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We report on observations and analysis of the C, Swan band
Av =0 sequence in the optical spectrum of Comet Hale-Bopp. One
set of observational data was obtained when this comet was at a
large heliocentric distance (3.03 AU). This unusual distance pro-
vided the opportunity to enhance our knowledge of the intercom-
bination transitions in C,.

These transitions are forbidden for electric dipole radiation, but
they exist due to higher order multipole radiation. Although the
transition probabilities are several orders of magnitude smaller than
allowed electronic transitions, the intercombination bands play a
key role in the fluorescence process of the C, radical. This role is
to provide a cooling path for rotational and vibrational populations
seen in the visible spectrum. Because their exact transition proba-
bility is not yet completely clear, better quantitative knowledge of
these transitions can help constrain C, quantities in comets.

To analyze the data, an equilibrium fluorescence model with 5652
different vibrational levels was created. This model included the
triplet and singlet systems of C, involved in the fluorescence pro-
cess. Theoretical spectra corresponding to different values of the
electronic transition moments for the a®M,-X':} and c*%-
Xlzg+ transitions were computed. These spectra were then com-
pared to the observational data. A good fit is obtained for transi-
tion moments of 5 x 1076 < |D,_x |2 = | Dc_x|? < 10~% atomic units
(a.u.), for spectra obtained far from the nucleus where the fluores-
cent equilibrium is reached.  © 2000 Academic Press
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1Based on observations collected at the European Southern Observa
Chile (proposal ID: 60.F-0309).

1. INTRODUCTION

The G molecule is a well-known species in the cometary
spectra, with one of the brightest emissions in the visible spe
trum. Analysis of this radical in comets has shown that excite
vibration—rotation levels are highly populated. This is due to th
homonuclear nature of this molecule, which implies that it ha
no permanent electric dipole moment. Consequently, elect
dipole transitions among vibrational or rotational levels withir
an electronic state are forbidden. This prevents cooling of t
excited populations by radiation.

The Swan systerd®TTg—X'= is responsible for the bright
emission bands appearing around 580 this system existed
in isolation, with no interactions with other electronic states, on
would expect to observe a Boltzmann distribution of the leve
populations having a temperature close to the color temperatt
of the Sun (i.e.T ~ 5800 K). This temperature is not observed
and several authors have shown that it is necessary to take i
account transitions involving other electronic states.

The study of the energy levels of the €dical reveals that
both singlet states(' =, A'Tl,, C'Tlg, D'%;.. ) and triplet
states &°I1,, bsza, 2, d3y, €’My...) exist. Gredel
et al. (1989) have shown that the spectrum of ther@dical
can be effectively modeled by considering the first six elec
tronic states )((12;, a1, b32:g‘, AlTl,, c3xf, and d3Mg)
and the six transitions occurring between them. These authc
have also carefully studied the influence of the two intercomb
nation transitions parametees’(1,—X' = andc®s f-X'2f).
L'i’!}){’ese singlet—triplet transitions are forbidden in electric dipol

2 Current affiliation: NOAO, Space Environment Center, 325 Broadwayadiation, but they proceed by higher order multipole radiatior
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magnitude smaller than the other electronic transitions. Never- 2. OBSERVATIONAL DATA
theless, the intercombination bands play a key role in under-
standing fluorescence processes in taendlecule. The observational data set was obtained when Comet Hal

These intercombination transitions “cool down” the rotationdtopp was at a large heliocentric distance, on October 12, 19¢
and vibrational Boltzmann temperatures of ther&ticals. This at the European Southern Observatory (La Silla, Chile) with
cooling is effectively what pure vibrational and/or rotational-52-m telescope and a Boller and Chivens spectrograph. Fi
transitions would provide were they allowed. different spectra of Comet Hale-Bopp were obtained with an ir

Steady-state cometary @uorescence is governed by competegration time of 10 mn each. These spectra were obtained w
tition between production and loss of excited states. Producti@glit oriented along the north—south direction, i.e., in a directio
is due to absorption of photons from the solar radiation fielfPughly perpendicular to the tail axis. At this time the geocen
Loss occurs by spontaneous emission occurring first betwdf distance of Hale-Bopp was =3.15 AU, the heliocentric
excited and ground electronic states (eit}(é[;ar Ora?’l‘[u) and distance wasR=3.03 AU, and the heliocentric velocity was
second between the two ground electronic states. This lead¥de= +20 km/s.
de-excitation of the different vibrational and/or rotational levels. The spatial scale of the spectra is 0.82 arcsec/pixel. With

Thus, accurate modeling of the, @mission spectrum in spectral scale of 0.984/pixel and a slit width corresponding
comets requires the best possible quantitative knowledge of {Rdl.64 arcsec, the spectral resolution obtainedAs he CCD
intercombination transitions. The transition occurring betweétged was a 2048 2048 array of 15+m pixels, giving a spectral
the two ground electronic states is especially important. ~ range from about 4168 to about 6170A. The spatial scale

This intercombination system has yet to be observed direc@igrresponds to 1872 km/pixel in the Comet Hale-Bopp coma.
(Rousseloet al. 1998). However, it has been studied theoret- Allimages were bias-subtracted and divided by a normalize
ically (e.g., Le Bourlot and Roueff 1986) and by comparisofiat-field. The flat-field was taken by using a flat screen inside th
between the observed Swan bands and the computed fluog&¥ne, lit by a tungsten lamp. Wavelength calibration was dor
cent spectrum taking into account this system (AHearn ant$ing calibration spectra obtained with an internal helium an
Feldman 1980, Lambert and Danks 1983, Krishna Swamy aa@on lamp. No significant change concerning the waveleng
O’Dell 1987, O'Dellet al. 1988, Gredeét al. 1989, Rousselot calibration was noticed for the different spectra. This calibratio
et al. 1994). was done with a 2-D algorithm taking into account the smal

Gredelet al. (1989) conducted an extensive study of the ccurvature in the spatial direction. The spectra were correcte
emission spectrum by varying the electronic transition momerig§ the atmospheric extinction and calibrated in absolute uni
for thea3l'lu—xlzg+ andc32j—xlzg+ transitions (Da_x |2 and (erg/cnt/siA) using the spectra of two standard stars.

IDe_x|2). They attempted to explain high-resolution spectra The solar continuum was subt_racted by using a theoret_ic
taken on Comet Halley by usinga_x|? = |De_x|2=3.5 x solar spectrum f:onvolved with an mstrum_ent response functio
106 a.u. Their model seemed to give acceptable results b€ Slope of this solar spectrum was adjusted to the comete
spectra obtained far from the nucleus. For spectra obtainedSR§ctra by using two spectral regions where no molecular emi
the nucleus, it was necessary to use the improbable dilution f&iQn lines were apparent (4880-492@nd 5180-522@\).
tor of 2.25 for the solar spectrum.
Subsequent to Gredel al. (1989), Rousselott al. (1994) 3. THE MODEL
showed that the £emission spectrum takes a long time to reach
fluorescence equilibrium. Thus, near-nuclear spectra cannofo maximize information about the@htercombination tran-
be explained by equilibrium models. In fact, even the “comsitions, we limited the number of free parameters. The key col
spectrum” used by Gredet al. may not have reached equilib-straint was to study only the spectra obtained far from the nt
rium. cleus where the fluorescent equilibrium is reached. This allow
Heliocentric distance is an important parameter in the invethie spectra to be compared with a steady-state model.
tigation of the intercombination transitions. For a given value The spectra obtained close to the nucleus present a bet
of the intercombination transition moments, the excitation teraignal-to-noise ratio, but they are far from the fluorescent equ
peratures (rotational and vibrational) are dependant on the sdilarium (Rousselogt al. 1994, 1995, Laffonét al. 1998). Mod-
flux received by the comet. In a rough approximation we caling such spectra would imply other free parameters, such
say that the influence of the “cooling” due to the intercombthe initial energy distribution due to the photodissociation pro
nation transitions is more important, compared to the “heatingéss of the g parent-molecule or the time elapsed from the
due to the solar flux, when the heliocentric distance is largehotodissociation for the different,Gnolecules encountered
Comet Hale-Bopp was one of the most active comets obsenaddng the line of sight. The goal of this work (the improvemen
since the advent of modern astronomical spectroscopic studigighe quantitative knowledge of the electronic intercombinatiol
It constituted a good opportunity to improve knowledge of thigansition moments) could then hardly be achieved.
C; fluorescence process because it was possible to obtain spectfrom a theoretical point of view, it is easier to consider flu-
with a good S/N ratio even far from the Sun. orescent equilibrium rather than to include an initial energ;
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FIG. 1. Energy level diagram of thenolecule. Each energy level corresponds to the first vibrational state of the respective electronic state. Note tf
vibrational levels of the)(lxg+ anda®Il, states are “mixed”; i.e., they cover the same range of energy values. An exgitedi€al in any vibrational level of
these two electronic states (except the Iow@s‘ﬁér vibrational level) can decay to vibrational states of the other ground electronic state. The electronic transi
represented here are the transitions taken into account in our model.

distribution and an elapsed time. Zucconi and Festou (198%). Calculation of the Energy Levels
present the matrix formulae needed for this type of calculation.

We used this formalism to determine relative ground state popu-The first step in the model is to compute numerical value
lations of G molecules at equilibrium (see below). for the molecular energy levels. These values were computed
We considered all genergy levels corresponding to rotationa;sing standard formulae with the constants given in Table .
quantum numberdN <90 and vibrational quantum numbers | the triplet system, each electronic state is split into thre
v <5 within the first six electronic states (i.&'S7, @°Ilu, substates. For theTl, state, the formulae used to compute the

b2y, Allly, ¢*Z,f, andd®Mg). The total number of levels con- F(J) values for the different substate® (J), F2(J),andFs(J))
sidered was 5652. are given by Phillips (1968). These formulae use different cor
The electronic transitions considered are PhilligsI[{u— stants for even and odd J values to account for lambda doublir
X'z), Ballik-Ramsay If*>;—a’M,), Swan ¢°Mg—a°My), The T, value given in Table | comes from Amiet al. (1979),
d*Mg—c’sf, a®M—X's, and c*Tf-X'S. Figurel re- and the other constants come from Prasad and Bernath (199
presents these transitions and the electronic energy level&or the b3Zg‘ state, the rotational energieB;(N), F2(N),

involved. and F3(N)) were computed using the formulae of Ballik and
TABLE |
C, Constants Used to Calculate the Energy Levels (Expressed in cm™1)
State X1z S b3%y A1, ccxf d®rg
Te 0 718.3181 6435.736 8391.643 9227.4 20024.5781
we 1855.754 1641.32959 1470.415 1608.229 2040.5
weXe 14.136 11.651954 11.1549 12.089 14.1
weYe —1.6947.1073 1.391.102 -0.6
Be 1.820101 1.4986431 1.616560 1.88
e (1079) 18.190 16.3121 16.953
e —-4.61-10°8 —4.07-10°5
De(1079) 6.9396 6.1958 6.4895
Be (1079) +66.9 —6.62 —27.4

BL 4.78-10710
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Ramsay (1963a). However, the higher-order spin-splitting termsFor thed31'[g—c32;’ transition, we considered a constant ratic

in the constany and the cubic rotational constat were neg- Aﬂ;? / A‘j,;?_ This ratio was a free parameter needed by the prc

lected. The constants given in Table | are from Améttal. gram. It was set equal to 0.1 for all calculations (see Section 4

(1979). For the intercombination transitions, the band transition prok
For thec®T | state, the constants given in Table | are frombilities were computed by using

Chauvilleet al. (1977). Since the energy values for this state

are very approximate, we useB;(N)=Fy(N)=F3(N)= . by De/? c
BeN(N +1). Avyr = 2.026x 10 [ABTT 0 — Qo 2 00 ) S T D)
For the d®I14 state, the constants are taken from Phillips Pe oA

(1968). The GY) values were taken directly from the same pa-

per. TheF(J) values were calculated with formulae similar thherezAE IS the Wavengmber Of the bandhead n .
those used for thaIl.. state |3~ Del?/Np, is the electronic transition momentin atomic units
u .

The et gen in Table  for 165 and ', states are (&) 1 e Franclc Condon ecor ands  summaton
from Chauvilleet al. (1977). For theA'Il, state, the energy q ! 9

difference due to lambda doubling was accounted for by appl?f—zdr_xlzg+ transition).

ing a correction to th& (J) values for everd such thafF'(J) = l\Ne compsuted trl‘e Franck-Condon factors for tie -

F(J) - qJ(J + 1) withq = —1.95410 4 cm~ (Chauvilleet al. XtEg anda’ll,—X*ZJ transitions using a program based on

1977). This correction is explained by Ballik and Ramsa?/” RKR method. Necessarygmolecular parameters were tak

(1963b). rom Phillips (1968) for thea®IT, state and from Chauville
It is important to note thal, for the a%I, state, a key pa- ©t al. (1977) for theX'z} andc®x} states. The internuclear

rameter for computing wavelengths in tD(éEg—a?’Hu band, distances used were taken from Huber and Herzberg (197

T _ _ . i’ 2 A
is an inferred value. The value was inferred from perturbatio'® electronic transition moment®a_x|* and|De-x|* were

of b3Eg* rotational energy levels by tmlz; state. Ballik and Considered as free parameters in the model (see Section 4).

Ramsay (1963a) studied these rotational perturbations$ad, 1 neHdnl-London factors were taken from Le Bourlot (1987),
1, and 2 of theb325 state and found, = 71624 cnr ! for the  for the Phillips and Swan transitions, and Kovacs (1969), fo

a®Il, state. A more recent study (Amiet al. 1979), including the cl)ther t(;an.3||t|ons. Th?MT_fLﬁndoﬂfaCtorSSJ'J."(J) f(|)r the
»=0, 1,2, 5 and 6, led to th& value given in Table | (i.e., S"9 et and triplet transitions follow the summation rule

718.3181 cm). The small difference in these two independent
results implies thaT, is reasonably well determined. > 8y3(3) = (2 So.a+a)(2S+ 1)(2) + 1).

The solar flux values used in the model are taken from NSO/ J
Kitt Peak FTS data for the 2960 to 13080ange (Kuruczt al. . — . .
1984). These data are available online from NSF/NOAO. WeThe two intercombination transitions follow the summation
have averaged the fluxes inALbins. Solar flux values from rule:
13000A to 1 mm, with a stronger smoothing, are taken from
Thekaekara (1974). Y Syr(3) =c(2I+1),

The model takes into account the heliocentric velocity of the J
comet by Doppler shifting the solar flux appropriately. How- . _ .
ever, given the smoothing of the model spectru£X]Ihis cor- Whe_rec Is the su_mmat|on factqr mentlongd above. -
rection is not accurate enough to accommodate the Greensteiﬁ'nglet and triplet system Img tranS|t|0n _probabllltles Were
effect for the Swan bands. This is because the energy valf_fénpmed from the band transition probabilitiés;,., and the
were computed using formulae, i.e., the wavelengths are cBnI—London factors according to
accurate enough to use a high-resolution solar spectrum. This 5
is acceptable if one compares observational data with synthetic =~ 5~ _ (2—d0n) [AE] . Sy ,
medium-resolution spectra as a whole, i.e., if the consequences (2—80.a+ar) [AE]3 2)+1
of the Greenstein effect on a few lines are averaged over the
hundreds of lines responsible for the observed spectrum.  where AE is the wavenumber of the line considered. For the

intercombination transitions the following formula was used:

3.2. Probability of Transitions

The band transition probabilities, ,» were taken from Gre- A _ (2—50)(2S +1) [AE]® A Sy

del et al. (1989) for the Swan system, from Chabalowski and " V7" — c [AE 3 V23 +1°
Peyerimhoff (1983) for the Ballik—-Ramsay system, and from

Van Dishoeck (1983) for the Phillips system. For this last system, The absorption rate8, ;. were computed from the
we preferred to normalize tha, ,» values using the oscillator A, 3 3- values. The stimulated emission was neglected becau

strengthfgo= 2.0 x 103, of its extreme weakness compared to spontaneous emission.
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3.3. Method of Calculation occur near the nucleus and increase with cometocentric distar

. . . t to about 60,000 km.
The matrix method described by Zucconi and Festou (198% By using all the spectra obtained between 60,000 ar

was used to compute the fluorescent equilibrium solution. TBﬁo 000 km, an average spectrum was obtained. This sp

levels considered as ground states in considering this formalism " . o o
ot .3 En rum is representative ofGluorescent equilibrium conditions
are theX-X7, a°Il,, andc’x; states. These states are char-
9 at 3.03 AU from the Sun.

acterized by relatively long lifetimes and internal transitions or To simplify comparison of the observational data with the

absorption processes toward excited states. The excited Stﬁ%%%retical spectra, we considered a constant @Tﬁ JAd-2
have much shorter lifetimes and have no internal transitions,™ - ’ v

. . 2 2
They decay only toward the ground states. he electrpnlc transition momentB,_x|* and |Dex|
were also considered equal.

The linear set of algebraic equations which has to be solve ithouah this | _ babl listi d
when using this method was computed by using an LU deco Although this last assumption is proba yn_o_t rea istic, Gred
e al. (1989) note that the32j—xlzg transition is only of

positon. This method simplifies the calculations by writing thé

matrix to invert as a product of a lower triangular (L) matrix angecondary importance to the equilibrium populations becau
b g of the lesser importance of thI1—*T | transition. Given

an upper triangular (U) matrix. The formalism given by Zuccoq e accuracy of the observational data, it would be difficult t

and Festou allows us to reduce the size of the matrix to invert %tinguish the effects of different values|@,_x 2 for a given

2693 (i.e., the number of ground stated), for a total of 5652 intercombination transition momeyi2,_x |°. However, it seems

energy levels. : béatter to take into account tld X —X1x} transition. Thus, a
Once the relative population levels are known for the groun e g -
od way to test the valud®,_x |- is to give a similar value to

states, it is easy to compute those of the excited states. To c?@—

5 " : . |

. . . . 3 c—x|*. In addition to these general considerations, note th
pute the relative populat!on ofaleveli belonging to thel*Il, Gredelet al. (1989) used also a similar value for these twc
state we used the equality

parameters (i.e.,.3x 10°% a.u.).
Ny Ny Given the results previously obtained by other author
Z BjipuXj = Z Aij %, (AHearn and Feldman 1980, Lambert and Danks 1983, Krishr
it =1 Swamy and O’Dell 1987, O'Deb#t al. 1988, Gredett al. 1989),
this study focused on reasonable expected valugofy |2, i.e.,
wherep, is the solar radiation density. This equation directlaround 106 and 10° a.u.

gives thex; values for thed®I14 state sublevels: Figure 2 shows the results obtained for four different values
|Da_x|? and|D¢_x|%: 1076, 5x 1078, 1075 and 5x 10°° a.u.
ZT:X 1Bji puX] All the theoretical spectra are adjusted in intensity, to match tt
Xi=——N experimental spectra and facilitate comparison of the rotation
SIA
j=1"4 structure.

. . . To more objectively compare the quality of the fit obtainec
These r_elat|ve p(_)pulatlons 'e_’°.“?' o the synthetic spectrum %\F each synthetic spectrum, a relatiyé test was performed.
using the line transition probabilitie%, y.y. For each pair of spectra (observed/synthetic) the following p:

rameter was computed:
4, COMPARISON OF THE MODEL

WITH THE OBSERVATIONS N 2
=3 (lobs — lsyn) .

The first step in comparing the observational data with the 7 lobs

model was to select only the spectra corresponding to fluorescent

equilibrium. An intensity ratio was displayed using all the spec- In this formulal g, is the observed intensity of thh pixel,

tra to identify the cometocentric distances for which fluorescehyy , is the intensity of théth pixel of the synthetic spectrum, and

equilibrium is reached. The ratio computed wig& =5133— N is the total number of pixels in the spectrum. The uncertaint

5143A)/1 (A =5162-5167A). It was chosen because its variaassumed in this formulation is the square root of the intensit

tion is sensitive only to the (0, 0) band rotational temperaturA.lower number indicates a better fit.

(The (1,1) bandhead is located at shorter wavelengths and thi¥he x? computed, when normalized to 1 for the smalles

band is degraded to the blue.) A larger ratio indicates a higherlue, were, respectively, 2.95, 1, 1.13, and 3.13 By x|° =

rotational temperature. This is because shorter wavelengths ¢@_x|?>=105, 5106, 10-°, and 5.10°. Our conclusion is,

respond both to the lines of tHe branch having lowd-values then, that 5< 106 < |D,_x|? < 10~° a.u. With the accuracy of

(J ~10) and to the lines of th® branch having higli-values both the model and the observational data, it seems difficult

(J ~40) (see Roussela@t al. 1995, Fig. 3). The longer wave- be more precise in the estimation of these values.

lengths correspond to tHe branch and the bandheadyalues This range of| D,_x|? values is in agreement with the re-

inferior to about 20). Examination of this ratio versus cometsults obtained by previous studies. One of the first attemp

centric distance revealed that the lower rotational temperatutesderive a quantitative value for this parameter was done |
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FIG. 2. Comparison of the average Hale-Bopp spectrum obtained on October 12, 1997, with theoretical resiits. A =|Dc_x |2 =10 a.u.
B: |Da_x|2=|Dc_x|2=5x 106 a.u. C:|Da_x|%2 =|De_x|2=10"5 a.u. D:|Da_x |2 = |Dc_x|2=5x 1075 a.u.

AHearn and Feldman (1980). Their study led to a value vary- Ln(NUY(@J+ 1)}
ing from about 10° to 2 x 10° a.u. This study was based on
the measurement of the flux ratio of the Mulliken and Swan
systemAv = 0. However, the Mulliken and Phillips systefn
values used were improved after their study and could affect
their conclusions. Lambert and Danks (1983) tried to estimate
|Da_x |2 both theoretically (they found about16a.u.) and from
observational data (they found about30~° a.u.). They sug-
gested that the*; —X' =/ transition, not taken into accountin
their study, could explain the difference between the two results.
Krishna Swamy and O’Dell (1987) published an estimated value
of about 10°° a.u. using a model based on vibrational levels (in-
cluding thec®x F—X1x 7 transition) compared to the Swan band
sequence flux ratio. O’'Deét al. (1988) used a similar method

to find a value of 2.5 10°° a.u., using spectra of comet Hal-
ley. Gredelet al. (1989), as already mentioned, used a value of
|Da_x |2 equal to| De_x|? and to 3.5< 1075 a.u.

For|Da_x|? = |Dc_x|?> =5 x 10~ ®itisinteresting to examine
the distribution of the relative population levels obtained from
the model. These relative pop_ulau_ons are shown in Fig. 3. They 35000 20000 25000 50000
are shown for thee131‘lgv =0 vibrational level for each of the Excitation Energy (K units)

F1, F, and R sublevels.

The solid lines in Fig. 3 for each of the A, and K sub- 'FIG. 3. Relative populations obtained for tﬂél'[gv:O rotational levels

levels correspond to the best fit obtained by assuming that fﬁéh R=3.03 AU). The three sublevels, FF,, and f are represented. The

) . SR g s represent the best fits obtained for a Boltzmann distribution computed f
relative populations are Boltzmann distributions. For thisfitonly - 30, For R, the best fit corresponds to 4013 K, for e 3710 K, and for &
the levels with 29< J <90 were taken into account. Clearlyto 3529 K.

1 1 1
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TABLE 1l Amiot, C., J. Chauville, and J. P. Maillard 1979. New analysis of th&@llik—
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Chauville, J., and J. P. Maillard 1977. The infrared part of th&illips system
Note |Da_x|?=|Dc_x|2=5x 1078 a.u. The values (2.3-0.9um). J. Mol. Spectrosd8, 399-411.
givenforR=0.94 AU are givenforacomparisonwith the Gredel, R., E. F. Van Dishoeck, and J. H. Black 1989. Fluorescent vibratio
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Bopp. Huber, K. P., and G. Herzberg 197Constants of Diatomic Molecule¥an
Nostrand—Reinhold, NewYork.

. Kovacs, J. 1969Rotational Structure in the Spectra of Diatomic Molecules
the sublevels corresponding to smallewalues do not follow  hijiger, London.

a Boltzmann diStribUtion- _Table_ Il shows the average r_OtatiOWishnaSWamy, K.S.,and C.R. O’'Dell 1987. Statistical equilibrium in cometan
temperatures obtained using this method and the vibrational ten,. A 10 level model including singlettriplet transitiomsstrophys. J317,
peratures fofDa_x|>=5x 107 a.u. 543-550.

Note that there is an odd—even effect in the population di§urucz, L., I. Furenlid, J. Brault, and L. Testerman 1984. Solar flux atlas fror
tribution among rotational levels (Fig. 3). We have no clear ex-296 t 1300 nm. INational Solar Observatory Atlas Number 1
planation concerning this effect; however, it had also been Séézﬁont, C., P. Rousselot, J. Clairemidi, and G. Moreels 1998. Condensatio

! T . and diffuse sources ofZdn Comet Hyakutake C/1996 BPlanet. Space Sci.

by Gredelet_al. (1989)._ They _mte_rprete_d this result as being 46, 585-601.
due to the differences in the line intensity factors for the thr
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