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Motivation and Objectives

 Significance of H, pressure broadening

» H, : dominant atmospheric constituent in the
giant gaseous bodies

» Cold Jovian planets, Hot Jupiter exoplanets, low
mass brown dwarfs

> Key spectroscopic parameter in atmospheric
opacity calculations

» Characterization of exoplanets

* Measurements of line shape parameters

» Broad temperature range: 80 — 400 K

» Study of their temperature dependence

» Check the validity of the power law for width

> Provide constraints for theoretical model for line
widths

» T-dep. up to ~2000 K will be covered by the model
calculations

% In support of various NASA missions
TEXES, SOFIA, HST, JWST, etc.

" HD189733b Swain et al. 2009
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Overview of Infrared CH, spectrum
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Methane

Polyads

O Vibrational States

Q0 Octad vibrational states for 3CH,

Polyads, P, Range #vib | #sub- ool N

and name (cm™) levels | levels o . i
P, | GS <200 1 1 so0 .
P, | Dyad 1200— 1700 | 2 2 —
P, | Pentad 2400 - 3200 | 5 9 = —_—
P, [ Octad 3700 4700 8 24 3 00, — — o,
P, | Tetradecad | 5000— 6200 | 14 60 ;ﬁ “
P: | Icosad 6500 — 7700 20 134 242000 T M

& —_— T v 42v

O Some characteristics £ — o
« Eight different vibrational bands 4000
* Most have multiple components of vib. sym.species.

(ie., A E, F) 900 = —
* Only F, is inherently IR active. — —_
« All others borrow intensities through interactions. 00 A1 A A B K

A tends to borrow less while F; and E borrows more. Brown et al. (MJ14) ISMS 2015
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Data acquisition at JPL

:Hi h-Resolution Infrared Spectroscopy Lab (JPL) : - ", .
High-Resojms e, opy Lab (JpL) | | @Experimental conditions for CH,+H, spectra
= - 1= ., Gas sample 12CH,
w8 T . Spectral region 4100 — 4750 cm'?
. T Rz | . Resolution(B) 0.0044 cm
G S T Total pressures 130 — 300 Torr
i T | - Path lengths 20.4cm—22m
7 — “h - _, mixing ratios 0.002 - 1.000
ur gas absorption chambers | Temperatures 80 - 370 K
S : ’ a . . -
ta = path leng S [ @ s - Q P&T distribution of the observed spectra
! 1 0.20:0.25 (ﬁxe ‘ . : » \A. . " ‘ CH4/H2‘?:613d spectra P & T diagram
2 multipass T~296K (room) |[0.7- 5 _ 40
3 6K (room) | 06 pm 2 22 o ]
/E, b { N 66’\ 1\& ]
4 r ) #B ' 1 m) |IRan o o dl1 " ‘ﬂ%? eﬁg
5 0.204 L (Rwedps absorption|chaipersT <R9TK | 1.6-15 pm Qo0 150 200 250 300 350 400
6 21 -Herriofges|  voifitedynees | 1dfeaib< BSK™ | [ 16~ 8 pum . T
7 -8 o muﬁ%pais’ Tkt <190 1 | 15- 500 pm ol & _
8 0.8 : 39m+(076 of iixeal ) m“l lpz;ied) ;:k%gme }@i&lfﬁ 0.7-18 jum Sa00f 1,@3@% @h@ @"‘101 ar®
5 0.204 (fixed) 80<T<297K 1.6-15 um E, | b‘ 1
9 | Extra vacuum ¢ : 10: j M ] 12%%5% é@‘i%) 0.7-15 pm jzz e Lo @é—. .1566 S 10@1\5
10 | Heatable multipa@ﬁm@@i@ﬂ?ﬁvﬁ 239?%1}‘(% fg{%i{'" 0.7-8 pm 100 150 200 Tzfﬁ) 300 350 400
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Two cold and one hot gas cells for this study

(3) White-type hot cell (2.2 —22 m)

Beam from interferometer

Cell (top) sits inside a temp-
controlled oven (below).

U Three gas absorption cells
» Variable pathlength, 0.2038 cm - 22 m
» Temperature, 80 — 500 K
» Spectral coverage, 0.7 — 8 um
» Transfer optics designed & developed
* Beam intercept and guiding
« Heat-insulated stainless steel tubing
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Three bands observed in this work
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Early studies on Line shape parameters

% 12CH, in the Octad

* Positions and intensities

 Broadening (Self, Air, O,, N,) [Pine, 1992]
» Model calculations of the widths

1.30

< H,-broadening of 2CH, 2| Pine (1992) '“ :

=
> D>
[m]
m »

120

* First measurements on v,+ v, [Margolis (1993)] = .|
« Calculations [R.Gamache, T. Garbard, H. Tran]
« Compilations [HITRAN 2016]
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Ratio of air broadening parameters

< Various dependences .

» Vibrational dependence — [Margolis, 1993] orsf - D

« Temperature dependence e
« Symmetry dependence

% Line mixing
* Measurements and calculations
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Some basic equations for spectrum descriptions

a Transmittance: ©(V; V,) = exp[ — k(v)-N-&]

O Line shape profile(\Voigt): f(v—v0)=V(x,y)=yi,/ln72l ) ° dt
[\/W lv—v I]

=Vin2 -y, lyp;
O Temperature dependence of the line shape parameters

Yor = PXYSO,TO(%)n 5 = PXI_5p T, +5:><(T—TO)J

O Voigt profile, represented by Fadeeva function

W(z)—— wz—_tdt K(x,y)=ﬂD\/;-Re[W(2)]

O Speed-dependent narrowing profile

2 o : X+v
K X) 181 H - — .e—V ‘tan_l ~ d
(%, y,8,H) ”I_wv y(v)[1+s(v’-1.5)]+ H] ’
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Line mixing in Labfit

O Full Line mixing Effect of line mixing: CH,(2v;) R(6)
1(v) = (/) - IM[XTG1pX]
G(V) = (V—Vy) — 1W,

e
o
|

o
®

°©
(0]
1

Wi =y + 1o, £ o4
X = VI(Sip)] S| .
oel Rt | el without LM
pi = (2J+1) exp(-C,E"./T) 1 1 with LM
| o o, /H: Tran et al.(2010) Measured
C2 = 2nd bOltzman constant . 60766 60768 60770 60772  €077.4

Wavenumber (cm'')

4 Labfit to solve for W, , the off-dia. Relaxation Matrix
(Assumed linear P & exponential T dependences)

Ngases gk 0 To m;
Wy =p Z — Wi 1i| =
i Ui T
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Fitting residuals from Labfit: P(4)

CHA/H2 (v, +v,).P(4): x4500

Some statistics

29 spectra

8at RT

5at 200 K

5at 220 K

2 at 250 K

9at T =340-370K

%Residuals

Y VYV V VY &

288 transitions
positions, = bl v i
intensities, _ L ‘ S |
) 0.0° | ' | | | | '
widths & T-dep 4499 5 01 4501.5 4502 4502.5 4503 4503.5

shifts & T-dep Wavenumber (cm'1)
speed-dep.

one pair of line mixing

Transmittance

VVVYVYVYY
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Fitting residuals from Labfit GUI: R(5)

Some statistics
19 spectra
S5atRT

5at 200 K

two at 220 K
two at 200 K

5 at T=340-370K

CHA4/H2 (v,*v,).R(5): x4612

Y VYV VYV &
%Residuals

» 142 transitions
» positions,

> intensities,

» widths & T-dep
>

>

>

Transmittance
COO00O00000O0O_2N=_20=2N

6F2 <« 5F1
3E — 4E
F, < 5F,

O=-2NWPRLOONOOODOOOOO

©,

shifts & T-dep 7~
speed-dep. 4612.5 4613 4613.5 4614 4614.5 4615 46155 4616
line mixing involving three transitions Wavenumber (c:m'1)
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Fitting residuals for Q-branch

Some statistics 12CH, (v,*+v,): Q(1) — Q(9)
19 spectra 20 -
SatRT

5at 200 K
two at 220 K
two at 200 K
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widths & T-dep 0.1F SRR |
shifts & T-dep 0.0+————— bttt
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H,-broadened width coefficients H,-pressure-induced freq. shift coefficients
0.072
B I CH,H,/CH,-air = 1.07(4) S
$ 0068 = I
s | Ty MM 5o
S o 3 e 9 % v S © -0.004 -
S R 0.064 [ § . ® v b/ o & ®
o L ® ® ° 4 8 = i ® @ & @ % g
5- ® e ® o Ev_ 0008} ¢ v ¥
:E s 0060 v v S E L ® g v %
= 5 ® ® ® ® & 1o ¥
o r ® ® v ® e v
N E 0056 v CHH,(PS) ® % £ 00121 v CH-H,(PS)
5= | o CH,air[Devietal. JOSRT 2015] o = [ w o CH,-air [Devi et al. JASRT 2015
'_IE CH,-air [HITRAN2016] e @ o 0016 | . CH,-air [HITRAN2016]
0.052 |- e L ——— Zero shift
| 1 | i | ‘ | s | ' 1 1 | L | i 1 L | I | L 1 ' | 1 1 '
4500 4520 4540 4560 4580 4600 4620 4640 4500 4520 4540 4560 4580 4600 4620 4640
H,-broadened width T-dep. H,-freq. shift T-dep.
1.£V
110 | CH,H,/CH -air = 0.59(4) v CHH,(PS) &5
8 . : i o CH,-air (Devi et al. JQSRT 2015) ‘E 0.00008
S < 1.00 | +  CH,-air [HITRAN2016] - ® é
22 ool G E 0 {) : ’
sS "L 8 & e °© 8 & 4 0§ o ® 0000045 o & 5 8
S8 osof ¢ §"~E . v 4 § § g
o0 I S BT SRV A P AN . SR S
E 8 0.70 : g s 0.00000
g% 0.60 - %‘g CH,-H, (PS)
£3 [ v v -0.00004 - v CHqH,
g.; 0.50 |- ';' M : vy T VY M 3 ;_? '8 o  CH,-air [Devi et al. JQSRT 2015]
= 0.40 [ v v v % ——— No temperature dependence
s S -0.00008 |-
0.30 I 1 Il L Il L 1 L 1 1 1 1 | 1 1 4 1 . L " 1 3 1 5 | g 1 i
4500 4520 4540 4560 4580 4600 4620 4640 4500 4520 4540 4560 4580 4600 4620 4640
wavenumber (cm-?) Wavenumber (cm”)
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Preliminary results: Symmetry dependence

H,-broadened width H,-pressure-induced freq.
coefficients shift coefficients

0,070 -0.004
(2] ' i g %
-EQO'%S-—’:' 2 ¢ ¢ : . , E% . 4 ? f s
5 o 0.066 ? 5 © o008 |
8 % i ’ ¢ * Qo 'E
£ i 0084 | ® o 3 72 ® °
2+ - 8= ¢
Z E ooe x £ § N
£ - = @ 0012}
- S 0.060 | * ¢ F species * * :ll:" 5 o ¢  F species
‘s ® A species o o A i
6 0.058 - * E sgecies * © % * * E :EZ:::

0.056 L 1 8 -0.016 1 . L N 1 . I A 1 . I L 1 .

4900 4520 4540 4960 45804600 4620 4650 4500 4520 4540 4560 4580 4600 4620 4640
-1
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Preliminary results on Line Mixing

Measured Off-diagonal Relaxation Matrix Element coefficients

, : Positions ORME coefficients
Pairs  Line ID 1 4
(cm) (cm/atm at T, = 296 K)

3F1 € 4F2  4500.555

P(4) 3 < oF1 4501 310 0.0065(2) 0.045(9)
2F1 € 3F2  4511.595

P) rme3rt  asitgg 000550 OIEEE)
3F2 € 3F1  4544.345 .

QB) 3ries3r 4544701 0.0107(3) 0.8 (Fixed)
6F1 € 6F2  4545.900 .

Q) cr>ecori 4546166 0.0077(3) 0.8 (Fixed)
OF2 € 9F1 4547993 .

QO or1eor2 4548138 0.0156(5) 0.8 (Fixed)
4F1 € 3F2  4590.463

R(3) AF2 € 3F1 A500.610 0.0058(1) 0.453(64)
5F1 € 4F2  4602.228

R(4) EF2 & 4F1 1602.723 0.0065(3) 1.47(15)
6F2 € 5F1  4614.394 0.0007(1) 0.8 (Fixed)

R(5) 6F1€5F2  4615.049 :
il e o 0.0100(3) 0.8 (Fixed)
7F2 € 6F1  4626.815

R(6) 7F1 € BE2 4626 934 0.0051(2) 2.80(15)
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Summary and further work

O Measured line shape parameters of H,-Pressure broadened CH, spectra
» Obtained a series of spectra at 80 — 370 K of CH, pure and mixtures with H..
» Used a new version of Labfit_ GUI (Graphic User Interface) [Drouin, Benner, et al.]
» Retrieved widths and shifts along with their T-dep. for 40 transitions
from the v,+v; band for the first time.
* Results show distinctive difference from Air-broadening
«also, show A/E/F rotational symmetry species dependence for pressure broadening
» Retrieved Line mixing coefficients for 19 transitions from 9 manifolds, including Q-br.

U Future work
» Supplied this measurement to theoretical models
» Continue to include the spectra at T < 200 K for this band.
» Measure the line shape parameters for v;+v, band
» Make comparison with theoretical calculations
» Suggest the parameters for high temperatures based on the combined efforts
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