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The high-resolution emission spectrum of NH has been observed in the near infrared using a Fourier
transform spectrometéFTS) and a cryogenic echelle spectrogrdphlled Phoenixat the National

Solar Observatory at Kitt Peak. By using a large format InSb array detector, the newly constructed
Phoenix is calculated to offer a large increase in sensitivity over a Fourier transform spectrometer
for measurements neandn (2000 cni'Y). In order to test the performance of Phoenix, we recorded
vibration—rotation emission spectra of the free-radical NH. The infrared bands of NH were
produced in a microwave discharge of a mixture of ]\dhd He. The rotational structure of five
bands, 1-0, 2—1, 3-2, 4-3, and 5—4 in the 2200—-3500"¢ayion has also been measured using

two FTS spectra. An analysis of these bands combined with the previous electronic, vibration—
rotation, and pure rotation measurements provides improved molecular constants for the ground
electronic state. In particular, we have extended the range of mead3wades so that the new
constants are suitable for predicting line positions in high-temperature sources such as stellar
atmospheres and flames. A comparison of the Phoenix spectra with the FTS spectra confirms the
higher sensitivity of the Phoenix spectrometer. The relative advantages and disadvantages of
instruments like Phoenix are discussed. Although designed for astronomical work, cryogenic echelle
spectrographs have applications in the ultrasensitive detection of molecules in chemical physics.
© 1999 American Institute of Physids$0021-960809)01412-9

I. INTRODUCTION gan and JacdX observed the fundamental band by matrix
isolation _spectroscopy. Sakaétal®® and Green and
Caledonia® have observed these bands at moderate resolu-
tion, while Boudjaadaret al®®> measured the vibration—

NH is an extensively studied free-radical of fundamenta
importance. This radical was first detected in 1893 by Eder
through the observation of th&3I1-X 33~ transition near . i
336 nm. This work was followed by numerous studies of the’@tation bands up to =5-4 in the ground state.
electronic spectra of NH from the visible to the vacuum ul-  1he high-resolution measurements of the=1 vibra-
traviolet. A more complete review of the previous work on tional bands of NH are important since they fall in the.®
electronic spectroscopy can be found in our previou@tmosphenc window. In fact, thAv =1 vibration—rotation

paper? Recent experimentii®® and theoretical -2 stud- lines of NH were observed in the starOrionis’’ before the
ies have been motivated by applications in astrophyéicé, ~Spectra were measured in a laboratory. Vibration—rotation
atmospheric sciendeand chemistry®43 lines of NH have also been detected in oxygen-rich and

There have been several infrared and far-infrared studiearbon-rich giant and supergiant stéts’' Recently, the NH
of NH aimed at extracting precise molecular and hyperfindadical has been identified in the solar spectrum using the
constants in the ground state. Far-infrared laser magneti¢bration—rotatior and pure rotatiof? lines.
resonance spectra have been observed by Radford and In a previous publication, we reported on an analysis of
Litvak* and Wayne and Radfoftiwhile the zero field pure the A’II-X°3~ transition of NH measured at high resolu-
rotational spectrum was measured by Hewtahl *® using a  tion using a Fourier transform spectrometer. In recent work,
tunable far-infrared sideband laser spectrometer. Improvellorino and Kawagucfi? have made far-infrared absorption
measurements of thé= 10 transitions have recently been measurement of the NH, NH NHD, and ND radicals.
made with the Cologne terahertz spectrométer. Their NH measurements agreed-+®.000 62 cm* with the

The infrared spectra of this radical have also been studknes predicted using the constants from our analysis of the
ied by difference frequency spectroscdfynatrix isolation ~ A®II-X33 " transition?
spectroscop§® and Fourier transform spectroscoply>? The deuterated molecule ND has also been studied in
Bernath and Amarf§ have observed the fundamental 1—0 detail. The electronic spectra of ND were studied by several
band with a difference frequency spectrometer, while Milli-workers over the span of several decatfes® In the most
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recent study of theA3[1-X 33~ transition of ND, Patel- and N. This spectrum lacked strong impurity CO lines nec-
Mishra et al®® recorded theAv =+ 1 sequence bands using essary for wave number calibration, so we decided to use
a molecular beam source. They combined their measurestrong atomic lines as transfer standards. For this purpose,
ments with previous work on the 0-0, 1-1, and 2-2we chose a separately recorded spectrum in which both CO
bands*~>"to extract equilibrium constants for the’I1 and  and the atomic lines were strong. The atomic lines were first
X 33~ states of ND, although with a relatively large uncer- calibrated using the CO liné$,and then the calibration was
tainty. TheN=1+0 transition of ND has also been mea- transferred to the spectrum of NH. The spectra were mea-
sured recently by Saito and Gotaising submillimeter-wave sured using a program callegt-DEcompdeveloped at Kitt
spectroscopy, while the infrared vibration—rotation spectrePeak. The NH vibration—rotation lines have been observed in
have been measured by Ram and Befidils Fourier trans-  our spectra with a maximum signal-to-noise ratio of about
form spectroscopy. In the FTS work, the rotational structurel5:1. The measurements of the strong and unblended lines
in several bands with vibrational levels upue-6 was mea-  are, therefore, expected to be accurate-h001 cm®. At
sured, and molecular constants were reported for the grourtdigher N, the three spin components of e&hranch line
state of ND®° begin to merge. The three components are almost completely
Although Boudjaadaret al®?> measured the vibration— overlapped near the band head. The estimated uncertainty in
rotation bands of NH at high resolution, only relatively Idw the measurement of these broad lines is of the order of
lines were measured. Highlines are essential, however, in =0.003 cm%, and they have been given lower weights in the
determining higher-order constants suctas H,, andL, final fit.
for a light molecule like NH. These molecular constants are  In the 2240—2390 cit spectral region, the lines of NH
required for detecting NH at the high temperatures found irare overlapped by strong atmospheric Labsorption, and
stellar atmospheres and flames. some of the lines could not be measured. The NH lines near
In the present work, we have extended the NHthe edges of the CQabsorption features were also given
vibration—rotation measurements to highand combined lower weights in the final fit.
them with the previously reported pure rotation lifi&8S
vibration—rotation measuremerifsand A °I1-X 3.~ lines®
to extract an improved set of molecular constants. We hav8. Spectra recorded with the cryogenic echelle
also recorded some NH vibration—rotation lines with thespectrograph
Phoenix spectrometer in order to check on the sensitivity and
performance of a high-resolution cryogenic echelle specy,
trograph relative to an FTS. Although Phoenix was designe
to look at weak astronomical sources, it may prove useful fo'ir
ultrasensitive laboratory spectroscopy.

Spectra were obtained by focusing the infrared emission
m the microwave discharge with a 15 cm focal length
ak lens into the input window of the Phoenix spec-
ograph. Phoenix is a cryogenic echelle spectrograph oper-
ated by Kitt Peak National Observatory and is designed pri-
marily for use on nighttime telescopes. The instrument is
Il. EXPERIMENT operated at about 50 K to reduce thermal emission. An ech-
elle grating is used in high order to obtain a compact high-
resolution instrument that can be mounted at the Cassegrain
focus of a telescope. The experimental conditions were simi-

The infrared emission spectrum of NH have been obdar to those used in the FTS experiments.
served in two experiments. In the first experiment, the  The Phoenix spectrograph employs refractive foreoptics
vibration—rotation bands were observed as impurity duringo image anf/15 input onto a cold Lyot stop. At the Lyot
the search for CoN in a cobalt hollow cathode lamp using atop, order sorting is performed by filters which limit the
discharge of 6 mTorr of NTorr of Ne. The lamp was oper- frequency bandpass to approximately one-half of the echelle
ated at 230 V and 330 mA current. In the second experimenfree spectral rangé~100 cm 1). The filters are wedged to
the NH bands were observed in a microwave discharge of minimize fringing. Following the filters, refractive optics re-
mixture of 200 mTorr of NH and 2 Torr of He. Although the image the light onto the slit. The collimator and camera mir-
second spectrum was much cleaner than the first, lines in thers of the spectrograph are combined in a reflective
2200-2500 cm? region were stronger in the first spectrum. Ritchey—Chretien system. Further details about the spec-
The emission from the discharge lamps was focused on thieograph can be found in Hinklet al®? and on the National
entrance aperture of the 1-m Fourier transform spectrometédptical Astronomy Observatory (NOAO) web site
associated with the McMath—Pierce telescope of the Nafwww.noao.edu/kpno
tional Solar Observatory. The spectrometer was equipped The detector is a 10241024 InSb array manufactured
with a Cak beam splitter and liquid-nitrogen-cooled InSb by Raytheon—Santa Barbara Research C&8BRCO. The
detectors. The use of a Ge filter and InSb detectors limitedrray is a quadrant device and the array currently in use in
the observation of the spectra to the 1800—-5000capec-  Phoenix has two dead quadrants yielding, in essence, a 1024
tral region. The spectra were recorded by coadding 8 and 28512 array. Phoenix requires a 102216 pixel swath, with
scans, respectively, at a resolution of 0.02 ¢m the long direction giving spectral information and the short

In the microwave-excited spectrum, in addition to thedirection giving spatial information. The pixels are 27 mi-
NH bands there were molecular lines of BHthe crons square. The read noise is 60 electrons and the dark
w T-a’A transition of N, and many atomic lines of He current is 1 electron per pixel per s.

A. Spectra recorded with a Fourier transform
spectrometer
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At the time of the observations, the performance of the
spectrograph was limited by aberratiog@@®ma in the colli- RZ(‘IIG)
mator. Coma smeared the image, both spatially and spec-
trally. The collimator was focused to give best spectral im- 2-1
aging which results in a line width about 3.6 pixels full width R(13) é_117)
at half maximum(FWHM). This corresponds to a resolving NH XX 2-1 2-1
powerR=v/Av of 56 000. The microwave source filled the lié()) R(19) R(18)
4.4 mm long slit spatially. The coma degrades the spatial 11{'(3)
resolution as well, but in this application spatial resolution
was not required. In the spatial direction, the FWHM of a 2-1
point source is about 15 pixels. R@D

Spectral coverage is limited by the length of the array, p ...
1024 pixels, in the dispersion direction. Slight vignetting of (2 min)
the signal is present at the small wave number end of the
spectra. A defect in the array at the small wave number end
also reduces the spectral coverage by a few percent, about
100 pixels. The reciprocal dispersion of Phoenix is 5.0
X 10~* cm™Ymicron at 3000 cm! on blaze(63.4 deg. The
pixel size of 27 microns results in a single pixel covering
0.015 cm'* near 3000 crm?. Typically, the bandwidth of the
spectrum observed in one integration is about 0.47 percent
(14 cm ' at 3000 cm'Y).

The array does have pixel-to-pixel variation in both the ! AT AT vk WA AR Nty
sensitivity and dark current. To remove these, each observa- 3270 3275 3280 cm
tion involves at least three exposures, one of the source .

(“light” )’, one of the featureless “flat(a W filament Iamp, rFeI((:;c;r;édAW(i:tcr)]mFPr?o”esr?inmg;:r ’t)r?aréecgnt(:](tahi_FloS::ftrzzg‘;‘rrge:geﬁ?(?:ﬁiter
and a third “dark” exposure. Ideally, exposures with the (ower trace. The rotational lines have been marked with their N quantum
source onlight) and off (dark would be obtained, allowing numbers. The grassy features near the head are probably due to a larger
cancellation of spectral features along the line of sight to thénolecule such as Njor NH.

source(e.g., water vapor lind3). However, for many labo-
ratory sources this is neither required nor practical.

An InSb array detector is similar in operation to a charg
coupled devicdCCD) in that photons cause charge separa
tion and the electrons are then trapped in a potential Sell.
This charge is allowed to accumulate and is read perioditll. RESULTS AND DISCUSSION
cally. The Aladdin array has a well depth of 100000 elec-
trons, which translates into 12000 analog-to-digital unit
(ADU) (1 ADU=8.3 electrons, where an ADU is the basic
analog-to-digital unit used by the array controller software

FTS
(90 min)

eof the array. The resulting spectrum appears as the upper
Jpanel of Fig. 1.

Our spectrum consists of five vibration—rotation bands
of NH in the Av =1 sequence. Each band consists of tliRee
and threeP branches which can easily be recognized, par-
" ticularly at lower N, by their characteristic triplet patterns.
The wells should not be allowed .to fill to more than 80% The triplet splitting in theP branch increases with increasing
(1.e., 10000 ADY of the full capacity. N, while in the R branch, this splitting decreases with in-

For NH, the array was read every 60 s and a maximumy o qing N values. The three components almost merge near
of 3000 count§ADUs) was measured. Two exposures Wereyno yinration—rotation head formed in tiebranch. TheR
made of the same spectral region, and they were added {944 in the different bands are formed at relatively high N
gether after reduction. The images were reduced to spectigy|yes: for example, in 1-0, 2-1, and 3-2 bands, the
by using theiRAF (Image Reduction and Analysis Facility R.neads are aR(N=19), R(N=18), andR(N=17), re-
suite of programs available from NOAO. The ratiodht—  gpectively. After the head, the returning lines again show
dark)/(flat—dark was calculated to correct for the dark count signals of spin splitting, but only a small number of returning
and for pixel-to-pixel variations in sensitivity. Residual jines could be found because of their weak intensity. In gen-
“hot” pixels were removed with anrAr routine that re-  eral, theP lines are weaker in intensity than the lines
places the signal level with an average of the values fopecause of strong Herman—Wallis effetts.
nearby pixels. An 80-column-widéspatial dimension by We have extended the NH vibration—rotation measure-
1024 long(spectral dimensignmage was selected and con- ments to include substantially higher N lines than those re-
verted by anotheRAF routine into a spectrum, essentially by ported by Boudjaadat al>? For example, in the fundamen-
adding the 80 columns together. The detector had been cargal 1-0 band, we have measured lines ugR{éN=26) and
fully oriented to make this summation possible without ad-P(N=13) compared tdR(N=17) andP(N=10) measured
ditional image rotation. The first 100 pixels in the spectralby Boudjaadaet al>? In the 2—1, 3—-2, 4-3, and 5-4 bands,
dimension were discarded because of the defect at the edgee have measured and fitted the lines ugR(dN) =25, 23,
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TABLE |. Spectroscopic constant; cm™2) for the X 33~ state of NH.(Note Numbers in parentheses are one standard deviation uncertainties in the last
digits.)

Constants v=0 v=1 v=2 v=3 v=4 v=>5

T, 0 3125.571 78¢135 6094.872 0961 8907.594 3804  11562.315 4266600 14 056.147 7021
B, 16.3432722[B45  15.6964301@B99  15.050538135  14.401 978 G149 13.745 873 8191) 13.076 662 #4349
D, X 10° 1.702 842 1342 1.679 474 75 1.661 615 1653 1.649 965131 1.644 414127) 1.660 696603
H,x 10 1.238 29113 1.174 461639 1.110 79174 1.004 57387) 0.710 44225 0.738 8237
L,x10" —1.459 8146 —1.454 04462 —1.694 6146 —1.838 4359 0 0
M,x10%  7.190644 0 0 0 0 0

v, X107  —5.486 37102 —5.178 41137) —4.882 14248 —4.583 27397) —4.257 71626 —3.963 28926
Yo, X10°  1.544 71658 1.402 54397) 1.330 87734 1.226 4126) 0.854 3245 1.203 8837
Y X10°  —1.438 (895 0 0 0 0 0

Ny 0.919 893 (249 0.919 961127 0.918 447243 0.915 377421 0.911 319630 0.904 334826

18, and 12 compared to lines wit(N)=14, 12, 9, and 7 1.037 186 Q19) A, which is in excellent agreement with the
included in the analysis of Boudjaadeiral®? The observed previous values. The calculated dissociation enedgyof
line positions of NH vibration—rotation bands are availableNH is 27200 cm* (77.7 kcal/molg?® The observation of
from PAPS® or from the authors upon request. vibration rotation levels up to =5 N=12 of NH, therefore,

A part of the spectrum of 2—1 band near tRehead €enable us to map more than half of the ground-state potential
recorded with the Fourier transform spectrometer is also prewell.
sented in Fig. Zlower panel for comparison with the Phoe- It has been shown that a cryogenic grating spectrograph
nix spectrum. While comparing the two spectra, one mussuch as Phoenix should have a significant gain in sensitivity
keep in mind that the FTS spectrum was coadded for 90 miver an infrared spectrometer using an analog detéttor.
while the Phoenix spectrum was obtained by summing twd-ig. 1, the signal-to-noise ratit5/N) of the Phoenix spec-
1-min integrations using the same excitation source operateflum with an integration time of 2 min is at least a factor of
in similar conditions. As can be seen in Fig. 1, the NH mo-3 greater than the signal-to-noise of the FTS spectrum with
lecular lines in the Phoenix spectrum have a better signal-tontegration time of 90 min. Correcting for the difference in
noise ratio than those observed in the FTS spectrum. Thiéitegration times(assuming that S/N grows as the square
grassy features observed near the 2—1 head are not noigot of the integration time for both instrumeptshis na-
since they are reproducible in each of the recorded scani/ely implies that Phoenix is-20 times more sensitive than
These lines are probably due to molecules like,NiHNH;, the FTS. No attempt will be made to correct for the differ-
although we have been unable to make specific assignmengce in resolution, which would further decrease the advan-
The ground states; vibration of NH, and v, vibration of ~ tage of Phoenix. A meaningful comparison of sensitivities
NH; are expected to have transition in the same region. Thigvolves discussing some of the nuances of both instrumental
observation suggests that the Phoenix spectrometer inde@g@proaches. As is well known to laboratory spectroscopists,
has very high sensitivity. the FTS technique is far superior to a grating spectrograph in

The observed rotational lines of the individual bandsmany aspects other than sensitivity, and this also needs to be
were initially fitted separately using the customaly~  considered.
Hamiltonian. An explicit listing of the matrix elements for The sensitivity advantage of a cooled grating spec-
the 33~ Hamiltonian is provided in our previous paper on trograph, such as Phoenix, over an FTS is due to three fac-
NH3. In the final fit, however, the lines of all the bands weretors: enhanced performance of InSb array detectors, a cold
fitted simultaneously to provide a single set of constants fofnonthermally emissivespectrograph, and a restricted band-
each vibrational level. In this fit, previous electronic mea-pass. In astronomical applications, which are typically pho-
surements of the 3IT-X 33~ transition of Brazieret al,®  ton starved, sensitivity is the driving design goal. Phoenix
vibration—rotation measurements of Bernath and Anfno, was designed for nighttime astronomy applications. For
the zero field pure rotational wave numb&tsnd solar pure many laboratory applications, unlike astronomical applica-
rotation lines of Gelleet al®3 were also included. The com- tions, the source can be made brighter or brought closer to
bined data set was fitted with a standard deviation of 1.127the spectrograph. Hence, the gain from cooling the spec-
The weights for our vibration—rotation lines were chosen
based on the signal-to-noise ratio and extent of blending_,r ] o ] o o
while the previous electronic, vibration—rotation, and pure ABLE !l Main equilibrium constantdin cm ™) for the X°%." state of

. . . . . L. NH. (Note Numbers in parentheses are one standard deviation in the last
rotation lines were weighted as claimed in the original pa-jgits)
pers. The rotational constants for different vibrational levels

of the ground state have been provided in Table I. The con- . 3282.721 1992 e 0.650 379173
stants of Table | were used to determine the equilibrium ©eXe 78-32;;;23)) ve X ig g-ggg;gg

H H WeYe . e .
molecular constants_ for_the grou_nd state, which are provided 0.z, 0,051 57217 o X 10° 4.348375
in Table Il. The equilibrium rotational constants of NH pro- g 16.667 920 6501) ro (A) 1.037 186 019)

vide the ground-state equilibrium bond length of
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trograph is often minimal in many laboratory applications, (27X27 micron array pixels can be quickly lost if extrane-
since the internal thermal flux can be overwhelmed by sourceus pixels are included in the sum. Also, infrared arrays are
photons. much more expensive than single-element detectors, and
Similarly, it can be argued that restricting the bandpassven though the cost increases only as the root of the number
of the FTS to match that of the dispersive spectrograplof pixels increasegapproximately, it is clearly not cost ef-
would improve the FTS S/N. For instance, the NH spectrunfective to use a large array in a pixel binning application.
observed by Phoenix covered only 14 cipnwhile the FTS  Arrays are now made in standard sizes, with large arrays the
spectrum covered the entire 1800-5000 ¢mange. The  optimum.
signal-to-noise ratio in FTS spectra in the photon-noise lim-  To use an array in integrating mode, an FTS would have
ited case is inversely proportional to the square root of theg pe operated in a step-and-integrate mode. Most FTSs op-
bandwidth. If Phoenix were an FTS, this would account for aerate in continuous scan mode, but both commercial and cus-
factor of 15 of Phoenix’s sensitivity advantage. In reality, tom step scan instruments are available. In many laboratory
this gain is seldom achieved with an FTS because a filter agxperiments, however, the dominant source of noise is fluc-
narrow as 14 cm' would probably result in detector-noise tyations in the source, for instance, in the strong atomic lines
limited performance. In this case, the S/N becomes propofin 3 molecular emission experiment. In this case, the noise
tional to the source intensity, rather than the square root Ofyer the entire bandpass is seen by each pixailtiplex
the intensity. Also, for many applications a very restrictedgjsadvantage). The multiplex advantage of an FTS only
bandpass is undesirable since broader wave number coveraggyjies when the dominant noise source is detector noise.
provides more information on the spectrum. Light molecules ' The gisadvantages associated with dispersive spectro-
such as NH have very few lines in one setting of the gratingg ,s jike Phoenix are well known. The wave number cali-

The section of spectrum displayed in Fig. 1 was carefullyp aion of the spectrograph is the most serious problem. We
chosen to cover the 2—1 band head in order to increase ”Haa

i ve simply calibrated the NH lines seen by Phoenix with

numb_er of Ilnes._ i i i .those from the FTS. Fortunately, the wave number scale of
Since Phoenix IS hotan FT,S’ the bandW|dth. of interest 'Phoenix is close to linear so that, in principle, two widely

actually the bandwidth on a single detector pixel0.015

ey . spaced lines are sufficient to calibrate the dispersion and
cm . The square root of the bandwidth factor- 6800 more thus, the absolute position of all the lines in each setting of

than accounts for the sensitivity difference between the tW(i’he grating. Using calibration lines not present in the source

instruments. The missing factor in the Phoenix performanc for example, lines from a hollow cathode calibration lamp

is easily found in slit loss and other throughput losses. Hal . . g .
S is generally not satisfactory in high-precision applications
etal”® found that the KPNO nighttime FTS had throughput begause tr¥e radiation frorr?/ the |§m§ does notpfF())IIow the

of more than 50 percent. The throughput of Phoenix I3 same optical path as radiation from the source. The stable

percent before the slit loss is taken into account, linear wave number scale of the FTS is an enormous advan-
While an FTS is the ultimate broadband spectrograph

more advanced cryogenic spectrographs will provide muclinager' A: dFt:;S ftlgint?e:sf,rtombfhcallbr?ted k:ecnautsexthetlHe—ilr\]le
more extensive wave number coverage. Phoenix is a firs{f”lse a € radiation fro € source are not exactly coin-

generation cooled grating spectrograph and is designed @rg?ln)t but the shifts are very smatypically less than 0.01

image only one section of one echelle order in a single inte- Both th . dd ducti £ di .
gration. Currently, much more coarsely ruled gratings are oth the operation and data reduction of dispersive spec-

under developmer Future spectrographs employing thesetrog_raphs are different _from that of the FTS. For an mf_rared
gratings will have a free spectral range matching the size of€vice such as Phoenix, §ev9ral exposures are required for
the array. In a spectrograph of this type, cross dispersion caffich Setting of the grating: a light, a dark, a flat, and perhaps
be employed to map adjacent orders across the array recorﬁ-ca“brat'on source. These are familiar to observers with

ing an extended section of spectrum on a two-dimensionaprCP 9rating systems in the visible, with the exception that
array. dark exposures with the same integration time as the flat-

In the extreme photon-noise limited case of most laboJield exposures are taken rather than bias frafheghen the

ratory experiments, the read noise and dark current of thgrating setting is changed, the procedure must be repeated.
array are of little significance. However, for some applica-Pata reduction involves the manipulation of images using
tions and, in particular, for nighttime astronomy, low detec-image reduction software such @F or IDL. Systematic
tor noise is critical. With analog detectors, the Signa|_to_effects, rather than source or detector noise, can be a domi-
noise ratio (S/N) improves with the square root of the nNant noise source with a dispersive spectrograph. In contrast,
integration time. In an array detector, the spectrum is inte@n interferogram from an FTS requires phase correction and
grated on the array and, in the detector-noise limited casd;ourier transformation to provide a spectrum. Removal of
the S/N improves linearly with the integration time. In addi- the system response in an FTS spectrum also requires a flat
tion, each pixel of the array has better performance charagxposure.
teristics than single-element InSb detectors. At the moment, there is also a cost advantage in favor of
Array-related gains in sensitivity are not easily gainedthe FTS. The budget for the construction of Phoenix was in
back in an FTS. Placing an array detector in an FTS providesxcess of $2M and the detector alone costs over $100 000.
spatial coverage. The pixels at the FTS output port could b®etector costs are decreasing and the current price for an
binned, but the advantage of the low noise in the smallAladdin 1024<1024 InSb array detector from Raytheon is
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becoming much more affordable if purchased through aional Solar Observatory are operated by the Association of
foundry run. However, there is no intrinsic cost advantage ofJniversities for Research in Astronomy, Inc., under contract
an FTS over a dispersive spectrograph. Phoenix is a noveljith the National Science Foundation. The research de-
one-of-a-kind instrument with high engineering and con-scribed here was supported by funding from the NASA labo-
struction costs. An FTS engineered and constructed in thigatory astrophysics program. Some support was also pro-
same way would have similar costs. vided by the Natural Sciences and Engineering Research

An FTS also can easily achieve a resolution of aboutCouncil of Canada and the Petroleum Research Fund admin-
0.002 cm? by using a longef6 metej optical path differ- istered by the American Chemical Society.
ence. Such high resolutions are at least an order of magni-
t_ude better.than.what is currently possible Wlth. an instrument,j Eder, Denksch. Wien. Akaé0, 1 (1893.
like Phoenix. Since the resolution depends linearly on thezr. s Ram and P. F. Bemath, J. Opt. Soc. AnB,B170(1986.
grating size, and the grating in Phoenix is already laf@e *C. R. Brazier, R. S. Ram, and P. F. Bernath, J. Mol. Spectrt2@.381
200x400 cmR2 echellg, increasing the resolution signifi- (1989

tly is unlikely. The grating in a dispersive spectrograph | Tokue and ¥. lto, Chem. PhyS9, 383 (1983; 89, 51 (1984
cantly Y grating Spersive sp 9rapi's| tokye and Fujimaki, J. Phys. Che8, 6250(1984.
can be double passed but the Phoenix design does not allo®y. K. Haak and F. Stuhl, J. Phys. Che®8, 2201 (1984; 88, 3627
for this. In a laboratory instrument, this could easily be in- _(1984. _
cluded in the design. The higher resolutih02 Cm_l) of U.gSB‘IDumensteln, F. Rohrer, and F. Stuhl, Chem. Phys. L, 347
the National Solar Obsc_ervatory FTS_ can easily be seen iny . smith, J. Brzozowski, and P. Erman, J. Chem. Pleys.4628
Fig. 1, where the resolution of Phoenix was about 0.05tm  (1976.
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