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In this talkIn this talk………………

Sub-mm (THz) spectrometer
Example of interplay between lab 
spectroscopy and astronomical observation



Waterloo subWaterloo sub--mm systemmm system
The frequency range of 270-890 GHz is covered 
with four BWOs (Backward-wave oscillator)  with  
~1 mW power. 
stabilized, using double phase-lock loop

The absorption cell is designed to detect molecular 
ions.
Mostly operated in extended negative glow 
discharge mode with longitudinal magnetic field 
of ~250 Gauss.
Double modulation technique

frequency-discharge
frequency-magnetic field



Double modulation sub-mm system at Waterloo
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TThree types of discharges are hree types of discharges are 
tried for detection of unstable tried for detection of unstable 

molecular speciesmolecular species
Glow discharge
Extended negative glow 
discharge
Hollow anode discharge

De Lucia et al, J. Chem. Phys. 78, 2312 (1983)

von Engel “Ionized Gases”



Discovery of multiply deuterated Discovery of multiply deuterated 
species in spacespecies in space

[D]/[H] [D]/[H] ∼∼ 1.51.5××1010--55

DD22CO : Turner(1990)     CO : Turner(1990)     OriOri--KL                    0.3%KL                    0.3%

Ceccarelli Ceccarelli et alet al (1998)    IRAS 16293(1998)    IRAS 16293--2422     5%2422     5%

Loinard Loinard et alet al (2001)        16293E                    26%(2001)        16293E                    26%

NHDNHD22 (2000) ,  ND2000) ,  ND33 (2002) (2002) 

CHDCHD22OH (2002), CDOH (2002), CD33OH (2004) OH (2004) 

DD22S (2003)S (2003)



H/D exchange reactions of HH/D exchange reactions of H33
++ with HD are  with HD are  

exothermic.exothermic.
HH33

+    +    +  HD  +  HD  →→ HH22DD++ +  H+  H22 +  230 K+  230 K
HH22DD++ +  HD  +  HD  →→ DD22HH++ +  H+  H22 +  180 K+  180 K
DD22HH++ +  HD  +  HD  →→ DD33

++ +  H+  H22 +  230 K+  230 K

Under liquidUnder liquid--NN22 cooled environment , such cooled environment , such 
reactions become dominant.reactions become dominant.

Formation of Deuterated SpeciesFormation of Deuterated Species

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



Spectroscopy of HSpectroscopy of H22DD++ and Dand D22HH++

Shy, Farley, Wing (1981): Ion beam Shy, Farley, Wing (1981): Ion beam 
Amano & Watson (1984), Amano (1985):  Amano & Watson (1984), Amano (1985):  νν11 band   (Hband   (H22DD++))
LubicLubic & Amano (1984):  & Amano (1984):  νν11 band   (Dband   (D22HH++) ) 
Foster et al. (1986): Foster et al. (1986): νν2 2 //νν3  3  bands (Hbands (H22DD++))
Foster, McKellar, Watson. (1986): Foster, McKellar, Watson. (1986): νν2 2 //νν3  3  bands (Dbands (D22HH++ ))
PolyanskyPolyansky & McKellar (1990): All available data were fitted & McKellar (1990): All available data were fitted 
together to improve  molecular  constants.  (Dtogether to improve  molecular  constants.  (D22HH++) ) 
FFáárnrnííkk et al. (2002): et al. (2002): 

Molecular beam experiments of Molecular beam experiments of vibrationalvibrational overtone overtone 
and  combination bands (2and  combination bands (2νν22, 2, 2νν33,, νν22++νν33).).

IR 



Bogey et al. (1984):                   1Bogey et al. (1984):                   11010--111111 HH22DD++ (372.4 GHz)(372.4 GHz)
Warner et al.(1984): Warner et al.(1984): 
Saito, Kawaguchi, Hirota (1985):  2Saito, Kawaguchi, Hirota (1985):  22020--222121 HH22DD++ (156.0 GHz)(156.0 GHz)
Jennings, Jennings, DemuynckDemuynck, , BanekBanek, , EvensonEvenson (unpublished):     (unpublished):     

110101--000000 HH22DD+ + (1370.1 GHz) (1370.1 GHz) 
111111--000000 DD22HH++ (1476.6 GHz)(1476.6 GHz)
222020--221111 DD22HH++ (1370.1 GHz)(1370.1 GHz)

Hirao & Amano (2003):          1Hirao & Amano (2003):          11010--110101 DD22HH++ (691.7 GHz)(691.7 GHz)
Amano & Hirao (2005):          3Amano & Hirao (2005):          32121--332222 HH22DD++ (646.4 GHz)(646.4 GHz)

mm-, sub-mm, FIR



Energy Level Diagram of HEnergy Level Diagram of H22DD++



Energy Level Diagram of DEnergy Level Diagram of D22HH++

μ ∼ 0.48D



Extended negative glow discharge source.Extended negative glow discharge source.
(Magnetic field: 200G).(Magnetic field: 200G).

Double modulation.Double modulation.
HH22/D/D22/Ar = 3 /2 /17 mTorr, I = 8 mA, /Ar = 3 /2 /17 mTorr, I = 8 mA, 

T ~ 77 KT ~ 77 K

Experimental DetailsExperimental Details

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

￬￬



Laboratory observations
of H2D+ and D2H+



Interstellar Detection of HInterstellar Detection of H22DD++

Stark, van der Tak, van Dishoeck, 1999

Caselli, van der Tak,, Ceccarelli, Bacmann, 2003



DD22HH++ HAS BEEN DETECTED HAS BEEN DETECTED 
IN SPACE!!!IN SPACE!!!

C. Vastel, T. G. Phillips, and H. Yoshida
Ap. J. Lett. 606, L127-L130(2004).

16293E  pre-stellar core
[D2H+]  ∼ [H2D+]



VastelVastel，，PhillipsPhillips，，Yoshida sayYoshida say

Slight difference in observed vLSR between
H2D+ and D2H+.
They suggested that H2D+ rest frequency 
might not be accurate enough.

Bogey et al 372421.34(20) MHz
Warner et al 372421.380(100) MHz

⇒ Prompted us to remeasure H2D+ line



TuFIR Spectrometer ( Toyama University )





Energy Level Diagram of HEnergy Level Diagram of H22DD++

Energy Level Diagram of HEnergy Level Diagram of H22DD++





Why subWhy sub--mm now?mm now?

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

Higher spatial resolution with shorter
wavelength.    
Better sensitivity.

Easy to use laboratory system.
multipliers.
BWOs.



Atmospheric Opacity in the submillimeter-wave region



SubSub--mm facilities for mm facilities for 
interstellar chemistryinterstellar chemistry

SMA(e-SMA)      8x6 m      Mauna Kea
SOFIA                  2.5 m       Airborne(747)
Herschel(HIFI)     3.5 m       Satellite
CARMA               6x10 m    White Mts.
ALMA                64x12 m    Atacama

+4x12 m
+12x7 m 



Visible Near Infrared Mid-Infrared

Visible:  dark nebula, heavily obscured by 
interstellar dust
Near-IR:  dust is transparent, embedded proto-
stars can be observed
Mid- and far-IR: glow from cold dust is 
directly observable From NASA web page



Getting the WHOLE pictureGetting the WHOLE picture

Constellation OrionConstellation Orion
left: visual wavelengthsleft: visual wavelengths
right: farright: far--infrared imageinfrared image

An object can look radically different depending An object can look radically different depending 
on the type of light collected from it:on the type of light collected from it:

From NASA
web page



SOFIA SOFIA ---- The Next Generation The Next Generation 
Airborne ObservatoryAirborne Observatory

2.5 meter telescope mounted in a 747-SP
“First Light” expected winter 2004-2005
150 flights per year when fully operational
First observatory designed to support E/PO

NASA/DLR





In futureIn future・・・・・・・・・・・・・・

Sub-mm astronomical observations with very high 
spatial resolution.

ALMA
In the process of star and planet formation, what 
kind of molecules can survive and be entrained 
into the planetary system?  Life related molecules?
Lab. data are essential in such identifications.



ThanksThanks………………....

NSERC
Department of Chemistry, University of 
Waterloo





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

氢，軽質量 無色 無味的気体，

如果給它足够的時間

它会逐漸演変成今天的人類
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~1.4 GHz,  21 cm





1979年.

H. Suzuki (鈴木博子)

(1947.7.15~1987.11.22)

２２３４ 種の分子種

２８８５ の反応過程

を取り入れた大規模な計算
機シミュレーション

１年＝３１５５７６００秒

３．１６x１０７秒

３．１６x１０８年



From B. E. Turner



ConclusionConclusion
SubmillimeterSubmillimeter--wave lines of CNwave lines of CN-- and and 
CCHCCH-- have been investigated with have been investigated with 
BWO based spectrometer.BWO based spectrometer.

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



SubSub--mm observations of CNmm observations of CN-- and and 
CCHCCH--

Production of CNProduction of CN-- ;;
CC22NN22 2 2 mTorrmTorr + + ArAr 12 12 mTorrmTorr in either in either 
““hollow anode dischargehollow anode discharge”” or extended or extended 
negative glow discharge of  5~10 negative glow discharge of  5~10 mAmA,  cooled,  cooled
to 210 K.    to 210 K.    

Production of CCHProduction of CCH-- ;;
CC22HH22 2 2 mTorrmTorr + + ArAr 12 12 mTorrmTorr

BrBrüünkennken et al,  Cet al,  C22HH22 (85 %) + (85 %) + ArAr (15 %)       <15 (15 %)       <15 mTorrmTorr
dc discharge current of 150 dc discharge current of 150 mAmA at 120 K.at 120 K.



CCH  in extended negative glow-









Observed lines of CNObserved lines of CN--

1 – 0       1 – 1    112263.694     -19
2 – 1          264.997       21
0 – 1          266.865       -5

2 – 1       2 – 2     224523.894    101
1 – 0           523.894   -110
2 – 1           525.123     67
3 – 2           525.123    -24

3 – 2                    336776.410     11
4 – 3                    449014.324       4
5 – 4                    561234.330    -14
6 – 5                    673422.000       1
7 – 6                    785602.811       2

J’ – J         F’ – F Freq./MHz          Δ/kHz

C. A. Gottlieb et al, C. A. Gottlieb et al, J. Chem. PhysJ. Chem. Phys. . 126126, 191101(2007), 191101(2007)



Fitted Molecular Constants of Fitted Molecular Constants of 
CNCN--

BB / MHz           56132.7544(16)/ MHz           56132.7544(16)
DD / kHz                186.6406(22)/ kHz                186.6406(22)
eQqeQq / MHz              / MHz              --4.230(48)4.230(48)

56132.7504(35)56132.7504(35)
185.79(15)185.79(15)

--4.238(32)4.238(32)

presentpresent Gottlieb et alGottlieb et al

Gottlieb et al, Gottlieb et al, J. Chem. Phys.J. Chem. Phys. 126126, 191101 (2007), 191101 (2007)



Observed lines of CCHObserved lines of CCH--

1 1 –– 00 83278.094          13  83278.094          13  
2 2 –– 1    166553.865          291    166553.865          29
3 3 –– 2    249824.940            02    249824.940            0
4 4 –– 3    333089.049         3    333089.049         --1818
5 5 –– 4    416343.896            24    416343.896            2
6 6 –– 5    499587.062         5    499587.062         --3232
7 7 –– 6    582816.368          236    582816.368          23
8 8 –– 7    666029.327            57    666029.327            5
9 9 –– 8    749223.698           8    749223.698           --5 5 
10 10 –– 9   832397.165            19   832397.165            1

JJ’’ -- JJ Freq/MHzFreq/MHz ΔΔ/kHz/kHz

BB 41639.2341(11) MHz41639.2341(11) MHz
DD 96.8989(67)  kHz96.8989(67)  kHz
HH 0.13(fixed)    Hz0.13(fixed)    Hz

BB 41639.237(4)     MHz41639.237(4)     MHz
D D 96.97(9)        kHz96.97(9)        kHz
HH 0.13(fixed)    Hz0.13(fixed)    Hz

Molecular ConstantsMolecular Constants

S. S. BrBrüünkennken et al, et al, Astron. Astron. AstrophysAstrophys. . 464464, L33(2007), L33(2007)



Hollow-anode cell

1.8 m

1.6 m

7 cm





in “hollow anode” dischargeCN-



C4H
- in extended negative glow discharge



SubSub--mm observations of Cmm observations of C33NN--

•• Production ;
C2N2 ≤1 mTorr + C2H2 ~2 mTorr + Ar 12 mTorr
in either 
“hollow anode discharge” or 
extended negative glow discharge 
of  4~10 mA,  cooled to 210 K.    
Freq. range    ~ 504 GHz 

Thaddeus et al,  HC3N (20 %) + Ar (80 %)  ~15 mTorr
dc discharge current of 20 mA at 200 K.



Extended Negative Glow



Hollow-anode discharge
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von Engel “Ionized Gases”

Density of negative 
charges is high in negative 
glow and anode glow



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

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


