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Molecular cloud Proto-planetary disk Planetary system
Size ~107 AU ~1000 AU <~50 AU
for the solar system

Temperature 10-80 K
Photon field 10 8 photons cm= s'1

Lifetime ~107 yr

Dust grains
—) —)
Dust grains @ (D) (E) @

(A) = (B) > (C)

KDL FE R G
RF D FORENDRFICLSIERA R (<30K)

Amorphous solid water
molecules (e.g., H,CO, NH,)

hv Amorphous solid water

Organic molecules (D)
— @ —
CO Cometice
(A) (B) Submicron size Amorphous solid water

Organic molecules

(C)

(E)



IKTHEEDIEFERIE
-FHIZEITAHH,00 FEREEE DH,0IZDLNTHDRIE-

"D FEICHITBH,00 FEK (HRFDREILEL)
"H,ORFDRFRAEVEELEZEDH,0DEIRIZDLNT

H,OK D FERIGIZ DL TIE
Yabushita, A.; Hama, T.; Kawasaki, M. J. Photochem. Photobiol., C 2013, 16, 46. ZZ 1.
KD I 53 fE H,0 > H + OH
IKEFED ZRRIHIZKSD H,53F, OIRF, 0273 F 4Rk
H,07 F DA~ DI H
A4 1t (H,0 & L) HE.

KINDBRIEE R IG- - KIF130 KELEIZHSE, b hIcE O (/4 1k) 9 5.
2 H,0 > H,0* + OH-
FEREMZOIGEANTDOLENDE?
LHL, B FDORERGAEDAICITEETRIZT.
)kNT DCOOD + H,0 « DCOO- + H,DO* «» DCOOH + HDO
(BREEER . TBOAILARTVIILEDOHH/DEEABES(1XT))

- FDhH Mo TRV E



PFEICEITEHH,0%E R

O H
’ © < 20-30K (1) OFRF~DHIEF 0
— D O +H-> OH
0, OH +H - H,0
0O > 0, e > 0, Activation barrier E, =0
+H
l +H (2) 0,73 F~DHIEF{+ A0
HO, O,+H—> HO,
+H g HO, +H - H,0,
+H l*H A H,0, +H = H,0 + H
E, = 2000 K
HZOZ :
Y K 1 +H i I\
OH | ( ............................... (3) OH&HZ” %O)&FE\
+H +H, OH+H, > H+H,0
BN 5 E, = 2100 K
i § EHAIZIE, H0lE(1) TUMERLALY.
v v v (2), B)ErURILRETHES.
H,O HIRF, H,> FDILEMNKE.




REIRILDETAFTIIR

Edes

Reaction (E,)!

S:kEEER=~1

Ege ThERDFEHEIRILF—
Eges: BBEDFEMHIETRILE—
E,: RIGODFEMHIETRILF—

HIE FDILEL, BRBEA RGN ZEIZEE(H,0121F THK, H,, NH,, H,CO, CH,OH, CH,/EEd).

Table 1. Calculated 7 in seconds of H atoms adsorbed to
crystalline and amorphous ice.

T Crystalline (s) Amorphous (s)
10 1.0 x 10° 7.3 x 101°
12 128 1.4 x 1011
15 0.16 2.8 x 100

20 2.0 x 107* 56
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Attenuation of H and D atoms on ASW at 8 K
as a function of waiting time after H-atom deposition.
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55 LEES T-2E14] Cosmic abundance

TR KL D/H =1.5x10®
n(XD)/n(XH)

DCO* 1.2(—2)—2.7(—2)

HDCO 5.9(—2)

N,Dr 6.4(—3)—8(—2)

CH,0D 2.65(—2)

DNFEa 7 1L1544[15]016]
DER KK

n(XD)/n(XH)
DCO* 4(—2)
N,D* 2(—1)
D,CO 4(—2)

(E R TRAS16293—2422 [17][18]
Saamu il BEKFEL
n(XD)/n(XH)
D,CO 3(—2)—1.6(—1)
CH,DOH  3(—1)
CH,OD 2A—2)
CHD,OH  6(—2)
CD,0H 1(—2)

Bergin and Tafalla, Annu. Rev. Astron. Astrophys. 45, 339 (2007), 1)1l #41E, BHARXEFRF L 14, 168, (2005)
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Nuclear spin statistics for H,O in 12 comets
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Mumma & Charnley, Annu. Rev. Astron. Astrophys. 2011. 49:471.
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Photo-produced ASW at 8 K
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Table 1. Calculated 7 in seconds of H atoms adsorbed to
crystalline and amorphous ice.

T Crystalline (s) Amorphous (s)

9 10 1.0 x 103 7.3 x 10

. &." 12 128 1.4 x 10!
\ 15 0.16 2.8 x 10°
20 2.0 x 107 56
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Nuclear spin statistics for H,O in 12 comets
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Table 1. Approximate cosmic abundances of some

elements normalized to hydrogen?

H 1

Heb 1 X 101
D¢ 2 X 10°°
C 2 X 104
N 7 X 10°°
@) 5 X 104
Mg 3 X 10°°
Si 2 X 105
S 1 X 105
Ca 2 X 106
Ti 7 X 108
Cr 3 X 107
Fe 3 X 10°
Ni 1 X 106

aReferences 1,10. PReference 12. ‘References 11,13, and references therein.



Table 2. Gas-phase molecular abundances in a dense cloud (Taurus Molecular

Cloud-1, TMC-1), normalized to H,?

H, 1

CO 8 X 10°°
0,0 <3 X 10-
OH 3 X 1077
H,O¢ <7 X 108
C, 5 X 108
CN 3 X 108
CH 2 X 108
C,H 2 X 108
NH, 2 X 108
H,CO 2 X 108
CS 1 X 108
SO 5 X 107°
CH,OH 2 X 10°°
HCOOH <2 X 1010

aReferences 16,17. A typical number density of H, in dense clouds is ~10* cm~3. PReference 19. °Reference 18 (see also Table
3 and Chapter 4.1 for the abundance in the solid state).



Table 3. Ice composition in various interstellar environments as a percentage of H,O2

Dense cloud Low-mass YSO High-mass YSO Comet

(Elias 16)P (Elias 29)¢ (W33A)d (Hale—Bopp)®
H,Of 100 100 100 100
CO 25 5 8 20
CO, 24 20 13 20
CH, — <2 2 0.6
NH, <10 <7 15 0.6
H,CO — <2 3 0.1-1
CH,OH <3 <4 17 2
HCOOH — <0.09 7 0.05
XCN¢Y <15 <0.2 6 —

9References 76,77, and references therein. ®Background star behind a dark cloud in Taurus. The
ices are believed to be free from the influence of massive star formation and represent material
in the dense cloud. ¢A low-mass protostar located in the Oph molecular cloud. A massive YSO
located in the W33 HIl molecular cloud complex. ¢eReference 21./The relative abundance of H,0
to H, typically ranges from ~5 X 10 to ~1 X 107 See references 4,78-80, and references
therein. 9C = N stretch possibly due to OCN~ (reference 81).



Forms of water ice at low temperature and pressure

T deposition DenSityb
Phase b )
(K) (g cm?)
Hexagonal ice (Iy) > 150
Cubic ice (l;) 120-140
Restrained amorphous solid water? 100-140
Low density amorphous solid water 40-100 0.94
(non-porous) (0.82)°
crystalline surface High density amorphous solid water < 30-40 1.1
(porous) (0.68-0.74 )°

$hsbd®y- @ Aviscous supercooled liquid water
PRSP The density refers to the local density of compact bulk ice.
' W ¢ The low value is due to various kind of defects, micropores and cracks.

LDA




SESFLRREF-DFEKEDOREIRILF—DFEED (EER-EHRAAELD)
Table 1. Adsorption energy of interstellar species with water ice

Adsorption energy

Species  Water ice Method
(K)?2

H 350 b
ASW clusters (H,0),5 210-430 MD
ASW 650 = 195¢ MD
Cl 400 + 111¢ MD

D ASW clusters (H,O),,= 260-515 MD

C 800 b

N 800 b

O 800 b

H, ASW <860 TPD
Cl 570235 MD
ASW 9602350 MD
ASW clusters (H,0),c, 6507333 MD

HD Nonporous ASW¢ 540-710 TPD
Porous ASW¢ 800 TPD

D, Nonporous ASW¢ 470-760 TPD
Nonporous ASW 410-530 TPD
Nonporous ASW 380-680 TPD
Nonporous ASW 350-650 TPD
Porous ASWe 840 TPD

DAavrniiec A\ C\A/ EON ARON TDD



SESFLRREF-DFEKEDOREIRILF—DFEED (EER-EHRAAELD)
Table 1. Adsorption energy of interstellar species with water ice

Adsorption energy

Species  Water ice Method
(K)?2

D, Nonporous ASW¢ 470-760 TPD
Nonporous ASW 410-530 TPD
Nonporous ASW 380-680 TPD
Nonporous ASW 350-650 TPD
Porous ASW¢ 840 TPD
Porous ASW 520-680 TPD
Porous ASW 350-750 TPD
Porous ASW 350-810 TPD
Cl 640' MD
ASW 10307 MD

CO 1900 b
ASW 1180 TPD
ASW 1370 Al
ASW 1090255 MD
ASW 1010£=290 MD
Nonporous ASW 830 TPD
Cl 850 TPD
Cl 1210+240 MD
Cl 1310, 600 HF
e | 127N 197N 11ENA NDNCT



SESFLRREF-DFEKEDOREIRILF—DFEED (EER-EHRAAELD)
Table 1. Adsorption energy of interstellar species with water ice

Adsorption energy

Species  Water ice Method
(K)?

O, 1500-1600 b
ASW 1000" TPD
Nonporous ASW 900 TPD
Cl 940 TPD

N, 1700 b
ASW 1000 TPD
Porous ASW 1000-1600 TPD
Cl 400 DFT

OH 2850 J
Water clusters 2100X DFT

CO, ASW 2490 £ 240 TPD
Nonporous ASW 2270 TPD
Cl 2360 TPD
Cl 2390 =+ 240 TPD

CH, 2600 b
ASW 700 Al
ASW 960 Al




SESFLRREF-DFEKEDOREIRILF—DFEED (EER-EHRAAELD)
Table 1. Adsorption energy of interstellar species with water ice

Adsorption energy

Species  Water ice Method
(K)?
ASW 2050 TPD
ASW 3260 TPD
H,CO
Water clusters 2300-4000 HF
Cl 3600 MD
H,O 4000 b
ASW 5640 TPD
ASW 5770 TPD
\H ASW 5530! TPD
’ Water clusters (H,0),q, 2000-6300 MC
ASW 5530t TPD
Cl 6500 Al
CH,OH  ASW 5400 TPD
Cl 7200 MD
Cl 7760 MD




SESFLRREF-DFEKEDOREIRILF—DFEED (EER-EHRAAELD)
Table 1. Adsorption energy of interstellar species with water ice

Adsorption energy

Species  Water ice Method
(K)?2
ASW 5570 TPD
Cl 6500-7700 Al
HCOOH
Cl 7350 MD
Cl 4630-10300 QM/EFP

a11.6 K=1meV =9.65 X 102 kJ mol.

bEstimated value from the polarizability assuming the binding energy of H, and H,0, 450 K.

°Full width at half maximum.

9The authors denoted this as low-density ice (LDI).

¢The authors denoted this as high-density ice (HDI).

fAverage value at 90 K for Cl and at 10 K for ASW.

9Three values are caused by site-specific effects of the crystaline-ice surface.

hEstimated value of Cuppen and Herbst?26 based on the TPD results obtained by Ayotte et al.??” and Collings et al.17
iEstimated value of Garrod and Herbst?28.241 hased on the TPD results obtained by Collings et al.170
IThe value is assumed to be half that for H,O to take account of hydrogen bonding.

kBinding energy of hydrogen-bound complexes.

ABBREVIATIONS

Al, adsorption isotherm; ASW, amorphous solid water; Cl, crystalline ice; DFT, density functional theory; E,,, adsorption energy; HF, Hartree—Fock theory; MC,
Monte Carlo simulations; MD, molecular dynamics; PCI, polycrystalline ice; QM/EFP, quantum mechanical/effective fragment potential; TPD, temperature-
programmed desorption;



Table 10. Deuterium fractionation for some interstellar species in the gas phase?

Species Dense cloud Prestellar core Low-mass protostar High-mass protostar
(TMC-1) (L1544) (IRAS 16293-2422) (Orion BN/KL)
Refs 433-435 Refs 436-438 Refs 281,435,440— Ref 450
444
DCO* 1 X 102-3 X 102 4 X 102 9 X 10-3
N,D* 6 X 10°3-8 X 102 2 X 101 -
HDO 3 X 1072
HDCO 6 X 102 — 1 X 101 -2 X
10t
D,CO — 1 X 10?2 -1 X 3 X 10?2 -2 X
101 10t
CH,DOH - — 1 X 10t -5 X 1 X 10-3b
107t
CHD,OH - — 1 X 102 -1 X
10t
CD,OH - — 2 X 103 - 3 X
1072
CH,OD 3 X107 — 1 X 102 -3 X ®b
102

aRatio relative to the normal hydrogen form. °[CH,DOH]/[CH.OD] = 0.7 £ 0.3.
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(1) H,O vapor-deposited amorphous solid water (ASW) at 8 K
(for the idea that T, relates to the condensation temperature.)

Tqpin measurement by REMPI !
% Tunable UV laser | >H20| >
Heating t

| _HZO (500 monolayers) | (4 K/ min) H,O (500 ML)
. Aluminum (8 K) > Al (150 K) |

(2) Photo-produced ASW at 8 K

(for the idea that T, relates to the formation temperature.)

hyv Tspin measurement by
REMPI |
%\ O OHOL )
Heating t
CH, + O, (500 ML) | 5 5y H,O (4 K/ min) H,O

. ABK)  [—  AI@8K) >  AI(150K) |




MD calculations for adsorption energy of H atom on ASW
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Table 1. Calculated T in seconds of H atoms adsorbed to

crystalline and amorphous ice.

T, Crystalline (s) Amorphous (s)
10 1.0 x 10° 7.3 x 1019
12 128 1.4 x 101!
15 0.16 2.8 x 100
20 2.0 x 10~ 56

Al-Halabi and van Dishoeck, MNRAS 382, 1648 (2007).



Table 1. Calculated energies for the adsorption of H and formation
of H» on a forsterite (010) surface in K.

Reactive event Energy
Hg — Hpnys —1240
HB — H:Elem + eg —12200
TS (Hphys = Hiep + ©5) 1240
TS (Hg = Hiem + €5) 6

Hg + H{_:'Elem + e§ - H:ilem + Hc_hem —39800
TS (H fem + Hepem — H2.phys) 5580
H ;Elem + Halem - HE-Ph}'S —3670
Ha,phys — Ha,g 1120
Hg + H{_:'Elem + Hauem - H2=B + Hc_hem —14800

Note. g = gas phase. chem = chemisorbed, phys = physisorbed,
eq = surface electron, TS = transition state.



Table 1 Relative energies (kJ mol ') of reactants, products and
transition states for H,O formation on a forsterite (010) surface.
The numbers 1n the first column correspond to steps in the formation
pathways, as discussed 1n the text

Reaction step Species Relative energy

Surface + 2H, + O, 0

H.ss + Hy + Oy —102
Hags + Oaas + Hyg —534
TS 3 - 4 —508
OH,4s + H, —530
OHads + Hads —1036
TS5 - 6 — 1018
H-0.45 — 1040

Surface + H,0, —945




Experimental Setup

Al pipe (100 K)

TMP (370 Lis)

i,

Capillary p'i;T; \

OH

I Al substrate
1]

—

TMP (1050 Lis)

Cold cathiode Al substrate temp. : 10 K
OH deposition rate: ~1.2 X 103/cm?/s
Liquid Nasiroud | QH temp.: 100 K
H, flux: ~2 X 10%4/cm?/s
H, temp.: 298 K
Base pressure: ~101° Torr
Exp. time: 60 min

lasma

Fyre wbe OH; H; 0) Hzr and 02 (= Hzo Fragment)
are included in H,0O plasma

Fig. Schematic illustration of Apparatus for SUrface
Reactions in Astrophysics (ASURA)




H,O signal intensity / arb. units

H,O vapor-deposited ASW at 8 K
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Abouaf-Marguin et al., 2009, CPL, 480, 82, Sliter et al. 2011, JPCA, 115, 9682
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2 H,0 — H;0* + OH- BIATOEMSIEIRILE—0.9eV ~ 10400 K
BREFXWEBARIG KTOH GEHEIRILE—1.2eV~ 14000 K

BIRGK)HODHDAAViEE EE(H + OHY)/ H,0 _
~ exp(-10400/2T), exp(-14000/2T) Air

— - —Tnte rfacé

II/OH?\II . //DH\
AN \_
® =
Bulk
@pH =7 (298 K) in water, [H;O"]=[OH] = 10" M = 6.0 x 10*¢ ions/L

_ S H,0  55.34 mol L,
At the air-water interface, [H;O"] = [OH] ? 33 X 1025 1

T (H,0°1+{0H 1)/ [H,0] = ~10°
Which ion is favorably accumulated at the interface *
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Nuclear spin statistics for H,0 in 12 comets

The OPR of gaseous H,0O
8, ] footodieoees in the star-forming regions:
1 Ey L weie -3
L 5 o Gimi, 1 Sagittarius B2(M) - 2.35-~3
I b 7ab ca001h2 NGC 6334 | — 1.6 (cold region)
S 1 S ity 2.5 (warm region)
L 1a,b  1P/Halley ]
R .
g 4ab 103P/Hartley2 ] The protoplanetary disk
O—r ........ liviaaiias liviaaiias liviaaiias liviasi1as iy aasi1as livassi1s k=
0 10 20 30 40 50 60 70
H,O spin temperature (K) TW Hydrae . 077 (13 K)
H,OMOPR ~ 2.5 (Tg,, ~ 30 K)

FROM A DIFFUSE CLOUD TO A SUN + PLANETARY SYSTEM

FROM ATOMS & SIMPLE MOLECULES TO LIFE fj( ﬁ"é ‘j: . A E“/;]%FE_ 75\ 15 ﬁ?ﬂi J-;jz H% O) 5EF§§
1A ST HASE ot ond g s SRR NBEHSNTULVS,

- F §"  2- PROTOSTELLAR PHASE: collapsing, warm dense gas
1 L LS ) FORMATION OF COMPLEX MOLECULES l
[ 1g?
Al
m ! 3. PROTOPLANETARY DISK PHASE: H O AN % (j: ﬁ ﬁ -G E J'sz _g_ %
A cold and warm dense gas 2 7 ' == -
- SIMPLE & COMPLEX MOLECULES

l
IKMOEAREET HH,ON FORRAEVREIE
DTFERROREEEZRBRTHDMN?

4- PLANETESIMAL FORMATION : grains agglomeration 9

5- PLANET FORMATION AND THE “COMET/ASTEROID RAIN”
CONSERVATION AND DELIVERY OF OLD MOLECULES + LIFE

Lis et al, A&A. 2010, 521, L26.; Emprechtinger et al. A&A. 2010, 521, L28.; Hogerheijde et al. Science 2011, 334, 338.



Why did not T reflect the condensation or formation temperatures?

- Theoretical approach -

spin

When the different nuclear-spin states are mixed by the perturbation,
NSC can progress.

In a two-level system of the two eigenstates (and their energies) ¥, and ¥,
the perturbed wave functions % _and ¥,

[{a|H*|b)|
I '
dEﬂb
alH|b
o x g _ @HD
AE_,

The perturbation magnitude depends on
(a) the magnitude of the matrix element of the perturbation function
(b) the energy difference between the unperturbed states.
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3. YRIYIREDEEER (S FRIA)TREIRILF—EGNITLSAE, HEL,

H,O in the gas phase (34.2 K, 3 meV)
In solid argon (28.8 K, 2 meV).

0.6 0.9 —
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Fn T=30.2+0.4 min
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T 1 L I I
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Conversion of H,O isolated in an argon matrix at 4.2 K (H,O:Ar = 1: 2000).
Abouaf-Marguin et al. Chemical Physics Letters 447 (2007) 232-235
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2. JKEHES (<40 kJ mol-t) > HFRIA (~1 kJ molL)
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H,O in the gas phase
AEqp = 34.2 K, (3 meV)
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v 0 ol,z {'}l,4 {]l,ﬁ (11,8 ‘1 Limbach et al. 2006, Chem. Phys. Chem., 7, 551

{1 msec Buntkowsky et al. 2008, Z. Phys. Chem., 222, 1049
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8 KTZAABE AR L=k BB L =H,07 FDRAE VREIL150 K,

RE-ERROREZRBRLEN ST,

A > 100 ys LUN CERiR
KB >FHATI) YOI RFDH, 05 FDERHE 2-10 hr (< 9 days).

IKATH,ON FILERE#REC L, FBEPICEVREVEEANEE{ELIZ?

GAS

.- « slow» NSC

SOLID
« fast » NSC

"liﬂ

Ortho/pararatio

Nuclear spin statistics for H,O in 12 comets

C/1986 P1
C/1995 O1
C/1999 H1
C/1999 S4
C/2000 WM,
C/2001 A2
C/2001 Q4
C/2003 K4
C/2004 Q2
1P/Halley
73P/SW3-B
73P/SW3-C
103P/Hartley2

H,O spin temperature (K)

70

Fillion et al. EAS Publications Series, 58 (2012) 307

Mumma & Charnley, Annu. Rev. Astron. Astrophys. (2011). 49:471.
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2 BERORERE BREEORE) ?
3 BERORTDRE"?
4 BEOHFHAFELLIDNRBARGRTTERLEZDEE. DFVREVEREXDF4E
EFDREZRRLTNG ?
(BRBIDFBEEZELHELT) BN 100 km FERERN O TD.,
A4 H,O0U SR 53— KT, TR (T ARG E) TOEMEFRDDBLENHD,
’\—T—Eﬁmt0)951?1<'Cli-ﬁﬁ®$ﬂ§&(iébl BEE(REDFMIHTFREELELY,
N Solar direction Cometocentric Distance (km) Antisolar direction < “—“ EEE;EEM
I I ;’/ 1 . 1 I o 1 I \ 1 1 1 I 1 g
Ia’ Collisional (Fluid) Coma —— é’ 100 .
"g"hw“k'l:  ice, dust . o p
\\\ Atomic Hydrogen Coma 4 ):": 7 > C!Il:l‘ 1 "'“"1|02 1 "H“;loa 1 -nuu1|0d 1 Illm:m5

Distance from the Nucleus (km)

Schematic illustration of the coma structure. Gas kinetic temperatures
in Comet 1996 B2 (Hyakutake)

Combi et al. In Comets II; 2004; pp. 523.; Rodgers et al. In Comets II; 2004; p. 505.



FED

(1) H,O vapor-deposited ASW at 8 K } HREEL-H,OMAE VR E T > ~150 K.

(2) Photoproduced ASW at 8 K

8 KTHE - ERLI=kNSEGELI-H,ON FDKAEVBE(X150 K,
RE-ERBOREEZRIELEN ST,

i > 100 ys LIN Tt
RER >SHFH AR I RBDH, O FDERHE 2-10 hr (< 9 days).

KATH,ON FIFEBRFEEL . FRPICHEVREVREANERELE?
RIETEHASNTOSFIILYNSLE IR E LR TOEREZELENENITEL,

5 Bng =]

RAERMIE
- AREE T, BEROH,0HR(REVEE300 K)ZRBFIETLVD,
- AREERTOH,OEBUEIE N FELIFEL D,
8 KDH,OKMBLH,On FEILMBSE-IZE DRAEVRE (L8 KA ?
(FeRRBE DEFRIR 77— )L (~fs) LERIRDBFREI R 77— )L DFERE 1)
BT YO TR AT
3F(H,0, NH;, CH,, H,COEE)VAH,OLMEEALI-I5E DERIRE (X ?
(TR RTOREBEER. KFRHEETHALGVWTEHRERERESIEHDLHN) LE

See T. Hama, N. Watanabe, A. Kouchi, and M. Yokoyama, Astrophys. J. Lett. 738, L15 (2011). for detail.
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Giant molecular cloud Proto-planetary disk

Photochemical reaction

Cold surface reaction

Amorphous solid water
molecules (e.g., H,CO, NH,)

Amorphous solid water

hv%‘ h v%}?rganic molecules (D)
D -"D

(B) ) _ Amorphous solid water
Submicron size Organic molecules

(C)

(E)
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Fig. 5. The comparison of the VUV photoabsorption spectrum of condensed water

(solid line) at 25K adsorbed onto CaF; substrate with the gas phase spectrum
(dashed line) at 295 K.

Modified from reference [79].
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SHITIE, 08 FIXIEEH + OHIZH AR o%e
H,O(g) + hv % H,0* &> H + OH
A MEITHEGRTRILE—(F12.6 eV (K798 nm)

H,0(g) + 98 nm - H,0*(g) + e I
g VYV

BRIETIE, AREICNA, 1AL ELENTES. “( ; % g
H,0(aq) + hv - H,0* - H + OH ;

- SRR
H,0(aq) + hv(< 200 nm) - H,0*(aq) + e &:aam.@ ol

H,0*(aq) + e + H,0 - OH + H,0*(aq) + e (aq, A EFEF)

K2 RADEES, AFETHIELHMON TS, T ey
E%‘ql$ 7k0)1:ﬁj_t0)$ﬁ Fﬁ&t (j:z_ Eﬂ @ Vacuum side ---------> Not confirmed
(a) crystalline surface ledge

Ice side

H,0 or OH

imarized photochemical processes during VUV photoirradiation of water ice. The 157 n otolysis studies, i.e., at a w g th within the ﬁ t absorptiol h nd
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Figure 1. Spectra of the D>O stretching mode at 40 K as a function of UV 0.0004 . . ——— ———r
fluence. The decreasing ice-loss yield with fluence is due to the fact that ice is 0 20 40 60 80 100 120
lost through a combination of bulk photolysis and photodesorption. The small

bump at 2730 em ! is probably caused by the free OD stretch. [ f V 1rrad1at10n tlme (mln)

Watanabe et al. (2000): JKIZ+ 272t ZBE L THH,00£10-20 L AMENZLY. 75H 2

Attenuation of DZO absorbance

IKFRE THNRINENT=IHE, H, OH, H,0%ZE AT ARV L TL I (Yabushita et al.).
KAETIE? (5F: HFBIESIEL50 nm(100-200 73 FZ))

(1) BAER?(H+O0H > H,0) - Yaade JIE D
(2) A7 21t ?H,0(ice) + hv > H,0*(ice) + e S e Sdee
H O+(iCE) +e +H O 9 OH +H O+(iCE) + e_(iCE) Exciton diffusion Photon absorption  Photodissociation

(3) Iﬂthz”(L,ﬁ\L,ﬁ'u':l EBIRILFT—ETRBIIIZEDLSIIZEREINDZIDMN?)
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Fig. 1. Evolution of features in H,O irradiation. H,O is represented
by its 3270 cm ™! band. All other bands are indicated in Table 1. The
dotted lines indicate linear and quadratic time dependencies
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resented by its 1026 cm™' band. All other features are indicated in
Table 9. MF = methyl formate. The dotted lines indicate linear and
quadratic time dependencies
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Figure 5. Potential energy diagram for the low-energy photophysics
of liquid water projected onto the HO---H degree of freedom. The H,O
A('B;) state dissociates to (HO---H) as in the gas phase, but H
immediately mms into another water molecule, which is the Hi:O
repulsive potential on the right. In the event that a suitable trap site for
an electron is nearby, ionic surfaces (dashed lines) cross the neutral
potential.
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de Broglie wavelength of particles &0
h h h : the Planck constant
A= — v : the velocity of the species =

mv \/ 2mkT m : the mass of the species ;

k : the Boltzmann constant
T : Temperature

&0 a0 100

MEDOFTOMRREMEZRIGEDN)TDIES(HE£0.1 nm) HTIEL (KELW) £F

FRILRIGHERES.
De Broglie wavelengths (nm) for particles (mass)*
Temperature (K) e (5.5x10%) H (1) D (2) C((12) N((14) 0O(16)
10 41.78 0.98 0.69 0.28 0.26 0.24
300 7.63 0.18 0.13 0.05 0.05 0.04

*unified atomic mass unit

ML G (e.g., H + CO) /\ /\ I E,
N

a

erxpl

.

"'E_ Xy 1
mf (V(x) — W)3 dx] <—
R, \/ \/ =,

k= vexp [-(2a/h)(2mE,)*?]

JC BENOIST, Felix Kling,

The Tunnel Effect in Chemistry; Bell, R. P.; Chapman and Hall: New York, 1980.
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The rate coefficient kj; (s~!) for hopping from one site with i

vheRne kink site i=2 . : o )
P P neighbours to a nearest neighbour is given by the expression
Ey 1 E
kpi=vexp| —— Jexp| —— | . (4)
T T

where E} is the diffusive barrier. The rate of hopping is slowed
down by horizontal neighbours. For example, if 1 = 1, there is an
additional Boltzmann factor involving the binding energy of the
H atom because in order to hop in a given direction, the H atom
must also extricate itself from its binding energy to another site on
the surface. For simplicity, we use E|; = Ep in most cases in this
paper. Since this limit may exaggerate the effect, we consider in
Section 4 systems for which £} < Ep.

Cuppen and Eric Herbst, Mon. Not. R. Astron. Soc. 361, 565-576 (2005)
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