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Measurement of the column abundance of atmospheric mo
lecular species can be accomplished from the ground or 
an aircraft by spectroscopic observation of light either 
from the sun or moon directly or from the zenith scattered 
sky when the air mass factor is large for photons passing 
through the stratosphere (conditions of low sun/moon 
elevation). The first twilight scattered sky measurements of 
NO 2 were reported in 1973;1 the technique was greatly 
improved and expanded by Noxon and coworkers.2 , 3 This 
short paper discusses the new generation of instrumenta
tion now under construction at the NOAA Aeronomy Labo
ratory to measure (at least) NO 2, O3, NO 3, BrO, OCIO, and 
SO 2. The scientific aspects are discussed elsewhere. 

Instrumentation 
The instrumentation used to make the measurements of 
scattered light from the stratosphere consists of a tele
scope for lunar observation at night or direct sun during the 
day, a spectrograph, an array detector, and a data analysis 
system. The optimal operation of each of these is critical to 
the retrieval of atmospheric molecular absorptions as small 
as several hundredths of a percent from the stratosphere. 
An overall schematic of the instrument is shown in Figure 1. 
The prototype system is now nearing completion in the 
instrument shop and construction will begin soon on a 
number of operational units. 

The telescope design is a dual off axis parabolic mirror 
system. Various optical modifiers (e.g., polarizers, image 
rotators) can be inserted at the first parabola focus. The 
telescope system is located on the roof of the observatory 
and feeds the spectrograph system hanging below. The 
telescope tube is driven by a gear that allows the spectro
graph system to rotate in order to follow the polarization 
plane of the sky during the day. Use of the telescope is 
optional for zenith sky measurements. 

The spectrograph (Fig. 2) is a cast aluminum 3/8-m f/6 
double crossed Czerny-Turner system carefully designed 
with regard to (1) reduction of scattered light that is critical 
for measurements made in the near ultraviolet, (2) elimina
tion of re-entrant spectrum from the plane diffraction grat
ings, (3) elimination of internal reflections that propagate 
backwards through the system, (4) maximization of through
put, (5) optimization of the focal plane for a flat multipixel 
detector system, and (6) minimum aberrations that affect 
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FIGURE 1 
OVERALL SCHEMATIC OF THE ENTIRE 
SPECTROGRAPH/TELESCOPE SYSTEM. 
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the width of the instrument function. The effects mentioned 
in the first three points above result in wavelength depen
dent backgrounds that mimic fluorescence from the atmo
sphere; these effects must be limited for proper minimiza
tion of spectral residuals from the data analysis. The crossed 
double Czerny-Turner design was chosen over other single 
and double pass systems investigated (Rowland circle, 
standard Czerny-Turner, Ebert-Fastie, and off plane 
mountings of various sorts),10 because it offers superior 
scattered light rejection properties with very simple but 
effective baffling. This is especially important since the 
instrument uses a 1.25 cm wide intermediate slit for proper 
illumination of the 2.5 cm detector. 

The major drawback of a crossed system is inherently 
low spectral resolution due to the wide mirror separation, 
but high spectral resolution is not a requirement for these 
measurements. Total spectral coverage is from atmospheric 
cutoff near 300 nm to the detector sensitivity cutoff at 1 µm; 
spectral bandwidth at a fixed grating setting is about 65 nm. 
The two gratings differ in groove density to prevent odd 
order propagation from the second spectrograph back to 
the first spectrograph and then back to the detector. The 
spectrograph is enclosed in a tem
perature controlled case to mini
mize structural variations. 

Dispersion is approximately 2.5 
nm/mm in the focal plane. A 200 
µm entrance slit gives 0.5 nm reso
lution with 8 detector pixels per 
full width half maximum line pro
files. Resolution in the focal plane 
is approximately 2 pixels for the 
632.8 nm laser line and the 253.7 
nm mercury line; this is what is 
predicted from a detailed ray trace 
of the system. Although not very 
good by normal spectroscopic 
standards, this resolution is en
tirely adequate for the scientific 
work we conduct. Scattered light 
in the system is extremely small 
(<10-9) and will provide adequate 
discrimination in the near ultra
violet. Spectral efficiency is ex

tremely high due to the efficient classically ruled diffraction 
gratings (Hyperfine Inc., Boulder, Colo.). The high effi
ciency of these new gratings surely removes one of the 
major objections in the past to double spectrograph sys
tems, namely their low throughput. Holographic gratings 
were not used because of their relatively low efficiency and 
their often strange polarization properties.11 

The detector used in the spectrograph is a silicon photo-
diode array system. This design is an improved version of 
a first generation detector constructed at this laboratory in 
the early 1980s by Arthur Schmeltekopf and used exten
sively in the field.4-9 The integrated detector chip is an EG&G 
Reticon (Sunnyvale, Calif.) 1024-pixel silicon array with 25 
µm (dispersion direction) x 2.5 mm height pixels. This type 
of array detector was chosen for the following reasons: (1) 
it is an array system that requires no mechanical spectral 
scanning; (2) it has low readout and random noise proper
ties; (3) for medium photon flux levels, it provides signal to 
noise ratios that cannot be matched by a photon counting 
device such as a photomultiplier system; (4) it is extremely 

FIGURE 2 
SCHEMATIC OPTICAL DRAWING OF THE DOUBLE 

CZERNY-TURNER SPECTROSCOPY. 
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linear over a large dynamic range (<0.1%); (5) it has an 
extremely large electron well depth (7 X 107 electrons), 
which ensures a very large S/N ratio (about 7000) for each 
read of the system, and (6) it is rugged and has proven very 
suitable for field use. 

The chip is used a with wedged quartz window to elimi
nate changes in spectral etaloning from the SiO2 passiva
tion layer.12 An analog integrator/amplifier feeds a 16-bit 
analog-to-digital converter. Each element of the diode array 
can store up to 7 X 107 electrons at saturation; thus, 16-bit 
digitization gives a quantization of approximately 1000 
detected electrons per bit. Noise in the system is character
ized by photon statistics and "readout noise." Total mea
sured noise is approximately 3 bits per read (independent 
of integration time); averaging integrations (one read per 
integration) increases the signal to noise ratio. Typical 
integration times on the twilight sky are 2-25 seconds for 
solar zenith angle less than 90° and up to several minutes 
for greater angles. Lunar integrations can range from min
utes to up to an hour for low lunar elevation angles at high 
latitudes. 

The chip is cooled in its vacuum dewar (pressure ap
proximately 1x10-5 T) to reduce leakage current (equiva
lent dark current) to 0.004 data numbers/pixel/sec (ap

proximately 4 electrons/sec/pixel) at —84°C. The refrigera
tor cooler is a specialized glass wafer Joule-Thomson gas 
expander (model R2605-7) built by MMR Technologies 
(Mountain View, Calif.) using N2O gas at approximately 750 
1b/in 2 vapor pressure over liquid. These refrigerators have 
proved to be quite reliable and avoid the mechanical diffi
culties involved with either compression refrigerators (large 
gas lines that must always be attached to the detector unit 
and vibration) or semiconductor coolers (low efficiency 
with its need for heat removal from the vacuum dewar and 
temperature differences of only 50°C per unit requiring 
multiple stages). 

The data analysis system is described elsewhere.4,9 In 
summary, two measurements are made of the zenith sky or 
moon, one at high elevation angle and one at low elevation 
angle. A nonlinear least squares using Beer's law then 
determines the abundances of molecules with absorption 
features in the measured spectral region. Laboratory cross 
sections of each of the molecular species are made with the 
field instruments. Measurements of molecular absorptions 
as small as several hundredths of a percent require that the 
cross section used in the analysis be taken with all the 
aberrations and oddities of the field instrument. The pub
lished literature is used to scale our measured cross sec
tions absolutely. 

A modified version of this instrumentation is being 
adapted for use in long path measurements of tropospheric 
NO 2, O3, NO 3, HONO, SO 2, H 2O, CH 2O, and other trace spe
cies. 
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