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Abstract. We reportbroadband-5.5 um detections ofwo Leonid meteorsobserved
during the 1998 Leonid Multi-Instrumeitircraft Campaign.Each meteowas detected

at only one position along thefirajectoryjust prior to the point of maximuntight
emission. We describe the particular aspects of the Aero§pape Mid-wave Infra-Red
Imaging Spectrograph (MIRIS) developed for the observation of sluation transient
events that impact its ability tdetect Leonidmeteors. This instrumeritad its first
deployment during the 1998 Leonid MAC. We infer from our observations thatithe
wave IR light curves of two Leonid meteors differed from the visible light curve. At the
points of detection, the infrared emission in the MIRIS passband was 25 + 4 times that
at optical wavelengths for both meteors.alifdition, we find an uppdimit of 800 K

for the solidbody temperature ahe brighter meteor webserved, athe point in the
trajectory where we made our mid-wave IR detection.
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1. Introduction

The AerospaceCorporation Mid-wave Infra-Red Imaging Spectrograph
(MIRIS) was initially developed as jaroof of concept instrument to test
the feasibility of producing amid-wave infrared spectrograph using a
binary-optic grism (a transmission grating produced ahalow angle
prism) fabricated using semiconductoretching technology as the
dispersingelement(Warren et al, 1994; 1998). Having successfully
demonstrated the practicality of using such a grism as a dispelsment,
MIRIS was developed into an operational instrunveimth was optimized
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for the study of transiergvents with a timeesolution as short asrsec,
making MIRIS uniquely suited fomid-wave IRobservations of meteors.
The first fully operational use of MIRIS was to obsetive Leonid meteor
storm as part othe 1998 Leonid Muli-instrument Airborne Campaign
(Jenniskens anButow, 1999). We describkere the observationsade
during the intense 1998 Leonid showemihich two broadband detections
of Leonid meteors were obtained. As far as weamr@e,these detections
are the first published mid-wave IR observations of meteors.

N,

Figure 1. MIRIS installed on FISTAduring the Leonid meteorobservations.
Intensifiedvisible video camera (Ajnounted ontop providesvisible reference
images of thefield of view. Rectangular vacuuntase (B)contains cooled
reimaging and dispersing optics. F/15 Objective lens (C) is mounted outside the
vacuum case. InSb infrared cambead(D) is mounted orthe left side of the
case. 228 mm f/15 objective lens at frontcakeviews the sky through an
observing port in the aircraft skin.

2. Instrumentation
2.1. NSTRUMENTLAYOUT

MIRIS (Figure 1) consists of three modules: uncoaokdthctive collecting
optics; cooled reimaging optics; and an InSb detector array syshemera
head). The camera head and reimaging optics can be cooled independently
of each other and th®/stemcan be operatedith warmreimaging optics
for alignment and testing.
The objectivdens ismade up of two Selements and one Gaement
with an effectivefocal length 0f228 mm and a speed of f/1Bll lens
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elements in theystemare anti reflection coatefdr the 3.0-5.5um band
pass of the instrument.

The reimaging optics angrism are located in a rectangular L.Newar
and are cooled to an operating temperature of 150 K. This temperature was
chosen to reduceghe background fromthe reimaging optics to a
manageabléevel without fully stressingthe grism tothe extent it would
have been by cooling it to 77 K.

The camera lens focal plane lies 1 cm inside the reimaging ojpticar
and isilluminated through a 3 indiameter antireflection coatednSe
window. The reimagingptics reduce theémage by a factor of 6 to
produce areffective systemfocal length of 38 mm at the detector focal
plane. The objective lens can be remoard other collecting optiq®.g.,
an astronomical telescope) can be used instead.

The camera head is a modified Amber Model 4256 InSb inficaegkra.
The final element of the reimagirgptics and thesystem’s 3.0-5.fum
bandpass filteare located within the Amber LNlewarand are cooled to
77 K, as is the detector array. The detector array inahmera head is a
256 by 256 element array with fén pixels.

The optics are configured smththe zero andirst ordersare imaged
onto the detector array. The images are optimized for first ordeasthe
spectrum of a point source will illuminate a single row of the detector array
in first order. Residual aberrations in the zero order image produce a point
spread functiorthat illuminatesfour (2 by 2) pixelsThe full unvignetted
field of view overfills the detector array iboth zero and first order. The
optics are configured so that the zero order is mainly imaggmthe right
hand side otthe array and thérst order spectrum isnainly dispersed
across the array on the left hand side of the array.

In this slitless mode of operation some sources seen in zerovolfdar
dispersecentirely off the lefthand side othe arrayand some sources in
zero orderimaged entirelyoff the right hand side ofthe arraywill be
dispersed ontthe middle of the array. In other woraghile for a large
portion of the detector the zemyder images ofkources andheir first
order spectrare imagednto the detector arrayor some positions only
the zero order image falls on the detector while for other positions only the
first order spectrum falls otine detector. Irslittess modehe unvignetted
field of view is a 12degree diameter circleThis mode of operation was
used for the 1998eonid meteor observations meaximize thechances of
a meteor being observed. The slitless mode of operation is intéordie
observation of poinsources andine sourcesExtendedsourcescan also
be observed, but with degraded spectral resolution depending aidthe
of the source inthe dispersiondirection. Boththe spectral and spatial
resolution islimited by the pixelsize. For 38 um pixels, the spectral
resolution is 0.02%m andthe spatial resolution is 1 mrad. The measured
single pixelsystemsensitivity usingthe model4256 camera head in zero
order is 1.1 x 1&"' W for a signal-to-noise of 1 in 1 second.
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Observations duringhe 1998 Leonid meteorstorm were madeaboard
the Flying Infrared Signatures Technolodyrcraft (FISTA), a modified
KC-135E aircraft, as part of th#998Leonid MAC. MIRIS was located
on a steerable tray affixed to one of th&craft's viewing windows
(Jenniskens anButow, 2000). The window materiathroughwhich the
observationsvere madeconsisted of a 1 crihick zinc sulfide plate. The
instrument was mounted in such a way that the majority of the meteor trails
were oriented roughly perpendicular to the dispersion direction.

2.2. DATA ACQUISITION

Data from the camera controller electroniasere acquired using a
commercially availablédrame grabber.The data acquisition software was
developed at the AerospaCerporation. The maximum operatingpeed
of the model 4256 camera is 60 Hz resulting in a data rate of 7.5"MB s

Four data acquisitiormodesare available:snapshot, continuous, burst,
and transient. In the snapshot mode a single frame or single coadded group
of frames is recorded under user control. In continuwode a sequence
of individual frames or a sequence of coadded frames is recorded under
user control. For very high speediata capture thBurstmode allows the
capture of 64 MB of data at rates of up to 48 MBr second. User
triggered transienévents can be captureing the transient mode. A
cyclic buffer is used allowing pre- and post-evéatabuffering. When a
transienteventoccursthe user triggerghe capture of a sequence d#Hta
frames. The user can select the amourdadd(number of frames) before
and after the trigger that is recorded.

For the Leonid observations we operated in the continuous mode with the
data saved to disk in 3 minute blocks. The detector array was operated at a
frame rate of 60 Hz and an integration time of 10 msec or less — depending
on the background signal level whighried somewhaduring the duration
of the flight. Data recording wdsnited at that time to theise of 2 GB
JAZ media and the captured data rate was limited bggked othe JAZ
drive. Sequences aidividual frameswererecorded at a rate df6.7 Hz;
slightly better than every fourth frame from the detector array.

2.3. CALIBRATION

For radiometric calibration weause two different types of blackbody
sources - warm plates and hot cavities. We simulate a point s@incea
blackbody cavity with pinholes of varying sizes. In addition to providing a
radiometric calibration, this source is uged focus andalignment checks,
and in one method of wavelength calibration.

Warm plate blackbodieghat illuminate the full detectaarray areused
for flat fielding and radiometric calibrationEventhough in slittessnode
the zeroorder and first order imagesverlapfor parts ofthe array, by
knowing how eaclorder is mapped ontihe array we can radiometically
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calibrate the entire detector array. These pldtebe entire field ofview
and are typically operated at temperatures of 300-360 K. The Ldataid
was radiometrically calibratedsing measurements of thevarm plates
made during each flight.

For guiding and visual comparison an intensifiedtideo camera was
mounted on top of MIRIS and its output videotapedtier duration of the
flight. The relative position ofthe fields wasoughly calibrated by pre-
flight observation of distant runway and hanger lights.

The MIRIS data filesweretime-stamped only once #te beginning of
eachfile, which in retrospect was @oor choice. In examining thdata
subsequent tdhe mission itwas necessary t@et anevent timeoff the
video tapeand then search tleorrespondinglata file over arappropriate
range of frames.

Figure 2. Enlargement of twd.eonid meteor detections. Metefoom 17:54:08
UT on the left, and from 20:24:40: UT on the right, Nov. 17, 19%8ale for
eachimage is 0.064radians on aside. Intensity isdisplayed inabsolute
numbers on a logarithmiscale in order to bring out possible wake. The
detections are point sources, with no sign of persisting glow.

3. Results

The threemission video tapes, covering six hour period, were each
examinedtwice toobtain a record of theme of each metemeen and an
estimate its visible brightness, viz. faint, bright, or very bright. A total of 56
meteors were tabulated that included five very bright meteors including two
that occurredwhile IR data werebeing recorded. After searching the
MIRIS data files for possibldetections, we identifiedne point source at

the correctime at17:54:08 UT. This source/as seen in one frame and
iluminatedfour pixels (Figure2), consistenwith the appearance of point
sourceswhen observed in zerorder by this instrument. Amtegrated
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intensity of 9.0 x 1& W cmi? in the 3.0-5.5um bandpass wadetermined
for this meteor. Among the meteors comsidered brightwhich wehave
examined the data, one other IR detection was made at 20tZ#:40 his
meteor waslso onlydetected irone frame in zerorder andilluminated
four pixels with an integrated intensity of 5.0 xX*AW cm? in the3.0-5.5
um bandpass (Figure Zyhe nominalerror for the rawsignal counts is
2-3 %. Whertaking into account the radiometric calibration uncertainty,
the total uncertainty in measured brightness is 15%.

First Cuigey

Figure 3. Composite MIRIS image of twd.eonid meteor detections at
17:54:08 UT and 20:24:40 UT on a intensity logarithmic scale.cdyparing
this infrared image to visible images the position ehch meteor along its
trajectory at the time of the infrared observations was determined.mith&ave

IR detectionsarethe pointsources at thends ofthe arrows that illustrate the
directions ofmotion determinedrom the optical images of the meteors. The
circular region on the righband side othe image is thdield of view of the
instrument in zero orderinfraredradiation isdispersed tahe left in firstorder.
The orders overlap in the center of the detector array.

In order to confirmthe detections we combindzbth MIRIS detections

into one infraredmage (Figure 3) and combineall videoframes of the

two meteor tracks in oné@sible image.Thesetwo composite imagegere

then overlaimadjusting forthe different imagecaleswhich areboth well
determined. If the infrared sources are due to meteors then both detections
mustline up on theircorrespondingisible tracks in a unique orientation.
Such was found to bie casegconfirming the detections, determining the
points alongthe trajectories where thefrared detectionsvere made, and
allowing a directcomparison of the infrared andsible brightnesses.
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Figure 3 showshe composite infraretinageand the direction of motion
of each meteor determined from the visible trail.

Both meteors were also observed from the accompafeayra aircraft,
which provided multi-stationsupport for stereoscopiecneasurements
(Jenniskens and Butow, 1999). From the FISTA Bledtra videaecords,
the trajectories oboth meteoravere determinedwith good convergence
angles. Bothwere shown to be Leonid meteorshe different angle of
projection on the composite image (Figure 3) is due to different observing
directions at the two times.
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Figure 4. Visible light curves fortwo Leonid meteors at 17:54:08 UT and
20:24:40 UT detected inthe infrared, as determinedrom visible imagery.
Visible magnitude (mv) is plotted versusne, referenced tathe time of the
infrared observations afachmeteor. The magnitude eachmeteor at théime
of the infrared detections is indicatéithe circles, dotandfilled squares are the
meteor brightnessaseasuredising threedifferent referencestars in thefield of
view.
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Figure 5. Visual magnitudevs. Height plotfor two Leonid mid-IR meteors.
Magnitude normalized to a distance HH0 km is plottedvs. heightfor each

meteor. The meteor with the more shalltrajectory(17:54:08 UT)reached a
higher brightnes®arly inits trajectory. Belowl12 km altitudeboth meteors
were equivalent in absolute brightness vs. altitude. Open cadd¢ke measured
visible brightnesses for the 17:54:08 UT meteor whitessed circlesarefor the

20:24:40 UT meteor. The two triangles show the points intridjectorywhere

the infrared detections were made.

The visible light curvedor the two meteors waglerived from the video
record (Figure 4).The brighter of thesdwo meteors had avisible
brightness of +1.2 + 0.thagnitude at théme of the IR detectionvhile
the fainter meteor had\asible brightness of +2.0_+ 0.Bagnitude. This
corresponds to aaveragel.24 + 0.25 x 18 W cm? A* and 0.59 +
0.13 x 10 W cm? A* over thepassband ofhe intensified cameras. The
video spectralresponse igyiven in Jenniskeng1999), fromwhich we
adopt areffective bandwidth of 3161 A.Hence meteorsemitted 23 + 5
and 27 + 6 times more light in the the MIRIS 3.04m% passband than at
visible wavelengths at the point of detection.

The meteor that occurred later during the same night at 20:24:40 UT had
a shortertrajectory mainly because it entered the atmosphere at a steeper
trajectory. Both lightcurves had a similashapewith a relatively early
maximum, agradual decline that was followed by a rapid decrease of
intensity at the end of the trajectory. These light curves resehtse for
other Leonid meteors observed on Na&v, 1998 aspart of the Leonid
MAC campaign(Murray et al, 1999). Usingthe stereoscopidata it is
possible to calculate the light curve as a function of altitude (Figure 5).
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The light curves are nearly identical below 112 km, but differ early in the
trajectory where the more shallow meteeaches a higher brightness
sooner. Surprisinglythe infrared detection of these/o meteorswere
made at a similar altitudes @7 and 113 knftriangle symbols in Figure
5), just before the maximum in the visible light curve.

4. Discussion
4.1. SNGLE SOURCE DETECTION

The MIRIS frames for bothmeteors areshown in composite form in
Figure 3,with the directions of motionfor the two meteors indicated.
Given the observednotions of the meteors on thasible videotape
(corresponding to approximately 30 infrared pixels of motion per infrared
frame), both meteors were still positioned witMihRIS’s field of view on
the infrared frames following the detection frames, althougteor
17:54:08 UT was only barely so. No hint of detections were seeithan
of those frames. Faneteorl7:54:08UT, howeverthe expected location
in the frame subsequent to the detection frame was near the transition from
zero to first ordexvhere thenoise is significantlygreater, which mapave
masked detection in that frame.

If the time development of thafrared lightcurve followed thdrend of
the visible light curvethen the20:24:40 UT meteor mighthave been
detected in at leasine frameprior to the detection frame, while the
17:54:08 UT meteor might have been detected in atti@astames before
being too faint. Tracing back thgaths ofthe two meteors, ndetections
were seen on any of the preceding frames.

The observations of these meteor®my a singleframe, webelieve, is
partially explained by theigh speed motion adhe meteors, the low data
recording rate, and the particular read out method of the detector array. In
the modeld256 camera,integration timesshorter tharthe frame rate are
implemented by reducing the number of pixels integrating atisngyand
progressively scanning acro$se detector array. For most of our
observations theamera waset upwith anintegrationtime of about one
half the frametime or less, with the meteortrails oriented roughly
perpendicular to the detectoows. This meanshat for most of our
observationdessthan one half the detectongereintegrating at anyiime.

In that situation a source moving across rows heanaiderable chance of
never — oronly rarely —illuminating an integrating pixeHowever,this is
not true for a meteor that moves in a direction generally parallel towtse
such as meteor 17:54:08 UT.

This resultamplies that thenfrared light curvedhavefaster rise and/or
decay times than the visible light curvesulting in a briefetime interval
over whichmeteors are brighenough to be observed the mid-wave
infrared with this instrument — perhapsti®e range oB00 msec oress.
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If the optical luminosity of meteors igniform for all meteorswith a
typical value of 1% the total energy (Jacchiaal. 1967),our resultsmply
that abou25% ofthe emittedntensity is released in th&0-5.5micron
passband ahe point in thedevelopment of theneteors where wenade
our detection.

4.2. METEOR SPECTRUM

Why did we not detect the first order spectrum of these meteors?

The brighter of théwo meteors was observed near the edge of the zero

order field of view in the dispersion direction. For that position in the focal
plane, the majority of the associafiadt order spectrum ikcatedoff the
detector array with only the 344 wavelength region falling on the array.
If the energydetected in zerorderwere evenlyspread oubver the 100
pixels that cover 88-5.5um spectrum then a first order spectrshould
have been observed at a signal-to-noise ratio of 3. Since we digtact
a signal in the8—4 um section of the spectrum we inférat most of the
energy observed in zero order lies in the range 4j4#8.5

The secondmeteor we detected was located atoaition inthe field of
view for which the associated first order spectrum was located on the array.
For thisfainter meteors the anticipatetgnal-to-noise ratio idirst order
would have been less than 2 and thus the failudetect aspectrum is not
surprising. Werghe energyfrom thesesourcesprimarily in theform of
line emission we would have expected a clear first order detection.

For the 4-5.5um emission to exceetthe 3—4 um emission, a blackbody
temperature of 600 - 700 K is implied. Rbat temperature range, the IR-
to-visible ratio is very much greater than the factor of 25-30 observed. The
visible emission ofmeteors,however, isnot due to blackbody emisison.
Our observations are consistenith the IR emission coming from the
ablating meteoroid itself and imply a solid object at a temperature of < 800
K at 115 km altitude but with the visible emission coming fitbe plasma
in the meteor’s head and wake.

For atleast one of théwo meteors we cannot attribute the lack of a
detection in the pre-detection frame to the camera timing issue aluted.

For the 17:54:08 UT meteor we attribute the lack of a detection ipréhe
detection frame to the meteoroid emitting a faisignal due to dower
meteoroid temperature. Based on the measured fooifiee pre-detection
frames wederive anupper limit of 450 K for the temperature of this
meteoroid 60 msec prior to our detection when the object wasaditade
of 120 km.

5. Conclusions

The two broadband detections reported hexee the first published
radiometrically calibratedhid-waveinfrared detections of meteors. These
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detections placeonstraints orthe brightness, spectral characteristics, and
time duration of the mid-wave infrared radiation from Leonid meteors. The
mid-wave infrared light curvdiffers fromthat at optical wavelengthaith
significant emission just prior tihe peak of the visible ligldurve, where

the luminosity is 25 + 4 times that at optical wavelendinsm the lack of

a first order spectral record the data, weconclude that th&.0-5.5um
emission is primarily a broadband sigmath the majority of the emission
appearing longward of 4im and an uppefimit of 800 K for the
temperature of the solid body.

The twometeors detectefirst became visible on thmtensified video
camera at an altitude of 124 km. At an altitudel®® kmthe temperature
of at least one of these objects wass than 450 K. By the time the
meteoroids reached an altitudeldf5 km their temperatures increased to
likely values of 600 - 700 K, angere certainly nagreater thar800 K. At
this point in their trajectories they were still solid objects. Sixty nteteg
by which timetheir visible trails reached maximubrightness, neither
meteor was detected in the infrared. We cannot determihes ivas due
to an actual decrease in tiidrared emission fronthe meteoroidgwhich
one might expedrom a decrease in meteoroid surfacea as the object
ablates), location of the meteoroisignal on detectorswhere the
background noisavas higher than elsewhere masking its presence, or
instrumental effects related to the detector array timing.

Study ofthe time development of thiefrared signal of similar meteors
will require continuous time coverage, preferably at higher frame rates than
those used for these observations. The need forchssrvations was one
motivation for the installation of a new Radiance HS camera &eded to
the system sincehe 1998 Leonid observations. Thisew camera head
operates in a trusnapshomode, athigher framerates,and integrates all
pixels simultaneously for all integrations times.
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