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Abstract. The University of Wisconsin–Madisonand NASA–Goddardconducteda com-
prehensive multi-wavelengthobservingcampaignof comaemissionsfrom cometHale-Bopp,
including OH 3080 	A, [O I] 6300 	A,

�������
6158 	A, H Balmer- � 6563 	A, NH

�
6330 	A,

[C I] 9850 	A CN 3879 	A, C
�

5141 	A, C� 4062 	A, C I 1657 	A, and the UV and optical
continua.In this work, we concentrateon theresultsof the

�	���
daughterstudies.Our wide-

�eld OH 3080 	A measured�ux agreeswith other, similarobservationsandtheexpectedvalue
calculatedfrom publishedwaterproductionratesusingstandard

� � �
andOHphotochemistry.

However, thetotal [O I] 6300 	A �ux determinedspectroscopicallyoverasimilar �eld-of-view
wasa factorof 
���
 higherthanexpected.Narrow-band[O I] imagesshow this excesscame
from beyondthe

�����
scalelength,suggestingeitherapreviouslyunknown sourceof [O I] or

anerrorin thestandard
��������������� �������

branchingratio.TheHale-BoppOH and[O I]
distributions,bothof whichwereimagedto cometocentricdistances���! ��#"%$ km,weremore
spatiallyextendedthanthoseof cometHalley (aftercorrectingfor brightnessdifferences),sug-
gestinga higherbulk out�ow velocity. Evidenceof thedriving mechanismfor this out�ow is
foundin the

� � line pro�le, whichwasnarrower thanin cometHalley (thoughlikely because
of opacityeffects,notasnarrow aspredictedby Monte-Carlomodels).This is consistentwith
greatercollisionalcouplingbetweenthesuprathermalH photodissociationproductsandHale-
Bopp's densecoma.Presumablybecauseof massloadingof thesolarwind by ionsandions
by theneutrals,themeasuredaccelerationof

� � � �
down theion tail wasmuchsmallerthan

in cometHalley. Tailwardextensionsin theazimuthaldistributionsof OH 3080 	A, [O I], and
[C I], aswell asa Dopplerasymmetryin the [O I] line pro�le, suggestion-neutralcoupling.
While thetailwardextensionin theOH canbeexplainedby increasedneutralacceleration,the
[O I] 6300 	A and[C I] 9850 	A emissionsshow 13%and �'&("(" % excessesin this direction
(respectively), suggestinga non-negligible contribution from dissociative recombinationof
CO
�

and/orelectroncollisionalexcitation.Thus,modelsincluding theeffectsof photo-and
collisionalchemistryarenecessaryfor thefull interpretationof thesedata.

Keywords: Carbonmonoxide,comets,C/1995O1 (Hale-Bopp),dissociative recombination,
electroncollisionalexcitation,hydrogenBalmer�)� coma,hydroxylradicalphotodissociation,
metastableoxygencoma,waterphotochemistry, waterproductionrate
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2 Morgenthaleret al.

1. Intr oduction

Oneof themajorgoalsof cometarystudiesis to �nd therelative abundances
of materialsin the nucleusin orderto answerfundamentalquestionsof the
origin andevolution of cometsandtheSolarSystem.Until thedetailedbulk
propertiesof several cometsareprobedby spacecraft visits, we must rely
on remotesensingstudiesof the cometnucleussurface,coma,anddust to
determinerelative abundances.Theschemefor usingremotesensingstudies
to derive cometaryabundanceratiosgoessomethinglike this:

+ Countall thephotonsproducedin a few key comaemissionlines

+ Understandhow thesephotonsrelateto parentpopulations

+ Understandhow outgassingratesrelateto intrinsic nuclearabundance
ratios

+ Derive abundanceratios

Spectroscopy and narrow-bandimaging are the tools usedfor isolating
comalines.Becausemosttelescopeshavenarrow �elds of view (FOVs) com-
paredto the typical cometarycoma,full interpretationof the datadepends
on modelsof the cometatmosphereand comaemissions.The smallerthe
telescopeFOV, themoretenuoustheconnectionbetweenthemeasured�ux
andtheintrinsicproductionrateof thetargetspecies(e.g.,CochranandSchle-
icher, 1993).

For threedecades,theUniversityof Wisconsin–Madisonhasspecialized
in using Fabry-Ṕerot (FP) spectrometersfor sensitive studiesof faint, dif-
fuseemissionsfrom theEarth's atmosphere,objectsin thesolarsystem,in-
cludingcometsandthe Io plasmatorus,andthe Galaxy(e.g.,Nossalet al.,
2001;Magee-Saueretal.,1988;Woodwardetal.,1994;Reynolds,2002).FPs
have theadvantageof providing very high spectralresolutionandsensitivity
with a very wide FOV (Roesleret al., 1995).FPscanbe usedas tuneable
narrow-band�lters for imaging applications(e.g., �g. 2) or for wide-�eld
spectroscopy (e.g.,Morgenthaleret al., ????,theseproceedings).Thus,they
arean excellenttool for measuringcomaemissions.FPdatacanbeusedto
constrainthemodelsneededto relatecomaemissionsto parentpopulations
and the modelsneededfor the interpretationof data collectedwith more
conventionalobservationtechniques.

In mostcometaryatmospheres,interactionswith the solarwind andra-
diation �eld arethe dominantmechanismsfor shapingthe coma:collisions
betweenatmosphericconstituentsin typical cometsonly occurwithin a few,�-/.10 km of the nucleus(Whipple andHuebner, 1976).CometC/1995O1
(Hale-Bopp)wasnot typical. With a waterproductionrate,Q(24365 ) 7 -8,
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GasProductionRateandComaStructureof Hale-Bopp 3

-/.10:9 moleculess; 9 , at perihelion,Hale-Bopp's collision sphereextendedto<>= -/.1? km (Combi et al., 1999; Harris et al., ????,theseproceedings),
which is comparableto thephotodissociationscalelengthof 2 3 5 at 1 AU.
Thus,ratherthansimpleHaser(1957)or vectorial(Festou,1981)models,in
mostcases,sophisticatedhydrodynamicor Monte-Carlomodels(e.g.,Crifo
andRodionov, 1999;CombiandSmyth,1988)areneededto fully interpret
Hale-Bopp's comaemissions.

Our collaborative teamfrom the University of Wisconsin–Madisonand
NASA–Goddardconducteda comprehensive ground-basedstudy of Hale-
Bopp during its perihelionpassagewith the goal of mappingthe intensity
distributionsandspectralline shapesof severalspecies,notably 2 3 5 daugh-
tersand @�A 9CBED . In this work, we brie�y summarizeall of the observations
andresultsto date.

2. Observations

Nine instrumentson eight telescopeswereusedin theWisconsin/GSFCob-
servingcampaign.TableI shows which telescopeseachinstrumentwascou-
pled to. Several of the telescopeswere locatedon Kitt Peak,including the
0.6m siderostatand150mmFPimagingspectrometerthatcomprisetheWis-
consin2GF Mapper(WHAM; Tufte,1997),theMcMath-Pierce(MMP) solar,
WisconsinIndiana,Yale, NRAO (WIYN), andBurrell Schmidttelescopes.
TheHalfwavePolarimeter(HPOL),animagingspectropolarimeter(see,e.g.,
Meyeretal., 2002),waslocatedat thePineBluff Observatory(PBO)in Pine
Bluff, Wisconsinand the ADOPT adaptive optics imagerwas coupledto
the 100H H Hooker telescopeat Mt. Wilson. The Wide-�eld ImagingSurvey
Polarimeter(WISP)is a UV soundingrocket payloadwhich was�o wn from
White SandsMissile Rangeon 1997April 8. As indicatedin TableII, WISP
recordedspectropolarimetricimagesof Hale-Boppin C I 1657 	A andtheUV
continuumat 2700 	A. Thecon�gurationof this instrumentandtheresultsof
theseobservationsarepresentedby Harrisetal. (1999).Imagesof Hale-Bopp
were recordedby the Burrell Schmidtand Hooker 100H H telescopesusing
the narrow-band�lters indicatedin TablesII–III on the datesindicatedin
Figure1. The Burrell hada 1 I FOV and imagedthe full spatialextent the
speciesobserved; the ADOPT systemhada 22H H FOV andcapturedthe de-
tailedstructureof theinnercoma.Both theDensepakandHydraMOSswere
usedto observe Hale-Boppover a 300 	A bandpasscenteredon 6250 	A. The
DensepakMOS is a hexagonalarrayof ninety-one3H H �bers on 4H H centers.
The Hydra MOS hasninety-six �bers, eachwith a 3 H H FOV which can be
arrangedwith very few constraintswithin a1 I diameterFOV. For theseobser-
vations,Hydrawascon�guredwith the�bers in concentricringscenteredon
thenucleus,asindicatedin Figure2.
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4 Morgenthaleret al.

TableI. Wisconsin/GSFCKey to InstrumentsandTelescopes

Instrument Telescope

WISP(UV imagingpolarimeter) 0.3m soundingrocket 36.157UL

Burrell Schmidt(wide-�eld imager) 0.6m Schmidt,Kitt Peak

WIYN MOS (HydraandDensepakMOS) 3.5m WIYN, Kitt Peak

WHAM FP(imager/spectrometer) 0.6m Wisconsin
� � Mapper, Kitt Peak

MMP 150mm FP(imager) 0.9m McMath-PierceWestAuxiliary

MMP 50mm FP(spectrometer) 2.0m McMath-PierceMain, NorthPort

PBOHPOL(imagingspectropolarimeter) 0.9m PineBluff Observatory

ADOPT(adaptive opticsimager) 2.5m (100J J ) Hooker, Mt. Wilson

TableII. Wisconsin/GSFCKey to Observations

Instrument EmissionSource K ( 	A) L �
WISP C I �#M:N:OQPRNS"
WISP UV Continuum &(O(":"TPU
%N
Burrell Schmidt CN, C

�
, C� ,

OH, Cont.(blue,green) TableIII

Hooker 100J J ADOPT CN, C
�
,
�������

,

Cont.(blue),R-band TableIII

WIYN MOS
� � � �

, NH
�
, [O I], C

�
6100–6400 15,000

WHAM 150mm FP [O I] 6300 25,000
�

WHAM 150mm FP
� � � �

6170 25,000
�

MMP 150mm FP
����� �

6158 15,000

MMP 50mm FP [O I] 6300 60,000

MMP 50mm FP
� � 6563 60,000

MMP 50mm FP [C I] 9850 40,000

PBOHPOL Continuum 3200–10,500 500

�
resolvingpower ( K1V(W�K )�
imagingandspectralcapabilities

WeoperatedthethreeFPsin oneof two modes:imagingor spectroscopic.
In the �rst case,the sky is imagedonto a CCD camerathroughthe FP. An
iris canbe usedto adjustthe bandpassof the image,from the free spectral
rangeof the instrumentdown to the intrinsic resolvingpower. The central
wavelengthof theimagecanbeadjustedto a precisionmuchbetterthanthe
intrinsic resolvingpower of the instrument.In spectralmode,the FP ring
patternis imageddirectly onto the CCD, capturingthe entire free spectral
rangeof theinstrumentin oneexposure.Althoughchangingbetweenimaging
and spectralmodeis a simple matterof insertingor removing lenses,we
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TableIII. Filter Speci�cations

Filter K �
OH 
:"(X:"TPY
��
CN 
:Z:O("TPY
��
C� 
%"(M%&QPY
��
BlueCont. 
:
%N("TPY
(

C
� N��[
\�]PRNSX

GreenCont. N(&(M:"TPY&(Z
R-band M(
%N("TPROS":"� � � � O(":&("TPYZ:N
�
centerP bandpass( 	A)

Figure1. Summaryof Wisconsin/NASA–GSFCcometHale-Boppobservations.

recordeddatawith the150mm FPon theMMP only in imagemodeandthe
50mmFPonly in spectralmode.WHAM datawasrecordedin bothmodes.

3. Data Reduction

The Burrell Schmidt OH images,WHAM [O I] spectraand images,the
WISP UV images,and most of the WIYN MOS spectrahave beenfully
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6 Morgenthaleret al.

and optimally reduced.The resultsof the WIYN MOS NH 3 analysesare
reportedelsewhere(Glinski et al., 2001).The 2GF , [C I], and[O I] spectra
from the50mmFPattheMcMath-Piercetelescopearefully reduced,though
re�nementsin thesereductionsdiscussedby Morgenthaleret al. (????,these
proceedings)may leadto morestablesurfacebrightnessvaluesand,in the
caseof 2^F , detailedline shapes.The HPOL data have beenreducedby
pipelinesoftware,which mergesthe entire1H FOV. Extractingthe spatially
varying componentsof the dust polarizationas a function of wavelength
within that1H FOV requiressoftwarethathasyettobedeveloped.Thenarrow-
band�lter imagestaken at Mt. Wilson have beenpreliminarily reducedand
show structuresimilarto thatseenby otherobservers,but weareunsureof the
effectof thediffusenatureof Hale-Bopp's innercomaontheADOPTsystem
andthe resultingimagequality. Noneof the WHAM 2 3 5`_ dataandonly
onenight of theMcMath-Pierce150mm FP 2 3 5 _ datahave beenreduced.
Similarly, exceptfor OH, thenarrow-band�lter imagestakenwith theBurrell
Schmidttelescoperemainunreduced.

4. Results

4.1. OH AND 5aA 9 BbD

The Burrell SchmidtOH imagesandthe WHAM [O I] spectraweretaken
overasuf�ciently largeFOV (1I , or -�,E-/.dc km for Hale-Boppatperihelion)
that essentiallyall the emissionfrom thesespecieswasdetected.Using the
OH 3080 	A e -factor, Harris et al. (????,theseproceedings)�nd OH pro-
ductionrates,Q(OH),consistentwith otherresults.Usingstandard2 3 5 and
OH photochemistry, Harris et al. convert theseQ(OH) valuesinto Q(2 3 5 )
valuesthat also agreewith other results(e.g.,Combi et al., 2000). Using
theCombiet al. Q(2 3 5 ) valuesandstandard2 3 5 andOH photochemistry
(Huebneretal., 1992;vanDishoeckandDalgarno,1984),[O I] spectrafrom
four instrumentson threetelescopestakenover thespanof two monthsshow
evidenceof f +hg timesmore[O I] emissionthanexpected(Morgenthaler
etal.,2001).Morgenthaleretal. (2001)presentradialpro�les of theWHAM
[O I] imageshown in Figure2 from regionsexcludingthetailwardextension
(discussedin i 4.5)todemonstratethatthisexcesscamefrom beyondthe 2�3�5
scalelength.This suggestseithera previously unknown sourceof 5aA 9 BED or
anerror in the 5G2kjml�no5aA 9pBED jk2 branchingratio of vanDishoeckand
Dalgarno(1984).UsingtheexperimentallydeterminedOH photodissociation
crosssectionat qQrsF of NeeandLee(1984)asa guide,Morgenthaleret al.
proposea modi�cation to the OH crosssectionthat predictsthe observed
[O I] without unduemodi�cation to thetotal OH photodissociationlifetime.
Becauseof differing excessenergies of photodissociation,modi�cation of
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the branchingratio implies a changein the 2GF line shapewhich may be
detectablein our 2GF data( i 4.2).

4.2. 2^F
As describedby Morgenthaleret al. (????,theseproceedings),we measure
Hale-Bopp's 2^F line width to be -1- + - f�tvuxw�; 9 (FWHM) for a =zy|{~} ,
-/.1? km FOV centered= f { f ,�-/.d? km sunwardof thenucleus.This is sig-
ni�cantly broaderthan the intrinsic line width of 4.5 t|u�w ; 9 predictedby
Monte-Carlotechniques(Combi,2002,privatecommunication).Opacityin
the 2^F line is likely thereasonfor thisdiscrepancy. As shown by Smythetal.
(1993),the 2^F line pro�les predictedby theseMonte-Carlosimulationsare
quite complicated;H atomsareproducedin photodissociationeventswith
a variety of excessenergies and are thermalizedwith varying ef�ciencies,
dependingon the local comadensity. The5 tvu�w ; 9 resolutionof our Hale-
Bopp 2^F measurementsis suf�cient to revealsomeof thispredictedstructure
and may be useful in testingthe hypothesisposedby Morgenthaleret al.
(2001),that thevanDishoeckandDalgarno(1984) 5G2�jkl�n�5aA 9�BbD jh2
branchingratiomaybetoo low ( i 4.1).

4.3. [C I] 9850 	A

Becauseof Hale-Bopp's high productionrateandresultingbrightness,many
emissionlinespreviously undetectedor marginally detectedin cometswere
observedandstudiedin detail.The�rst ground-baseddetectionof cometary
[C I] emissionwas reportedby Münch et al. to the InternationalHalley
Watchhotline(Tozzietal., 1998).Oliversenet al. (2002)wereableto obtain
quantitative [C I] emissionmeasurementson 11 nights,includingmeasure-
mentsoff thenucleusin thesunwardandanti-sunward directions.Oliversen
et al. �nd a factor two more[C I] emissiontailward comparedto sunward
for =�y|{~} ,�-/.d? km diameterFOVs centeredat cometocentricradii of =
f { g ,�-/.1? km. The emissionobserved in the tailward direction is roughly
consistentwith a photodissociationmodelbut sincethedistribution of other
speciesshow tailwardextensionsratherthansunwardde�cits, Oliversenetal.
proposethat the spatialdistribution of [C I] is primarily determinedby ef-
fectsotherthanphotodissociation. For instance,dissociativerecombinationof
CO_ wascitedasthemajorsourceof [C I] 1931 	A emissionin cometC/1975
V1-A (West;Feldman,1978).As discussedin i 4.5, electroncollisionalex-
citationof C is alsoa possiblemechanism.As a resultof theseeffects,even
with the relatively large FOV (4H .1) of the 50 mm FP, it is not possibleto
simply invert the [C I] �ux valuesto obtainan estimateof Q(CO),asdone
for [O I] andQ(2G3/5 ). Rather, a sophisticatedglobalcomamodelis needed
to describethecomplex photo-andcollisionalchemistryof theneutralsand
ionsasa functionof positionin thecoma.
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8 Morgenthaleret al.

4.4. 2 3 5�_ VELOCITY DISTRIBUTION

Preliminaryanalysisof the MOS data(Anderson,1999)shows that the ac-
celerationof 2 3 5�_ down thetail of Hale-Boppwas16–19cms; 3 compared
to 30–300cm s; 3 in Halley (Scherbet al., 1990).This suggeststhat mass
loadingof thethesolarwind and/orcollisionsbetweentheionsandneutrals
playamoreimportantrolein Hale-BoppthanHalley. Usingvelocityresolved
2 3 5�_ imagesrecordedwith WHAM andthe 150 mm FP at the McMath-
Piercetelescope,we expectto mapthecomaion velocity distribution on up
to 20 nights between1997 Jan30 and Apr 16. Thesemapswill constrain
global modelsof the neutral/ioninteractionsandmay provide a clue to the
causeof the asymmetriesseenin our OH, [O I] 6300 	A, and[C I] 9850 	A
data( i 4.5).

4.5. TAILWARD ASYMMETRY

The OH 3080 	A, [O I] 6300 	A, and [C I] 9850 	A datashow extensions
in the tailward direction.Harris et al. (2002,????,theseproceedings)show
that in OH, this extensionlies somewherebetweenthe ion and dust tails.
Harriset al. arguethat the total amountof OH in this azimuthalsliceof the
comais the sameas in the otherdirections,but it is acceleratedmorethan
elsewhere,resultingin a lower surfacebrightnesscloseto the nucleusand
a highersurfacebrightnessfurtheraway. Harriset al. suggestthatcollisions
betweenions and neutralsin Hale-Bopp's densecomaare responsiblefor
both the low 2^365 _ acceleration( i 4.4; Anderson,1999)andthe increased
accelerationof OH in theanti-sunwarddirection.

Figures2–3 show a similar result for the [O I] data.Furthermorethe
high resolution[O I] spectrarecordedby the 50 mm FP over its 2 H radius
FOV (centeredon the nucleus)show red wings (Morgenthaleret al., 2001,
�g. 4), which, given the viewing geometry, is consistentwith 5UA 9 BED atoms
�o wing down theion tail. Thisprovidespartialsupportfor theion collisional
accelerationmechanismproposedby Harris et al. However, unlike the OH
emission,the [O I] emissionshows a 13% excessin the tailward quadrant.
Becausethere is no excessOH emission,we can assumethat there is no
additionalsourceof 2 3 5 or OH in this region, andthat the extra 5aA 9 BED is
comingfrom someothersource.The likely sourcesare:electroncollisional
excitationof O anddissociative recombinationof oxygen-bearingspecies.

Supportfor electroncollisional excitation of [O I] 6300 	A is provided
by the detectionof [O I] 1356 	A emissionat cometocentricdistancesof- {C� ,�-/.�� km (McPhateet al., 1999),sincethis transitionis not excited by
dissociation.Althoughcollisionalexcitationcrosssectionsarehighly energy
dependent,it is reasonableto assumea broadenoughelectronenergy dis-
tribution in the comaso that collisional excitation of [O I] 6300 	A (and
[C I] 9850 	A) is also implied. Supportfor dissociative recombinationof
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GasProductionRateandComaStructureof Hale-Bopp 9

Figure2. Hale-BoppMarch5 imagewith [O I] 6300 	A emissionshown in grayscale,dustin
contours,andcirclesshowing positionsof theHydraannuliplottedin �g. 3. Theedgeof the
1� WHAM FOV canbeseenin thedustcontoursin theupperright handcornerof theimage.
Theangularradii of theHydraringsare:0J .67,1J .15,2J .4,6J , 14J , and22J .

CO_ comesfrom the strongtailward asymmetryseenin our [C I] 9850 	A
data( i 4.3). This effect would also contribute to the tailward excessin the
[O I] 6300 	A emission.

5. Conclusions

Particledensitiesin a cometarycomaanddusttail spantherangefrom near
terrestrialatmosphericto interplanetaryandareunperturbedby thegravita-
tionof thenucleus.Thus,thecomaanddusttail provideexcellentlaboratories
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10 Morgenthaleret al.

Figure3. Comparisonof theWHAM andHydra[O I] data.Thetrianglesshow theazimuthal
distributionof the[O I] surfacebrightness,theasterisksshow thedustsurfacebrightness.The
Hydrasurfacebrightnessvaluesareplotteddirectly, with thegreyscaleandlegendindicating
which ring in �g. 2 thedatacorrespondto. Thevaluesfor thepointsin thetop right plot were
derivedfrom theWHAM imageby dividing it into 5-pixel widerings(1 pixel = 0.J 8) centered
on theHydraringsand�nding theaveragepixel valuein 20 azimuthalbins.

for studyof gascollisional chemistry, solarphotochemistry, thesolarwind,
metastablestateemissions,dustpolarization,etc.For propercharacterization
of theseeffects, it is essentialto observe diffuse comaemissionsfrom the
majorcometaryvolatilesandtheirdaughterproductsto distancesbeyondthe
photodissociationscalelengthsof the emitting species.The high sensitiv-
ity, wide-�eld, narrow-bandimagingandspectroscopiccapabilitiesof Fabry-
Pérot spectrometersusedby the Wisconsin/GSFCteam,complementedby
conventionalmulti-objectspectroscopy andnarrow-band�lter imagingpro-
vided the necessarysetof datafor studyingdetailedcomaphysicsin Hale-
Bopp. With a morecompleteunderstandingof cometarycomæ,the funda-
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mentalquestionsof cometarycompositionandorigin canbemoreaccurately
studiedwith remotesensingtechniques.
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