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The Isotopic Oxygen Nightglow as 
Viewed from Mauna Kea 

T. G. Slanger,* D. L. Huestis, D. E. Osterbrock, J. P. Fulbright 

Optical spectra of the terrestrial nightglow in the 520- to 900-nanometer region, as 
measured by the W. M. Keck telescope on Mauna Kea in Hawaii and the associated 
high-resolution echelle spectrograph, showed many bands belonging to the important 
O,(b-X) Atmospheric Band emission system. Previous ground-based measurements 
have shown only a single band, from the lowest vibrational level of the emitting state. Of 
particular interest is the fact that at the 762-nanometer position of the b-X 0-0 band, 
where earlier studies have shown only absorption features, these results showed both 

Fig. 5. Phase microscopic comparison of floccu- absorption at the 160160 line positions and hell-resolved emission at the positions of 
lent material from the goN ~ ~ o ~ b l o ~ e ~  vent and many of the 180160 and 170160 lines. These findings show that substantial advances 
the laboratory (A and B, Intact floes. (' can be made in understanding atmospheric emission phenomena by the use of astro- 
and D) Filamentous material dispersed by vigor- 
ous ohvsical mixina. Svmbols: 9N. samoles ob- nomical tools. 

taineb irom 9"N snowbiower vent; keactor, sam- 
ples obtained from the laboratory reactor. 

tangling, long, irregular filaments rather 
than as globular or amorphous sulfur, as 
found with most known sulfide oxidizers. Bv 
modification of the turbulent boundary lay- 
er, mats of these filaments may also be 
important in regulating the local microen- 
vironment (for example, 02-H2S gradients) 
in which the organisms reside. 
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T h e  terrestial nightglow is the emission in 
the upper atmosphere, typically in the 80- 
to 100-km altitude region, originating from 
chemical reactions and atom recombina- 
tion processes. As seen from the ground, 
this emission is dominated by two emitting 
molecular s~ecies. 0, and OH. The O H  

L 

emission is in the ground-state Meinel band 
system, beginning near 520 nm and extend- 
ing well into the infrared region (1). O2 
emission is found in the near ultraviolet 
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from the Herzberg band systems (2) and in 
the red and infrared from the Atmospheric 
(blZ,C - X3Z-) and Infrared Atmospheric 
(alAg - ~ ' 2 , : )  Band systems (3,  4). The 
alAg and blZ,+ states of oxygen are the first 
and second electronically excited states, re- 
spectively (5). The region between 600 and 
900 nm has typically been considered to be 
almost barren of molecular oxygen emission 
features, but we show here that with suffi- 
cient resolution and sensitivity, this region 
contains a great deal of spectral informa- 
tion, to atmospheric energy flow 
and the photochemistry of 0 2 ,  that can be 
extracted from ground-based observation. 

As many astronomical measurements are 
made in the 600- to 900-nm region, consid- 
erable effort has been expended in accurately 
determining the positions of the ubiquitous 
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bration ot  tile raili,ition fi.0111 c~stronomical 
~bjects .  -4 s t~~ i l l -  n,ls rcccntl\- ct,ml~lctcil f;>r 
tllis puq7ose ( 1 )  that ~rscii the high spectral 
reol\ . l~lg p>n-er ot the high-rehol~~tion echelle 
sL~ez t ro~r ,~yh  (HIRES). n-111ch IS cc>~rplcii to 
the I<eck tele>cope, ,111J the sky spectra that 
,ire ro~rtinelv iil-taineil iiuril-ip ~>trnnomical 
k>l~>ervatlons. .4ltIlo~rgh O H  n-,is the t q c t  tor 
t h i ~  i~~vestigatlnn. the Lletecti>r sen,iti\.lt! anid 
the optical resol~~tlon (L7.L71 11111) are high 
enough for idetectlo~l iif Atmospher~c 
Ballids tiom vilir,itio~-iallv esclted lei-el?. 111 che 
cir1~11~a1 pub l~ca t~on  ( I  ) ,  cmission spectra trom 
the v ~ h r a t ~ ~ > ~ - i a l  ~luantunl number 1 1  = 3 ,inil 4 
levels of the ~3~(i7~\;-) state werc prercntcil. 
In the man\- p r e v ~ o ~ ~  ~ - i ~ ~ h t ~ l o \ \ -  ,t~lJles, o11ly 
tile 1on.e.t I ,  = 0 level 11aJ been qcen 

\Tie have ~-io\v caref~~lly scrutin1:eii the 
Keck sLicctr,i and t;)unii nLrmert,uc interestinrr 
and important teatures. This paper emp11as1:es 
the isotop~c lines c,l.ser\cii 111 the 767-nm 
reglon, but there 1s I ~ L I C I I  to be lc2arneLi ahout 
the v~hr,it~on:ll ile'i~clol~ment 111 tile !.'I,- .state 
,111ii the so-calleii niylltylkn\- conrin~r~l~;l. Tlle 

~, 1 1 ~ 1  

758 760 762 764 766 
Wavelength (nm) 

Fig. I. :MI DIP.TOh: soeciral s~ i~u la i~on  of tlie 
' O W O - X )  0-0 ba~id ii einssoii. Ttie R-braiicii 
coritans subbranc'ies ''R arid "Q \!;tiereas tlie 
?-branch has s~~hhrar ic t ie~ 'P and (78) (B) 
Ttie HIRES specir8.rm 1 1 -  the region of the O,t-XI 
0-0 hand. Ttie posit~ons of the 1'0'1-0 l i e s  are 
rnarked The t;vo riorrzorital iiies defne :lie nag -  
ni;ude of ihe ii~gtitglo;~ coiitinuu~n, the port~on 
i'iai or~ginates ii i;ie lupper atmosphere aiid be- 
yond. Off-scale Iiies are due io OH (C) DIATOM 
"0 "O(b-X) 0-0 e i r~sson baiid ~m~~la t io i i  p ~ ~ s  a 
conttilJL11'17 etnsson ~oiitribut~oii, cotl\jol\jed \!;itti 
a DIP.TOM siiiialatroti oi the luO1l-O and 
"O"-O(o-X1 3-3 barids Iii ahsor~t~oi i  {kext) 

latter can 1.e y~rantlAcil, hecausc tllc 0. ah- 
sorpt1011 spectra ob,ervcd in tile ~ ~ r c z e n t  rvork 
detinc the i l c r ~ h  ot  the cont in~r~im.  'ivh~ch iq 
thc llackground cmlssion aga~nst \vhich thc 
alw~rptlon 1s i~hserl-eJ. The nii_illtpli~n. contm- 
LILIITI 1s glow k ) f  si~mc\vh,it ~rncert,?in origin, 
~ v h ~ c h  h,ls colllpollellts c3t arlnospheric c m ~ s -  
slons (6) (LIT csample, electrk)n~c,ill\- esciteil 
K O l ) ,  ,is \veil as r,idi,ition from stars and 
galaxies. 

The atmosphere I.; 1,ir:elv tral-izparent to 
the O H  emiss~on l ~ ~ l e s ,  lxlt the s,lme is not 
true fix the 0, ct-X anL{ b - X  systems. at lea.st 
t;)r those tr,insitii>ns that termil-iate 011 1 1  = L1 
nt thc gr,)unil state. Typical nighrglo\v ~ n t e n -  
sitie. ot tile C3-(/?-X) 17-0 biinii (tile t r i i~ ls~t io~l  ~, 

l~etn-een the I = 0 levels 111 1 ~ 1 t h  the upper 
and lo'i\.er e lec t ro~l~c .t,ltes) ,ire sul~st,inti;il 
when v~en .e~ l  from riickets or satellite., 011 the 
d e r  {I? 5 kilc>r~ivleigl~s (kR) (7 )% 1>~1t 110 dl>- 
ccrnihlc ,IrnoLunt o t  this raJ~,ltlc,n llai e\.er 
l xen  reported to reach the y r o ~ ~ ~ l i l .  because of 
tile 1-erv larye line-ot-sight 0- optical depth 
tl-iim the em~tt inq reqliin. 

The  Oli!llS-I) state in the 111~11tplin~- 1s 
generateii Li~rec;l\- ~3r inilircctly t r im the re- 
cornhination of t,xygcn atc~ms (7 ,  8) anii iq 
thus marker for the C3 atoin ilensit\- in thc 
85- to 1P5-km rcgan.  111 a i l i l~ t i i~~l ,  the ,tate IS 

cop in~ i lv  L~roiluccid in a ~econilary rcact~c~n 
n h e n  c ~ o n e  is p11iotoJlssoclateii I-\- solar ultra- 
~ . ~ o l e t  r i i ~ l i a t ~ ~ l l  111 the .;tratozphere anil is 
generated hy solar r e ~ > n a n c e  escirat~nn in thc. 
hll( C?-C lla~lii (9). Peak Liav:lo\v ~n teu>~t i e s  of 
- 1C9 kR have oi~serveJ (10) anii srrc- 
cessti~ll\- sirnulatzLl ( l i ) .  

The 07(b-XI  ortical t raus~t~oi l  I >  s t royl i -  
f;>rl?~dJe~l and has a ra i i~at~ve liktime of 17 s ,  

calclllated from the absorption croa  sc'ctioil 
( I  2). U171~1 aI~,o~-ptik>~l of the 2-C? I ~ n d  in the 
atmoyihere 1.:- 01 ,  there i. little cha~lce  of 
re-einiss~on, bccailse of L+~euchi~y 1 3 ~  N1. For 
zenith ol.ervat~on>, m ~ ) s t  ahioryt~on in the 
atmoslihere takes place hetween 35 anil 55 
kin, birr the ! 7 ( t  = 8) pol~ulation can lie 
measureLl from the groi~i~ci, as the 11-X 2-1 
hanil at 864 11111 C ~ I I  he detected (1 and it is 
iiot iigilif'icdutl!; dli~oi-l~eil in the ~ t~uosphere .  
The  Intensity ratla I,,.,,'lL,.; ilniier optically 
thin conilition~ ih 7L7 j I-;). 

Bal?cock anLl Herrlxi-g ( 14) measi~reil 
al~sorption hy 0, againit the  sol,lr continu- 
LIIII anil sho\veL1 that the O l ( b - X )  2-2 11ne. 
a1.e a~rl-r.\tant~ally l?rnaL1clleil as ,I c o n s -  
i luc~lcc i>t tllc large ciytlcal ahsorptii>n 
ilrLlth. It xppean tlxit since these early mea- 
~ u r e m c ~ l t h  lverc maL1e. little a t t e~ l t ion  118. 
heerl Iuiii t ~ >  that spectral regloll In terlns of 
r r rounLl-had ~ ~ ~ c a s ~ r r c m e n t ~  Tlle i)riacity 
eftect is \yell kni)\v11 ,111il a1.o afkct. einlt- 
ters otller than 0:. For in~;tanci, recent 
s l ~ ~ t r , i l  I ~ ~ ~ S L I ~ C I I I ~ I I ~ . ~  011 "reil sprite.;," the 
t r a ~ l , s ~ e ~ l t  I l i g l~ -a l t~ tu~ ie  e m ~ + l o n  as~ociateil 
wit11 ligllt~ling .triltes ( 15), have shLx\r~l that 
the N -  Flrst P o s ~ c ~ v e  emissio~l near 767 11111 

is t r r c ~ ~ t l ~  depleteii ( 1  6 ) .  T h e  O2 absor13tio~~ 
cfkct  is acce~ l t~~a te id  hy the  80" zc111th angle 
;it which the  ~lhenc>me~lc>n is i>l.served, so 
tile O2 optic,il ilcyth IS t ~ r  greater than f;)r 
ve r t~ca l  c>k~servarions. 

Tile e x p e r ~ ~ n e ~ l t a l  spectrum irl the re- 
gion ot the  O,(l.-X) 0-0 hanJ ,  taken n ~ i t h  
HIRES, is shown in Fig. 1B. It concalns 
>~rbstantial structure, c le~no~ls t ra t i~lg  that  
the reglon i, nc>t ~ ~ n l t c > r m l ~  c>paqLre. This has 
been clear since Bahcock anti Herzherp's u 

measurements (14) .  They sho\veil, in solar 
contlmlum absorption, that many of the 
lines (it the  "O'"O(b-X) C-0 l~ani l  are sep- 
al-ated ti.o~ll the broadened lines of tile nor- 
111,il Isotone. Th~rs .  kt is rcasi>n,lble to expect 
that,  \ v ~ t h  suffic~ent resolutlon and sensitlv- 
icy, the iscitop~c nigiitqlo\v k>t O2 shi>uld be 
ii~scerntble; the    so topic abr~ndance per- 
cent,?ge\ are 99.76, 0.C37, a~ i i l  0.2C4 tllr 
" '0,  "0. and ''0, respectively. 

I11 thc calculated c m ~ s s i o ~ l  s y e c t r ~ ~ m  L)t 
the "O"'O(h-X) C-0 Ixnd  (Fig. l A ) ,  maile 
at  0.C2-nm slxctral  resolution, w ~ t h  the 
L3I.\TOM spectral s i rn~~ la t ion  prc>gram 
( 1  7) ,  the i ~ ~ t e ~ l s ~ t y  of the strongest R- 
h r a n c l ~  lines I ahnut jc?(:;> greater t han  that 
ot the stronpcst P-hranch Ilnes, n-hcreas the  
reverse is seen in the HIRES spectrum (Fig. 
IB) .  T h ~ s  c~hscrvation is a cc>nscilLlcnce of 
" '0 '"O ah,;orption, as sllo\\-11 'elc~\\-. T h e  
coml7-11ke structures 111 Fig. I B  silo\\- the 
lines al3pcaring in the  HIRES syectrum that  
clearly heloug to the "0"'0 isotoy~c baud. 

It is Importaut t o  I-ealize that the  present 
oliservatioils arc made possible by Epectro- 
acaplc ?el-eniiipitv. Because ' "O '"0  has 
i~icntical  nuclei. oulv alternate rotational 
lcveli e x i ~ t .  AE this is not  a rcstrictioil for 
the  isotopic molecules, the "01"0 and 
' 5 0 ' " 0  molc.cule have twicc as lllaily lines. 
AIIJ it is chiefly tlie alternate lines that  have 
ilrc match in :"0;"0 that :ire atmospheri- 
call\- traumitteii .  Becarlie the  HIRES yet- 

trum is a coml~inat ion of ab~or l i t ion  auil 
emi~s ion  lines, \ve Llefine a 111g11tqli)\\- COII- 

tiurrum ii l teuit i-  in Fio. IB, nhei-e the min- 
iina m the  absorption lines glve the zero 
iontinuurn level anil the  unat tenuate~l  con- 
t i n r~um intcniity derives frcim tllc a i l j o i ~ l i ~ l ~  
spectral region. 

To con\,ert the calci~lateil spcctrium ot 
Fig. lL4 11nto ail a1~pros1mat1oli of the HIRES 
spectrum, it i, necessary to Lktermine an  
ril?si)~Ftii)~l 111le protlle for the '"01"0 ;inil 
"O"'0 lines. Detaileil treatnlents csist ( 1 8 ) .  
al tho~~rrh  ,in estellslve anal\-,;is is not \vcir- 
ranteLl h\- tlie pre.scnt L1:it,i. Tile a b ~ o ~ ~ ~ r i o i ~  
lines Inear the point of origin of the e in iss i~n 
11avc Gauhsian line shapes. \\-ith ;I 2L70 K 
Dopl?ler \viiltli i,f 0.97 CIII-', but lo\\-er in 
the atmosphere, pressure hroade~l i~lp  hc- 
c~clnes import;i~lt, anil tile line profile he- 
colnes in t e rmc~l~a te  bet\\-eel1 Galiasian and 
Lorent zian. A compl~cation in the anal\-sis 1,; 



that ohservations ohta~ned with the tele- 
scope pc>intcJ at various astronon~ical oh- 
jects \Yere not made at a constant O2 colunin 
depth or for the present purpose. The data 
were taken at zenith angles hctween 25" and 
50". The secants of these angles, 1.10 and 
1.55, average to 1.32, the factor hy which the 
overlieail column must he multiplied to oh- 
tain an average column depth. Thus, it 
would not he appropriate to use sophisticat- 
ed procedures to analyze the spectrum. 

At  the 4.2-k~u elevation of Mauna Kea, 
the vertical O2 colurnn depth is 2.5 X 10'' 
cmpL,  leading to a value of 3.3 X cm-* 
for the present observations. T o  calculate 
the ahsorption line profile, we used a 
Lorentzian ahsorption linc shape with a 
linewidth of 0.05 cni- at a terliperature of 
240 K. The  eniission lines were given the 
I)oppler linewidth of 0.02 cni' at a teni- 
peratilre of 200 K .  

We obtained Fig. 1C hy cc~nvolving the 
calculateJ 240 K 'Q"O and '801h0 ahsorp- 
tinn spectra with the 200 K "01"0 eniission 
spectrum of Fig. 1A and then adding a con- 
stant continuun~ level. The relative ampli- 
tudes of the line and continuum contributions 
were adjusted to approximately fit the exper- 
lmental data. The f ~ n a l  spectrum was then 
degraded to 0.34-cni-.' resolution to match 
the instrumental linew~dth. It can be seen in 
F I ~ .  1C that the m d e l  reproduces the three 
major gaps in the P-hranch and that the R- 
hranch has become weaker than the P- 
hranch. Thus, agreement is satisfactory in the 
important deta~ls. In comparing F~gs: 1R and 
IC, various extraneouh lines may be seen in 
the former that do not appear to he asstxiated 
with 0, features. These extraneous l~nes are 
not surprising; there are O H  lines throughout 
the spectral region, many of them not yet 
identified, and the data are currently bung 
analyzed. 

These ipectroscopic observations are fasci- 
natlng ex,~n~ples of simultaneous absorption 
and emlsslon, made poshihle by three physical 
effects. First, the unattenuated 0-0 hand in- 
tenblt); is large enough (-5 kR) for the small 
frnction aris~ng from the minor isotopes to be 
detected. Second, the fact that there are twice 
as many 'Q'"0 em~ssion I~nes as "O"O 
absorption lines results in spectral scparatlon. 
Third, the low intens~ty of the continuum 
against whlch the ahsorption is v~ewed is 
comparable In magnitude to the emission s~g-  
nal. In contrast, it would he impossible to 
detect these emissions in either a solar or 
lunar absorption experiment. 

The Keck data show another example of 
ahsorptlon, the b-X 1-0 hand at 686 nm (Fig. 
2). The work of Rahcock and Hcrzherg (14) 
demonstrated that this transition is also opti- 
cally th~ck.  No emission is expected hecause 
the unattenuated 1-0 emission is weak, hoth 
hccause of rapid atmospheric quench~ng of 

the u = 1 level by 0, (19) and the small 
Franck-Condon factor of the 1-0 band (13). 
Nevertheless, it is apparent that there arc 
emission lines present 111 Fig. 2. These ems- 
slon lines have not yet heen identified hut are 
presumahly due to one of the many b-X emis- 
sion bands appearing in tllc data. 

As our calculations have been hased on 
the heav~er  isotope, a remaining question is 
the relation between 'HO1hO and l7OIhC) 
line intensities. T h e  ahsolute peak 'ahsorp- 
tion cross section in. the 1601h0 0-0 hand 
for a 0.05-cni-'-wide linc is 1 X 10-" crn' 
(13). When one uses an O2 column depth 
of 3.3 X 10'' cm-', the 'optical depth 
(01))  at line center is 330. Calculating 
self-ahsorption hy 'XO'hO, we found an 
01) of 330(0.00204 x 2) = 1.4, leading to 
the conclusion that only 25% of nightglow 
eniission from the strongest lRO'hO lines 
reaches the ground for the conditions of 
these ohservations. 

The amount of 170160 in the atmosphere 
ia sn~aller than that of lYI1hO by a factor of 
5.5. Thus, its O D  is 0.25, and 78% of its 
radiation would reach the ground. 01 the 
assumption that thc O,(b-X) 0-0 emission 
exh~hits isotopic ratios In accord with natural 
ahundances, the intensity ratio l ' 701bO/  
1 ' 8 0 ' h 0  should he 0.78/(5.5 x 0.25) = 0.57, 
and 36% of the detected signal should be due 
to 1 7 0 1 6 0 .  This value 1s dependent on the 
actual 013 (proportional to the secant of the 
zenith angle), and for the n~ost strongly ah- 
sorbed lines, a doubling of the 01) will increase 
the percentage of 170160 eniiss~on to 65%. 

Pursuing this point w~ll require data with 
still better spectral rcsolution, to separate the 
l~nes of the two h e w e r  isotopes. In the R- 
branch, the few ~solated 170'h0 lines may 
suffer interference from b-X 8-7 band lines. In 
the P-branch, the lines of the turo isotopes 
tend to he coincidental at 0.02-nni resolution, 
separating only at higher rotational levels 
where there are numerous extraneous lines. 

Wavelength (nrn) 

Fig. 2. HIRES spectrum in the region of the 
O,(b-X) 1-0 band, w~th the absorpt~on lines super- 
imposed on the nightglow continuum. Off-scale 
l~nes are due to OH. 

Nevertheless, ~t is important to ascertain 
whether the niehtelow emission intensities 

L, , , 

are In accord w ~ t h  the terrestrial lsotopic ra- 
tios, and data taken with an experimental 
protocol spec~f~cally designed to invest~gate 
the 0: nightglow would clarify this and other 
outstanding questions. 

This study shows that there is much more 
spectral information available from ground- 
based observations than heretofore recog- 
nized. The critical parameter is optical reso- 
lution, and specrra taken at 0.02-nrn resolu- 
tion have enahled 11s to show that the 762- 
nm region is a rich source of 'isotopic 
information and also that it ~rovides data on 
the nightglow continuum. It should be pos- 
sible. in other rceions. to demonstrate the 
presence of nulnerous O,(b-X) eniission 
bands, from highly excited vihrational levels. 
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An image of comet Hale-Bopp (Cl1995 01) in soft x-rays reveals a central emission offset 
from the nucleus, as well as an extended emission feature that does not correlate with 
the dust jets seen at optical wavelengths. Neon was found to be depleted in the cometary 
ice by more than a factor of 25 relative to solar abundance, which suggests that ices in 
Hale-Bopp formed at (or later experienced) temperatures higher than 25 kelvin. A helium 
line emission at a wavelength of 584 angstroms was detected and may be attributable 
to charge transfer of solar wind a particles in the cometary coma. Ionized oxygen and 
another helium line contribute to an emission observed at 538 angstroms. 

T h e  Extreme Ultraviolet Exnlorer satellite 
(EUVE) provides spectroscopic measure- 
lnents of celestial (abjects in a wavelength 
rang5of 70 to  760 A and imaging in a 70 to  
180 4 (== 180 to  70 eV)  bandpass ( 1  ). A t  
760 A, t he  photon energy (16.3 eV)  ex- 
ceeils the bond energies in  molecules and 
the ionization potentials of most neutral 
atoms (except He ,  Ne,  and F);  hence, only 
spectral lines of He ,  Ne, F, and atomic ions 
are expected in the  extreme ~~ l t r av io le t  
(EUV) spectra of comets. H e  anii N e  have 
resonance l ~ n e s  in this range, and abun- - ,  

dances of N e  could serve to constrain tlre 
t e ~ n p e r a t ~ ~ r e  a t  which precometary ices 
formed. Only upper limits to ab~ulrdances of 
He ,  Ne ,  and A r  have been establisheil in 
comets 12). 1 ~ 1 t  those for N e  and A r  exceed- , , ,  

ed the  solar abundances hy more than a n  
order of maenitude. Solar lieht is falnt in 
the EUV, so even the strongest EUV emis- 
sions from lioilies such as the  moon, Mars, 
and Jupiter are near the detectLon liluit (3). 
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Hale-Bopp (C/1995 0 1 )  is perhaps the 
biggest and brightest cornet of this century; 
its nucleus Inass may exceed that of comet 
1PlHalley by a factor of 40 (4) .  Our  EUVE 
observation of Hale-Bopp was acquired 
from 14 to 19 September 1996, when the  
cornet was a t  hellocentric and geocentric 
d~stances  7 = 3.07 AU and 1 = 2.91 AU, 
respectively. T h e  total exposure tlme \\.as 
1.4 x 10i s, and its effective value was 
reduced to T = 9 X 104 s as a result of 
filtering (5). 

A soft x-ray image of Hale-Bopp in the  
range of 70 to 180 eV was obtained and 
corrected for hackgroiunil and for a known 
\.ignetting function (6 ) .  T o  improve the  
signal-to-noise ratlo, we conr~olveil tlre im- 
age with a Gausslan having a radius a t  
half-maximum of 1.5 X 10' km (Flg. 1A) .  
A n  optical irnage (Fig. lB) ,  enhanced to 
show ilust jets Inore clearly (i), does not  
correlate with the  x-ray image. T h e  s-ray 

the  sun and the  cornet \doc i ty  \.ector, and 
a n  extended repion of ern~ssion 1s seen to- 
ward the  soutlr\vest. A weak feature in the  
antlr~elocity ilirection is also seen. 

T h e  soft x-ray hrightness varies with dls- 
tance fro111 the hrightness center p2 (Fig. 2). 
T h e  x-ray l~rightness in Hale-Bopp is max- 
imum at  0.005 rayle~ghs and decreases by a 
factor of 3 to p?. = 2 X lfii km. T h e  
proiluction rate of x-ray photolrs Q, is 8 
( 2 2 )  x 10" photons s-' for p,, = 4 X 10' 
k ~ n  (9 ,  10)  ( F L ~ .  3) .  If charge transfer is a 
do~n inan t  excitation process, then [ ~ ~ s l n g  a 
spectrum from (1 L?)  and our measurement] 
we expect a total x-ray (E  > 80  eV)  lumi- 
nosity of 3.5 X 10" and 2.6 X lo2' photons 
s-' for p = 4 x 10' a d  2.5 X 1Cli km, 
respectively. 

T h e  N e  736 A line is traditionally used as 
a tool to search for Ne.  However, the second 
resolralrce line for Ne  (tlre analog of Lyman- 
p) at  630 A coincides with a strollg ernissioll 
line in the solar spectrum and therefore pro- 
\;ides better iletectio~l prospects thall the 736 
A l ~ n e ,  hy two orders of y a g ~ ~ i t u d e  (12). T h e  
ad\.antage of the 630 A line reaches three 
orders of lnag~r~tude for FUVE, which bas a 
lower efficiency at 736 A than at 63q A. 

N o  cometary signal 1s seen at 630 A, and 
a 2a upper limit correspo~lds to 45 counts 
for the  largest bin (Fig. 4 ) ;  this limit corre- 
sponds to Q,, < 4 X 10" SF' (13) .  T h e  
p ~ ~ d ~ ~ c t i o n  rate of oxygen (as H 2 0 ,  CO, 
and CO,)  was equal to 6.6 x 10'"s-' during 
the observatio~r (4).  Hence, the  Ne /O ratio 
in the  gas alone is < 6  x lo-' in Hale-Bopp. 
T h e  ratlo of oxygen in the  Just and gas was 
1.3 ln cornet 1 P/Halley (1 4 ) .  Scaling to the  
iiust and gas productions in both comets ( 4 ,  
I - ; ) ,  we find that this ratio is -8 in Hale- 

Table 1. Observations of soft x-rays In Hyakutake and Hale-Bopp. X-ray data for Hyakutake are fro~n 
(37); r is the helocentric distance, Q, is the x-ray photon production rate observed \~ithin a colneto- 
centrc radius p,, p, is the offset of the brghtness center from the nucleus. Q,,, is the gas production 
rate (4, 38). and Afp 1s proportonal to the dust production rate (4, 38). Afpx 1s discussed In (35). 

Parameter Hyakutake Hale-Bopp 

r (AU) 1.07 3.07 
Q, (photons s I )  1 (k0.2) x loax 8 (22)  x 
PO (km) 1.2 x 10" 4 x 10" 
Pe (k1n) 5.6 (21)  ,x 1o4i- 2.7 (21.2) x 10' 
Qws (s '1 2 x I oZ2 6 X 10'" 
Afp (m) 79 630 
(AfP), (m) 3700 7500 
(Afp),iAfp 47 12 

'1 02"hotons s ' from (34). i'3 x 10"m from (34) 
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