


loss from CRL 2688, as evidenced by high-velocity molecu-
lar emission (see, e.g., Young et al. 1992; Jaminet et al. 1992;
Cox et al. 1997, 2000) and the presence of vibrationally
excited H2 and very high rotational lines of CO (Justtanont
et al. 2000; Kastner et al. 2001; Herpin et al. 2002). Multiple
molecular out”ows are apparent near the star (see, e.g., Cox
et al. 1997, 2000), and their interaction with the older,
slower AGB wind results in shock zones with temperatures
near 1000 K (Sahai et al. 1998a; Herpin et al. 2002).

Highberger et al. (2001) have recently detected AlF,
MgNC, and NaCN toward CRL 2688, the “rst metallic
species observed in this object. The line pro“les of these
molecules suggest that they arise exclusively from the rem-
nant AGB wind. Much of these data, however, were taken
with a large telescope beam such that source distributions
could not be easily established. To further this study, we
have conducted searches for AlCl and NaCl toward CRL
2688 using the IRAM 30 m telescope. While no evidence of
emission from AlCl was found down to a low noise limit,
NaCl was de“nitely detected in this source. We also
obtained new data for NaCN in CRL 2688 and did addi-
tional measurements at the Arizona Radio Observatory
(ARO) 2 12 m telescope. In contrast to IRC +10216, both
the sodium molecules appear to arise from extended shell-
like sources at a signi“cant radius (r � 1000) from the star. In
this paper we present our observations and discuss their
implications for circumstellar chemistry.

2. OBSERVATIONS

Measurements of NaCl, NaCN, and AlCl toward CRL
2688 were made on 2000 October 4…10 and 2001 September
8…15 using the IRAM 30 m telescope at Pico Veleta, Spain.
Rest frequencies of the transitions studied are listed in
Table 1, as well as beam sizes and e�ciencies. Observations
were conducted by wobble switching with a beam throw of
� 1>5 toward the CRL 2688 position, � ¼ 21h00m2090,
� ¼ 36� 2904400(B1950.0). Dual-polarization receivers were
used to observe at 1, 2, and 3 mm, with rejection of the
image sideband typically at levels of 10, 15, and 20 dB,
respectively. The back end used was a 1 MHz “lter bank
with 1024 channels, which was con“gured in a 4� 256 mode
to allow simultaneous observations at 3 and 1.3 mm or 2
and 1.1 mm. An autocorrelator was also simultaneously
employed as a back end for the 2 and 3 mm measurements.
This spectrometer was con“gured in parallel mode (2� 640
MHz) with 1.25 MHz resolution. The temperature scale at
the 30 m telescope is the chopper wheel corrected antenna
temperature, T �

A . Conversion to radiation temperature is
done using� b, the main-beam e�ciency, i.e., TR ¼ T �

A =� b.
Except for the AlCl transition at 160 GHz, the local oscilla-
tor was shifted at each frequency to obtain the proper side-
band identity of spectral features. Pointing was established
by observations of the planets and nearby quasars.

Observations of theJ ¼ 12 ! 11 transition of NaCl at
156 GHz were also conducted between 1999 October and
2002 December toward CRL 2688 using the ARO 12 m tele-
scope at Kitt Peak, Arizona. In addition, “ve transitions of
AlCl were studied at 2 and 3 mm toward IRC +10216
(� ¼ 9h45m1498, � ¼ 13� 3004000[B1950.0]) using the 12 m

telescope during 2002 June 6…11. The receivers employed
were dual-channel SIS mixers, operated in SSB mode with
at least 20 dB image rejection. Two 256-channel “lter banks
were used simultaneously in parallel mode, with 1 and 2
MHz resolutions (2 � 128 channels for both mixer polariza-
tions). The temperature scale at the 12 m telescope is given
in terms of T �

R , the chopper wheel antenna temperature cor-
rected for forward spillover losses. Conversion to radiation
temperatureTR in this case isTR ¼ T �

R =� c, where � c is the
main-beam e�ciency corrected for � fss. All measurements
were taken in beam-switching mode with a subre”ector o�-
set of � 200. Beam sizes, e�ciencies, and rest frequencies are
listed in Tables 1 and 2. Pointing was determined by
measurements of the planets, OJ +287 and DR 21.

3. RESULTS

The results obtained for CRL 2688 are presented in
Table 1, which displays line parameters for all observed fea-
tures. As shown in these data, four transitions of NaCl were
detected toward this object using the 30 m telescope, rang-
ing from 91 GHz (J ¼ 7 ! 6 transition) to 234 GHz
(J ¼ 18 ! 17). In addition, one line of the 37Cl isotopomer
was measured, namely, theJ ¼ 8 ! 7 transition at 102
GHz. The J ¼ 12 ! 11 line of NaCl was detected with the
12 m telescope as well. All observed features have velocities
in the range VLSR ¼ � 34:6 to � 39:1 km s� 1 and line
widths near 30 km s� 1, which are typical values for the low-
velocity AGB wind of CRL 2688 (see, e.g., Sopka et al.
1989; Young et al. 1992). The lines appear to get slightly
narrower as the frequency increases (and the beam size
decreases), with somewhat lower expansion velocities.
Hence, the higher energy lines may be preferentially sam-
pling the wind closer to the star. (LSR velocities and line
widths were established by “tting cusped shapes to the NaCl
pro“les.)

The NaCl line pro“les arising from the main chlorine
isotope observed with the 30 m telescope are shown in
Figure 1. Here the most interesting characteristic of these
features is illustrated„they all appear to be U-shaped. The
lower frequency lines (J ¼ 7 ! 6 and J ¼ 11 ! 10) also
appear to have asymmetric horns with the blueshifted peak
weaker than the redshifted one. This asymmetry could be
due to absorption of emission from the inner shell by outer,
colder material, as seen in COJ ¼ 2 ! 1 (Cox et al. 2000).
Alternatively, this e�ect could result from asymmetry in the
remnant shell itself, such as suggested by HC7N maps by
Rieu, Winnberg, & Bujarrabal (1986). This asymmetric line
shape is not unusual for this source and has been observed
in emission from SiC2, SiS, and C34S (see, e.g., Fukasaku
et al. 1994). TheJ ¼ 12 ! 11 andJ ¼ 18 ! 17 features, on
the other hand, have more symmetric horns.

Although the NaCl lines are quite weak, theU-shaped
pro“le appears on four individual transitions, suggesting
that it is a real e�ect. Averaging all four transitions also
enhances the cusped appearance, yielding a horn-to-center
ratio of � 2…3. TheU-shaped pro“les indicate that the emis-
sion from NaCl arises from a resolved, optically thin shell
(see, e.g., Olofsson et al. 1982). The respective telescope
beams fall in the range 1100…2700for the NaCl frequencies,
suggesting a shell source on the order of 2500in extent. The
line pro“les do not show any high-velocity wings as seen, for
example, in lines of CS, HCN, HNC, and HC3N (Young et
al. 1992; Jaminet et al. 1992; Rieu & Bieging 1990). The

2 The Arizona Radio Observatory (ARO) is operated by Steward
Observatory, University of Arizona, with partial support from the NSF
and the Research Corporation.
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high-velocity gas is thought to originate from the post-AGB
mass ejection; typically the wings fall in the ranges� 65 to
� 45 km s� 1 and � 15 to � 5 km s� 1. There is no emission at
these velocities in NaCl.

Further evidence for an extended source comes from the
detection of theJ ¼ 12 ! 11 transition of sodium chloride
in CRL 2688, using the 12 m telescope, which has a beam
size of 4000at this frequency. This spectrum is displayed in
Figure 2. The line shape in this case appears to be ”at-
topped, although this conclusion is certainly tentative, given
the signal-to-noise ratio. However, the NaCN line observed
with the 30 m telescope is quite visible in the 12 m spectrum,
and the C5H line is beginning to appear as well (see Figs. 1
and 2). The antenna temperatures of theJ ¼ 12 ! 11 line
measured at the two telescopes are consistent with a source
extent on the order of� s � 2000 2500.

In contrast to NaCl, AlCl was not detected in CRL 2688
using the 30 m antenna. As shown in Table 1, theJ ¼ 7 ! 6

TABLE 2
Other Molecules Observed in the Bandpass for CRL 2688

Molecule Transition
Frequency

(MHz)
T �

A

(K)
VLSR

(km s� 1)
DV1/2

(km s� 1)

HC3N .................. v7 = 1, J = 10 ! 9, • = 1e 91,202.5 0.024� 0.001 � 36.7� 3.3 29.6� 3.3
C6H ..................... 2P1/2, J = 36.5 ! 35.5b 101,925.3 0.005� 0.001 � 36.8� 2.9 35.3� 2.9
MgNC a................ N = 12 ! 11 . . . . . . . . . . . .

J = 11.5 ! 10.5 143,168.7 . . . . . . . . .
J = 12.5 ! 11.5 143,183.9 0.020� 0.002 �� 33 � 60

Si33Sa ................... J = 8 ! 7 143,175.3 . . . . . . . . .

C5Ha .................... 2P3/2, J = 32.5 ! 31.5a 156,178.8 0.006� 0.003 �� 33 � 50
2P3/2, J = 32.5 ! 31.5b 156,185.0 . . . . . . . . .

U ......................... . . . 91,130 0.002� 0.001 � 33.0 36.2� 3.3
. . . 102,010 0.002� 0.001 � 33.0 � 30
. . . 140,433b 0.010� 0.004 � 33.0 50.7� 2.7

Note. „IRAM 30 m data measured with a resolution of 1 MHz. All errors are 3 � . Beam sizes and e�ciencies as
given in Table 1.

a Blended lines.
b Measured with 1.25 MHz resolution using the autocorrelator.

Fig. 1.„Spectra of the J ¼ 7 ! 6, J ¼ 11 ! 10, J ¼ 12 ! 11, and
J ¼ 18 ! 17 transitions of NaCl detected toward CRL 2688 using the
IRAM 30 m telescope at 91, 143, 156, and 234 GHz, respectively. Spectral
resolution is 1 MHz. All four NaCl lines appear to have U-shaped pro“les,
indicating emission arising from an optically thin shell, resolved with
respect to the telescope beams (� b � 1100 2700). NaCl had previously been
observed only toward IRC +10216.

Fig. 2.„ J ¼ 12 ! 11 line of NaCl in CRL 2688, measured with the Kitt
Peak 12 m telescope with 2 MHz resolution. This line appears ”at-topped,
as expected for unresolved emission in a 4000antenna beam.
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and J ¼ 11 ! 10 transitions at 102 and 160 GHz were not
observed down to 3 � noise limits of 3 and 4 mK,
respectively. Coincidentally, theJ ¼ 8 ! 7 transition of
Na37Cl appears in the bandpass of the AlClJ ¼ 7 ! 6 line.
This line was detected, as shown in Figure 3. Even in this
extremely weak feature there is a hint of a cusped shape.
The C6H line in the bandpass also has a suggestion of a
U-shaped pro“le.

Transitions of NaCN were often present in the observing
bandpasses for NaCl, as shown in Figure 1. Visible here are
the Ka ¼ 4 components of the J ¼ 10 ! 9 transition of
sodium cyanide near 156 GHz andKa ¼ 5 components of
the J ¼ 15 ! 14 line at 234 GHz. Curiously, the lower fre-
quency line appears to be ”at-topped, indicating unresolved
emission, while the other transition looks cusp-shaped.
Additional NaCN transitions had been previously mea-
sured in past studies toward CRL 2688 with the 30 m
antenna (Highberger et al. 2001); for comparison, several of
these are displayed in Figure 4. TheKa ¼ 2, 4, and 5 asym-
metry components of theJ ¼ 9 ! 8 transition seem to have
cusped pro“les, while theJ ¼ 10 ! 9, Ka ¼ 5 line looks
”at-topped. (The J ¼ 9 ! 8, Ka ¼ 6 feature is too weak to
ascertain a line shape.)

Line parameters for the complete data set of NaCN are
given in Table 1. The eight observed features have consistent
LSR velocities and line widths, which indicate an origin in
the remnant AGB wind. The cusped versus ”at-topped
shapes for the sodium cyanide features could just be a result
of low signal-to-noise ratio. On the other hand, the cusped
features arise from transitions that are lower in energy
(Eu � 90 K„comparable to energies of the NaCl 2 and 3
mm lines) or were observed with the smaller beam at 1 mm.
The ”at-topped features are higher energy lines, measured
with a larger beam. The low-energy lines, therefore, trace an
optically thin, spatially resolved shell; the higher lying
transitions require more stringent excitation conditions and
arise from a smaller shell, closer to the star, which is only
spatially resolved at 1 mm. Consequently, the distribution

of NaCN is likely to be as extended as that of NaCl
(� s � 2000 2500).

A summary of other molecular transitions observed in
the bandpasses is given in Table 2. These features include
vibrationally excited HC3N, the free radicals C5H, C6H,
and MgNC (previously detected by Highberger et al. 2001),
and several unidenti“ed lines.

Line parameters for the AlCl transitions observed toward
IRC +10216 with the 12 m telescope are presented in
Table 3. These data were taken to establish a more accurate
abundance for AlCl in this source. All line pro“les were ”at-
topped in this case, as expected. The LSR velocities for all
features are near� 26 km s� 1, and the line widths fall in
the range of 22…30 km s� 1. These values are typical of
IRC +10216 (see Cernicharo, Gue´lin, & Kahane 2000).

4. DISCUSSION

4.1. The Extreme Excitation Conditions Required
for NaCl and NaCN

Sodium chloride has been identi“ed in CRL 2688, the “rst
source other than IRC +10216 where this refractory species

Fig. 3.„Spectra of the J ¼ 8 ! 7 transition of Na37Cl detected toward
CRL 2688 using the IRAM 30 m telescope. The spectral resolution is
1 MHz. Combined with the Na35Cl data, this spectrum indicates a35Cl/ 37Cl
ratio of 2:1 � 0:8, suggestive ofs-process enhancement of 37 chlorine.

Fig. 4.„Spectra of Ka-components of NaCN in the J ¼ 9 ! 8 and
J ¼ 10 ! 9 transitions observed toward CRL 2688. Multiple Ka-
components are present, con“rming the previous detection of this molecule
in this source. The data were taken with 1.25 MHz resolution. Some lines
appear U-shaped and others are ”at-topped, depending on their energy
above ground state (see text).
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has been found (Cernicharo & Gue´lin 1987). These observa-
tions suggest that NaCl may be present in other AGB and
post-AGB circumstellar envelopes as well. Unlike IRC
+10216, however, where interferometer maps show the
NaCl distribution to be con“ned to within a few arcseconds
of the star (Guélin et al. 1997), the observations toward
CRL 2688 indicate that the emission from this molecule is
more extended and exists in a shell-like source with a
diameter � 2000…2500. The same situation also appears to
apply to NaCN.

The extended emission of NaCl and NaCN at “rst glance
is not unusual; species such as SiS, HNC, and HC7N also
have extended, shell-like sources in CRL 2688 arising from
the remnant AGB wind. For example, Fukasaku et al.
(1994) estimate that SiS and HNC arise from shells with
radii of � 1700and 1400, respectively. However, these results
are based on measurements of transitions that lie relatively
low in energy (HNC J ¼ 1 ! 0, SiSJ ¼ 5 ! 4). Also, SiS
and HNC have moderate dipole moments of 1.73 and 2.7 D
and thus are excited relatively easily, given the physical con-
ditions in the remnant wind. Such conditions are traced by
CO observations, which suggest a considerable gradient in
both gas kinetic temperature and density as a function of
radius from the star. For example, at a radius of
r ¼ 1:5 � 1017 cm (or � 1000), modeling of CO indicates a
temperature of TK � 10 K (Truong-Bach et al. 1990) and
n � 103 cm� 3 (Yamamura et al. 1996). Measurements of
CO J ¼ 3 ! 2 and HCN J ¼ 4 ! 3 emission, on the other
hand, suggest that the kinetic temperature must be some-
what higher than that of the Truong-Bach et al. model
(Jaminet et al. 1992). These authors conclude nonetheless
that the rapid decrease in temperature and density from the
star must be qualitatively correct.

In contrast to molecules like CO, SiS, and HNC, both
NaCl and NaCN have very large dipole moments. Experi-
mental measurements have shown that the dipole moment
of NaCl is l0 ¼ 9:0 D (Seth et al. 1999). Only theoretical cal-
culations exist for NaCN, which indicate l0 ¼ 9:05 D
(Klein, Goddard, & Bounds 1981), not 3.56 D, as incor-
rectly quoted by Turner, Steimle, & Meerts (1994). The
transitions detected for both NaCl and NaCN are, in gen-
eral, relatively high in energy. TheJ ¼ 7, 11, 12, and 18 lev-
els of sodium chloride lie at 17.5, 41.3, 48.8, and 106.9 K
above ground state, respectively. The sodium cyanide tran-
sitions have upper-state energies in the range 43.3
(JKa;Kc

¼ 92;8 ! 82;7) to 150.0 K (JKa;Kc
¼ 155;11 ! 145;10

and 155;10 ! 145;9).

Exciting these observed transitions requires high densities
and temperatures. For instance, in order to equate the spon-
taneous decay rate downward with the collisional rate
upward (Au1 � C1u) for the J ¼ 7 ! 6 transition of NaCl,
gas densities on the order ofnðH2Þ � 5 � 106 cm� 3 are
required, assumingTK � 50 K and an estimated cross sec-
tion of 10� 15 cm2. For the J ¼ 18 ! 17 line, the required
density isnðH2Þ � 108 cm� 3. At 300 K, the respective den-
sities drop only a factor of 3. Modeling the relative inten-
sities of the four observed NaCl transitions using the large
velocity gradient (LVG) approximation yields equally high
densities and temperatures. ForTK � 50 K, no reasonable
reproduction of the relative intensities could be obtained.
Temperatures near 250…300 K gave better results, provided
that the densities wereð4 6Þ � 107 cm� 3. Such physical con-
ditions are not found in the AGB remnant wind, at least
according to the millimeter-wave CO data (Truong-Bach
et al. 1990; Yamamura et al. 1996).

Modeling of the NaCl line pro“les was also carried out
using the radiative transfer code for circumstellar shells of
Bieging & Tafalla (1993). Inputs to this model are the mass-
loss rate, the temperature of the star, expansion velocity,
molecule abundance, and a temperature pro“le. For CRL
2688, the “rst three parameters were assumed to be
1:7 � 10� 4 M	 yr� 1, 6500 K, and Vexp � 18 km s� 1

(Truong-Bach et al. 1990; Young et al. 1992). Collisional
cross sections were estimated from those of SiS. Employing
the temperature pro“le of Truong-Bach et al. (1990) and an
r� 2 density gradient, as expected for an expanding envelope,
the line pro“les for NaCl could not be reproduced inde-
pendent of the abundance chosen. Either the model grossly
underestimates the line temperatures of all four transitions
or it reproduces an overly strong J ¼ 7 ! 6 transition,
while underestimating the intensities of the higher energy
lines. Moreover, the line pro“les derived were never
U-shaped.

4.2. Further Evidence for Shocks and Clumping in CRL 2688

To account for the observed NaCl (and NaCN) lines, a
higher degree of excitation must be occurring than is found
in the remnant wind alone. Infrared pumping from the cen-
tral star is not the likely alternative. Thev ¼ 1 level of NaCl
lies 520 K above ground state, or at 27.6lm. The infrared
“eld from CRL 2688 is characterized by dust withT � 200
K (Forrest et al. 1975; Omont et al. 1995). Another possibil-
ity for creating high-excitation conditions are shocks and

TABLE 3
Observations of A lCl in IRC +10216

Transition
Frequency

(MHz)
hb

(arcsec) � c

T �
R

(K)
VLSR

(km s� 1)
DV1/2

(km s� 1)

J= 7 ! 6a ................... 102,031.9 62 0.87 0.009� 0.002 � 28.0� 2.9 21.7� 2.9
J= 9 ! 8 .................... 131,175.2 48 0.80 0.013� 0.004 � 25.2� 4.6 27.4� 4.6
J= 10 ! 9b ................. 145,744.5 43 0.76 � 0.015 �� 26 � 25
J= 11 ! 10................. 160,312.1 39 0.72 0.022� 0.004 � 26.5� 3.7 29.9� 3.7
J = 12 ! 11c .............. 174,877.6 36 0.67 � 0.02 �� 26 � 25

Note. „Kitt Peak 12 m data measured with a resolution of 2 MHz. All errors are 3 � .
a Measured with 1 MHz resolution.
b In line wing of C33S.
c Blended with C2H and SiN.
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their associated instabilities. Observations of both CO in
the infrared and vibrationally excited H2 at 2 lm suggest
that shocks are created when the high-velocity ”ow from the
most recent episode of mass loss collides with the remnant
AGB wind (Cox et al. 2000; Kastner et al. 2001; Herpin et
al. 2002). Substantial clumping may occur due to Rayleigh-
Taylor or thermal instabilities at this interface as well,
yielding substantial increases in gas density in a shell-like
structure (Hartquist & Dyson 1987; Young et al. 2003). In
fact, the quadrupole, or clover-like, structure observed in
H2 emission corresponds to the edges of the high-velocity
out”ows in CO (Cox et al. 2000), which is material thought
to be entrained in jets originating at the star. Furthermore,
the extent of H2 emission is on the order of 1000…1200(Sahai
et al. 1998a), measuring from lobe to lobe. Hence, it is about
the approximate size of the inner shell tracing the NaCl
emission, as deduced from the line pro“les. In fact, the pro-
posed shell geometry is likely to be an idealization of the
source distribution. NaCl and NaCN emission probably
arises from a more irregular, clumpy distribution, perhaps
coincident with the jets interacting with the AGB wind. The
“lling factor of the emitting region cannot be too small,
however; otherwise, NaCl would not have been observed in
the 4000beam of the 12 m.

Herpin et al. (2002) have modeled far-IR and millimeter-
wave lines of CO using an LVG code. Their data can be
“tted with a three-component model: (1) a fast wind within
a 1>5 radius from the star, with temperatures in the range
800…400 K,nðH2Þ � 5 � 107 cm� 3, and v � 60 200 km s� 1;
(2) a moderate wind with T � 250 K, nðH2Þ � 5 � 107,
cm� 3, and v � 40 km s� 1 with � s � 1500; the decrease in
velocity occurs on collision with the AGB shell; (3) the AGB
remnant envelope withT � 50 K, n � 5 � 105 cm� 3, and
� s � 2500. Curiously, the extent of NaCl emission is roughly
a 2000…2500 shell, i.e., intermediate in size between the
medium wind and the AGB remnant. Hence, the emission
likely traces the back of the envelope material that is
impacted by the fast winds. In fact, if one uses density and
temperature pro“les based on Herpin et al. (2002), such that
at r � 700, the temperature isT � 200 K and nðH2Þ � 107

cm� 3, all four of the line pro“les are fairly well reproduced
using a shell model with a� 700width and rinner � 500. Hence,
if the e�ects of shocks and clumping from the impact of the
fast out”ow do su�ciently compress the gas and raise its
temperature to near 200 K, the necessary excitation condi-
tions are present in CRL 2688 to explain the observed NaCl
emission. Because the dipole moment of NaCN is virtually
identical to that of NaCl, these sets of conditions explain the
sodium cyanide lines as well.

4.3. Another View of Refractory Chemistry
in Circumstellar Envelopes

According to models of equilibrium chemistry in circum-
stellar shells (Tsuji 1973; McCabe, Smith, & Clegg 1979;
Lafont, Lucas, & Omont 1982; Sharp & Huebner 1990),
refractory species form abundantly in the hot, dense gas
close to the stellar photosphere. As this material ”ows away
from the star and cools, the refractory species condense into
dust grains. Most of the heavy elements, such as silicon,
magnesium, and aluminum, are thought to remain in the
gaseous state untilT � 1000 K, which is thought to corre-
spond to a few stellar radii away from the star itself (Lafont
et al. 1982; Glassgold 1996). There is some observational

evidence for this e�ect in IRC +10216, for example, in the
case of SiS (see, e.g., Boyle et al. 1994). Therefore, if the rem-
nant AGB wind has traveled su�ciently far away from the
star, all refractories should be in the form of dust grains.

In contrast to these predictions, NaCl and NaCN in CRL
2688 appear to be located at a considerable distance from
the star (r � 1000, or r � 1:5 � 1017 cm, corresponding to
>1000R* at 1.0 kpc; Sahai et al. 1998b). These molecules
may have survived in the gas phase and therefore escaped
condensation. Another possibility is that they have been
newly formed in the shocked, turbulent material, perhaps
after refractory elements have been sputtered from grain
surfaces.

There is some evidence that species such as NaCl and, by
inference, NaCN remain in the gas phase after grain forma-
tion. In the LTE calculation for an oxygen-rich star, Tsuji
(1973) predicts that the NaCl abundance steadily increases
as the gas cools from 5000 to 1000 K. AlF has similar behav-
ior. AlCl, in contrast, starts to decrease in abundance
around 1200 K. Tsuji, however, does not consider grain for-
mation. Sharp & Huebner (1990) compute a solar abun-
dance, LTE chemistry model with condensation and also
“nd that the NaCl abundance increases as the temperature
decreases from 2000 to 1000 K. AlCl and AlF, on the other
hand, are incorporated rapidly into grains atT � 1200 K.
In fact, NaCl and KCl are the only refractory species in the
gas phase at this temperature. (Such calculations could
explain why AlCl was not observed; however, AlF is quite
abundant in CRL 2688; Highberger et al. 2001.) The reason
for the persistence of NaCl and KCl is that metals like alu-
minum, iron, and magnesium are found more frequently in
solid-state materials than Na or K. According to Sharp &
Huebner, sodium only gets incorporated into Na2SiO3 and
NaAlSi 3O8 and potassium into KAlSi3O8. These com-
pounds are not good possibilities for carbon-rich envelopes,
however. Hence, it is very unclear what actually happens to
NaCl at temperatures lower than 1000 K.

There is some observational evidence that grain conden-
sation actually does occur for NaCl and NaCN in IRC
+10216. Interferometer observations of 3 mm transitions of
these species show a con“ned •• inner shell •• distribution for
both molecules (Guélin et al. 1997). Because both com-
pounds have such large dipole moments, however, some of
this con“nement may be a result of excitation rather than
chemistry and grain formation. In contrast, MgNC is found
in the outer shell in IRC +10216. This species has a dipole
moment of 5.2 D (Ishii et al. 1993), also requiring rather
extreme excitation conditions. MgNC, on the other hand, is
postulated to be formed by radiative association reac-
tions (Petrie 1996) and hence may undergo appreciable
vibrational (and hence, rotational) excitation.

Formation of NaCl and NaCN under shock conditions in
CRL 2688 itself is another option. Willacy & Cherchne�
(1998) have found that pulsation-driven shocks can initiate
silicon and sulfur chemistry in AGB circumstellar shells.
Given the presence of vibrationally excited H2, the shocks
and clumping e�ects in CRL 2688 are probably even more
capable of inducing chemical reactions. Furthermore, a sim-
ple calculation shows that timescales are not too short for
the gas-phase chemical formation of compounds such as
NaCl. For example, if it is assumed that all of the available
chlorine is in the form HCl, the reaction Na þ HCl !
NaCl þ H is a likely route to the formation of sodium chlor-
ide. (NaCl is thermodynamically more stable than HCl.) If
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the reaction rate of this process is estimated to bek � 10� 10

cm3 s� 1 for T � 250 K and nðH2Þ � 5 � 107 cm� 3, the time-
scale needed to convert all of the HCl to NaCl is� 50 yr.
CRL 2688 is thought to have left the AGB � 200 yr ago
(Skinner et al. 1997), and the interaction of the fast wind
with the AGB remnant is thought to have been occurring
for � 200 yr as well, based on the linear extent of the H2
images (Sahai et al. 1998a). This calculation does assume
that atomic sodium is already in the gas phase and/or is
quickly liberated from grains in the initial shock.

Further evidence for the e�ects of shocks/clumping is
apparent in the abundance di�erences between IRC +10216
and CRL 2688 for NaCl, NaCN, and AlCl, presented in
Table 4. The values here were derived from a rotational
analysis of multiple transitions for each species, using the
spectra presented here and the data of Cernicharo & Gue´lin
(1987) and Cernicharo et al. (2000) for NaCl and NaCN in
IRC +10216. The source sizes in IRC +10216 for NaCl and
NaCN were based on the maps of Gue´lin et al. (1997); AlCl
was assumed to have a similar distribution. For CRL 2688,
a shell geometry was used as an approximation, as dis-
cussed. The column densities obtained from the rotational
diagrams were converted to fractional abundances assum-
ing the described geometries and a mass-loss rate of
1:7 � 10� 4 M	 yr� 1 for CRL 2688 and 3 � 10� 5 M	 yr� 1 for
IRC +10216 (Truong-Bach et al. 1990; Sahai et al. 1998a;
Guélin et al. 1997). The rotational temperatures obtained
from the analyses fall in the range 50…100 K„as to be
expected for molecules with high dipole moments residing
in hot, dense gas. (The dipole moment of AlCl is estimated
to be 1.5 D; Huzinaga, Miyoshi, & Sekiya 1993.)

The most noticeable di�erence between the two sources is
the lack of AlCl in CRL 2688, which is at least a factor of 50
less abundant than in IRC +10216. Also, the NaCl abun-
dance is about a factor of 25 lower in CRL 2688, while that
of NaCN is roughly comparable. (It should be noted that
previous abundances derived for NaCN in these objects by
Highberger et al. 2001 have been revised.) The abundances
in IRC +10216 can quantitatively be accounted for by LTE
chemistry as long asT � 1200 K (Tsuji 1973; Sharp &
Huebner 1990). In CRL 2688, the situation is completely
di�erent; there are two possibilities. NaCl and NaCN may
have survived in the gas phase in the AGB wind, unlike
AlCl; shocks/clumping e�ects are only needed to excite
them. Hence, refractory material has a substantial gas-
phase component, long after grain formation. The shocks

themselves may, on the other hand, be chemically producing
NaCl and NaCN via neutral-neutral reactions, which
require high temperatures and densities. The shocks may be
required to liberate atomic sodium from the grains as a
prior process as well. Sodium, with its lower melting
point, is more easily vaporized o� solid-state surfaces than
aluminum, hence the absence of AlCl. Curiously, atomic
sodium has been detected in the shell of CRL 2688
(Klochkova, Szczerba, & Panchuk 2000).

4.4. The 35Cl/37Cl Ratio in NaCl and Its Implications

In AGB stars, the abundances of many heavy elements
are enhanced via slow neutron capture processes (s-
processes), driven by13C(� , n)16O and 22Ne(� , n)25Mg
reactions (see, e.g., Busso, Gallino, & Wasserburg 1999).
The latter process only becomes activated in intermediate-
mass AGB stars, when the temperatures in the thermal-
pulse phase become su�ciently high. Intermediate-mass
nuclei in the range Ne to Fe, including chlorine, are thought
to undergo some abundance variations due tos-processing.
37Cl is postulated to be enhanced by neutron capture reac-
tions, while 35Cl is depleted (Kahane et al. 2000). Hence, the
35Cl/ 37Cl ratio can be a sensitive tracer ofs-processes in
intermediate-mass AGB stars.

From the measurements carried out in this study, the
35C1/ 37Cl ratio can be calculated. This ratio was derived by
comparing the J ¼ 7 ! 6 lines of Na35Cl and the
J ¼ 8 ! 7 transition of Na37Cl, corrected for the di�erent
beam e�ciency, transition frequency, line strength, and
energy above ground state (13.1 and 17.1 K). Both transi-
tions are very close in energy and thus can be assumed to
have the same excitation temperatures. The chlorine ratio
was calculated to be35Cl=37Cl ¼ 2:1 � 0:8. In comparison,
the solar value is 3.13 (Anders & Grevesse 1989). While the
ratio measured toward CRL 2688 has large errors bars, it is
still low relative to the solar value and suggestive that some
enhancement of37Cl has occurred. The mass of CRL 2688 is
estimated to be at least 3M	 (see, e.g., Speck, Meixner, &
Knapp 2000); i.e., activation of the22Ne neutron source can
occur.

The 35C1/ 37Cl isotope ratio has also been measured in
IRC +10216 by Kahane et al. (2000). These authors
obtained a value of 2:33� 0:5, based on NaCl, and a value
of 2:15� 0:33, using AlCl emission. Consequently, IRC
+10216 shows clear evidence ofs-process chlorine 37

TABLE 4
Comparison of Abundances in CRL 2688 and IRC +10216

Object
Distance

(kpc) Molecule
Source Distributiona

(arcsec)
Ntot

(cm� 2)
Trot

b

(K) Fractional Abundancec

CRL 2688 ................. 1.0 NaCl � 25 1.9� 1011 75 1.6� 10� 10

AlCl � 25d < 1.9 � 1012 50d < 1.7 � 10� 9

NaCN � 25 6.0� 1012 141 5.2� 10� 9

IRC +10216.............. 0.15 NaCl 5 3.0� 1013 18 4.3� 10� 9

AlCl 5 d 6.7 � 1014 42 9.4� 10� 8

NaCN 5 1.6 � 1014 122 2.3� 10� 8

a Shell distribution assumed for CRL 2688 with width 700, router ¼ 12>5, andrinner ¼ 5>5. Spherical distribution for IRC +10216
with r ¼ 2>5.

b Derived from rotational analysis.
c Relative to H2; assumes mass-loss rate of 1:7 � 10� 4 M	 yr� 1 for CRL 2688 and 3 � 10� 5 M	 yr� 1 for IRC +10216 (see text).
d Assumed value.
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enhancement. Higher sensitivity measurements should be
able to better constrain this ratio toward CRL 2688.

5. CONCLUSION

NaCl has been conclusively detected toward the proto…
planetary nebula CRL 2688„the “rst time this molecule
has been observed in a source other than the envelope of the
AGB star IRC +10216. New transitions of NaCN have also
been observed in this object. Searches for AlCl toward CRL
2688, in contrast, proved negative, although this molecule is
more abundant than either sodium species in IRC +10216.
Thus, four metal-bearing species have been observed to date
in CRL 2688: NaCl, NaCN, MgNC, and AlF. NaCl and
NaCN appear to be present much farther from the star
in CRL 2688 than in IRC +10216 [r � 1017 cm vs.
ð0:5 1:0Þ � 1016 cm] and are concentrated in the remnant
AGB wind, as opposed to the newer, fast out”ow arising
from the most recent mass-loss event. However, the gas den-
sities and temperatures required to excite the transitions
observed are extremely high, given the molecular dipole
moments, and such conditions would not be found in the
remnant wind alone. Shocks and associated clumping are

required to explain the observations. The presence of vibra-
tionally excited H2 and infrared CO lines indicates that
shocks and high gas densities and temperatures must exist.
The spatial distribution of these high-energy tracers is
consistent with the extent of the NaCl and NaCN lines, sug-
gesting that the sodium molecules arise from the region
where the high-velocity wind collides with the AGB rem-
nant shell. Therefore, NaCl and NaCN in CRL 2688 may
be produced by shock chemistry, possibly in conjunction
with grain sputtering, as opposed to the traditional LTE
synthesis near the stellar photosphere. Circumstellar chemi-
cal models may therefore need to include the e�ects of
shocks and enhanced densities and temperatures at substan-
tial distances from the star, at least in post-AGB models.
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Cernicharo, J. 2002, ApJ, 564, L45

No. 1, 2003 DETECTION OF N aCl TOWARD CRL 2688 401


