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ABSTRACT

The pure rotational spectrum of the KS radical (X 2Pi) has been recorded using millimeter/submillimeter direct
absorption techniques in the range 248–409 GHz. This work is the first laboratory detection of KS by any method.
The species was created by the reaction of potassium vapor and CS under DC discharge conditions. Twenty-2

three rotational transitions were measured in both spin-orbit components, and ; lambda-doublingQ 5 1/2 Q 5 3/2
splittings were resolved in each substate. These data were analyzed with a case (a) Hamiltonian, and the2P
rotational, spin-orbit, and lambda-doubling parameters have been determined. The lambda-doubling p-constant
was found to be anomalously large, indicating the presence of a state that is close by. The detection of KCl2S
in the circumstellar shell of IRC 110216 indicates that potassium is present in the gas phase and may be in the
form of other species such as KS.

Subject headings: ISM: molecules — line: identification — molecular data

1. INTRODUCTION

At the present time, little is known about the abundance and
distribution in the dense gas of elements from the fourth row
of the periodic table, although several of them have substantial
cosmic abundances. For example, some transition metals are
quite prevalent, including iron (Fe/H ∼ ), chromium252.6 # 10
(Cr/H ∼ ), and even nickel (Ni/H ∼ )27 274.0 # 10 1.5 # 10
(e.g., Sharp & Huebner 1990). The only fourth-row element
that has been detected to date in dense material is potassium,
which has a cosmic abundance of K/H ∼ . It has271.3 # 10
been observed in one molecule, KCl, toward the circumstellar
envelope of the late-type carbon star IRC 110216 (Cernicharo
& Guélin 1987).

In diffuse gas, much more is known about gas-phase abun-
dances and the corresponding depletions of the fourth-row el-
ements from optical measurements of atoms against back-
ground stars. Such observations suggest that iron, titanium, and
calcium are highly depleted relative to their cosmic abundances
(e.g., Sofia, Cardelli, & Savage 1994). Potassium, on the other
hand, undergoes only moderate depletion.

In contrast, with the exception of argon, all third-row ele-
ments have been detected in molecules in either dense clouds
or circumstellar envelopes. For example, chlorine (Cl/H ∼

) has been observed in the form of HCl toward271.8 # 10
SgrB2 and Orion (e.g., Zmuidzinas et al. 1995). Phosphorus,
which has a cosmic abundance of , has been detected273.0 # 10
in the PN and CP molecules (e.g., Ziurys 1987; Guélin et al.
1990). Certain metal-bearing species have been observed in
the shell of IRC 110216, including MgNC, MgCN, AlCl, AlF,
NaCN, and NaCl (Guélin, Lucas, & Neri 1996). Therefore,
detection of molecules containing fourth-row elements may not
be unexpected.

High spatial resolution maps of IRC 110216 carried out
with the Plateau de Bure interferometer indicate that emission
from NaCl and AlCl is confined to the inner envelope, ex-
tending no more than 10 from the central star (e.g., Guélin et′′

al. 1996). Although such mapping has not yet been carried out
for KCl, this molecule is likely to have a similar distribution
to the other chloride species. However, the carriers of potassium
in the outer envelope of IRC 110216 are unknown. One prob-
lem in studying this element has been the lack of accurate rest
frequencies for K-containing molecules. With the exception of

a few species such as KOH (Kuczkowski, Lide, & Krisher
1966) and KCN (Törring et al. 1980), as well as the halides,
few simple potassium-bearing molecules have been studied by
high-resolution spectroscopy.

In this Letter, we present the first laboratory detection of KS
and the measurement of its pure rotational spectrum. This free
radical was found to have a 2Pi ground state, similar to NaS
(Li & Ziurys 1997). Rotational transitions were recorded for
both the and spin-orbit components of KS inQ 5 3/2 Q 5 1/2
the range 248–409 GHz. Along with the rest frequencies, ro-
tational, spin-orbit, and lambda-doubling parameters of this
species have been determined.

2. EXPERIMENTAL

The transition frequencies of KS were recorded using one
of the millimeter/submillimeter spectrometers of the Ziurys
group (Ziurys et al. 1994). Briefly, the instrument consists of
a phase-locked Gunn oscillator/Schottky diode multiplier
source, a double-pass reaction chamber incorporating a Broida-
type oven, and a helium-cooled InSb detector. The optics of
the spectrometer were designed using Gaussian-beam methods.
The source is modulated to enable phase-sensitive detection,
and all signals are processed at 2f such that second-derivative
spectra are measured.

The KS radical was created by the reaction of potassium
vapor and carbon disulfide (CS ) under DC discharge condi-2

tions. The vapor was produced in the Broida-type oven and
entrained in 20 mtorr of argon carrier gas. About 5 mtorr of
CS was added to this mixture and discharged using a current2

of 50 mA at 200 V. The reaction plasma glowed bright purple,
presumably from atomic potassium emission.

Transition frequencies were measured for 92 separate lines
of KS. Frequencies were determined from Gaussian fits to
the line profiles, obtained from an average of two 5 MHz
wide scans, one in increasing frequency and the other in
decreasing frequency. Line widths were 600–700 kHz over
the 248–409 GHz range. Experimental accuracy is estimated
to be 5100 kHz.
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TABLE 1
Observed Transition Frequencies of KS (X 2Pi)

a

J0 r J9 Parity

2P3/2
2P1/2

vobs v 2 vobs calc vobs v 2 vobs calc

33.5 r 34.5 . . . . . . e 249430.995 20.058 248813.650 20.004
f 249434.792 20.072 251050.353 20.017

34.5 r 35.5 . . . . . . e 256628.685 20.014 256027.073 20.048
f 256632.710 20.021 258260.441 0.008

35.5 r 36.5 . . . . . . e 263823.565 20.018 263237.821 0.002
f 263827.815 20.025 265467.641 20.032

36.5 r 37.5 . . . . . . e 271015.615 20.012 270445.691 0.020
f 271020.098 20.017 272671.996 20.011

37.5 r 38.5 . . . . . . e 278204.736 20.019 277650.634 20.010
f 278209.462 20.019 279873.292 20.015

38.5 r 39.5 . . . . . . e 285390.870 20.019 284852.628 0.018
f 285395.856 20.001 287071.642 0.098

39.5 40.5 . . . . . .r e 292573.942 20.006 292051.527 0.008
f 292579.155 20.010 294266.600 20.017

40.5 r 41.5 . . . . . . e 299753.862 0.003 299247.294 0.030
f 299759.322 20.009 301458.443 20.024

41.5 r 42.5 . . . . . . e 306930.552 0.010 306439.813 0.006
f 306936.262 20.011 308646.950 20.028

42.5 r 43.5 . . . . . . e 314103.957 0.037 313629.043 0.007
f 314109.951 0.035 315832.109 0.006

43.5 r 44.5 . . . . . . e 321273.940 0.027 320814.894 0.025
f 321280.215 0.035 323013.850 0.078

44.5 r 45.5 . . . . . . e 328440.460 0.014 327997.240 20.001
f 328447.012 0.023 330191.901 0.014

45.5 r 46.5 . . . . . . e 335603.482 0.042 335176.077 20.009
f 335610.306 0.041 337366.354 20.002

46.5 r 47.5 . . . . . . e 342762.840 0.021 342351.235 20.038
f 342769.971 0.041 344537.116 20.038

47.5 r 48.5 . . . . . . e 349918.528 0.026 349522.774 20.033
f 349925.933 0.028 351704.133 0.013

48.5 r 49.5 . . . . . . e 357070.424 0.008 356690.518 0.009
f 357078.151 0.035 358867.224 20.048

49.5 r 50.5 . . . . . . e 364218.495 0.018 363854.400 0.017
f 364226.496 0.017 366026.462 0.007

50.5 r 51.5 . . . . . . e 371362.641 0.026 371014.321 0.003
f 371370.947 0.022 373181.622 0.013

51.5 r 52.5 . . . . . . e 378502.729 20.016 378170.173 20.040
f 378511.373 0.006 380332.702 0.008

52.5 r 53.5 . . . . . . e 385638.776 20.019 385322.044 0.025
f 385647.736 0.002 387479.579 20.009

53.5 r 54.5 . . . . . . e 392770.712 0.026 392469.658 0.004
f 392779.933 20.014 394622.210 20.010

54.5 r 55.5 . . . . . . e 399898.301 20.031 399613.031 0.009
f 399907.874 20.046 401760.501 20.040

55.5 r 56.5 . . . . . . e 407021.613 20.058 406752.031 20.003
f 407031.530 20.061 408894.501 0.048

a In units of megahertz.

3. RESULTS AND ANALYSIS

Twenty-three transitions were measured for KS in both spin-
orbit ladders, as shown in Table 1. In every transition, lambda-
doubling was observed, indicated by e and f parity designations.
For the lower spin-orbit component, , the lambda-Q 5 3/2
doubling is small, typically 4–10 MHz, and becomes larger
with an increasing J quantum number. For the substate,Q 5 1/2
the doubling is much greater, ranging from 2.14 to 2.24 GHz
and decreasing in magnitude with increasing J. This splitting
is unusually large and comparable to what is observed in NaO
(Yamada, Fujitake, & Hirota 1989). Although potassium 39,
the main isotope, has a nuclear spin of 3/2, no evidence of
hyperfine interactions was observed in the data, as expected at
the high-J levels observed.

Figure 1 displays the J 5 54.5 r 55.5 transition of KS near
400 GHz. The bottom spectrum in the figure shows the lambda
doublets originating from the ladder; these lambdaQ 5 3/2
doublets are separated by 10 MHz. In the top spectrum, the

lambda doublets from the ladder are presented. HereQ 5 1/2
the separation is much greater (∼2.15 GHz), and a large fre-
quency gap occurs in the spectrum. The data wereQ 5 3/2
taken in a single 50 s scan covering 100 MHz; the Q 5 1/2
spectrum is a truncated composite of two separate 50 s, 100
MHz scans. It should be noted that the intensity scale in the
two spectra are arbitrary, but the signal-to-noise ratio is much
better for the data.Q 5 3/2

The data were analyzed using a effective Hamiltonian in2P
a case (a) basis of the form

ˆ ˆ ˆ ˆ ˆ ˆH 5 H 1 H 1 H 1 H 1 H . (1)eff ROT CD SO SOCD LD

In this equation, the first two terms refer to molecular frame
rotation and its centrifugal distortion, described by constants
B and D. The next two symbols designate the spin-orbit in-
teraction and its centrifugal distortion, corresponding to pa-
rameters A, , and . Matrix elements for these interactionsA AD H
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Fig. 1.—Spectrum of the J 5 54.5 r 55.5 transition of KS (X 2Pi) observed
in this work near 400 GHz. The bottom panel shows the lower spin-orbit
component, , which consists of two lines, labeled by e and f, arisingQ 5 3/2
from lambda-doubling interactions. The top panel shows the sublevelQ 5 1/2
data, which also consists of lambda-doublets. These doublets, however, are
split by over 2 GHz, and hence there is a large frequency gap in the spectrum.

TABLE 2
Spectroscopic Constants for KS (X 2Pi)

a

Parameter KS NaSb

A . . . . . . . . . . . . . . . 29,000,000(2600) 28,005,000(7700)
. . . . . . . . . . . . .AD 24.43476(82) 20.2750(88)
. . . . . . . . . . . . .AH 0.00003365(17) 0.0001883(57)

B . . . . . . . . . . . . . . . 3626.34752(41) 6100.797(20)
D . . . . . . . . . . . . . . 0.003260819(87) 0.009169(29)

. . . . . . .8H # 10 ) 22.7(1.3)
p . . . . . . . . . . . . . . . 2296.19(27) 1956.0(2.0)
pD . . . . . . . . . . . . . . 20.015156(67) 20.0149(15)

. . . . . .6p # 10H 0.0000253(37) 20.002621(24)
q . . . . . . . . . . . . . . . 20.875(16) 20.835(43)

. . . . . .6q # 10D 4.2(5.5) )
rms of fit . . . . . . 0.029 0.100

a In units of megahertz; errors are 3 j and apply to the
last quoted decimal places.

b Revised fit using data of Li & Ziurys 1997 (see text).

are given in Hirota (1985). The lambda-doubling Hamiltonian
used in this case is

2 2ˆ ( ) ( ) ( )H 5 1/2 p 1 2q J S 1 J S 21/2q J 1 J , (2)LD 1 1 2 2 1 2

where p and q are the lambda-doubling parameters defined by

Brown et al. (1978), which are basically the Mulliken & Christy
(1931) definitions. Centrifugal distortion corrections , , andp qD D

(but not ) had to be added to the lambda-doubling Ham-p qH H

iltonian in order to obtain an acceptable fit. Such corrections
are justified, given the high-J levels involved in the analysis
and the large lambda-doubling in the component. TheQ 5 1/2
centrifugal distortion term has the form (see Brown et al. 1978)

2Ĥ 5 1/4(p 1 2q )[(J S 1 J S )RCDLD D D 1 1 2 2

21 R (J S 1 J S )]1 1 2 2

2 2 2 2 2 22 1/4q [(J 1 J )R 1 R (J 1 J )]D 1 2 1 2

41 1/4(p 1 2q )[(J S 1 J S )RH H 1 1 2 2

4 2 2 41 R (J S 1 J S )] 2 1/4q [(J 1 J )R1 1 2 2 H 1 2

4 2 21 R (J 1 J )]. (3)1 2

Because only high-J levels are involved in the data, the spin-
orbit constant A is somewhat insensitive to the fit, unlike the
situation for NaS (Li & Ziurys 1997). Thus, the A-value was
first estimated from the atomic S2 spin-orbit constant z in a
p configuration, i.e., MHz.5 5 6A ù 2z 2 (p ) 5 29.8 # 10s

This value was initially used in the fit. A and are highlyAD

correlated, however, and so the fit was carried out by fixing
one parameter and changing the other, and vice versa, until
both parameters remained invariant.

The spectroscopic parameters determined from this analysis
are listed in Table 2. The rms of this fit is 28 kHz. Unfortunately,
there are no other constants for KS available from the literature.
Therefore, spectroscopic parameters for NaS are used for com-
parison and are also listed in Table 2. The rotational constants
for KS are generally consistent with those of NaS, i.e., smaller
constants for a heavier molecule. Also, to a first approximation,
p defines the lambda-doubling splitting in the levels,Q 5 1/2
and q in the levels. The magnitude of these constantsQ 5 3/2
certainly correlates with the observed doublet splittings.

4. DISCUSSION

This study securely identifies the ground state of KS to be
X 2Pi. This identification is based on the presence of lambda-
doubling interactions in the spectra and the detection of both
spin-orbit components. The ground state must also be inverted
because the lines from the substate with the smaller lambda-
doubling splitting ( ) have stronger intensities. (To firstQ 5 3/2
order, there is no lambda-doubling in the componentQ 5 3/2
but only in the levels.) Although NaS also has a 2PiQ 5 1/2
ground electronic state, it is not certain that KS would as well.
Studies of the alkali monoxides have shown that while LiO
and NaO have 2Pi ground states (e.g., Freund et al. 1972;
Yamada et al. 1989), those of RbO and CsO are (e.g.,2S
Lindsay, Herschbach, & Kwiram 1976). At some point down
the alkali column, the state overtakes the term in energy.2 2S P
Only very limited infrared and electron spin resonance data
exist for KO (e.g., Spiker & Andrews 1973), so its ground state
is uncertain. Theoretical calculations by Allison, Cave, & God-
dard (1984) predict a change in symmetry at RbO for the oxide
series, suggesting a ground state for KO, but more recent2P
computations by Langhoff, Partridge, & Bauschlicher (1991)
indicate that it may actually be . Such theoretical studies2S
have not been carried out for the alkali sulfide group. The
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change in symmetry occurs because of a Pauli repulsion term
that becomes important at larger internuclear distances; hence,
the state may be favored even earlier in the alkali series for2S
the sulfides than the oxides. Our study shows quite the reverse
effect.

Because the ground states shift from to with the later2 2P S
alkali metals, it is expected that the nearest -excited state for2S
KS lies closer in energy than that for NaS. In fact, if the pure
precession model is assumed (see Mulliken & Christy 1931),
the energy difference between the and states can be2 2P S
estimated from the p-parameter using the following expression:

4AB
p 5 . (4)

E 2 EP S

Taking the constants from Table 2, is calculated to beE 2 ES P

about 1900 cm for KS, as opposed to 3300 cm for NaS.21 21

Another result from pure precession is that . Usingq ≈ (B/A)p
this relationship, q should be on the order of 20.93 MHz,
which is in excellent agreement, both in sign and magnitude,
with the fitted value of 20.875(16) MHz. The electron con-
figuration of KS is K(3sj) (3pj) (3pp) ; hence, the lowest lying2 2 3

state should result from the promotion of a pj electron to2S
a pp orbital. Consequently, pure precession should be a rea-
sonable first approximation for describing the lambda-doubling
in KS.

The sign of lambda-doubling constant q(!0) of KS differs
from that of NaO and NaS, which have . Changing theq 1 0
sign of q reverses the e and f parity assignments, which cannot
be determined from pure rotational spectrum. We have sub-

sequently reanalyzed both the NaS and NaO data sets and have
obtained very good fits with . The results of the revisedq ! 0
fit for NaS are given in Table 2. These details will be further
discussed in a later paper.

Another check on the validity of the lambda-doubling
parameters is to estimate the value of and . These constantsp qD D

can be calculated from the following formulas (Brown, Car-
rington, & Sears 1979):

22Dp 24Dq
p . ; q . . (5)D DB B

From the equations, is estimated to be 20.004 MHz andpD

MHz, as opposed to the fitted parameters26q ≈ 3.2 # 10D

MHz and MHz. These numbers26p 5 20.015 q 5 4.2 # 10D D

agree to within a factor of 3.5. Consequently, and derivedp qD D

in the analysis appear reasonable.
From the rotational constant, an r0 bond length for KS can

be estimated. This value was calculated to be r0 5 2.817 Å.
In contrast, that of NaS is r0 5 2.488 Å. The larger bond length
in KS is primarily due to the larger potassium nucleus because
the bonding in both sulfide species should be similar.

It is likely that other potassium-bearing species will be pres-
ent in IRC 110216, if not additional sources, given the de-
tection of KCl. KS is an interesting possibility. Clearly a search
for this molecule is warranted and could produce some en-
lightening results for circumstellar metal chemistry.
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