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Since the first detection in interstellar medium in 1989, solid CO. has been found in various
lines of sight and regarded as one of the main constituent in icy grain mantles in interstellar
clouds. Due to the low efficiency in the formation of CO. in the gas phase and relatively high
abundance of CO in icy grain mantles, it is generally accepted that CO. forms on the surface of
icy grain mantles in interstellar clouds. CO. formation on/in icy grain mantles has been exten-
sively studied experimentally, with the aid of energetic sources such as UV or cosmic-rays, and
also without them. In this review, we summarize experimental results on the formation of CO.
on cold surfaces through energetic and non-energetic processes under the simulative conditions
of interstellar molecular clouds.
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E-TELLEY) T, FRo50oR&KES & LTCO,
M E TRV (Gautier and Owen, 1989)
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W5 (Cruikshank et al., 1993; Flasar et al., 2005)
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10°~10°ecm "HETH ), 2512, TOmEIFI0OK
BELVW), BEEZE - BREORETH L, 5TE
OMBNZIX, KFE H), B&F (0), KkF (C), EHR
(N) FFEFLRMSAHAIEL, FfRE LTidr £ BRI
RIRFEWE 2 Ehh - (RHE) & LTHELT
Wb, HofEE bz, SMHOBT - 5T - 59
I IVENERRIEIRAE L, BEWICRIET5Z LT,
L DR THPERENE, ZORKER, rAEER L
OEAEZIY Ly, JEE2%0.1um BEOKDORE (B
MET A XA~ ¥ V) PEEK S NS (Greenberg,
1998). Table 112, MO FETBHM I N T2 T
AARY PVERERT 5 EELRST%2RT (Gibb et
al., 2004), —ELKFE (CO) DAt EZ R Ok
(H:0), CO:,, 7¥E=7 (NHy) 7% &) &M KX
IBDARTIIZDHFAEREHAT LI ENTET, £
BEERMTORIMTER LLLEEZOLRTWVS
(Hasegawa et al., 1992), 7z& 21X, FEHTH 53
HO X FEIZ, OFT, O BIUOAYV Y (0) ~O
HIETFA IS X o> THEEEN S (Tielens
Hagen, 1982; Miyauchi et al., 2008; Ioppolo et al.,
2008; Oba et al., 2009; Mokrane et al., 2009; Dulieu
et al., 2010; Romanzin et al., 2011), O~ H J&T-
RIS & B KAERICE S % 8, KGiEH»
(2009) ZZM I NIz,
ARIMRR ST R TRAS 12 X » C, B2/ o Fk
COMNAITH R IN/=DIZ198ED T L ThH - 72
(d'Hendecourt and Muizon, 1989), Zhid,
ORFE H,0 D3R (Légaret al., 1979) 5B L Z10
FEBDILTH D, COMIT A AT Y MV OFE 4

and

K« Pt - N -

FE - ¥oto

K5 (H.0 12%) L C10~30%, Gibb et al., 2004;
Pontoppidan et al., 2008, Table 1) T& 52 b »b
57, TORAPHO0 DRI H10E S EN20
i, E2SolTIiE, KAH CO.0RE % PR
THLZENTERDP 72720 TH -7 (P'Hendecourt
and Muison, 1989), 7 A A< ¥ kv CO.DFFFER
BEAMRIEDO AT T 52 & HTET

(Hasegawa et al., 1992), E5IZZOEFRE RS
CODLTAARY PNV DOEE LR T DO EDT
H5H7-% (Tablel), EMSFTEIZBITS COUZEM
ERETOMCTEE SN -LEZONTWS, Bl
AT, KA O CO.it 13 B AH COuit D5% A T H %

(van Dishoeck et al., 1996). F 72, CO.% & trit
EHBET A A< Y PO (UV) BHIZX -
T, 73RN E ORISR SN TS (2L
2L, Caroet al., 2002)c ZDEHIZ, COlE, FHi
ZH T ORI LI BT B RH %
HHYEEZONS,

AMERTTOREN L COLMEERE LT, CO
HLtos, COLOFETFOMEL, €LTCOLE R
X NV7 T AN (OH) LDORIEHRHEZ LN TWY
5o

CO+C0* — CO0.,+C (1)
CO+0 — CO. 2
CO+0OH — CO.,+H (3)

CoO*iihiEe CoOnFxdHobbT, $72, COL H

Table 1 Relative abundances of major molecules found in interstellar clouds (H.O =100)

(Gibb et al., 2004).

Source W33A AFGL 989 Sgr A* Elias 29
Type massive YSO* intermediate-mass YSO* Gc’ low-mass protostar
H,O0 100 100 100 100
CcO 8.1 18.7 <12° 5
CO, 13.2 34 13.7 20
H,CO 3.1 23 D4 <1.8°
CH;0H 16.8 23 <4° <4.4°
CH, 1.5 1.9 2.4 <1.5°
NH; 15 4.6 <4.9° <7.3¢

* young stellar object
b galactic center
¢ upper limit
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TFroRRTERENS HCO &, O BTFH»RInd %
L, COERT HEEZEZH5NTWDS (Ruffle and
Herbst, 2001) o

H+CO — HCO (4)

HCO+0O — CO.+H (5)

BB (8) &, K&EAbE: - BBEfbs: o 5B ¢ BRI
(Yu et al., 2001; Senosiain et al., 2003; Song et al.,
2006) - £ (Frost et al., 1993;Laster et al.,
2000) IZHFZEENTB Y, JAMHTIIAEE % P&
DERZFET, DTORKTHEITT S I EHPWHLHI
ENTnw5b,

CO+0OH — trans-HOCO (6)
trans-HOCO — ¢is-HOCO (7
cis-HOCO — CO,+H (8)

FRMEO T AN F—RERED R S 13 F 2585
TWwa Y, BENLERF VY VIAVE—-F AT
25 (Yu et al, 2001;Fig. 1) #&5&, RILHE
(CO+O0H) ZDIT A NVF =%, KoK ER
REOLANF—LHE, b LIEENUETHLD
T, RIBOMITICIRE LI ANVT -2 LEEL L,
L7225 TRUG (3) &, JBhkes 125 %2 Ot (1)
R, REREWALZ AN T =L ELR KL (2)
(Goumans et al., 2008) X 0 BT g\ & HEH

CO + OH TS,
ol e TSy *
~— ® __—0

= CO...O0H
g -30
2
& -60
g TS
o
£ -9 o
= / \ [
&

-120 v ) CO,+H

rans-HOCO ~ €is"HOCO
-150
Reaction path

Fig.1 A possible pathway to the formation of CO,
initiated by reactions of CO with OH. All en-
ergies are relative to CO+OH, which are
derived from theoretical calculations by Yu
et al. (2001). TS: Transition state.

SN,

INFETIZ, K (5) %K< 32D COLE Rt
(1) ~ 3) #», BEMEZHEL 7GR - B4
BFCEBRIVIKRIES N, EORIBICBWTDH CO,
EEPHRESNTWAS (72L& 21, Watanabe and
Kouchi, 2002), Zh 5 DA HIZED KE 1%, CO
PEUEDEBET A AT Y P AADOUVRE I L
NVE— A4 F VI X 5T, COLMKIL% T S &
Twiz, EBRORBERE TS, UVRFHMRED
I ANVFE —FEAPEEWNICHLEL (Prasad and
Tarafdar, 1983; Tielens, 2006), 7> CO (2 ME T
LAY MVOFEELER ST TH5S (Gibb et al,
2004; Table1) 72, ZhSKE (1) ~ (3) IZEMH
ETHRINIZTHAL ). —T1, BUE B) FvF
REIZIN TRV oo, TRV F—REEM (2
T HI LN, HRitEICL > TPRIR TS
(Ruffle and Herbst, 2001) o

—HT, EE, HKOREIIVEHESTENIBT
b CO.DHHAMNMR SN TE Y, UVIHEZEICLS
%\ COA BB DAFAEATRIZ STV % (Bergin et
al., 2005; Knez et al., 2005; Whittet et al., 2007), %
I L7ZBRETCODPUVRFHEMIII ) BTEIRT
5ZEIFBRENTRL (2 zxiE, CO* @1) ox
F V¥ —: ~580 kJ/mol, Bennett et al., 2009), KUt
(D) EHRETER WV, L7225 T, 0o COLE
BIE (2), (3) AAUVED T AL F -z LIk
CHHE ) PBIRIR NS,

ARHFTIE, ThETITDRA TS, BERELH
L72BREET, RIREMARKRT TO COAMIZEE T 5 9
BRI 2 fhd %, TOLT, AREE 51N
50HATIE R, UVELA LT -z Hvizbo (2
), BloEhs i vF—2Huindo (3%)
TR %o SEETIIAFIC, BOESEH S AR
EoF, TANVF =Pz A COABIZHE S
5 EBRERE, TOFEBREHLELHITHLIMNT
Bo WIS, TANVF—JHEZLEE LRV COLIK
DRILFEREEET S (4¥),

2. IxIFX—BEBHIZES COLER

2.1 ZE9K

19894F |2 K LB T K CO.23 % HL & 1 5 DL >
5, 10~20 K IZHHENL-HO R CO e at%
JFIRAND T AN F =BG K o T, B4 CO 4
Wbz lizLlmbnTwi (728 21X, Hagenet
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al., 1979; Moore et al., 1983; d'Hendecourt et al.,
1986), Hagen et al. (1979) 3 X U¥ d'Hendecourt et
al. (1986) %, CO/CH/NHJ/H.O 7*57%%10K N%
R KENDIFEL, COEF TR, AVAT VT
F (H.CO) R 05, £LTCT—MfLEFR NO) LD
ZFLEMOEK Z R L72. Allamandola et al.
(1988) XS HIC Lo E RS, SF&F
LIRFALEWE GO LK (2L 21E, HO/X ¥
/ — v (CH:OH)/NHy/CO/C:Hs) % 4% L, CO:
IO ET AL DEEYZFEL72c Moore et
al. (1983) &, 1MeVO 7 b v T AN F L
L CIHBEDFEER %20 K D% B 55K T17v, UV IS
FEERE FBRIC, COZk R4 DILEM DA # MR L
7o Table 212, BERFEBRTHW LML K HIKDOHM
DB &, EORPT AN TG SN 2BOEKY
EF L7, brAZ, FHUMKEZROZ K K~D
UV BEE BT AN T — 1 F CRGTERTIE, 2%
DEFHNRIEIWEDZANF—DRESITE > THRE
2500, EEYORERICKE ZENIZR OV
(Gerakines et al., 2000; Moore et al., 2001) .
BRHEEET A A= ¥ MVOMBLE B L 725 855Kk~
I AN F—HGEERIZE 5T, CO X H,0, NH:® &
9 7% Bl 2 4% 5 720 5, H.CO ¥ CH:OH, 512
BT RERTOBMARM A ER S NS, 2D X9 IC
FERE N THIR L 7B B % IRINK 3 5 &,
e DT I ) HBIPERINILELH DL (728 21E,
Caro et al., 2002; Takano et al., 2004), ZDFHE

PE - ¥oto

X, BEMSTEIIBT bR L ST, RKEE
FBAH7 I BoRME, 513k ETorfork
BEMT 5 ETHEFRICEETHS ) —HT, 20D
FOFBINIKELREDD L. T, KOBLKSG
THH720, HEERMOER T O A% ET 5
CEDEFICHELZ L V) HTH B, 2L 21, Ha-
gen et al. (1979) 12 X 5 CO/CH/NHy/H,0 Jk~® UV
MRS CIX CONER SN 72H, ZoRFEIF, CO L&
CH®EL 5%, & LIZMGARIETH 5 kA
HELOD, BzlTE-oEFDLAhwv, 72&2COL
CHDEL L DG TORFx FMAFEZRLTD, W
HBEZERLIZERHLVWES), BEHGTETD
(LA, FUGEBREWHLPICTHI L
EETHY), FODIERKIBNTS, HEoB X
ORI DERDUEN T B o

2.2 BERS - ZK2K

10K IZHH 2 N[k CO I E~122 nm @ UV
EFZANF—~10eV) ZHHT 5L, COAIM
2T C0, C:0, CoER X7z (Gerakines et al.,
1996)c TN O DERY O A S, s (1) »5
L7z FHTE S, b (1) 12X % COLERK I,
10 K IS W R S 7z [E 4k CO ~ D200 keV 7' 1 |
VS (Loeffler et al., 2005), 3 X U5 keV &1
4} (Jamieson et al., 2006; Bennett et al., 2009) 3
BCLERIN TS, 72, UVIBSHHC X 2 BT
AINF—H72) O COLERFIZ, 7u b rRET
BRSO Z R TEA - 72 (Gerakines et al.,

Table 2 Examples of ice composition before and after energetic processes.

d'Hendecourt et al. (1986)

References Allamandola et al. (1988) Hagen et al. (1979) Moore et al. (1983)
Energy source uv uv o
Ice composition H,0 H,0 H,0 H,0

CH;0H CH,0H CO NH;3

NH; NH, CH, CH4

CO CO NH,
C;Hy

New species formed H,CO H,CO CO, CO,
CH, CH, H,CO C,Hg

CO, CO, O3 CO
HCO HCO NO C,H,

NO,
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1996; Loeffler et al., 2005) , Palumbo et al. (1998)
13 CO/EH#TT (No) RAKND keV 1 4 » B4t %
T, EREN D CODMRARIXA R T M VIR %
S L7ze CONIKIZHSTH 525, COHARIZ N.
G Lo T, CO HBGIK E FMARIZEIS (1)
KXo TCOMNERINIE VR D, TOEBRTOD
FERIE, BRI COXE CONgKE TIX, UVHEREL
TERLZCONE = ERPZENENE L2
LTHD, TORFEERKIBWTH SNz CO.NDE —
IR E L, 74 A< ¥ b CO.DEFEIRRE
Mk SN Tw5b (Palumbo et al., 1998) .

Bt (2) 2B LC, Fournier et al. (1979) X
—Mb—g% (N.O)/CO/T VT ¥ (Ar) AKX (TK)
~O UV B FEBRZ AT > 720 Ar I ZRUBICS- LR w
DT, ZITRIDEAKE HHIKELTHI.
® N,O/CO/Ar+UV EBET, UV BEHEICREZY B
5L CODER LT EFHE LT 5, %IE Grim and
d’'Hendecourt (1986) %%, N,O Tt 7% < 0.7 H »
T, Fournier et al. (1979) L HMPOEREIT- /2L
A, UVIEHBEZICTIIHEKIC COLERDPHER I N
720 L% L, Fournier et al. (1979) \ZX R & 1X
®e ), UVREBEZICROBERREZ LIFTy, &
5% % COAEMDPHER I NG o720 THIE, BE
KRHFNWHFIET HTHA ) OFT L CODS, HARE
ELEAISETCORB LB 572720 THhHb, Lo
T, e (2) PRI E7:DICIFIUVEDOT AL F—
BARBETHY, G (2) CE»Z) RIS BZT RNV
F—REEIAFAET S &% 2 517 (Grim and d’Hen-
decourt, 1986), MWi#H DFERIEZL B FEIZOWTIE
o &0 & LKmIETTOY ROV, CO.DMJiH:
DENVR, ORTE2MHT 55T (N0 vs. 0) DE%
LT LR ENHET L ETHING,

TR IRAND AV F — HREFEEER X, CO/H0 KT
L ATHb N TWw b, Allamandola et al. (1988) &
Palumbo and Strazzulla (1993) ¥ CO/H,O 7k (10
K) ZZNZNh UV, 3keVHe 1+ VIH 247, K
IBAERIZ CO X RiERRE L7z L2, WHFZETIEX
ISF W IZER S d o7,

Watanabe and Kouchi (2002) ¥ CO/H.O K~D
UV (~126 nm) WBHERZ D 5720 TT, DT
COLBMEBOIERE L ZDERN RHERE T o720 2
DEBFRZTRIIIE (1)~ @) OFTXTHRID D
5o LHL, Hidko@) s (1) 3 UV B TiEw)
I TlE 7% (Gerakines et al., 1996; Loeffler et al.,

2005), & 5I1ZH0 D% (126 nm) Tid, H+
OH DSEE L MRERM TH 5720 (Dutuit et al.,
1985), OH A BtRT 2 & (3) 12 & o T COHYE
B L 7z & #fidw & L7z (Watanabe and Kouchi,
2002) .
H:0 O3 RETHEKT 5 OH B FHEOZ A VT —%
EFECHIET 52 EIZESH TR, LA L, #HK126
nm ® UV OFET T AV F—1:~9.8eV, H.O D O-H
DIEETANF—1E~52eVTHLHDT, AL
OHIE, B B & £ (9.8~5.2)/18=~0.3eV (~25
kdmol™?) MEORF I ANF—%2HOLFETES
(Watanabe and Kouchi, 2008) . SEEEICIZ, R
157am O UV CTT7 ENVT 7 A H0 K% G5FL 7z &
ST S OH DT AV F -2 /S 51T
W5 (~22kJ mol ; Hama et al., 2009), Z DI %
VEF—IHIE (3) DHITICTHTHAH. EBDE
MEBRBETIE, UV RFHMZ &I AL F - %
BHIZHFFE L (Prasad and Tarafdar, 1983; Tielens,
2006), 7> CO & HLO IZEMET A A Y VD
FELZMETTTHDHZED5 (Gibb et al., 2004;
Table 1), Kt (3) 12& 5 COLBIEIEH ICHFT
HbHEEZSLNTWS (Watanabe and Kouchi,
2002), %7z, CO/H.0K (12~16K) DIl
F—AF VHHHT X B R COLEM b & = W 123k
ENTBY, UVERHFEEIZ, EMECTREIY I B
IS7ZE S N Twb (loppolo et al., 2009) .
INFETITHRALAEES - RS KND T AV
F—HGHC X 5 COLEMIFEERTIX, CODPRFEIRE L
THwshTwb, — 5T, COUNDREEEL S
THAR, BLUZOHO0 & DREKND T RN F—
BT L % COLEBER DTN TS, REBDK
F#ii & LT, CH;OH (Allamandola et al., 1988;
Palumbo et al., 1998; Ioppolo et al., 2009), CH,
(Palumbo et al., 1998;Ioppolo et al., 2009),
Hydrogenated carbon grains (Mennella et al., 2004,
2006) 7= & & HWTERPfTDI, WFhiZBWnT
b COLEEDHERENT VS, ThHDFEFIE, CO.
FEMERTCTESICAREINI) 25T THEHI LR
IRTEELZDBDTH B, — T, COZHWTGE
£2D, COLBICELEFTORINEMREIZIZ-ED
L7, 5% 2 HICHEMANEILEE S b,

3. IRIF—FEERAVEL COLRK

2B TIX, UVEHEDO T A NVF -7 H\vi COL K



218 K - W - BN -

WS 5% ofEsl N Lice —7, TANVF—
WEHWRWCOABIZH T 5 IEEFITH %
Vo Kt (2) ~ (@) OXHI BT I ANRETIEE
THRIBTIE, N0 nEELEREOTY
WHIERICHEETH S LV, EERLOHL 35—
THH)o TD LI KO DB & TH20004 DL,
IANVF—FHZHW WIS (2) (CO+0), Kk

(3) (CO+OH) BT 2WMELITHONLT VS D
T, ThZN3.1, 3.2. THNT 5. &b, Kb (5)

(HCO+0) 2B L Tix, HCO #EBRIZH Wb Z &
PBIED L ZAHWDTHEETH 2720, ThETITH
FES N7=BNE 7R v,

3.1 CO+0

Bt (2) 1IZBIL T, Roseret al. (2001) Z~ A1 7
OHEMETOE2 T T ATHREBIZLTOET %2 ER
L, CO & & BITEKICHEH SN2 SN FIZHKFE
SE LA L, RUBIEREEZ LIiF T COldA
SN hoize TN, Kb (2) ITHERTEHL
I AN F— (~20kJ mol™’, Goumans et al., 2008)
AR, BULHEMA S CO & O T2 il L <
LEobZ e BRI N, £25%% FHL CO/O
BAEKZEEHRL, 20 EI2E512~10050 T 1454
TJE =10"Ml/cm®) @ H.O K% 274 L 72D H I ik
WEZ LA-8¢5 &, COMERL-E@MmELTY
bo 7272, F O COLERITATRBLEEE DO A THERE L
TWwa 70, BREEICHE T 2HHRERD I EHNTE
T, TSN EI o2, EBRITKDOSNIZK
& (2) O AL F—13B X £2.4kJmol™
Thh, H@stHE THE S5 7zl (~20kJ mol ™,
Goumans et al., 2008) LMD 2B 5, ik, K
& (2) AEERIICHBGES 1, 20 KRR R E R
WETiE, s (2) 3RFRNICET RN EHURE
72 (Goumans and Andersson, 2010), R, &%
5% Roseret al. (2001) L[ UEE%Z1T->Td, CO.
R EWRETHZ I3 TERD o7 (Oba et al., un-
published data). —77C, CO & O JET2%5 { #i&
L7z#ahkE, HETLORIBIZ X S, COLLRRRE
DL E N7z (Goumans and Andersson, 2010) o

3.2 CO+OH

3.2.1 H,0 75 X~¥ CO/MH,0 K~» UV (~126
nm) METIX, CO & OH O RIHIZ & » T COD
B X N7z (Watanabe and Kouchi, 2002), H,O %
DRETERENSE OHPKRELAF T AN F— % F
DI EFHIE L, SIS L, RETALF—%13

PE - ¥oto

EALE T WRIRO OH # EEBRIICER T 5 2 &
BESTEL, ThETCUVAREDZANT %
LI, Bt (8) ZMGEST 22 &S TEh o,

Fr3mE, HOZ~XA 7 0ERBEICL >TSS
A<IRE (KT, HO 75 A< LIERZ L1127
%) ICLTOH %4 L, ZNZ2100KICHHIL T,
ARG R AR 2R 1T C BORA RS LTV 2 &2 L
72 (Oba et al., 2010a, 2010b, 2011), Fig. 23 &£ U3
IEnEh, FEEBEEOME L CO-OH [HIKF# 75 1B
T HHMEIRT,

BB IIERD ¥ — KGR TTHAS N, £
DOF)EEZEE 310 “Torr BETH 5. OHIIH T A
Bremzfg, FiLicEEsIhTF 7 rFa—7,
BIUOTIVI=T A (AD) 754 T%i- T AL 3 (10
or 20K) LIZEFESIND, Al 734 713100 K 12 H
ENTHBY, #@#ET50HIE M THEEE D22
LD FEHEIN S, RERBTIE, FEBREEOHIK
12L&, OHOZANFREZEZENET S L1
TE& %\, EXEHEO OH I, RE) - BTk LT
WBNH LNRWAS, 100 KICEHEH SN2 AL, T
EE L D% HUa 2212 & - T, Al JERFIERNC, 3R
BHRIKIREICE DL 3TTH L, ZoHE, OHIXE
TR LTwaWnwZ &2k b, 2hid, REEEL
Tw5 OH A, [MTHEILD COm T &EEL T,
P 7 IVBF —F—THIERRBIZHED 5 & v ) FEH
# (Kohnoetal.,2011) 75 b, BAHIHETE S,
T/, ExlE, oV A% 79 AIREICLTHET
ZAEEL, 100K ICHI SN2 Al T @M S
L, TOHEFIIN, TREFE THHICHEHNSN
TWbZExE»PDHTWS (Nagaoka et al., 2007) o

M E oIS AR IZ 7 — ) T 2 8R4
(FTIR) itk o TEDY s h b, $72
PO AR 2 & B U 72 451 1 DY 2 A 78 B = AT
(QMS) IZTHi s8N b, EEBEE - o35k
5 FEMZ 2w T iX Watanabe et al. (2006) %
Nagaoka et al. (2007), Oba et al. (2010a) %S
SNz,

HO 7 9 X< H 2%, OH A IO 5 ¥ - HI
T -H--0kEbEETNS (Timmermans et al.,
1998). AFiTIL, OHZEHELINSET - 5T - 5
VAINEBBLT, HO 7527 4 b EIESR, HO
TSGTAY FOAREIORICEH S N FIC#S
K¥sk, HHO7 5 7 A ¥ MELXKIE L, BRI
KFE (H:0.) % O EDGFHAER L7 (Fig. 4a) &
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TMP (370 Lis)

H,0

Fig.2 Schematic illustration of the

I Al substrate

/

+*

gauge

Liguid N2 shroud

MCT

experimental apparatus ASURA used in this

study.
H,O vapor
(~0.2 Torr)
H,O plasma -
H,O fragments lose their
excess energy through many
collisions with cold Al pipe.
Pyrex tube
Al pipe (100 K)
| A
4, CO (~300 K)
A

\ 2
15

H,0 fragments
(e.g. OH, H, H,)

%

cold OH + CO = CO, + H

Fig.3 Schematic illustration of CO-H.O fragment codeposition experi-
ments on the cold substrate. H.O fragments are cooled to 100 K af-
ter many collisions with the inner wall of the Al pipe (100 K).

Al substrate at ~10 K

/ TMP (1050 L/s)
QO AL
Cold cathode
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Fig.4 IR spectra obtained after 120 min deposition

of (a) H.O fragments and (b) H,O fragments
and CO for OH/CO of 0.8 at 10 K. Asterisk
in panel (b) represents absorption by carbon
-bearing species which are further described
in panel (c¢).
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Fig. 6

Possible network for chemical reactions, related to C, H, and O atoms, which

may thermally occur on interstellar icy grain mantles. Solid arrows indicate re-
actions which have been experimentally demonstrated to occur, and dashed ar-
rows indicate reactions which are theoretically expected or under debate to oc-

cur.
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