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CH* as an Interstellar Molecule

» A couple of unidentified near-UV lines detected by Dunham (1937).
» Douglas and Herzberg identified them based on their laboratory observations to
be low-J
AMI-X'=* electronic transitions of CH* (1941).
This is one of the first interstellar molecules identified.
> The electronic spectra, in particular the AT — X1X* band, have been
investigated extensively since.
» On the other hand, the pure rotational transitions were not known until 2010.

> ldentification of five lines, J=2-1 to 6-5 toward NGC 7027 with ISO (1997). These
observations were , however, of low-resolution of uncertainties of ~ 600 MHz.

> First definite identification with J=1-0 toward DR 21 (2010) with the Herschel
Space observatory.
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Rotational Spectroscopy of CH*

» First laboratory observation of the J=1-0 transition.
Ap. J. 716, L1 (2010); JCP. 133, 244305(2010)
> THz spectroscopy at JPL
Extension up to J=3-2 (?CH*, BCH")
up to J=4-3 (12CD")

» Still not extensive enough for reliable determination of the
spectroscopic constants

Dunham analysis with all the available data
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JPL Observation of THz lines of CH*

» For production of CH*, an extended negative glow discharge in a gas mixture
of CH, (~0.5 mTorr) diluted in He ( 60 mTorr) was used.

» The optimum discharge current was about 15 mA and the axial magnetic field
of 160 Gauss was applied.

The discharge cell was cooled down to liquid nitrogen temperature.

In this investigation, the J=2-1 and 3-2 lines were observed for ?CH* and
13CH*.

» For CD*, J=2-1 to J=4-3 were measured.

YV VYV

JPL THz radiation sources: Multiplier chains
BWO

Drouin et at, RSI. 76, 093131 (2005)

B. J.
J. C. Pearson et al, RSI. 82, 093105 (2011)
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JPL Dunham Analysis

Dunham (1932) formulated the vibration-rotation energy for
diatomic molecules

E(v,J)=hYu(v+1/2)"[J(J+1) — A7)
Watson (1980) worked out the mass dependence in detalil.
Vie = pe 22001 + mo AL /M, + me AL /My
where . is the charge corrected reduced mass;
pe = My My / (M, + My — Cm,)

Miller (2010) carried out a Dunham analysis of the AMI-X1X*
electronic transitions with, in addition, then newly observed

sub-mm lines.
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A-doubling in 'TI electronic states

> Each rovibronic level of T states splits into two components due to the
A-doubling.

> The levels that have the parity (-1)” are classified as e-levels, while the
levels of the parity -(-1) f-levels.

> The rovibronic states of '>* states are all e-levels, and those of ' states
all f-levels. Therefore the e parity states of 'IT state interact with ‘X",
while the f parity states of T state interact with %" .

En = +H(1/2)qJ(J+ 1) for e levels

Ex = —(1/2)¢'J(J +1) for f levels, In principle, B, g, and g’
_ _ cannot be determined
A-doubling parameters are defined as independently in 11T
e~ < A= LA = 01 S > electronic states.
¢ = 1B Z E(AI) — (1v+{ I}




JPL | east-squares Fit

Least-squares fit was performed with sub-mm and THz rotational lines and
the available high-resolution A-X electronic transition frequencies .

12CH* (Carringon and Ramsay, 1982):

0-0, 0-1, Selection rules:

1-0, 1-1 1-2, 1-3 R- and P-branches: e -e,(f—f)

2.1, 3-1 Q-branch: e-f

(Hakalla et al, 2006): _ :

0-0, 0-1, 2-1 Since 1X- states are not know to exist and
13CH* (Bembenek, 1997): they should lie very high in energy if any,

0-0, 0-1, 1-0, 1-1, q’ must be very small and may be negligible.

2-0, 2-1

The least-squares fit was carried out by
using only the Q-branch lines of the A-
X system, and the A—doubling was
neglected.

12CD* (Bembenek et al, 1987):
0-0, 0-1, 1-0, 1-2, 1-3,
2-0, 2-1, 3-1

13CD* (Bembenek, 1997):
0-0, 1-0
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Mass independent Dunham coefficients determined from the fit.

AMI state XITT state
Uoi  331611.5(173) 397355.0(28)
Uz -50.005(185) -36.758(42)
Uos -0.00169(40) 0.00228(50)
Uba 0.00014(24) 0.00014(24)
Uso 5.380881x 107(121) 8.268447x107(157)
Uin -24597.9(116) -13387.3(119)
Uiz -3.126(169) 0.987(122)
Uls 0.000284(76) -0.00154(58)
Usg -3.04946 % 10%(107) -1.65652x10%(131)
U1 -617.3(49) 83.0(65)
Uz 0.473(53) -0.128(52)
Uss -0.000389(24) 0.00048(27)
Usg 4.80%10%(40) 7.60x10%(50)
Ua1 126.84(63) -3.09(105)
Uso 7951.(48) -191.(61)
U AF -1.4867x 10°(189) -3.6697x 10°(42)
Uga AL 5.4x10%(31) 8.73x10%(39)
U Al -2.0466 x 10%(83) -1.3155x10%(93)
U A 1.012x10°(55) 1.093x10°(57)
Uz AL 7.53x10%(27) -2.01x10°(30)
Uoi AS -8.1 ><105(29} -3.1616x10°(62)
Uo A% 8.46x107(133) -7.6%107(21)
Uno 7.2353307 % 10%(147)
UooAdh 7.4063x 10%(85)
UooAGo -1.77x10%(31)

Excerpt of the fitting results (in cm)

12CH* (0-0) band

13CH* (2 -0) band

Q(l)  23591.845%(2)
Q@)  23581.732(0)
Q@)  23566.526 (-4)
Q(4)  23546.194 (0)
Q(5)  23520.671 (6)
Q(6)  23489.878 (8)
Q(7)  23453.723 (5)
Q(8)  23412.108 (5)
Q(9)  23364.897 (-5)
Q(10) 23311.967 (-5)
Q(11) 23253.153 (2)

26658.8430 (-3)
26641.301 (-4)
26614.941 (-1)
26579.714 (4)
26535.535 (-4)
26482.317 (-21)
26419.999 (1)
26348.392 (2)
26267.350 (-10)
26176.725 (-8)

“The numbers in parentheses indicate the standard
deviation from the fits in the last digits shown.

a Carringon and Ramsay
b Hakalla
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Y, coefficient converted from U,

The physical meaning of mass independent Dunham coefficients U,, is difficult
to grasp. We converted U,, back to Y,, that are correlated to conventional
spectroscopic constants.

This work Hakalla, Eur. Phys. D 38, 481(2006)

A1 Xzt AT N
Yo1 = B, 355746(15) 425060.9(23) 356357.(22) 425029.6(22) MHz
Yo2 = -Dg -57.50(20) -41.969(39) -57.8481(93) -41.645
Yoz = H, -0.002101(50) 0.002834(63) - 0.00361(24)
Y11~ -0 -27375.0(94) -14865.8(97) -27470.(54) -14831.9 (36)
Yo1 = 7e -714.0(56) 96.0(76) -687.(36) 74.7(108)
Y= -Pe -3.75(20) 1.184(146) -3.2177(150) 0.7974(108)
Yio = 0 1857.693(29)  2857.714(38) 1864.402(22) 2857.561(22) cm'l
Yoo = -0cXe -109.254(27) -59.468(33) -115.8317(140) -59.3179(150)
Y39 = OcYe 0.1784(147)  0.2828(184) 2.6301(24) 0.2253(26)
Yoo= Te 24120.748(40) 24118.7262(140)
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Molecular Constants

Constants derived from the Dunham fit (in MHz).

IEDH-I- IHCH-I- IECD-|-
Bo 417652.0(28)  415100.3(28) _ 226785.36(110)
Do 41.417(42) 40.925(42) 12.157(10)
Ho 0.0018(31) 0.0018(31) 0.00033(49)

Constants obtained from the conventional fit of individual isotopologue.

IECH-|— lHCH-|- lECD-|-
Bo 417651.536(23)  415180.9201(109) 226785.2370(85)
Do 41.4062(27) 40.9521(62) 12.15398(128)
H, 0.003699(55) 0.00589(39) 0.000561(47)

Fits were done with THz lines and the (0-0) band of the A-X system.

May 13, 2016 SMS, Tokyo, Japan



JPL

Discussion and conclusion
The mass dependence of g, should be p2+*+2/2,

Therefore, very good fits of the Dunham fit of only f-levels in
the excited A state vindicates the assumption that the
Interaction with 1X- state(s) is indeed negligibly small.

With the Dunham coefficients determined here would be good
for prediction of the vibration-rotation transition frequencies.
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