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ABSTRACT

We present the first results of a high-spectral-resolutiowey of the carbon-rich evolved star IRQ0216 that was carried out with the HIFI
spectrometer onboard Herschel. This survey covers all HdRds, with a spectral range from 488 to 1901 GHz. In thiglette focus on the
band-1b spectrum, in a spectral range.5546365 GHz, where we identified 130 spectral features with inteesabove 0.03 K and a signal—-to—
noise ratio>5. Detected lines arise from HCN, SiO, SiS, CS, CO, metatibgapecies and, surprisingly, silicon dicarbide (Si@Ve identified
55 SiG transitions involving energy levels between 300 and 900K aBalysing these rotational lines, we conclude that, $$Groduced in
theinner dust formation zone, with an abundance~@x 107" relative to molecular hydrogen. These Silhes have been observed for the first
time in space and have been used to derive an Riational temperature 0204 K and a source-averaged column density ®#x10" cm 2.
Furthermore, the high quality of the HIFI data set was usethfyove the spectroscopic rotational constants o,SiC

Key words. Stars: individual: IRG-10216 — stars: carbon — astrochemistry — line:identificgatie stars: AGB and post-AGB

1. Introduction IRC+10216 (CW Leo) is one of the brightest infrared
sources in the sky, making it an ideal target to observe with
Circumstellar envelopes (CSESs) of evolved stars fostemark- the Herschel SpaceObservatory (Pilbratt et al., 2010). Most of

ably complex chemistry. The reactions behind moleculatr®n the molecules detected in this source are heavy carbom-chai
sis, how they vary from the inner to the outer layers of the exadicals [(Cernicharo & Guehm_lg_geb) metal-bearing cépe
panding envelope, their relationship to dust grain foroatand  (Cernicharo & Guélin, 1987), anions (see, €.g

the chemical evolution from the asymptotic giant branch BAG (2 (2006); [Cernicharo et al[ (2008) and references therelmd a
to the post AGB-phases, are all important questions thtt Slihany diatomic and triatomic molecules. The HIFI instrument
need answers (Cernicharb, 2004; Herpin & Cernidharo. |20Q8e Graauw et al., 201.0) provides both a high spectral réisalu
Herpin et al., 2002). Observations affdient wavelength rangesand a wide spectral coverage. The first is necessary forveesol
are clearly required with this purpose in mind. The atmospheing the complex kinematics characteristic of IRC0216, allow-

and the inner dust condensation regions are best probed byifigy us to distinguish between the contribution from the mne
frared (IR) ro-vibrational lines or by higiHines in the ground acceleration zoné (Fonfria ef al., 2008; Cernicharol¢2all0A:;

and vibrationally excited states of abundant species ssi€3 [Decin et al.| 2010) and from the exandln envelope where the
HCN, and SiS |(Fonfria et al., 2008; Cernicharo etlal., 1996gas reaches its terminal velou 009). Theewid
Decin et al. 1 2010; Patel et al., 2009). The outer and colider | spectral coverage is mandatory for a complete inventorinesl

ers of the CSE are best probed by molecular rotational linest@ study the chemical content and molecular excitation taitle
millimeter wavelengths (Cernicharo ef al.. 2000; Kempealgt |n this Letter we present the preliminary results of a full line sur-
2003; Agundez & Cernicharp, 2006; He et al., 2008). Based QBy of IRC+10216 taken with HIFI between 480 and 1900 GHz,

a large set of high spectral resolution data, the physicadiieo and highlight the range 554-636 GHz. We focus on siliconrdica
tions of the diferent regions of the CSE can be constrained yide, SiG dmad_d_e_us_e_t_dl 1984), a triatomic molecule that,
providing a complete picture of the object; see, e.g.. Al together with HCN, is the main contributor to the forest okt
(2009); . Cernicharo et al._(2000); Pardo & Cernicharo (2007%bserved in the submillimeter and far-infrared domains.
[Patel et al. [(2009). Of particular interest are the high angu

lar resolution observations by Lucas et al. (1995, 1997) and

[Patel et al. [(2009) of the innermost region of the envelope. 2. Observations and data reduction

HIFI observations|(de Graauw et al., 2010) were carried out
* Herschel is an ESA space observatory with science instrtpeo- May 11-15 2010. In-orbit instrument performances are de-

vided by European-led Principal Investigator consortidwith impor- ~ scribed in detail by Roelfsema et al. (2010). This surveysuse
tant participation from NASA all HIFI bands, providing a frequency coverage between 488
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Fig.1. Spectra of IRG-10216 observed with HIFI band 1b. The two upper panels ptésercomplete spectrum on twofldirent
intensity scales. The panels below showfatient 3 GHz wide ranges of the survey. All data have been dmeddb a spectral
resolution of 2.8 kms' except for the right bottom panel, which shows the spectriourad several vibrational lines of HCN with
the nominal WBS resolution (1.1 MHz0.5 kms?).

and 1901 GHz. We present the spectral scan of H20216 the deconvolution was done for one of the receivers, therothe
in band 1b (554.5-636.5GHz), corresponding to the dataceiver was treated automatically by blanking out the stiexe
of OBSID1342196414. The main-beam antenffizciency at quency blocks in each individual scan. Linear baselineswer
600 GHz is 0.75 and the half-power beam width is 36”. The dasaibtracted and all 1456 single side band individual sca@8 (7
were taken in double beam-switching mode at a frequency reper receiver) merged. The calibration and the double side ba
lution of 1.1 MHz. The total integration time per frequenef-s gain ratio was checked against the strongest lines, andiftoun
ting was 30.6 seconds (OGMDFF). The measured rms noise fobe consistent within 2-4%. The final spectrum with a spectral
each individual frequency setting is between 25-40 mK ddperresolution of 2.8 kms' is shown in Fig. 1.
ing on the frequency. Averaging all scans (see below) brings
measured rms noise down to values between 7 and 12 mK. EheResuIts
data were processed using the standdedschel pipeline upto ™
Level 2, providing fully calibrated spectra of the source iiven While ground-based observations have provided much ibsigh
analyzed them with the GILDAS-CLASS90 softwhre into the chemical inventory, the unprecedented spectnatreo
The single side band spectrum of receiver 1b was obtainagle of HIFI will yield many lines arising from a wide vari-

through a standard manual procedure. We first removed smuriety of species that together will greatly expand our undeit
features (one) and then compared all scans one by one fogm ginng of the density, temperature, and dynamical structurgef
frequency to remove unwanted lines from the corresponding i ejecta and the processes driving the molecular compleXity o
age side band by blanking out the corresponding channels these chemical “smokestacks” of the galaxy, from the dustfo
the few cases where image band lines were blended with sigimg zones to the radical and photodominated outer regions. |
band lines, a fit was performed to the blended lines to separttis work we present the first high spectral resolution line s
the contribution from each band. The image band emission weey towards an evolved star in the submillimeter and far-IR
then subtracted from the signal band spectrum. This praeeddomains. Figure1 shows around 130 well-detected lines with
was repeated twice in order to ensure a complete cleaninginsities exceeding 30 mK. All of them, except one, can be
lines from the image side band at each frequency settinge Oreasily assigned to lines of CO (including1; see Patel et al.
2009b), HCN and HCN (in several vibrational states), SiO,

1 see[ httgwww.iram.ffIRAMFR/GILDAS| for more information SiS, and CS (including its isotopologs and vibrationally ex
about GILDAS softwares. cited levels), AlF, and AICI. All these species have been pre
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maximum at millimeter wavelengths in a shell with a radius
- N=8.87 (5) x 10° em?|  Of 158" like the radicals GH (Guélin etal.] 1993 Lucas etlal.,
T =204 (2) K 1§§$_). However, mterferqmetnc and single-dish o_t)semm
rot of this molecule also indicate a large abundance in the inner
envelope (Gensheimer et al. 1995; Lucas et al. 1995; Cearoch
et al. 2000; Agundez 2009; Patelet al 2009). TRblé A.1 (see
appendix A in the electronic version of the paper) provides t
] observed parameters for the detected,Si@es. All of them
] arise from levels involving energies between 300-900K and
L have flat-topped profiles (see Fig.1 &4), therefore indiaati
‘ ‘ ‘ ‘ ‘ ‘ - that they are formed in the inner, warm layers of the CSE. We
400 500 600 700 800 900 found that the predicted frequencies for these lines weeerir
E/K (K) by several MHz so we provide a new set of rotational constants
in Appendix A.
Fig. 2. Rotational diagram for the observed giihes. The rota-
tional temperature is 204 K and the beam averaged column dﬁn— . .
sity of SiG; is 8.9x103cm2. - Discussion
The observed Sigline intensities (see TadleA.1) were used to
determine the rotational temperaturg;and the column den-
viously detected by several authots (Cernicharo et al.020Gity N(SiG,) of the emitting gas. The rotational diagram in Fig. 2
\Cernicharo & Guelin, 1987; Turner , 1987; Lucas & Cernigharyields T,=204:2 K and N(SiG)=8.9(1)x10*3cm2 (averaged
11989; [Lucas etal., 1995; Lucas, 1997; Fonfria etial.. 2008ver the beam of HIFI at 636 GHz). The relatively high rota-
IPatel et al. | 2009). Of particular interest are thel-0 lines tional temperature implies that the excitation region &f ton-
of HCI and HCI, shown in the bottom left panel of Fig. 1.sidered emission lines is smaller than abdtir2radius. This re-
ICernicharo et al. (2010b) have recently detected theseespegjion corresponds to a kinetic temperatugesTL00 K, according
towards IRG+10216 using the PACS and SPIRE instrumentg the expected g radial profile (see, e.d., Fonfria ei al. 2008
(Poglitsch et dl., 2010; Gfin et al., 2010), and the present reand Fig. 3). Consequently, the source-averaged columritgens
sults definitively confirm this detection. From the HIFI d&ta of SiC, is 6.4<10*°>cm2. Because of the high beam dilution,
derive X(°Cl)/X(3'Cl)=2.5+0.2, consistent with the value de-the regions inward of 0’5do not contribute to the observed $iC
rived from the metal-bearing species NaCl, AICI, and KCFisaemission. Assuming a mass-loss rate giQ> Moyr*1 and an
topologs |(Cernicharo & Guélin, 1987; Cernicharo etlal0®) expansion velocity of 14.5knté, the total column density of
and very close to the Solar System value of 3 and the one @grin the 0.5-2” region is 310??cm 2, and the abundance of
rived with HIFI in the ISM [Cernicharo et al., 2010c). SiC, relative to H is 2.9x<1077.
HCN is known to show maser emission in its bending mode The inner envelope abundance derived for S{2.9x10°7
and in _high vibrationally excited states (Guilloteau et alfrom the rotational diagram andx20~’ from the radiative
11987; |Lucas & Cernicharo, | 1989;_Schilke et all, _200Qransfer model) is in good agreement with the value com-
'Schilke & Menteh/ 2003). Except for one of the HCN6-5 puted under thermochemical equilibrium @x10~7 from the
lines, all HCN lines in band 1b seem to be thermal in naturghotosphere up to~ 4 R., using the code described in
Figure1l (right bottom panel) shows that, in addition to @ejero & Cernichalo 1991), and somewhat higher than the val-
pedestal of thermal emission due 1@ + v;%, v2 + v3* and ues calculated from non-equilibrium chemical modeling of
vy vibrational levels, there is a clearly distinguished narrothe inner envelope (18-107%; Willacy & Cherchnél [1998).
feature that is likely a maser line. It can be assigneditor to  Previous studies based on millimeter-wave interferometh-
the v; + v2° vibrational level [(Zelinger et all, 2003). Howeverservations have derived values for the inner component®f Si
without a full detailed treatment of the HCN radiative trims of 5x10°7 (Lucas et all, 1995) and 5x1078 (Gensheimer et al.,
it is difficult to assign it to one or the other. The+ véf J=6-5 [1995), in reasonable agreement with our derived values.
line does not show such any equivalent feature. From a vdfyrthermore, these observational studies also find an eshan
quick look at the line survey data in other HIFI bands, it appe ment of the SiG abundance, up to- 107° relative to H,
that the number of HCN masers is quite impressive and ddasthe outer envelope of IR€10216, implying that addi-
not have any systematic pattern within a given vibratioea¢l. tional formation routes must be at work in these outer region
It is worth noting that the:; andvs; J=1-0 lines of HCN have [MacKay & Charnlely[(1999) studied the chemistry of silicon in
been observed with the IRAM 30m telescope at the level oflRC +10216 and were unable to find any reaction that could en-
few mK. The HIFI data show the importance of increasingliiance the abundance of this species in the outer envelope. Ou
higher frequencies (hence higher Einsteinfioents and line chemical model predicts such an abundance enhancement (see
opacities) to observe the warm layers of CSEs. In particuléelow).
Cernicharo et all (2010a) have found many lines of HE8-2 To get a more reliable estimate of the abundance of SiC
from vibrational levels up to 10000 K. Thi=6-5 lines of these in the inner regions and for insight into the peculiar chémisf
vibrationally excited levels (up to 6000-7000K) also appedhis species from the inner to the outer layers of the CSE awe ¢
in the HIFI line survey of band 1b and will be presented anded out radiative transfer and chemical modeling caldontest.
analyzed in a forthcoming paper. Other species such.@dnd We assumed a mass loss rate @l2° M, yr1, a stellar radius
NHjs are analyzed within the HIFISTARS Guaranteed Time Kegyf 4x10'3cm, a photospheric temperature of 2330K, and a dis-
Program [(Bujarrabal et l., 2010). In addition to the linesl a tance of 120 pc (509 and references therein). W
species presented above, we clearly detect 41 spectratdesatassumed that the rotational levels of Si@e thermalized. This
that belong to 55 rotational transitions of $j®f which 14 approximation is adopted owing to the lack of informatiortlos
are doublets at the same frequency. SS@nission reaches its collision rate coéicients for high energy levels of SiCand is

9.5 5

9.0

8.5

Iog(‘SkIv,corr/8T’ B‘ITJS/.,LZU)
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Fig. 3. Abundance of Sig, X, derived from the chemical model the @bundance profile shown in red in Fig. 3.
described in the text (red line) and in thermodynamical ldutui

rium (green line). The blue line shows the kinetic tempe®tu . iional de Recherche Spatiale (CNES). JC, MA, JRG, JRP,, @8G FD

Tk, of the gas. The axis shows the distance to the star in @Bnk the Spanish MICINN for funding support under grants\R¥06-14876,
(bottom) and the angular distance (top) as seen from thdn Eax¥A2009-07304, and CSD2009-00038. LD and EDB acknowledgaritial
(d=120pc). support from the Fund for Scientific Research - Flanders (FWDS.P.M.
is grateful for support by the Bundesministerium fir Bitduund Forschung
(BMBF) administered through the Deutsches Zentrum futLufid Raumfahrt
justified by the fact that the lines observed with HIFI areried  (PLR), whose support was aimed in particular at maintainiigCDMS.
in the warm and dense inner regions of the CSE. Furthermore,
IR pumping of the lines was not included in our model. We fin
that adopting an Sigabundance of 21077 relative to H in the
inner envelope reproduces the gilhe profiles and intensities Agundez, M., & Cernicharo, J., 2006, ApJ, 650, 374
observed with HIFI reasonably well (see Fig. 4). The largest Agundez, M. 2009, PhD Thesis, Universidad Autonoma deridad

viation between modeled and observed line profiles is 30% %‘r”a"aba" V., etal., 2010, this volume
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Appendix A: SiC, Spectroscopy jected to a combined fit with the laboratory data. Tablg A& €o

. . . . .. pares the present parameters with those from Helet al. 1(2008)
S_llacyclopropynyhdene, Si§; Is a triangular molecule with a Il parameters were improved, especially the ones thatmtpe
dipole moment of 2.393 (6) D (Suenram et al.. 1989) along e, iy arly on. Even though the parametey was newly intro-
a-axis.R-branch transitions withK, = 0 are the strongest ones 'duced, the uncertainty df; also decreased. In most cases, the
Tge721107lecrl:Ie 'Sf fairly Esymrr?etruz = (2B - Amﬁ)/(A OC) q parametervaluesﬂiér only slightly from the previous ones, val-
~0.7117; thereforeQ-branch transitions witl\Ka = 0 and jqa4ing the previous model. Some changes outside the wiigert
transitions withAK, = +2 also have considerable intensities;jag are likely caused by includirlg in the fit. He et al. [(2008)
Measurements of such transitions, even at low frequentiag, have already found that only slight modifications of the para

improve predictions oRK, = 0 R-branch transitions at higher e \a1yes are required to fit isotopic data from their, ared p
frequencies. Sighas a low-lying asymmetric bending modsg vious astronomical (Cernicharo ei al., 1991) and laboyadata

this may lead to non-negligible changes in the dipole mom [, 1989). The SiGnes detected in the HIFI 1b

with K. Only transitions with evelk, are allowed because of : L . .
: " . . : ~ ' survey, their uncertainties, and residuals are listed bie[A.].
the spin statistics associated with the two equivalent Genuc y

The rotational spectrum of the main isotopic species op &%
been studied to some extent. Thaddeus et al. (1984) retheed
first detection of this species towards IRC0216 based on labo-
ratory measurements of several rotational lihes. Cernicéial.
M) reported the detection 8fSiC, and *°SiC, based on
astronomical observations. Suenram étlal. (1989) recottuezd

J = 1-0 transitions of the three silicon isotopologs of &iChe
detection of SCC in space was reported mt al.
(1991) based on astronomical and laboratory observatlans.
the same paper they reported tens of SRESIC,, 3°SiC,, and
Si*3CC lines detected in IR€10216 with frequency accura-
cies ranging between 0.2 and 1.0 MHz. At about the same time,
(Gottlieb et al. [(1989) reported 34 transitions recordeavben

90 and 370GHz. Even though the number of parameters (15)
was large, the data were only reproduced to within four times
the quoted uncertaintieﬁ]mo& found that the dat
could be reproduced almost within the reported unceresrifj
instead of Watson’é-, theS-reduction was used with two more
parameters plus an additional one that was estimated. Einobt
a balanced fit, the uncertainties from Gottlieb et/al. (1
multiplied by 1.5. The resulting fit was the basis of the CIIMS
catalog entryl(Miller et al., 2001, 2005).

The issue of the uncertainties reported for the laboratory
lines of Gottlieb et al. and their choice of parameters tohié t
data has already been discussed in the He et al. (2008) paper.
There it is pointed out that, despite a large number of spectr
scopic parameters used in the fit, the experimental data mgs o
reproduced within four times the reported uncertaintiesetal.
were able to reproduce the data much better by switching from
the A reduction (which was providing negative energies $#3)
using the Gottlieb et al. parameters) to the S reduction and b
increasing the number of parameters somewhat. Howevar, the
were only able to reproduce the laboratory data within Irfes
the experimental uncertainties. This finding suggeststtteagx-
perimental error estimates may have been too optimistieaat
as long as no model is available to reproduce the experithenta
data better than the model of He et al. Moreover, the increase
experimental uncertainties by 50% may well be too littledhese
a rather large set of spectroscopic parameters was neefied to
rather small set of experimental lines of this admittedlg rigid
molecule. As discussed below, we found in the present irvest
gation that the modified uncertainties by He et al. are apptep
for our present, more larger data set. The strong transitoa
predicted quite well up to about 500 GHz, but the quality & th
prediction deteriorates rapidly at higher frequencie#, tasned
out, in particular for lower values &f,. Therefore, the Sigtran-
sition frequencies from the present HIFI observations vgete

2 We made use of the CDMS [_(Mulleretal,[ 2001,
[2005, [httpywww.cdms.de) and JPL [ (Pickettefal.[ 10998,
http;//spec.jpl.nasa.gov) molecular data bases in this work.
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Table A.1. Observed Sigtransitions J%akc-J kake. Table A.2. Spectroscopic paramet@i®1Hz) for SiC, obtained

in the present investigation compared to a previous study.

Transition Obs. Freq. oc| S Ei/k l, :

Toore Jane | (MHe) (i) 00 Kk s G2 0572.000 @1 0574 191100,
24,5-235,1 | 557109.0(1.5)] 1.43 | 23.5| 328.2| 1.42(3) - (B+ : -
241515-23151, | 557600.0(1.5) 0.27 | 18.0 | 589.7 | 0.32(3) (B+C)/2 11800.11932(84) 11800.11861 (99)
24151523151, | 557600.0(1.5)| 0.27 | 18.0 | 589.7 | 0.32(3) (B-C)/4 678.41182(76)  678.41301 (130)
241015231014 | 562069.0(5.0)] —-1.09 | 19.9 | 505.2 | 0.45(11) Dy -1.3429(185)  -1.2880(227)
241014-231015 | 562069.0(5.0)| -1.09 | 19.9 | 505.2 | 0.45(11) Dk 1.624141(59) 1.624219 (88)
24417-23516 | 566903.0(6.0)| 7.29 | 21.4 | 436.6 | 0.74(5) Dy x 10° -1.1651(80) = -1.1845(115)
24516-23515 | 566912.0(6.0) 9.90 | 21.4 | 436.6 | 0.74(5) dy x 106° —2.4371(53) -2.4392(111)
24,:1-23420 | 568464.0(1.5)| —0.55 | 23.3 | 346.2 | 1.25(2) dp x 10° —7.1766 (30) —7.2002(80)
2516102416 0 | 571113.0(6.0)] 2.06 | 14.8 | 832.7 | 0.14(3) Hky x 10°P 669.68 (104) 670.39 (151)
2516 9-246 5 | 571113.0(6.0)| 2.06 | 14.8 | 832.7 | 0.14(3) Ha x 10° -138.26 (12) —138.66 (39)
2341022415 | 571141.0(1.5)| 2.43 | 22.4| 324.6 | 1.46(2) Hy x 10 0.9810 (187) 1.0079 (201)
24619-23615 | 572966.0(1.5)| 2.02 | 22.5| 384.1| 0.90(2) hy x 10° -193.0(101) —180.2(247)
2702726026 | 573938.0(1.5)| —0.07 | 26.9 | 364.7 | 1.48(2) hy x 10° -578.1(84) ~513.3(301)
26,5-25504 | 574425.0(1.5)| 153 | 25.7 | 361.9 | 1.27(2) hs x 10° 185.8(67) 157.0(93)
24615-23617 | 574577.0(1.5)] 3.70 | 22.5 | 384.2 | 1.02(2) Liky X 10° -135.4(69) ~138.5(80)
251412-24411 | 576122.0(6.0)] —3.08 | 17.2 | 716.6 | 0.13(3) Lk x 10 14.68 (175) 14.34 (266)
251411241410 | 576122.0(6.0)] —3.08 | 17.2 | 716.6 | 0.13(3) Lygk x 10° ~12.11(28) ~11.06 (78)
25,5240, | 577234.0(1.5)] 0.69 | 24.5 | 355.0 | 1.39(2) L, x 1012 138.9 (166) _
25114241513 | 580951.0(1.5)] 0.97 | 19.3 | 616.4 | 0.31(2) Puxiy X 1012 20P 20P
251215-24151, | 580951.0(1.5)] 0.97 | 19.3 | 616.4 | 0.31(2)

251016-241015 | 585735.0(1.5)| —-0.44 | 21.0 | 532.2 | 0.44(2) 2 watson'sS-reduction was used in the representatibnNumbers in
251015241014 | 585735.0(1.5)| —0.44 | 21.0 | 532.2 | 0.44(2) parentheses areviuncertainties in units of the least significant figures.
25g18-24517 | 590972.0(2.5)| 0.41| 22.5| 463.8 | 0.66(2) P Kept fixed to estimated value.

254202442 | 590814.0(1.5)| -1.58 | 24.3 | 373.5| 1.09(1)

25517-24515 | 590990.0(2.5)| 3.89 | 22.5 | 463.8| 0.66( 2)

2802627027 | 594745.0(1.5)| —0.57 | 27.9 | 392.2 | 1.46(3)

27226-26225 | 595235.0(1.5)| 2.63 | 26.7 | 389.4 | 1.43(3)

2445023410 | 596691.0(1.5)| 0.51 | 23.4 | 352.0 | 1.76(2)

25620-24610 | 597462.0(5.0)| —0.07 | 23.6 | 411.6 | 0.86(4)

26,24-25503 | 597477.0(2.5)| —0.93 | 25.5 | 382.7 | 1.10(4)

261413251412 | 599184.0(4.0)] -9.03 | 18.5 | 744.2 | 0.14(2)

261412-251411 | 599184.0(4.0)) —9.03 | 18.5 | 744.2 | 0.14(2)

25610-24615 | 599914.0(1.5)| 0.11 | 23.6 | 411.8| 0.85(2)

261214-251213 | 604324.0(6.0)| 7.38 | 20.5 | 644.3 | 0.38(3)

26151525114 | 604324.0(6.0)] 7.38 | 20.5 | 644.3 | 0.38(3)

261016-251015 | 609433.0(1.5)| —0.94 | 22.2 | 560.3 | 0.47(1)

261017-251016 | 609433.0(1.5)] —0.94 | 22.2 | 560.3 | 0.47(1)

26,423-2542, | 612914.0(1.5)| -0.82 | 25.3 | 401.8| 1.09(1)

26510-25515 | 615115.0(4.0)| —0.21 | 23.6 | 492.2 | 0.78(2)

264515-25517 | 615139.0(4.0)| 2.45 | 23.6 | 492.2| 0.70(2)

271612-261611 | 616666.0(6.0)] —1.46 | 17.6 | 888.7 | 0.06(1)

271611-261610 | 616666.0(6.0)] 5.55 | 17.6 | 888.7 | 0.06( 1)

2902028028 | 615547.0(1.5)| 5.55 | 28.9 | 420.8 | 1.55(2)

2722526254 | 617833.0(1.5)] 0.71| 26.5| 411.3| 1.15(2)

25,21-24450 | 621588.0(1.5)| -1.38 | 24.5 | 380.6 | 1.36(2)

26621-25620 | 621960.0(1.5)] 0.96 | 24.7 | 440.3 | 0.91(2)

271414-261413 | 622264.0(6.0)] —1.00 | 19.8 | 773.0| 0.11(1)

27141326141, | 622264.0(6.0)] —1.00 | 19.8 | 773.0 | 0.11(1)

2662025610 | 625591.0(1.5)| —1.43 | 24.7 | 440.6 | 1.06(2)

271216261215 | 627699.0(1.5)| —0.23 | 21.7 | 673.3 | 0.34( 1)

271215-261214 | 627699.0(1.5)] —0.23 | 21.7 | 673.3| 0.34(1)

271017261016 | 633168.0(1.5)| —0.26 | 23.3 | 589.6 | 0.45(2)

271018-261017 | 633168.0(1.5)] —0.26 | 23.3 | 589.6 | 0.45(2)

2742426453 | 634776.0(1.5)| —2.96 | 26.3 | 431.2| 1.15(3)

30030-29020 | 636346.0(1.5)| 0.01 | 29.9 | 450.3 | 1.25(4)
Notes: The first column lists the quantum numbers of the ttians.

0 — ¢ corresponds to observed minus calculated frequengiés.the
line strength and, is the energy of the lower level of the transition.

Iy

uncertainies in units of the last digits

= fTAdu is the integrated intensity. Values in parentheses are
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