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In this talk.........

e Sub-mm (THz) spectrometer

e Example of interplay between lab
spectroscopy and astronomical observation







Double modulation sub-mm system at Waterloo
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Discovery of multiply deuterated
species in space

[DY/[H] ~ 1.5x10°
D,CO : Turner(1990) Ori-KL 0.3%
Ceccarelli et al (1998) IRAS 16293-2422 5%
Loinard et al (2001) 16293E 26%

NHD, (2000), ND;, (2002)
CHD,OH (2002), CD,OH (2004)
D,S (2003)



Formation of Deuterated Species

e H/D exchange reactions of H,* with HD are
exothermic.

H,t + HD - H,D* + H, + 230K
H,D* + HD - D,H* + H, + 180K
D,H* + HD — D,* + H, + 230K

Under liquid-N, cooled environment , such
reactions become dominant.

Roberts, Herbst, and Millar, Astrophys J. 591, L41 (2003)



Spectroscopy of H,D* and D, H*

IR

Shy, Farley, Wing (1981): lon beam

Amano & Watson (1984), Amano (1985): v, band (H,D*)
Lubic & Amano (1984): v, hand (D,H*)

Foster et al. (1986): v, /v, bands (H,D*)

Foster, McKellar, Watson. (1986): v, /v5 bands (D,H* )

Polyansky & McKellar (1990): All available data were fitted
together to improve molecular constants. (D,H*)

Farnik et al. (2002):
Molecular beam experiments of vibrational overtone
and combination bands (2v,, 2vs, v,+vs).



mm-, sub-mm, FIR

Bogey et al. (1984): 1,014y

Warner et al.(1984):

Saito, Kawaguchi, Hirota (1985): 2,,-2,, H,D*

H,D*

(372.4 GH2)

(156.0 GH2)

Jennings, Demuynck, Banek, Evenson (unpublished):

101'000
111'000
2207211
Hirao & Amano (2003): 1,0-1y4
Amano & Hirao (2005): 3,1-3,,

H,D*
D,H*
D,H*
D,H*
H,D*

(1370.1 GH2)

(1476.6 GHz)
(1370.1 GHz)
(691.7 GHz)
(646.4 GHz)



Energy Level Diagram of H,D*
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Energy Level Diagram of D,H*
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Experimental Details

e Extended negative glow discharge source.
(Magnetic field: 200G).
e Double modulation.
e H,/D,/Ar=3/2 /17 mTorr, | =8 mA,
T~77K

!

Search around 691.705 (90) GHz.
(Polyansky and McKellar)



(a)
HD" 1 =1
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Fig.1. (Top) The H,D*(1jo-1y;) line at the dust peak of L1544
(RA(1950) =05:01:13.1, Dec(1950) = 25:06:35.0). The black curve is
the Gaussian fit (see Table 1). (Bottom) The H,D*(1,0-1,,) spectrum
averaged in the four positions 20” off the dust peak.



D,H* HAS
IN

C. Vastel, T. G. P
Ap. J. Lett. 60¢€
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Table 1. Results of Gaussian fits to the HoDT and D,H* spectvra. -

Line 7 T,” Av Visr
(GHz) (K)  (kms™1) (km s71)

HyoD* (150-13;)  372.42134(20)® 1.31 0.36 £ 0.04 3.55 & 0.02
DoHt (159-1p;) 691.660440(19)° 0.34 0.29 & 0.07 3.76 £ 0.03

2Measured frequency by Bogey et al. (1984).

bMeasured frequency by Hirao and Amano (2003).

— Prompted us to remeasure H,D" line



TuFIR Spectrometer ( Toyama University )
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Fig. 1. An example of the observed 2., — 1,5 line at 3.102 THz. The solid line is the
first derivative of a fitted Voigt line profile.



Energy Level Diagram of H,D*
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hampton et al. (2007). Hence, it i1s directly related with the line
opacity convolved with the instrumental spectral profile of the
LWS/FP. The velocity scale in Figure 1 has been obtained as-
suming A, = 126,833 um (2363.325 GHz), Le. the wave-
length of the o-H.D" 2,1, transition { Amano & Hirao 2005},
The expected error on the frequency of this transition is )
=3 MHz, 1.e., a velocity uncertainty <2 km s ' {3 o). which is <
much lower than the spectral resolution of the LWS/FP. The p- u
NH, 2, -1, ,J = 5/2-3/2 line is separated by =—123 km 5 -
with respect to the 2,~1,, line of o-H,D".
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Fig. 2. Anexample of the observed 2,5 — 14, line at 2.363 THz. The solid line is the
first derivative of a fitted Voigt line profile.



Why sub-mm now?

e Ground- and satellite-based astronomical and/or
atmospheric observation platforms.

Higher spatial resolution with shorter
wavelength.
Better sensitivity.

e Easy to use laboratory system.
multipliers.
BWOs.



Transmission

Atmospheric Opacity in the submillimeter-wave region
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NASA/DLR
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In futurgsss==«--

e Sub-mm astronomical observations with very high
spatial resolution.

ALMA

e In the process of star and planet formation, what
kind of molecules can survive and be entrained
Into the planetary system? Life related molecules?

e Lab. data are essential in such identifications.



e NSERC

e Department of Chemistry, University of
Waterloo






Hydrogen, light colorless odorless gas,
which given enough time
turns into human being
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Conclusion

Submillimeter-wave lines of CN and
CCH have been investigated with
BWO based spectrometer.

Extended negative glow discharge and
“hollow anode” discharge are good negative
lon sources.



Sub-mm observations of CN and
CCH

®Production of CN ;
C,N, 2 mTorr + Ar 12 mTorr in either
“hollow anode discharge” or extended
negative glow discharge of 5~10 mA, cooled
to 210 K.

®Production of CCH " ;
C,H, 2 mTorr + Ar 12 mTorr

Brunken et al, C,H, (85 %) + Ar (15 %) <15 mTorr
dc discharge current of 150 mA at 120 K.



CCH in extended negative glow

CCH~ — 250 Gauss
— 0 Gauss

832.392 832.396 832.400
Frequency/GHz
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Observed lines of CN

J—-J F—F Freq./MHz A /kHz
1-0 1-1 112263.694 -19
2-1 264.997 21
0-1 266.865 =)
2-1 2—2 224523.894 101
1-0 523.894 -110
2-1 525.123 67
3-2 525.123 -24
3-2 3367/76.410 11
4 -3 449014.324 4
°o—4 561234.330 -14
6-5 6/3422.000 1
/-6 /7/85602.811 2

C. A. Gottlieb et al, J. Chem. Phys. 126, 191101(2007)



Fitted Molecular_Constants of

CN
present Gottlieb et al
B/ MHz 56132.7544(16) 56132.7504(35)
D/ kHz 186.6406(22) 185.79(15)
eQq / MHz -4.230(48) -4.238(32)

Gottlieb et al, J. Chem. Phys. 126, 191101 (2007)



Observed lines of CCH

J-J Freq/MHz A /kHz Molecular Constants
Ao Rl o 41639.237(4) MHz
2—1 166553.865 29 96.97(9) kHz
3-2 249824.940 0 0.13(fixed) Hz
4-3 333089.049 -18
5-4 416343.896 2
6-5 499587.062 -32
7—6 582816.368 23 41639.2341(11) MHz
8—7 666029.327 5 96.8989(67) kHz
9-8 749223.698 -5 0.13(fixed) Hz
10-9 832397.165 1

S. Brinken et al, Astron. Astrophys. 464, L33(2007)
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CN™ in “hollow anode” discharge
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C,H In extended negative glow discharge

C,H -
J=43 -42

400.132 400.136 400.140 400.144
Frequency/GHz




Sub-mm observations of C;N

* Production ;
C,N, <1 mTorr + C,H, ~2 mTorr + Ar 12 mTorr
In either
“*hollow anode discharge” or
extended negative glow discharge
of 4~10 mA, cooled to 210 K.
Freg. range ~ 504 GHz

Thaddeus et al, HC;N (20 %) + Ar (80 %) ~15 mTorr
dc discharge current of 20 mA at 200 K.



Extended Negative Glow

C3 N- (a) 250 Gauss
(b) 0 Gauss
J=39 -- 38
- (a)
(b)
/

| ' I ' | ' | ' I
378.260 378.262 378.264 378.266  378.268

Frequency/GHz




Hollow-anode discharge

C,N-

J=42 ~ 41

407.328 407.330 407.332 407.334 407.336 407.338
Frequency/GHz
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(a)
HD" 1 1

10 11

372421.385(10) MHz

372.41 37242 37243

b)
DH" 1,~1

10 01

691660.482(20) MHz

69165 69166  691.67
Frequency/GHz

T. Hirao and T. Amano,
Astrophys. J. Lett. 597, L85(2003).

T. Amano and T. Hirao,
J. Mol. Spectrosc. 233, 7 (2005).



