an arc forms between cathode
and anode in the general form of an L. Most of the
UV light is generated at the constricting aperture
(1-mm diameter in our case) located in front of the
anode. The main dc power supply is a 300V,
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300-mA. constant current supply, with 0.1% cur-
rent regulation. A ballast resistor (1 k2, 100 W) is
used in the anode circuit because most power sup-
plies cannot react fast enough to maintain a stable
arc with only the lamp in the circuit. After the arc
is started, the voltage across the arc drops to about
100 V. At this point the heater current is switched
off, and the lamp output stabilizes in 20 minutes or
less. If the lamp is switched off, it should be al-
lowed to cool back to room temperature before
restarting,.

SUPRASIL I
WINDOW

1KQ 100 W
BALLAST RESISTOR

— 500 ¥, 300 mA
— POWER SUPPLY

i
10V, 0.8 A FILAMENT
POWER SUPPLY

Figure 12, Schematic illustrating the operation of a deuterium
lamp. The radiation is measured through the Suprasil window
sealed to the quariz [amp envelope.

3. Calibration Methods
3.1 Radiance Calibrations

3.1.1 Iniroduction Spectral radiance, L,, is de-
fined in the Introduction as the radiant power emit-
ted by a source per area per solid angle per
wavelength interval: Ly=[Wcm™?sr~'nm~']. A
calibration of radiance is performed by directly
comparing the source to be calibrated with a stan-
dard radiance source. An optical system including
lenses and/or mirrors is used to limit the geometri-
cal quantities which are area and solid angle and to
direct the radiation to a detector. A monochroma-
tor selects the wavelength band desired. First, one
source is placed in position and signals are mea-
sured at the various wavelengths. This source is
then replaced by the second source and the mea-
surements are repeated. The radiance of the source
to be calibrated is then obtained from the ratio of
the signals times the radiance of the standard
source, In general the signal obtained from a
source is
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S(A)= ea(%)oLh(an—%;—;-m—) A (cm?)-Q(sr)-AN(nm),

M

where A4 is the area, {3 the solid angle, AA the
wavelength bandpass, L the spectral radiance, and
€, the efficiency of the detection system. If sub-
script R refers to the standard source and subscript
x refers to the one to be calibrated, then

Sx _ EL.\,x 'Ax '\Q'x ° Ahx

)
If 4, &, and AA are identical for each source, then

Lyx= (g_;) ‘Lyr - 3

3.1.2 Argon Arc The hydrogen arc primary stan-
dard is generally used to calibrate an argon arc.
After measuring its signals, the hydrogen arc is re-
moved and replaced with the arc to be calibrated.
A telescope is used to align the argon arc, and once
it is operating, a fine adjustment in position is ac-
complished by translating the arc both horizontally
and vertically to maximize the signal. As with the
hydrogen arc, there is a volume between the arc
source and the vacuum window. This volume is
purged with argon at a flow rate of 5 L/min. The
purging must continue for at least 10 min before
measurements are begun in order to sufficiently
displace the air from this region. This flow rate is
continued during the entire calibration, By moni-
toring the signal at 170 nm where air absorption is
strong, the rise in signal during purging may be
observed, and the time at which essentially all air is
displaced can be determined. There are two cases
to consider: 1) if the arc to be calibrated contains
a window, the purge region is isolated from the
arc, and any purge rate which is sufficient to main-
tain the region free of air may be used; and 2) if the
arc to be calibrated is one without a window, the
flow in the “purge” region is not independent of
the arc, and the same flow arrangement must be
used whenever the arc is used as a secondary stan-
dard. This is necessary because the flow rate in the
purge region can have an effect on the arc opera-
tion and hence on the radiance of the arc. Once the
argon arc is operating and the purge region is clear
of all air, signals are measured for 124 <A <360 nm,
the range of the hydrogen arc. In addition to the
wavelengths covered by the hydrogen arc, signals
are also measured at shorter wavelengths extending
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to 115 nm. In this region, however, there are nu-
merous lines in the spectrum from minute air impu-
rities. These lines are typically resonance lines and
are extremely strong even at very low concentra-
tions. The wavelengths at which the continuum is
measured are selected to avoid interference from
these relatively strong lines. Also, in order to aveid
interference from the lines, the wavelength band-
pass must be no greater than 0.2 nm (700 pm slits
on the 3 m moncchromator). The continuum from
this short wavelength region is calibrated using a
second primary standard, the blackbody line arc.
3.1.3 Blackbody Line Arc Another primary stan-
dard source, the blackbody line arc, is used to ex-
tend the calibration to wavelengths below 124 nm.
This is also a wall-stabilized arc, operated with ar-
gon but including small admixtures of H, O, C, N,
and Kr. These admixture elements furnish spectral
lines which can be made to be oprically thick, ie.,
they reach a maximum radiance value at the wave-
length of the line,

3.1.4 Tungsten Lamp Standard In the calibration
of radiance one additional standard source, the
tungsten strip lamp [10], is applied. The tungsten
lamp is used for two reasons: 1) to increase the
accuracy of the calibration, and 2) to extend the
calibration to longer wavelengths. The wavelength
ranges of the hydrogen arc and tungsten lamp
averlap in the near UV region, and aithough the
uncertainty in the radiance of the hydrogen atc is
+5%, tungsten lamps are calibrated for radiance
with an uncertainty of 4:2.3% in the near UV,
Therefare, the calibration of a source extending to
the near UV may bé increased in accuracy by com-
paring it directly to the tungsten strip lamp. If this
is done, a calibration using the hydrogen and black-
body line arcs is considered to furnish only the rel-
ative spectral distribution of the radiance of the
unknown scurce, A calibration with the tungsten
lamp at the long wavelength end of the range of
the hydrogen arc then serves to set the absolute
scale of the radiance.

3.1.5 Calibration of Argon Arcs Relative to an NBS
Argon Arc For most calibrations the hydrogen
arc and blackbody line arc are not employed, but
rather calibrations are performed using a mini-arc
(the NBS argon arc) as a transfer standard. The
transfer standard is employed since calibrations
with the hydrogen and blackbody arcs are much
more difficult and time consuming than calibra-
tions performed relative to an argon arc. More-
over, the comparison of two similar sources {two
argon arcs) can be accomplished in reasonable time
with less error than is involved in & calibration in-

volving the hydrogen and blackbody line arcs.
Therefore only a slight decrease in accuracy resunlts
from employing the transfer standard. The calibra-
tion of cne argon arc relative to another proceeds
similarly to the calibration of an argon arc relative
to the hydrogen arc. The NBS argon arc is oper-
atedd without a window using a purge rate of
5SL/min. The arc io be calibrated uvsually con-
tains 2 window, and thus the calibration of the arc
must include & separate measurement of its trans-
mission.

3.1.6 Argon Mini-Arc Spectral Radiance Stan-
dard An argon mini-arc has been designed, tested,
and operated as a transfer source of spectral radi-
ance for the wavelength range from 114 to 330 nm.
Calibration has been petformed using two primary
standard sources: the hydrogern arc from 130 to
330 nm #nd the blackbody line radiator from 114 to
130 nm. The mini-arc has the following principal
features: 1) a steady-state reproducible source
with dc power requirements of less than 1.5 kW,
2} an intense coatinuum which is line-free between
194 and 330 nmm and which has only a few narrow
and widely spaced impurity lines between 114 and
194 nm; 3} a uniform output over a solid angle as
large as £/9; 4) negligible aging effects over at least
a 24 hour period; and 5} uncertainties (207) in the
absolute spectral radiance of 5.3% above 140 nm
and 10.1% between 114 and 140 nm. The radiant
power emitted by the mini-arc is influenced pri-
marily by the arc diameter, the arc current, and the
transmission of the UV window material.

3.2 Irradiance Calibrations

3.2.1 Establishment of Irradiance Scale: General
Method Spectral irradiance is the radiant power
incident upon a target area per area per wave-
length band: £ =[W cm~?nm™]. A source of radi-
ation may serve as a standard source of irradiance
by operating it at a given distance from the target
area. If one had a radiance source with uniform
radiance over its emitting area, the irradiance at a
given distance from this source could be easily
computed. In general however, radiance sources
are non-homogeneous, and the radiance is known
only for a small portion of the source, i.e., an area
element which can be approximated to be homoge-
neous. Thus, the irradiance at some distance from
the source can be determined only if radiation from
outside the calibrated area is prevented from reach-
ing the measurement system. This can be done by
the use of optical imaging and/or collimating aper-
tures. For applications in the VUV, the method
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using collimating apertures [16] has proved to be
more practical and is the basis for the measure-
ments described here.

The collimating aperture method is as follows. A
radiation source that is homogenesous over a cer-
tain emitting area and whose spectral radiance has
been previously determined is situated a given dis-
tance from a monochromator. A pair of apertures,
one at the entrance slit of the monachromator (the
field aperture) and the other as close to the source
as possible (the source aperture), is chosen so that
only the radiation from the homogeneous portion
of the source is measured. The spectral irradiance
at the field aperture is given by the product of the
known spectral radiance of the source and a geo-
metric facter dependent on the aperture dimen-
sions and their locations relative to the source. This
geometric factor contains the information on the
effective area of the emitting source, the solid an-
gle of the radiation beam incident upon the field
aperture, and the irradiated area.

In principle, these quantities can be determined

by measurement. However, a direct determination
of the geometric factor is unnecessary, as is shown
by the following discussion, The response of a
spectroradiometer as a function of wavelength to a
suitably collimated radiance standard is essentially
a measure of the system detection efficiency on a
relative scale. If the same spectroradiometer is irra-
diated with an unknown source and the response is
measured again, the spectral irradiance of the un-
known source can be determined, also on a relative
scale, Then, provided that the wavelength range of
calibration extends to the visible or near-UV region
in which standard scurces of irradiance are avail-
able, the absclute spectral irradiance of the un-
known source can be determined at one
wavelength within the calibrated wavelength
range. This absolute value can then be used to nor-
malize the relative scale of irradiance to an abso-
lute scale.
3.2.2 Argon Arc Calibrations Two types of
sources are calibrated as irradiance standards, the
argon mini-arc and the deuterium lamp. Calibration
of an argon arc will be discussed first.

The light source vsed here as a standard of spec-
tral radiance in the VUV and near UV is an argon
mini-arc previously calibrated by the hydrogen
arc. This source is used according to the method
described above to calibrate 2 second mini-arc as
an irradiance standard. The measurements in the
VUV spectral range are performed using a SEYA
monochromator. The above measurements dater-
mine the irradiance of the unknown scurce only on
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a relative scale, To obtain an absolute scale, the
irradiance of the unknown source is compared in
the near UV region to that of a calibrated tungsten-
guartz-halogen irradiance standard [17]. This mea-
surement is carried out on a double mono-
chromator, with an integrating sphere used as its
entrance aperture. For this measurement this setup
has two advantages. First, the double menochro-
mator greatly reduces scattered light which other-
wise would be a sericus problem for the
quartz-halogen source. Second, the integrating
sphere serves as a better method of rendering the
signal insensitive to the direction of radiation from
the source. This is important in comparing the
small sized arc source with the much larger quartz-
halogen source area.

The determinations of spectral irradjance are
based on the assumptions that the system efficien-
cles of the measuring spectroradiometer are inde-
pendent of the angle at which the radiation enters
and that diffraction effects are not significant.
Since the monochromator grating used must be as-
sumed (0 have a nonuniform reflection efficiency, a
diffuser located directly behind the field aperture is
used to ensure that the first assumption is met. A
magnesium fluoride window, ground on one side,
was used as the diffusing element. Although it
cannot be expected to be as good a diffuser as
an integrating sphere, it was shown to be suitable,
at least over a relatively small range of angles.
For the argon mini-arc the uncertainiy in the
spectral irradiance that is due to the nonideal
properties of the diffusing window can be as high
as 6%.

The possible effects of diffraction must also be
considered. For an exiended homogeneous radia-
tion source whose dimensions are large compared
with the source aperture, it can be shown that
Frauenhofer diffraction effects introduce no wave-
length dependence and that the geometric factors
are wavelength independent. This can be under-
stood qualitatively by realizing that some percent-
age of the radiation from each radiating point does
not pass through the field aperture because of dif-
fraction, However, a complementary point can al-
ways be found in the domain of the extended
homogeneous source that exactly makes up for
such a loss. By substituting a different-sized aper-
ture we have shown that the inhomogeneity of the
mini-arc is insufficient to cause any measurable ef-
fects due to diffraction.

The vacuum spectroradiometer consists of a so-
lar blind photomultiplier and a spectrometer with a
2-mm diameter field aperture. This aperture is
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mounted on a MgF, diffusing window located
50 mm in front of the entrance slit. The diffuser
was located some distance in front of the entrance
slit so as not to overfill the grating and thereby
increase the scattered light, which was less than
29 of the weakest signal. The mini-arc was located
50 cm from the field stop, and a 0.3 mm-diameter
aperture placed 5 cm from the mini-arc center was
used to resirict the size of the radiating area to
about 0.5 mm in diameter. The 2o- uncertainty in
the absolute spectral radiance of the mini-arc has
been given above to be 5.3% between 140 and
330 nm,

The total uncertainty in the irradiance calibra-

tion of an argon mini-arc, including uncertainties in
the primary source calibration and the transfer pro-
cedure, is estimated to be < 10%. Although the arc
emits radiation at shorter wavelengths than that
shown in figure 13, the short wavelength limit is
taken to be 140 nm because of the low signal ob-
tained from the stopped-down mini-arc radiance
standard at shorter wavelengths. The bandpass for
the radiance-to-irradiance transfer here was set at
1 nm. Not shown in figure 13 are several lines in the
argon arc spectrum that are due to residual gas im-
purities [14). The irradiance of the mini-arc was put
on an absolute scale by determining its absolute spec-
tral irradiance at 280 nm, using a tungsten-quartz-
halogen lamp as an irradiance standard. A separate
spectroradiometer utilizing a BaSQ,-coated inte-
grating sphere, a predispersing monochromator,
and an analyzing spectrometer was used for this
measurement. One measurement of this type is suf-
ficient to determine the absolute irradiance at all
wavelengths [16].
3.2.3 Deuterium Lamp Calibration Deuterium
lamps are calibrated as spectral irradiance stan-
dards in the near UV range 200<A<350 nm by an-
other calibration group in the Radiometric Physics
Division of NBS, The lamps calibrated are of the
side-on type. Prior to calibration they are potted in
a base identical to that of the tungsten-quartz-
halogen lamps. Our calibrations of such lamps usu-
ally consist of extending the spectral range in the
vacuum UV down to 165 nm. The measurements
are performed on the SEYA monochromator
setup, using the same method as was described in
the previous section for calibrating an argon arc as
an irradiance source.

Briefly, a set of commercially available deu-
terium lamps was calibrated for spectral irracdiance
in the 167-350 nm spectral range. At 250 nm and
above the spectral irradiance values were obtained
using a tungsten-quartz-halogen lamp whose cali-
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bration is based on an NBS blackbody. Below
250 nm the relative spectral distribution of the deu-
terium lamps was determined through the use of an
argon mini-arc spectral radiance transfer standard
whose calibration is based upon the NBS wall-sta-
bilized hydrogen arc. The absolute values assigned
to the deuterium lamps were then obtained by nor-
malizing to the spectral irradiance values at 250 nm
and above. Confidence in this procedure was estab-
lished by comparing the absolute spectral irvadi-
ance of the deuterium lamps as determined
independently by the argon mini-arc radiance stan-
dard and the tungsten-quartz-halogen irradiance
standard in the 250-330 nm range. The agreement
was within 3%. The large UV flux and high stabil-
ity of the mini-arc are the properties which make
possible the calibration below 250 nm,
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Figure 13, Absolute spectral irradiance measured as a functien
of wavelength at a distance of 50 cm from the field aperture for
five different continuum sources with the indicated power re-
quirements. The spectrum of the D, lamp with MgF: window
below 170 nm, measured for a 1nm bandpass, is a pseudo-
continuum made up of blended lines, Shown for comparison
purposes are spectra of the 250 MeV National Burean of Stan-
dards synchrotron radiation facility, for & beam current of
10 mA and a field aperture distance of 19 m, and the tungsten-
gnartz-halogen lamp, for the standard 30-cm distance.
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Since the deuterium lamps are aligned and pot-
ted in bipost bases identical to those used in mount-
ing tungsten-quartz-halogen lamps, the two
standards are interchangeable in a given optical
system. Because the shapes of the spectral distribu-
tions of these lamps are so different, the presence of
systematic errors in a measurement system may be
detected by intercomparing the two sources. The
spectral irradiance of the 30 W deuterium lamp is
equal to that of the 1000 W guartz-halogen lamp at
about 260 nm, 100 times stronger at 200 nm, and
100 times weaker at 350 nm.

The uncertainties in the absolute values of the
deuterium lamp spectral irradiance are: 200 nm
and above, 6%; 171 to 195 nm, 7%; and 170 nm and
below, 109%. A major contribution to each uncer-
tainty is the variability associated with the striking
of the deuterium lamps. As a result all calibrated
deuterium lamps supplied to customers by NBS are
preselected for variabilities of 49 or less. For
higher accuracy and confidence, one may take ad-
vantage of the result that the relative spectral dis-
tribution of the deuterium lamps is reproducible to
within about 1%. Thus, the uncertainty may be re-
duced by renormalizing the absolute scale with a
quartz-halogen lamp after each ignition to elimi-
nate any variability in the strike. This procedure
makes possible a reduction in the uncertainties of
about 3%.

Additional work has shown that under certain
conditions the deuterium lamp with an MgF, win-
dow may be used as a radiometric standard down
to 115 nm [18]. This effort was directed at deter-
mining the circumstances under which portions of
the many-line molecular spectrum below 167 nm
can be used as a continuum,

Acknowledgments

This paper is a condensation of NBS Measurement
Services: Radiometric Standards in the Vacuum Ul-
traviplet, NBS Special Publication 250-3. The NBS
publication is an extensive treatment by the present
authors of the radiometric calibration program car-
ried out by the vacuum ultraviolet radiometry
group in the Atomic and Plasma Radiation Divi-
sion of the National Bureau of Standards. NBS
Special Publication 250-3 is available from the Su-
perintendent of Documents, U.S. Government
Printing Office, Washington, DC 20402-9325,
The authors are grateful for the suggestions
made by W. L. Wiese and J. R, Roberts. Also, the
authors wish to acknowledge the continuing

38

support of the VUV radiometry program at NBS
by the NASA Solar and Heliospheric Branch.
Most of the work described here was carried out
under partial funding by this agency.

References

[1] Ott, W. R., Behringer, K., and Gieres, G., Vacuum ultravi-

olet radiometry with hydrogen arcs. 2: The high power

arc as an absolute standard of spectral radiance from 124

nm to 360 nm, Appl. Opt. 14, 2121-2128 (1975).

Roberts, J. R., and Voigt, P. A., The calculated continuous

emission of a LTE hydrogen plasma, J. Res. Natl. Bur.

Stand. (U.5.) 754, 291-333 (1971).

Ott, W. R., Fieffe-Prevost, P., and Wiese, W. L., VUV

radiometry with hydrogen arcs. 1! Principle of the method

and comparisons with blackbody calibrations from 1650 A

to 3600 A, Appl. Opt. 12, 1618-1629 (1973).

[4] Ott, W. R., and Wiese, W. L., Far ultraviolet spectral radi-
ance calibrations at NBS, Opt. Eng. 12, 86-94 (1973).

[5] Wiese, W. L., Electric arcs, in Methods of Experimental
Physics, Bederson, B., and Fite, W. L., Eds. {Academic,
New York, 1968), Vol. 7B, 307-353,

[6] Larenz, R. W., Uber ein Verfahren zur Messung sehr
hoher Temperaturen in nahezu durchlissigen Bogensaulen,
Z. Phys. 129, 327-342 (1951).

[7] Behringer, K., Prizisionmessungen am Spektrum des
Wasserstoffplasmas, Z. Phys. 246, 333-347 (1971).

{8] Kepple, P. C., Improved stark profile calculations for the
first four members of the hydrogen Lyman and Balmer
series, Dept. of Physics and Astronomy, Univ. of Mary-
land, Report No. 831 (1968).

f9] Maecker, H., and Steinberger, S., Weiterentwicklung der
Kaskaden-bogenkammer fiir hohe Leistungen, Z. Angew.
Phys. 23, 456-458 (1967).

[10] Walker, J. H., Saunders, R. D., and Hattenburg, A. T.,
NBS Measurement Services: Spectral Radiance Calibrations,
Natl. Bur. Stand. (U.S.) Spec. Publ. 250-1 (January 1987).

[11] Boldt, G., Das thermische Plasma als Imtensititsnormal-
strahler im Wellenlingenbereich von 1100 bis 3100 A,
Space Sci. Rev. 11, 728-772 (1970),

[12] Morris, 1. C., and Garrison, R. L., A radiation standard for
the vacuum ultraviolet, J. Quant. Spectrosc. Radiat. Trans-
fer 9, 1407-1418 (1969).

[13] Stuck, D., and Wende, B., Photometric comparison be-
tween two calculable vacuum ultraviolet standard radia-
tion sources: synchrotron radiation and plasma-blackbody
radiation, J. Opt. Soc. Amer. 62, 96100 (1972).

[14] Bridges, J. M., and Ott, W. R., Vacuum ultraviolet ra-
diometry. 3: The argon mini-arc as a new secondary stan-
dard of spectral radiance, Appl. Opt. 16, 367-376 (1977).

[15] Saunders, R. D, Ott, W, R., and Bridges, J. M., Spectral
irradiance standard for the ultraviolet: the deuterium
lamp, Appl. Opt. 17, 593-600 (1978).

[16] Ott, W, R., Bridges, J. M., and Klose, J. Z., Vacuum-ultra-
violet spectral-irradiance calibrations: method and applica-
tions, Opt. Lett. 5, 225-227 (1980,

[17] Walker, J. H., Saunders, R. D, Jackson, J. K., and
McSparron, DD, A., NBS Measurement Services: Spectral
Irradiance Calibrations, Natl. Bur. Stand. (U.S.) Spec.
Publ. 250-20 (1987).

2

—

3]



Volume 93, Number 1, January-February 1988
Journal of Research of the National Bureau of Standards

[18] Klose, J. Z., Bridges, J. M, and Ott, W. R., The use of
deuterium lamps as radiometric standards between 113 nm
and 350 nm, Extended Abstracts of the VI International
Conference on Vacuem Ultravioler Radiation Physics.
Charlottesville, VA, III-52 (June 1980),

Appendix. NBS Calibration Services in the
Near and Vacuum Ultraviolet

1. Spectral Irradiance Standard, Argon Mini-Arc
(140-330 nm), SP 250 Ng, 40010S (7.6B)

An argon mini-arc supplied by the customer is
calibrated for spectral irradiance at 10 nm intervals
in the wavelength region 140-330 nm. Absglute
values are obtained by comparing the radiative out-
put with laboratory standards of both spectral irra-
diance and spectral radiance. The spectral
irradiance measurement is made at a distance of
30 cm from the field stop. Uncertainties (2¢7) are
estimated to be less than 3 3% in the wavelength
region 140-200 nm and within =6% in the wave-
tength region 200-330 nm. A measursment of the
spectral transmission of the arc window is included
in order that the calibration be independent of pos-
sible window deterioration or damage.

2. Spectral Radiance Standard, Argon Mini-Arc
(115-330 nm), SP 250 No, 400208 {7.6C)

The spectral radiance of argon mini-are radiation
sources is determined to within a 2o nuncertainty of
less than 6% over the wavelsngth range 40—
330 om and 11% over the wavelength range 115-
140 nm. The calibrated area of the 4 mm diameter
radiation source is the central 0.3 mm diameter re-
gion. Typical values of the spectral radiance
are: at 250 nm, L,=30 mW cm 2 nm~" sr~'; and at
150 nm, £, =3 mW ecm~° nm~' sr~!, The transmis-
sion of the demountable MgF, lamp window and
that of an additional MgF; window are determined

.individually so that the user may check pericdi-
cally for possible long term variations.

3. Spectral Irradiance Standard, Deuterium Are
Lamp (165-200 nm), SP 250 No. 400308 (7.6D)

The lamp is calibrated at 10 wavelengths from
165 to 20 nm at a distance of 50 cm. Its spectral
irradiances are about 0.05uWcm2nm™' at
165nm, 003 pWcemnm " at 170nm, and
0.05 uyWem—>nm~' at 200 nm. The approximate
2¢r uncertainty relative to SI units is estimated to
be less than 109%. The lamp is normally supplied by
NBS and requires 300 mA at about 100 V.
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4, Special Tests of Radiometric Devices in the Near
and Vacnum Ulraviolet, SP 250 No. 400408 (7.6A)

Tests of customer supplied radiometric devices
not included above are performed at the direction
of the customer.



