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ABSTRACT

The rates of photoionization and photodissociation of molecules are calculated as functions of visual extinction
into plane-parallel clouds illuminated by the average interstellar radiation field. An accurate technique is used to
calculate the attenuation of the ultraviolet radiation due to scattering and absorption by dust grains inside the
clouds. As a plausible and self-consistent model for the grains in diffuse clouds and the outer layers of dense
clouds, the graphite-silicate grain mixture of Mathis, Rumpl, & Nordsieck is adopted, together with the wave-
length-dependent grain optical properties calculated by Draine & Lee. Depth-dependent photodissociation and
photoionization rates are presented for a wide range of molecules, and the results are compared with the rates of
photodestruction resulting from internal photons generated by cosmic rays.

Subject headings: interstellar: grains — interstellar: molecules — molecular processes

. INTRODUCTION

Interstellar radiation leads to the photodissociation and
photoionization of molecular species in interstellar clouds and
the envelopes of dense clouds. Photon-induced processes are
particularly important in so-called photodissociation ( Hollen-
bach 1988 and references therein), photochemical (van
Dishoeck 1988a), or photon-dominated regions, which are
cloud components subjected to intense radiation from nearby
or embedded stars.

The radiation field inside the clouds is attenuated by the
absorption and scattering of photons due to dust particles pres-
ent in the gas. The influence of dust on the photodestruction
rates of interstellar molecules has been explored by Sandell &
Mattila (1973), Whitworth (1975), Bernes & Sandgvist
(1977), Sandell (1978), van Dishoeck & Dalgarno (1984 ),
and Aiello et al. (1987). Roberge, Dalgarno, & Flannery
(1981) used the accurate ‘*‘sphencal harmonics method”
(Flannery, Roberge, & Rybicki 1980) to solve the equation of
radiative transfer for diffuse, plane-parallel clouds illuminated
on both sides by the average interstellar radiation field (ISRF).
Similar calculations for clouds of greater column density were
carned out by van Dishoeck (1987, 1988b). The calculations
descrnibed below extend the previous work on this problem by
calculating the photodestruction rates of some species not con-
sidered elsewhere, and by adopting a more realistic model for
the grain scattering and absorption cross sections.

2. CALCULATIONS

A photodestruction process i, with cross section o, (). pro-
ceeds at a rate

A
I'(4,) = ‘4""f I (A,) o (N)dA, (1)
AH
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where I'; depends on the extinction A4, in visual magmtudes
measured inward from the cloud surface, J,(A,) 1s the mean
intensity of radiation at depth A, in photons cm™ s™' sr™’
nm™', and the integral over wavelength runs from Ay = 91.2
nm to the threshold wavelength A; for the process of interest.
We have used the spherical harmonics method to solve the
equation of radiative transfer for J,(A4,) as a function of A and
A, for three exemplary clouds with total visual extinctions
Ay =1, 10, and 100 mag. The relevant transfer equation and
solution method are described 1n detail elsewhere ( Flannery et
al. 1980). The boundary conditions and other information
required to determine uniquely the radiation field were chosen
as follows.

The clouds were assumed to be illuminated 1sotropically at

both surfaces by the average interstellar radiation field with
specific intensity
}‘ |
}E)

-3
+ 1.635 X 10" (i) (
nm

-3
I, = 2.549 X 102 (l) - 4.102 X 10'*(

nm

2)

photons cm™ s~! sr™! nam™' at wavelengths A < 240 nm
( Draine 1978). At longer wavelengths, /, was approximated by
a dilute blackbody spectrum with a temperature of 10* K and a
dilution factor chosen 10 make /, continuous at A = 240 nm.

As a preliminary step in the evaluaton of the photodestruc-
tion rates (1), we found J,(A4,) by solving the transfer equation
on a grnd of A values. At each wavelength we needed A,/ A, the
ratio of grain extinction cross sections at A and A, = 550 nm, as
well as the grain albedo w, and the “‘asymmetry factor” g,,
which parameterizes the Henyey-Greenstein grain scattering
phase function. Previous calculations by us (Roberge et al.
1981) and by others using our radiative transfer codes (van
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Dishoeck & Dalgarno 1984; van Dishoeck 1986, 1988b) em-
ploved three empirical models of the grain properties. In these
models, the grain properties were inferred from observations
of the diffuse interstellar medium, with ad hoc extrapolation at
wavelengths where the observational data were unavailable. In
particular, it was necessary to extrapolate 4,/4, for A < 100
nm and the scattering properues «, and g, for A < 135 nm.
However ad hoc extrapolations of this sort are subject 1o two
tvpes of error: First, the scattering properties of grains in the
far-ultraviolet are strongly constrained by observations at
longer wavelengths, independent of assumptions about grain
s1ze¢ and composition { Chlewicki & Greenberg 1984). Among
the grain models considered by Roberge ¢t al. (1981), only
their model 2 satishies these constraints, Second, ad hoc extrap-
olations produce grain properties descriptive of fictitious
grains whose dielectric function will, 1in general, fail to sausly
the Kramers-Kronig dispersion relation (e¢.g., Jackson 1975).

In this paper we adopt the more realistic set of grain proper-
ties calculated by Draine & Lee (1984 ) and shown in Figures 1
and 2. The calculations of Draine & Lee descnibe the “Mathis-
Rumpl-Nordsieck™ mixture of graphite and silicate grains with
a power-law distribution of radii (Mathis, Rumpl, & Nord-
sieck 1977). While the exact composition of grains is a contro-
versial subject (see the review of Mathis 1986), the MRN
model reproduces the average extinction curve for the diffuse
interstellar medium. Further, the Draine-Lee model makes ex-
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FIG. 1.—Extinction A, at wavelength A relative to the extinction A, at
A = 550 nm for the grain model adopted here (see text).
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Fi1G. 2.—The single-scattering albedo w, (solid curve) and Henyey-
Greenstein asymmetry factor g, (dashed curve) for the grain model
adopted here.

tensive use of laboratory data on the dielectric properties of
graphite and silicates, i1s consistent with model-independent
constraints on grain scattering properties ( Chlewick: & Green-
berg 1984), and obeys the Kramers-Kronig relation. For an
illustrative example of alternative grain models and their ef-
fects on calculations of the UV radiation field inside clouds.
see Roberge (1990, Fig. 2).

Finally, we caution the reader that significant fluctuations
exist in the optical properties of grains along different lines of
sight, especially at the far-ultraviolet wavelengths of interest
here (Massa & Savage 1989, and references therein). The fluc-
tuations, which correlate strongly with R, the ratio of total-1o-
selective extinction (Cardelli, Clavton, & Mathis 1989), have
important chemical consequences, even in diffuse clouds
(Cardell 1988). Our results apply strictly to the “average
cloud™ 1n a region of the diffuse interstellar medium where
R = 3.1,

3. PHOTODISSOCIATION AND PHOTOIONIZATION RATES

The unattenuated photodissociation and photoionization
rates corresponding 1o the average interstellar radiation field
(Draine 1978, eq. [2]) are given in Table | where they are
compared with values calculated by Herbst & Leung (1986)
and van Dishoeck (1987, 1988b). The cross sections are often
uncertain, and where discrepancies anse they can be attributed
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TABLE !

PHOTODISSOCIATION AND PHOTOIONIZATION RATES (57")
FOR AN UNATTENUATED RADIATION FIELD

reaction this work van Dishoeck Herbst and Leung
(1988) (1985)
NOj = NO+O 1.2(-09) 1.4(-09)
SO; -SO0+0 1.9(-09) 1.9(-09) 2.1(-09)
CSy3 = CS +S 6.9(-09) 6.1(-09)
OCS - CO+5S 3.7(-09) 3.7(-09) 4.6(-09)
OCS -+ OCS* + ¢ 4.2(~-10) 7.0(-10) 4.7(-10)
NHy — NHy + H 1.1(-09) 1.1(-09) 9.9(-10)
NHy = NHY +e¢ 1.8(-10) 2.8{-10) 2.4(-10)
CH¢ - CHy + H, 9.8(-10) 1.2(-09)
H,O0; — 20H 8.3(~10) 9.4(-10)
CyHy - C3;H 4+ H 7.3(-09) 3.2(-09) 3.6(-03)
CsHs — C;HY + ¢ 4.6(~10) 3.3(-09) 4.1{-10)
HyCO — Hy; + CO 1.4(-09) 1.0(-09)
CH;0H -+ CH;3 + OH 1.2(-09) 1.4(-09)
CHyOH — CHyO" + H 4+ ¢ 2.3(-12)
CH,O0H — CH,O* + ¢ 7.0(~-10)
C;~+C+C 1.5(—10) 2.3(-10) 9.4(-11)
CH* -~ C4 H* 2.5(-10) 3.2(-10)
NHy--NH4+ H 3.9(~10) 7.4(-10) 4.2(-10)
COy - CO+0 1.4(-00) 8.7(-10) 6.2(-10)
0; —-0+0 6.9(~10) 7.9(-10)
O3 - 07 +e¢ 5.6(—11) 7.7(-11)
CH—-C+H 8.6(~10) 9.5(-10)
HCl—- H+Cl 1.1(-09) 9.8(-10)
Celig - CH+ H 1.9(-09) 2.2(-09)
CiHy — Cy H; + e 4.6(~10) 5.2(-10)
CiHy = C3H + C3H 1.9(~09) 2.2(.08)
NO—=N+O 4.3(~10) 4.7(-10)
HyO — H + OH 5.9(-10) 6.7(-10) 6.6(-10)
HCN —- H+ CN 1.3(-09) 1.5(-09) 1.1(-09)
Cy~-Ca4C 3.8(-09) 3.8(-09) 5.2(-09)
CH3N —« HCN + Hy + 2H 8.6(-10) 7.0(-10)
CHyN — CH3N + 2H 8.7(-11) 1.3(- 1v)
CHgN — CHj3 + NH; 4.0(-10) 3.1(-10)
CHN —-CN+2H; + H 2.2(=10) 1.9(-10)
CHyN — CH N* +¢ 4.6(-10) 5.2(-10)
CH3N — HCN + H, 3.5(~09) 3.4(-09)
CH;0CHy — H3CO + CH, 1.5(-09) 1.6(-09)
CHyOCHs — CH3OCHJ + ¢ 4.6(-10) 5.2(-10)
HC3N — C3HE + CN 7.4(-09) 5.6(-09) 3.4(-09)
CyH¢ — C3B; + By 3.0(-09) 3.0-(09) 3.2(-09)
CyHy — C3B + ¢ 2.6(-10) 4.1(-10) 2.4(-10)
CH30; — HCO + OH 4.1(-10) 5.5(-10)
CH3;03; — CH3;05 + ¢ 2.6(-10) 3.5(-10)
C3H;0 -« CH; + CO 1.4(-09) 1.8(-09)
C3;H;0 — C3H;0* + ¢ 6.6(-10) 6.9(-10)
Cy;H3N -+ CHy 4+ CN 3.4(-09) 2.4(-09) 3.1(-09)
C:HsN — C3H3N* + ¢ 6.2(-10) 1.1(-09)
C;HyOE — C3H, + OH 2.9(-03) 2.8(-09)
C;HgOll —» C3HsOH* + ¢ 1.0(-09) 1.1(-09)
C;H,0 — CHy + HCO l.l(—*W) 5.9{-10)
C:HO — CH{ + CO 1.1{~09) 6.9(-10)
C;HO — C3HOF 4 ¢ 4.6(-10) 5.2(-10)
CyO—-Cy+CO 7.0(-09) 9.0(-09)
CN = C4HN 1.1(~09) 3.0(-10) 2.0(-9)
HCO — HCOt + ¢ 5.6(-10) 4.9(-10)
HNCO -+ NH + CO 1.8(-03)
CyHy = CyHy + 1 3.3(=09) 3.7(-09)
CiH¢ =+ CyH} + ¢ 2.2(-09) 2.0(-09)
HaS - Hy 4+ S 2.9(-09) 3.1(-09)
H3S — HaS* 4+ ¢ 6.3(~10) 7.1(-10)
OH—-O+H 3.5(-10) 4.2(-10) 3.4(-10)
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TABLE 2A

PHOTODISSOCIATION AND PHOTOIONIZATION RATES (s™') VERSUS A, FOR A CLOUD WITH A = |

reaction A,/ 0.0 0.1 0.2 0.3 0.4 0.5

NO; - NO+ O 7.00(-10)  4.60(-10)  3.54(-10) 2.96(-10)  2.65(-10)  2.56(-10)
SO; -SO+0 1.05(-09)  6.56(-10)  4.89(-10) 3.97(-10)  3.49(-10)  3.34(-10)
CS; = CS+S 4.00(-09) 2.68(-09) 2.10(-09) 1.77(-09)  1.60(-09)  1.54(-09)
OCS - CO+S 2.12(-09)  1.42(-09) 1.10(-09) 9.31(-10)  8.40(-10)  8.11(-10)
OCS —+ OCS* + ¢ 2.30(-10)  1.18(-10)  7.58(-11)  5.39(-11)  4.29(-11)  3.96(-11)
NH; - NH; +H 6.12(-10)  3.89(-10)  2.94(-10) 2.41(-10)  2.14(-10)  2.05(-10)
NHs —» NHY 4+ ¢ 9.58(-11)  5.05(-11)  3.33(-11)  2.42(-11)  1.96(-11)  1.82(-11)
CH( - CH; + H; 5.45(-10)  3.26(-10)  2.35(-10) 1.86(-10)  1.60(-10)  1.52(-10)
H;0; — 20H 4.69(-10)  2.95(-10)  2.22(-10) 1.81(-10)  1.60(-10)  1.53(-10)
C3Hy — C3H + H £.15(-09)  2.68(-09)  2.05(-09) 1.70(-09)  1.51(-09)  1.45(-09)
Ci;H; — C3HY 4 ¢ 2.50(-10)  1.31(-10) 8.60(-11) 6.23(-11)  5.03(-11) 4.67(-11)
H;CO — H; +CO 8.22(-10) 5.37(-10)  4.13(-10)  3.44(-10)  3.08(-10)  2.96(-10)
CH30H — CH; + OH 6.56(-10)  4.06(-10)  3.00(-10) 2.43(-10)  2.13(-10)  2.04(-10)
CH30H — CH;O0* + H 4 ¢ 5.03(-12)  2.52(-12)  1.59(-12) 1.12(-12)  8.77(-13)  8.04(-13)
CH30H - CH O + ¢ 3.86(-10)  2.09(-10) 1.40(-10) 1.04(-10)  8.52(-11)  7.94(-11)
C;—C+C 8.27(-11)  4.85(-11)  346(-11)  2.72(-11) 2.33(-11) 2.21(-11)
CHt —- C+ H? 1.37(-10)  6.87(-11)  4.37(-11)  3.07(-11)  2.42(-11) 2.22(-1)
NH; —- NH +H 2.28(-10)  1.64(-10)  1.34(-10) 1.17(-10)  1.07(-10)  1.05(-10)
CO; - CO 40O 7.41(-10)  4.04(-10) 2.74(-10)  2.04(-10) 1.69(-10)  1.58(-10)
0;—0+0 3.91(-10)  2.57(-10)  1.98(-10)  1.66(-10)  1.48(-10)  1.43(-10)
O; — O3 +¢ 3.04(-11)  1.50{(-11) 9.37(-12) 6.48(-12) 5.05(-12)  4.62(-12)
CH-C+BH 5.05(-10)  3.54(-10)  2.85(-10)  2.46(-10)  2.25(-10)  2.19(-10)
HCl — H + Cl 6.22(-10)  3.86(-10)  2.86(-10)  2.32(-10)  2.03(-10)  1.94(-10)
Celiz -+ C(H+E 1.06(-09)  7.15(-10)  5.59(-10)  4.73(-10)  4.28(-10)  4.13(-10)
CqHz = C(HJ 4 e 2.51(-10)  1.40(-10)  9.67(-11)  7.34(-11)  6.14(-11) S5.77(-11)
C(H; — C3H + C;3H 1.06(-00)  7.15(-10)  5.59(-10)  4.73(-10)  4.28(-10)  4.13(-10)
NO - N+O 2.47(-10)  1.62(-10)  1.25(-10)  1.04(-10)  9.32(-11)  8.98(-11)
H,0 — H + OH 3.34(-10)  2.14(-10) 1.62(-10)  1.33(-10) 1.19(-10)  1.14(-10)
HCN — H <+ CN 7.00(-10)  4.09(-10)  2.91(-10)  2.27(-10)  1.94(-10)  1.84(-10)
Cy—Cy+C 2.17(-09)  1.49(-09)  1.18(-09)  1.01(-09)  9.20(-10)  8.91(-10)
CHgN — HCN + Hy = 2H 4.79(-10)  2.90(-10)  2.12(-10)  1.70{-10)  1.47(-10)  1.40(-10)
CHsN — CH;3N + 2H 5.13(-11)  3.69(-11)  3.01(-11)  2.63(-11)  2.43(-11) 2.36(-11)
CHgN —» CH3 4 NH; 2.23(-10)  1.33(-10) 9.61(-11) 7.61(-11) 6.56(-11) 6.24(-11)
CHE¢N -« CN +2H; + H 1.23(-10)  7.49(-11)  S5.47(-11)  4.37(-11)  3.80(-11)  3.62(-11)
CHy¢N — CH{N* 4+ ¢ 2.51(-10)  1.40(-10)  9.67(-11)  T7.34(-11)  6.14(-11)  5.77(-11)
CHyN - HCN 4 H, 2.00(-09)  1.29(-09)  9.83(-10)  8.16{-10)  7.28(-10)  T7.00(-10)
CH;OCH,; — B3;CO + CH, 8.35(-10) 541(-10)  4.14(-10)  3.44(-10)  3.07(-10)  2.96{(-10)
CH3OCH,y —- CH3OCHS + ¢ 2.51(-10)  1.40(-10) 9.67(-11)  7T.34(-11)  6.4(-11)  5.77(-11)
C3EN — C;H 4+ CN 4.17(-09)  2.66(-09) 2.00(-09) 1.64(-09)  1.45(-09)  1.40(.09)
C:H( — C3H; + H; 1.69(-09)  1.11(-09)  8.55(-10)  7.15(-10)  6.42(-10)  6.19(-10)
CsHy = CaHT + ¢ 1.40(-10)  7.40(-11)  4.88(-11)  3.55(-11)  2.88(-11)  2.67(-11)
CH;0; — HCO + OH 2.33(-10)  1.50(-10)  1.14(-10)  9.43(-11)  8.38(-11)  8.05(-11)
CH;0; — CH;07 + ¢ 1.44(-10)  7.67(-11)  S5.11(-11)  3.74(-11)  3.05(-11)  2.84(-11)
C;H;0 — CH; + CO 8.16(-10)  5.60(-10)  4.43(-10) 3.79(-10)  3.44(-10)  3.33(-10)
C;H;0 — C3H30* 4 ¢ 3.66(-10)  2.14(-10)  1.52(-10)  1.19(-10)  1.01(-10)  9.59(-11)
C3;HyN — CH3 + CN 1.86(-09)  1.07(-09) 7.60(-10)  5.91(-10)  5.04(-10)  4.76(-10)
C3;H3N — C3HyN* 4 ¢ 3.35(-10)  1.68(-10)  1.06(-10)  7.44(-11)  5.85(-11)  5.36(-11)
C;HyOH — C;H; + OR 1.61(-09) 9.87(-10) 7.27(-10)  5.85(-10)  5.12(-10)  4.85(-10)
C;H4OH — C3;H;0H* + ¢ 5.51(-10)  2.99(-10) 2.01(-10) 1.50(-10)  1.23(-10)  1.15(-10)
C;HO — CH, + CHO 6.43(-10)  4.57(-10)  3.70(-10)  3.21(-10)  2.95(-10)  2.87(-10)
C3HO — CH(+ CO 6.43(-10)  4.57(-10)  3.70(-10)  3.21(-10)  2.95(-10)  2.87(-10)
CiHO — C3HOt ¢ 2.51(-10)  1.40(-10) 9.67(-11)  7.34(-11)  6.14(-11)  S5.77(-11)
Cy0—Cy +CO 4.07(-09)  2.83(-09)  2.27(-09) 1.95(-09) 1.78(-09)  1.73(-09)
CN - C+N $.93(-10) 2.99(-10) 1.90(-10)  1.34(-10)  1.05(-10)  9.66(-11)
HCO — HCO* + ¢ 3.08(-10)  1.77(-10)  1.24(-10) 9.60(-11)  8.13(-11)  7.68(-11)
HNCO -« NH + CO 9.93(-10)  6.39(-10)  4.85(-10)  4.01(-10)  3.56(-10)  3.42(-10)
CyH — CyHy + B 1.86(-09)  1.20(-09)  9.11(-10)  7.53(-10)  6.69(-10)  6.43(-10)
Cally — CyHY + ¢ 1.18(-09)  €.51(-10)  4.43(-10)  3.32(-10)  2.76(-10)  2.58(-10)
H3S — Hy; + S 1.62(-09)  9.67(-10)  6.99(-10)  5.54(-10)  4.79(-10)  4.56(-10)
H3S - H3S* + ¢ 3.44(-10)  1.81(-10)  1.20(-10)  8.73(-11) 7.08(-11) 6.57(-11)
OH -~ O+H 1.93(-10)  1.23{-10)  9.19(-11)  7.48(-11) 6.59(-11)  6.31(-11)
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TABLE 2B

PHOTODISSOCIATION AND PHOTOIONIZATION RATES (s7') VERSUS A, FOR A CLOUD WITH A!™ = 10

reaction A/ 0.0 1.0 2.0 3.0 1.0 5.0

NO; - NO+ O 6.64(-10)  3.90(-11) 4.67(-12) 6.45(-13) 9.82(-14) 2.97(-14)
SOy =-SO+ O 1.01(-08)  4.49(-11)  4.21(-12) 4.70(-13)  S5.98(-14)  1.58(-14)
CS; - CS+S 3.78(-09)  2.44(-10)  3.01(-11) 4.16(-12) 6.16(-13)  1.80(-13)
OCS -+ CO+S 2.01(-08)  1.28(-10)  1.60(-11)  2.27(-12)  3.47(-13)  1.05(-13)
OCS —+ OCS* + ¢ 2.27(-10)  3.03(-12)  5.09(-14)  3.15(-18)  1.20(-16) 9.78(-18)
NHy — Nl + H 5.85(-10) 2.94(-11)  3.19(-12)  4.12(-13)  S5.93(-14) 1.72(-14)
NHE; — NHY +¢ 9.44(-11)  1.52(-12)  5.34(-14) 2.11(-15) 8.89(-17)  7.78(-18)
CH¢ — CH; + H; 5.28(-10)  1.81(-11)  1.32(-12)  1.11(-13)  1.02(-14)  1.95(-15)
HsO; — 20H 4.49(-10)  2.12(-11)  2.13(-12)  2.54(-13)  3.40(-14) 9.31(-15)
CsHy -+ C3H + H 3.95(-08)  2.10(-10)  2.19(-11)  2.57(-12)  3.27(-13)  8.34(-14)
CyHy — CHY + ¢ 2.46(-10)  3.86(-12)  1.35(-13)  5.38(-15)  2.30(-16)  2.04(-17)
,CO — Hy + CO 7.81(-10)  4.43(-11)  5.04(-12)  6.59(-13)  9.48(-14)  2.74(-14)
CH3;OH -+ CH,y + OH 6.30(-10)  2.72(-11)  2.56(-12) 3.00(-13)  3.95(-14) 1.07(-14)
CHsOH ~« CH3O* <+ H 4 e 4.97(-12)  5.70(-14)  1.39(-15)  3.64(-17)  9.74(-19)  5.25{-20)
CH3OH — CHO + ¢ 3.79(-10)  7.09(-12)  2.81(-13)  1.22(-14)  5.54(-18)  5.09(-17)
Cy—-C+C 8.03(-11)  2.64(-12) 2.08(-13) 1.96(-14) 2.00(-15)  4.13{-10)
CH* — C+ H* 1.35(-10)  1.61(-12)  4.17(-14)  1.19(-18)  3.57(-17)  2.22(-18)
NHy - NH 4+ H 2.11(-10)  1.87(-11)  2.79(-12)  4.46(-13)  T.51(-14)  2.42(-14)
COs = CO+O 7.27(-10)  1.48(-11)  7.05(-13)  4.3¢(-14)  3.49(-18)  6.94(-1¢)
Oy =040 3.71(-10)  2.13(-11)  2.31(-12)  2.80(-13)  3.62(-14)  9.36(-1%)
O3 O +¢ 3.01(-11)  3.13(-13) 7.07(-15)  L72(-16) 4.31(-18)  2.18(-19)
CH-C+H 4.70(-10)  3.89(-11)  6.20(-12) 1.19(-12) 2.70(-13)  1.21{-13)
HCl — H + Ci 5.90(-10)  2.58(-11)  240(-12)  2.71(-13)  3.54(-14)  9.70(-13)
C(H; — C(H + H 1.00(-09)  6.56(-11)  8.17{(-12)  1.15(-12)  1.75(-13)  5.26(-14)
CiH; — C(H + ¢ 2.45(-10)  5.79(-12)  3.01(-13)  1.79(-14)  1L.14(-15)  1.45(-16)
C(Hy — C3H + C:H 1.00(-09)  6.56(-11)  8.17(-12)  1.15(-12)  1.75(-13)  5.26(-14)
NO—=N+0 2.35(-10)  1.38(-11)  1.67(-12)  2.34(-13)  3.60(-14)  1.09(-14)
H;0 — H + OH 3.19(-10)  1.66(-11)  1.88(-12)  2.56(-13)  3.90(-14)  1.20(-14)
HCN — H + CN 6.81(-10)  2.07(-11)  1.38(-12)  1.12(-13)  1.05{(-14)  2.14(-1%)
Cy—Cy+C 2.03(-00)  1.45(-10)  1.82(-11)  2.47(-12)  3.49(-13) 9.61(-14)
CHgN — HCN + Hjy + 2H 4.63(-10)  1.78(-11)  1.57(-12)  1.78(-13) 2.40(-14)  6.83(-18)
CH.N — CHsN 4+ 2H 4.74(-11)  4.25(-12)  6.40(-13)  1.03(-13)  1.75(-14)  5.69(-)1%)
CH;N — CH, + NH, 216(-10)  7.57(-12)  6.18(-13)  6.59(-14)  8.61(-13)  2.41(-18)
CHyN — CN +2H; + H 1.19(-10)  4.58(-12)  3.97(-13)  4.34(-14)  5.63(-15)  1.55{-15)
CH¢N =+ CHgN® + ¢ 2.45(-10)  5.79(-12)  3.01(-13)  1.79(-14)  1.34(-15)  1.49(-16)
CH3yN — HCN + Hy 1.90(-09)  1.07(-10)  1.32(-11)  1.93(-12)  3.03(-13) 9.41(-14)
CH3yOCHjy ~+ H3CO + CH, 7.93(-10)  4.48(-11)  5.40(-12)  7.57(-13) 1.17(-13)  3.56(-14)
CH3yOCHjy — CH3OCHS + ¢ 2.45(-10)  579(-12)  3.01(-13)  1.79(-14)  1.14(-15)  1.49(-16)
C3;BN — C3H 4+ CN 3.99(-09)  1.93(-10)  1.82(-11)  1.93(-12)  2.20(-13)  5.03(-14)
CyH -+ C3H; + Hy 1.60(-09)  9.59(-11)  1.19(-11)  1.72(-12)  2.72(-13) 8.49(-14)
CyH¢ — C;H} + ¢ 1.38(-10)  2.25(-12)  8.09(-14)  3.30(-15)  1.43(-16)  1.28(-17)
CH30; — HCO + OH 2.22(-10)  L13(-11)  1.07(-12) 1.11(-13) 1.21(-14)  2.61(-15)
CH;0; — CH,03 + ¢ 1.42(-10)  2.46(-12)  9.25(-14)  3.90(-15)  1.73(-16)  1.57(-17)
C3H,0 —+ CH,y 4 CO 7.65(-10)  S.48(-11)  7.18(-12)  1.04(-12)  1.63(-13)  5.02(-14)
CyH30 — C3H;30* + ¢ 3.56(-10) 1.09(-11)  7.45(-13) 5.94(-14) 5.14(-15)  9.16(-16)
C3H3N -+ CHy + CN 1.81(-09)  5.41(-11)  3.79(-12)  3.21(-13)  3.02(-14)  S5.89(-15)
CyHsN — CaH3N* + ¢ 3.31(-10)  3.80(-12)  9.26(-14)  2.43(-15) 6.49(-17)  3.50(-18)
C;H.OF — C;H; + OH 1.55(-09)  6.48(-11) 6.17(-12)  7.12(-13)  9.36(-14)  2.55(-14)
CyHOH = C3H{OH* + ¢ 5.41(-10)  1.06(-11)  4.73(-13) 2.49(-14)  1.45(-15)  1.77(-16)
C;H40 - CH3 + CHO 5.97(-10)  5.03(-11)  7.24(-12)  1.12(-12)  1.83(-13)  5.78(-14)
CyH,0 -+ CH¢ + CO 5.97(-10)  5.03(-11)  7.24(-12) 1.12(-12) 1.83(-13)  5.78(-14)
C;H0 — C3HO* + ¢ 2.45(-10)  5.79(-12)  3.01(-13)  1.79(-14)  1.14(-15)  1.49(-16)
C30 ~+ C3 + CO 3.80(-00)  2.96(-10)  4.15(-11)  6.36(-12)  1.03(-12)  3.25(-13)
CN—=C+N 5.87(-10)  6.95(-12)  1.35(-13)  4.77(-15)  1.33(-16)  7.47(-18)
HCO —+ HCO* 4 ¢ 3.00(-10)  8.36(-12) 5.23(-13) 3.86(-14)  3.14(-15)  5.33(-16)
HNCO - NH 4 CO 9.48(-10)  4.84(-11)  4.86(-12)  5.63(-13)  7.28(-14)  1.95(-14)
CyH¢ - C3Hy+H 1.77(-09)  9.15(-11)  9.25(-12) 1.07(-12)  1.36{-13)  3.58(-14)
CiHy = C3H] + ¢ 1.16(-00)  2.47(-11)  1.18(-12)  6.54(-14)  3.94(-15)  4.95(-16)
HaS — Hy+ S 1.57(-09)  5.68(-11)  4.91(-12)  5.29(-13)  6.52(-14)  1.68(-14)
HaS — HaSt 4 ¢ 3.39(-10)  5.55(-12)  2.00(-13)  8.20(-15)  3.57(-16)  3.20(-17)
OH - O +H 1.90(-10)  8.94(-12)  1.00(-12)  1.35(-13)  2.03(-14)  ©6.07(-15)
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TABLE 2C

PHOTODISSOCIATION AND PHOTOIONIZATION RATES (57') VERSUS A, FOR A CLOUD WITH A = 100

teaction A,/ 0.0 3.0 6.0 9.0 12.0 15.0
NO; - NO+ O 6.64(-10)  ©6.45(-13)  2.37(-15)  1.05(-17)  4.97(-20)  2.43({-22
SO; -+ SO+ 0O 1.01(-09)  4.70(-13)  1.13(-15)  3.99(-18)  1.62(-20)  6.99(-23)
CS; - CS+S 3.78(-09)  4.15(-12) 1.37(-14)  5.14(-17)  2.06(-19)  8.61(-22)
OCS -+ CO+ S 2.01(-09)  2.27(-12)  8.29(-15)  3.52(-17)  1.60(-19)  T.49(-22
OCS -+ OCS* 4+ ¢ 227(-10)  3.15(-15)  2.10(-19)  1.97(.23}  2.01(-27 2.09(-31)
NHy — NHy 4+ H 5.85(-10)  4.12(-13)  1.31(-15)  5.19(-18)  2.22(-20)  9.91(-23)
NHy — NHY 4 ¢ 9.44(-11)  2.11(-15)  1.76{-19)  1.81(-23)  2.05(-27)  2.46{-3])
CH¢ —+ CHj + Hy 5.28(-10)  L1I(-13)  9.75(-17)  1.13(-18)  1.84(-22)  2.47(-2%)
H;0; — 20H 4.49(-10)  2.54(-13)  6.82(-16)  2.54(-18)  1.09(-20)  5.00(-23)
C;Hy - C3H+ H 3.05(-00)  2.57(-12)  5.55(-18)  1.44(-17)  4.13(-20) 1.27(-22)
Cslfy — C3HJ 4 ¢ 2.46(-10)  5.38(-1%)  4.64(-19)  4.66(-23)  4.83(-.27 5.03(-31)
HaCO — H3 + CO 7.81(-10)  6.59(-13)  2.08(-18)  8.24(-18)  3.50(-20)  1.65(-22
CH3OH — CH; + OH 6.30(-10)  3.00{-13)  7.75(-16)  2.75(-18)  1.09(-20)  4.57(-23)
CH30H — CHyOt 4+ H + ¢ 4.97(-12)  3.84(-17) T.a1(-22 1.42(-26)  2.85(-31)  5.71(-36)
CH3OHE — CH,O + ¢ 3.70(-10)  1.22(-14)  1.19(-18)  1.22(-22 1.27(-26)  1.33(-30)
Cs~C+C $.03(-11)  1.96{(-14)  2.19(-17)  2.70(-20}  3.37(-23)  4.23(-2%)
CH* . C 4 H* 1.35(-10)  1.19(-15)  3.58(-20)  1.45(-24)  7.45(-29)  4.54(-33)
NHy -« NH + H 2.11(-10)  4.A46(-13)  2.02(-15) SAT(-18)  4.A49(-20)  2.4(-22)
COy - CO+ O 7.27(-10)  4.34(-14)  4.14(-17)  1.11(-19)  3.84(-22)  1.48(-24)
03y = 0+0 3.71(-10)  2.80(-13) 6.33(-16) 1.77(-18)  5.68(-21)  2.00(-23)
0; -0 4 e 3.01(-11)  1.72{-16)  2.99(-21)  4.85(-26)  8.90(-31)  1.74(-35)
CH-C+H 450(-10)  1.18(-12)  1.52(-14)  2.92(-16)  6.13(-18)  1.31(-18)
HCl - H + Cl $.98(-10)  2.73(-13)  7.20(-18)  2.86{-18)  1.28(-20)  6.04(-23)
CiH: - C4H+H 1.,00(-09)  1.15(-12)  4.24(-15)  1.75(-17)  T.81(-20)  3.56(-22)
CyHy — C(HY 4 ¢ 2.45(-10)  1.79(-14)  S5.03(-18)  1.63(-21)  5.52(-25}  1.89(-28)
CiHy — C3H + C3H 1.00(-09)  1.15(-12)  4.24(-18)  1.95(-17)  T.81(-20)  3.56(-21,
NO-—-N+O 2.35(-10)  2.34(-13)  8.72(-16)  3.81(-18)  1.76(-20}  8.41(-23)
HsO -« H + OH 3.19(-10)  2.55(-13)  9.65(-16)  4.42(-18)  2.14(-20)  1.05(-22
HCN - H 4+ CN 6.81(-10)  1.12(-13)  1.21(-16)  2.62(-19)  §.42{-22)  3.36(-24)
Cy—C3+C 2,03(-09)  2.47(-12)  6.78(-15)  1.94(-17)  S5.56(-20}  1.80(-22
CH.N — HCN + H; + 2H 4.63(-10)  1.97(-13)  5.28(-16)  2.28(-18)  1.08{.20)  533(-23)
CH4N - CH3N + 2H 4.74(-11)  1.03(-13)  4.78(-16)  2.31(-18)  1.13{-20)  5¢62{.23)
CH¢N =« CHs + NH; 2.16(-10)  6.59(-14)  1.85(-16)  8.00(-19)  3.30{-21)  1.87(-23)
CH¢N -+ CN +2H; + H 1.19(-10)  4.34(-14)  1L16{-16)  4.78(-19)  2.23{-2))  1.058[.23)
CH;N =+ CH N* 4+ ¢ 2.45(-10)  1.79(-14)  5.03(-18)  1.63(-21)  552(-25)  1.838[-28)
CH3yN — HCN + H: 1.90(-09)  1.01(-12)  7.65(-13)  3.50(-17) 105 (-19)  BAS{22
CH;OCH; — H3CO + CH, 7.93(-10)  7.57(-13)  2.84(-18)  1.25(-17)  5.72(-20) 2.6Q[-22
CH3;OCH; — CH3OCH; + ¢ 2.45(-10)  1.99(-14)  5.03(-18)  1.63(-21)  5.52(-25)  1.88(-2§)
CsHN = C3H + CN 3.99(-09)  1,63(-12)  3.00(-18)  5.83(-18)  1.36(-20)  3.76{-23)
C;H, — C;H; + H; 1.60(-09)  1.72(-12)  6.94(-18)  3.23(-17)  1.58{-19)  7.84(-22
Cali¢ — C3H? 4+ ¢ 1.38(-10)  3.30(-15)  2.94(-19)  2.98(-23)  3.09(-27)  3.22(-3))
CH;05 - HCO + OE 2.22(-10)  1.11(-13)  1.45(-16)  2.21(-19)  3.35(-22 6.05(-25)
CH303 =+ CH3;07 + ¢ 1.42(-10)  3.50(-15)  3.63(-19)  3.71(-23)  3.86(-27)  4.03{-31)
C3;H;0 - CH; + CO 7.65(-10)  1.04(-12)  4.03(-15)  1.80(-17)  8.44(-20) 4.07(-22
C3H;0 — C3H;0" + ¢ 3.56(-10)  5.93(-14)  4.23(-17)  3.61(-20)  3.26{-23)  3.00(-25)
CsH3N — CHy + CN 1.81(-09)  3.21(-13)  3.03(-18)  4.27(-19) 9.68(-22)  3.35(.24
C3HyN — CyH3yN*t 4 ¢ 3.31(-10)  2.43(-15)  4.74(-20)  9.47(-25)  1.90(-29)  3.81(-34)
CsE4OH -+ C3Hy + OH 1.55(:09)  7.12(-13)  1.88(-18)  7.41(-18)  3.41{-20) 1.86(.22)
C3;H;OH — C;H,OH* + ¢ 541(-10) 2.46(-14)  5.65(-18)  1.70(-21)  S.59(-28) 1.90(.-2~
CsH(O — CHy + CHO 5.97(-10)  1.312(-12)  4.71(-15)  2.08(-17)  9.48(-20)  4.34(-2:
C3HO = CH(+ CO 597(-10)  1.12(-12)  4.71(-15) 2.09(-17)  9.48(-20)  4.34(-22
C3H(O = C3H,0* + ¢ 2.45(-10)  1.79(-14)  S5.03(-18)  1.63(-21)  §5.52(-25)  1.89(-28)
C;0—=C;+CO 3.80(-09) 6.35(-12) 2.64(-14) 1.17(-16)  5.32(-18) 2.44(-2))
CN—=C+N 5.87(-10)  4.77(-15)  1.06(-19)  2.46(-24)  5.84(-29)  1.41{-33)
HCO — HCO* + ¢ 3.00(-10)  3.86(-14)  2.36(-17)  1.89(-20)  1.66(.23)  1.51(.26)
ENCO = NH +=CO 9.48(-10)  5.63(-13)  1.4:(-15) S5.36(-18)  2.40(-20)  1.14(-22
CsH(— C3Hs+ H 1.77(-09)  1.07(-12)  2.53{-18)  6.00(-18)  3.96{-20)  1.91(-22)
Csll¢ — CsH{ + ¢ 1.16(-09)  6.54(-14)  1.62(-17)  5.01(-21) 1.67(-24)  5.68(.28)
HiS~H; + S 1.57(-09)  5.28(-13)  1.16{-18)  3.81(-18)  1.50(-20)  6.50(-23)
H3S = H3S* + e 3.39(-10)  8.20(-15)  7.34{-19)  7.44(-23) T.72(-27)  8.05(-31)
OH—-O+H 1.90(-10)  1.35(-13)  4.77(-16)  2.01(-i8)  9.08(-21)  4.24(-23)
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TABLE 3A

PHOTODISSOCIATION AND PHOTOIONIZATION FITS VERSUS A,

FOR A CLOUD WITH A¥* = 1: T = C exp (—aA, — $.A47)

treaclion C(s”?) a B
NO; = NO+O 6.889(~10) 4.218 -4.511
S0; —-SO0+0 1,032(~09) 4.727 ~4.983
CS3 - CS+S 3.937(-09) 3.995 -4.286
OCS —-CO+S 2.091(-09) 4.045 -4.343
OCS — OCS* = ¢ 2.261(~10) 6.863 -6.77
NHy - NHy + H 6.013(-10) 4.538 -4.819
NHy —« NHJ +¢ 9.420(~-11) 6.532 -6.518
CH¢ -+ CH; + H» 5.357(~10) 5.198 - 5.407
Hy04 — 20H 4.607(~10) 4.634 -4.902
C:Hs - C:H+H 4.080(~09) 4.369 —-4.644
CiH; — C:H; + e 2.454(-10) 6.591 =6.568
H,CO -« H3 4+ CO 8.08¢(—10) 4.26] ~4.547
CH,;0H — CH, + OH 6.442(-10) 4.824 -5.083
CHyOH —+ CHyOT + If + ¢ 4.943(-12) 7.093 ~6.94)
CHyOH - CHO + ¢ 3.789(-10) 6.254 -6.288
Cy - CHC §.120(~11) 5.389 ~5.615
CH* — C+H* 1.344(~10) 7.046 -6.914
NHy - NH+ H 2.2563(~10) 3.319 =3.600
CO; —-CO+0 7.278(~10) 6.155 -6.227
0y~ 0+0 3.848(~10) 4.198 -4.476
O3 —=0F +e¢ 2.991(-11) 7.271 ~7.082
CH-—-C+H 4.979(-10) 3.550 -3.850
HCl -« H + C] 6.112(-10) 4.801 -5.055
Ciiy - C(H+ H 1.046(~-09) 3.964 -4.254
CiHy =« C(HJ 4 ¢ 2.461(~10) 5.887 -6.005
C(H; — C;H + C;H 1.046(--09) 3.964 —4.254
NO—=N+O 2.431(—10) 4.240 - 4.537
HyO -« H + OH 3.283(~10) 4.481 -4.766
HCN -« H+ CN 6.880(—10) 5427 - 5.607
Cy —Cy+C 2.135(-09) 3.741 -4.023
CH;N — HCN + Hy + 2H 4.706(~10) 5.036 -5.272
CH ;N — CH3N + 2H 5.059(~11) 3.289 -3.5690
CH¢N — CHs + NH4 2.188(=10) 5.197 -5412
CH¢{N -+ CN 4+2H;+ H ].2]2{— 10) 5.029 -5.265
CHyN = CH4N* 4 ¢ 2.461(-10) 5.887 -6.005
CH3N — HCN + H, 1.968(-09) 4.402 -4.716
CH,OCHy — H3CO + CH{ 8.205(~10) 4.342 -4.644
CH,OCHy ~+ CHyOCHY + ¢ 2.461(—10) 5.887 -6.005
CyHN — C3H + CN 4.104(-09) 4.542 -4.808
CyBy — C3Hy + Hy 1.660(~09) 4.207 -4.510
CyHg — Gl + ¢ 1.379(-10) 6.526 -6.518
CH;0,; — HCO + OH 2.291(~10) 4.410 -4.676
CH3;0; ~ CH;07 + ¢ 1.414(~-10) 6.406 -6.419
C;H;0 — CHy 4+ CO 8.037(~10) 3.771 -4.060
C3;H30 =« C3H30"* +¢ 3.595(-10) 5.439 -5.632
C;H3N — CBy + CN 1.823(-09) 5.523 -5.717
CiBEagN =+ CaHaN* + ¢ 3.295(~10) 7.094 -6.942
C;HsOH — C3H; + OH 1.582(~09) 4.922 -5.188
CyHyOH ~ C3HsOHY 4+ ¢ 5.412(-10) 8.227 -6.287
CyH(O — CH;3 + CHO 6.339(-10) 3.417 -3.700
C;HiO—-CH(+CO 8.339(~10) 3.417 -3.700
C;HO — C3HO* + ¢ 2.461(-10) 5.887 ~6.005
Ci;0O=C34+CO 4.008(~09) 3.612 -3.904
CN=C<+N 5.833(-10) 7.037 -6.898
HCO — HCO* 4 ¢ 3.027(-10) 5.618 ~5.788
HNCO — NH < CO 9.768(-10) 4.428 -4.697
CyHy ~ CyHy + H 1.830(~09%) 4416 -4.687
CyH( — C3H? + ¢ 1.162(-09) 6.071 -6.158
HyS—H3 4+ S 1.593(~09) 5.204 -5.445
H3S — HaS* 4 ¢ 3.377(-10) 6.515 -6.510
OH—-O+H 1.949(~10) 4.764 ~5.059

TABLE 3B

PHOTODISSOCIATION AND PHOTOIONIZATION FITS VERSUS A,
FOR A CLOUD WITH A% = 10: ' = Cexp (—ad, — A7)

reaction C(s~?) a 8

NO; - NO+O 5.721(—10) 2.728 ~1.461(-01)
SO; —=SO+0 8.674(~10) 3.023 -1.628(-01)
CS; - CS+S 3.303(~09) 2.643 ~1.302(~01)
OCS - CO+S 1.742(-09) 2.649 -1.358{-01)
OCS — OCS* + ¢ 1.890(-10) 4.168 ~1.559(-01)
NH; -+ NE; + B 4.956(~10) 2.869 ~1.582{-01)
NHs — NHJ +¢ 7.862(-11) 3.967 ~1.415(-01)
CH, -+ CH; + H; 4.489(-10) 3.250 -1.503(-01)
H;0; — 20H 3.836(—10) 2.947 -1.592(-01)
CyHy - C;H + H 3.970(-09) 2.925 ~1.544(-01)
Ci;Hy — C3HT + ¢ 2.036(—10) 3.987 ~1.463(-01)
H;CO ~« Hy 4+ CO 6.765(-10) 2.771 ~-1.443(-01)
CH3ON - CHy + OH 5.329(-10) 3.031 ~1.688(~01)
CH3OH — CE;0* + H+ ¢ £.111(=12 4.27 -1.213(-01)
CH3OH — CHO + ¢ 3.166(~10) 3.809 -1.295(~01)
Cy~C+C 7.424(-11) 3.336 -1.825(-01)
CH* -« C4+ H* 1.120(~-10) 4.255 ~1.347(-01)
NHy = NH + H 2.071(~10) 2.442 -1.241(-01)
CO;3—~CO+0 7.024(-10) 3.981 ~2.409(-01)
0;—0+0 3.256(~10) 2.766 ~1,290{~01)
O3 ~ OF +¢ 2.477(-11) 4.367 ~1.248(~01)
CH—~C+H 4.552(~-10) 2.535 -1.761(-01)
HCl — H 4 Cl 5.698(-10) 3.150 -1.894(-01)
CH; - CH+H 8.793(~-10) 2.639 -1.333(-01)
CqHj — C(HY + ¢ 2.041(-10) 3.585 ~1.459(-01)
C(H; - C;H+C;H 8.793(-10) 2.639 -1.333(-01)
NO -« N+O 2.006(-10) 2.717 -1.459(-01)
H,0 — H + OH 2.696(-10) 2.836 -1.617(-01)
HCN — H <+ CN 5.814(~10) 3.406 ~1.748(~01)
Cy~Cs+C 1.977(-09) 2.642 -1.289(-01)
CHyN — HCN + Hy + 2H 3.908(-10) 3.169 ~1.913(-01)
CHyN — CH3N 4+ 2H 4.306(~-11) 2.355 ~1.077(-01)
CHgN — CHy + NH; 1.826(-10) 3.275 -2.011(-01)
CHyN = CN+2H; + I 1.011(~10) 3.174 ~1.865(~01)
CHyN — CHgN* + ¢ 2.041(-10) 3.585 ~1.459(-01)
CH3N —+ HCN + H, 1.592(-09) 2.728 ~1.518{~01)
CH3OCH; — H;CO 4+ CH, 6.720(-10) 2.743 -1.500{-01)
CH3OCHs — CH30CHY + ¢ 2.041(~10) 3.585 ~1.459(-01)
C3;BN — C;H + CN 3.829(-09) 3.017 -1.522(~01)
C;B -« C3H; + H, 1.367(~09) 2.695 ~1.467(-01)
CiH¢ — C3H] + ¢ 1.144(-10) 3.948 -1.431(-01)
CH;0; — HCO + OH 1.945(~10) 2.874 -1.198(~01)
CH3;0; — CH30% + ¢ 1.176(~10) 3.883 ~1.370(-01)
C;H,0 — CH3 + CO 6.795(~10) 2,562 ~1.261(~01)
C3H30 — C3H;0* 4 ¢ 2.969(-10) 3.332 ~1.534(~01)
Cy;HyN -+ CHy + CN 1.489(~09) 3.352 ~1.678(-01)
CyH3N — CyH3Nt + ¢ 2.741{—10} 4.276 —'1.213{-—-01]
C;H;OH - C,H, + OH 1.299(~09) 3.049 -1.716{-01)
C:;HsOH — C3;B,0H* 4 ¢ 4.484(-10) 3.781 ~1.602(-01)
C3;H,0 -+ CHy + CHO 5.393(~10) 2.412 -1.107(-01)
C;HO -« CHy + CO 5.393(-10) 2.412 ~1.107(-01)
CyH O — C3H Ot + ¢ 2.041(~10) 3.585 ~1.459(~01)
C30 = C3 +CO 3.373(-09) 2.470 ~1.185(-01)
CN = C+N 5.528(-10) 4.363 -1.463(-01)
HCO -+ HCO* + ¢ 2.505(-10) 3.437 -1.593(-01)
HNCO — NH + CO 8.308(~10) 2.902 -1.480(-01)
CyHy —+ CyHy + H 1.552(-09) 2.885 -1.440(-01)
CsH¢ — C3H? + ¢ 9.646(-10) 3.693 ~1.534(--01)
HaS — Hy + S 1.296(~09) 3.179 -1.811(-01)
H3S — HaS* e 2.804(-10) 3.942 ~1.425(-01)
OH-O0+H 1.558(--10) 2.886 ~1.672(-01)
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TABLE 3C

PHOTODISSOCIATION AND PHOTOIONIZATION FITS VERSUS A,
FOR A CLOUD WITH A = 100: ' = C exp (—ad, — BA))

reastion

NO; — NO + O

SO; -S04+ 0
CS:—'CS'fS
OCS - CO+S§
OCS «+ OCS* + ¢
HH;-—*HH:-‘*H

NHy = HH: + e

CHy — CH; + H,
HyO04 — 20H
C:H:-—*C:H+H
C:H:*—-C:B;-ft
H:Cﬂ—* Hj-i-CO
CH,O0H — CH; + OB
CH3OH —« CH3O* + H + ¢
CH;OH -« CHO 4+ ¢
Cy—C+C

CH* -« C+ H*
NHy -~ NH+H
COy - CO+0

Oy ==0+0

03 =07 +¢
CH--C4+B
HCl - H + Cl
C;H;-—-C.H-r H
C(Hj — CeHY + e
C;H: —-C:H + C:H
NO—=N+O
H3O -« H + OH
HCN < H+4+ CN
Cy—Cy+C

CHyN — HCN +H; + 2H
CHgyN — CH3N + 2H
CHgN -« CHy + NHs
CHgN —-CN+2H; 4+ H
CHgN =« CHgN* 4+ ¢
CH3N — HCN 4+ H,
CH3;OCH; =+ H3CO 4 CH,

CHyOCHy CH;OCH; + ¢

CslN - C3H + CN
CyHy = C:H:*HI
CasHyg = C:E: + ¢
CH303 — HCO 4+ OH
CH304 ~= CH:O; + ¢
C3H;0 — CH; + CO
C:H:O -*C:B:’O‘" -+ ¢
CaHgN -« CHy <« CN
CsHaN —= C3HaN* 4+ ¢
C;HsOH — C;Hy + OH
C:H4yOH — C;H;0H" + ¢
C;H,0 -~ CH; + CHO
C3HO —« CHy + CO
C3HO — C3H,0* 4 e
Cy0 = C; + CO
CN—=C+N

HCO — HCO®* + ¢
HNCO — NH 4+ CO
CsHy - CyHy+H
CaHy = CaH = ¢
HyS = H; <+ S

HaS «e HyS* 4 e

OH -~ O+ H

C(s~?)

3.710(~10)
5.171(-10)
2.311(-09)
1.188(—09)
1.155(—10)
3.052(~10)
5.270(-11)
2.936(~10)
2.356(—10)
2.352(~09)
1.318(-10)
4.436(~10)
3.116(—10)
3.020(~12)
2.222(~10)
3.982(-11)
8.116(-11)
1.460( - 10)
2.658(~10)
2.324(~10)
1.823(—11)
2.434(-10)
2.911(~10)
6.008(~—10)
1.32¢(-10)
6.008(~10)
1.308(-10)
1.624(~10)
3.444(~10)
1.353(—09)
2.013(-10)
3.292(-11)
$.838(-11)
5.342(~11)
1.326(—10)
1.017(—09)
4.300(~10)
1.326(~10)
2.478(~09)
8.857(~10)
7.517(-11)
1.456(~10)
7.962(-11)
4.797(~10)
1.865(—10)
1.003(~09)
2.013(~10)
7.535(—10)
2.721(~10)
4.068(~10)
£.068(~10)
1.326(~10)
2.467(~09)
3.555(~10)
1.533(—10)
5.301(~10)
1.029( ~09)
6.046{ —10)
7.313(~10)
1.847(~10)
9.352(-11)

s

~1.485(-02)
~2.296{~02)
~1.199(-02)
~1.285(~02)
~1.995(~02)
~1.718(-02)
~1.584( ~02)
~2.027(-02)
~2.118( ~02)
~1.471(-02)
~1.344(~02)
~1.630(-02)
-2.139(-02)
~7.036(-03)
~8.982(-03)
~1.308( -02)
~2.045(~02)
-6.198(-03)
~4.794(-02)
~1.540(-02)
-9.955(~-03)
~2.212(~02)
-2.393(-02)
~1.256(-02)
~1.331(-02)
~1.286(-02)
~1.397(~02)
~1.634(-02)
~3.727(-02)
~6.449(-03)
~2.498(-02)
~6.389(~03)
~2.757(-02)
~2.635(-02)
~1.331(~02)
~1.352( -02)
~1.397(-02)
~1.331(-02)
~1.765(~02)
~1.338({-02)
~1.235(~02)
~1.158(-02)
~1.071(~02)
~1.146(-02)
~1.527(~02)
~3.280{-02)
~7.038( -03)
-2.424(-02)
-1.917(~02)
~7.144(-03)
~7.144(-03)
~1.331(-02)
~8.096(~03)
~8.140(-03)
~1.873(~02)
~2.254(~02)
~2.292(-02)
~1.668(-02)
~2.610(-02)
-1.218(-02)
~1.664(-02)
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to different assumptions about the cross sections. The rates for
plane-parallel clouds with A = 1, 10, and 100 are given in
Tables 2A-2C. The cross section data were taken from the
references listed by Gredel et al. (1989) with the addition of
newer data for C,H, (Wu et al. 1989; Smith et al. 1991) and
H,CO (Rogers 1990). We have not considered the photode-
struction of species, e.g., H, and CO, for which self-shielding in
lines 1s an important effect (c¢f. van Dishoeck 1988b). The
rates given for clouds with A = 100 are virtually identical to
those inside a cloud which is illuminated on one side only. The
rates for a particular value of A, in a cloud illuminated on two
sides are nearly equal to the sums of the rates, at the same A,
inside two clouds illuminated on one side only. As an example,
the photodissociation rate of C;H, at A, = 5 in a cloud with
AP = 1015 8.34 X 107" s, equal to twice the value 4.17 X
107" s ™ at A, = 5 in a cloud with A = 100.

For calculations of the molecular composition of interstellar
clouds, simple analytic representations of the depth depen-
dence of the photodestruction rates are useful. We have fitted
the calculated photodestruction rates to bi-exponential expres-
sions of the form (van Dishoeck & Dalgarno 1984; van
Dishoeck 1986, 1988b)

P: - C.l ¢xp(_ﬂﬂ'lp - ﬁ;AE) S_In

where €, «,, and 8, arc parameters depending on the cloud
thickness and photodestruction process. Values of the fitting
parameters are given in Tables 3A-3C for the molecules con-
sidered by Gredel et al. (1989) for clouds with total visual
extinctions of 1, 10, and 100 mag. The parameters in Table 3C
are chosen to represent the rates into depths corresponding to
A, = 15 mag. To proceed to greater depths the parameters «,
and 3, should be replaced by o, = a, + 7.5 X 8, and 8, = 0,
respectively. The fits are representative of the rates for depths
less than A, = 15 and are good to within a factor of about 2 with
the largest errors occurring at the surface and near the center of
the cloud.

Values of C,, «,, and 8, have been calculated by van
Dishoeck & Dalgarno (1984) for OH and for many other sys-
tems by van Dishoeck (1987, 1988b). These carlier studies
applied the method used by Roberge et al. (1981) and used
their grain models. The results obtained here are similar to the
results of earlier studies for grain model 2 of Roberge et al.

With increasing optical depth, the photodestruction rates
become smaller, and beyond some value of A, they are negligi-
ble compared to the rates due 1o photons generated by cosmic
rays (Prasad & Tarafdar 1983; Sternberg, Dalgarno, & Lepp
1987; Gredel et al. 1989). Even for radiation ficlds enhanced
up to a factor 10® over the average interstellar radiation field,
cosmic-ray photons dominate bevond A, = 12. Since grains in
the outer layers (with A, < 25) of molecular clouds appear to
be similar to diffuse cloud grains (Mathis, Mezger, & Panagia
1983), we expect our results to be a reasonable descniption of
molecular clouds with R = 3.1.

The rates caused by cosmic rays are uniform through the
clouds, except near the boundanes where some of the cosmic-
ray generated photons escape. However, attenuated interstellar
radiation dominates the boundary regions, and the “edge ef-
fect” of the cosmic-ray photons may be ignored. The four parts
of Figure 3 compare the cosmic-ray photodestruction rates of
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Fig. 3.—The photodestruction rates of H.O, CH,. NH,, and C,H, as functions of A, for 1.0, 107, 10%, and 10® times the standard interstellar radiation
hreld.
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I'IEO. CHq-. CEHZ‘ and NH3 (Grﬂdf:l ct 31. 1939) “-'ilh thﬂ rates
due to the interstellar radiation field, for clouds illuminated by
the photons with the same spectrum, but with intensities en-
hanced by factors between 1 and 10°. The figures confirm that
even in strong photodissociation regions the cosmic rays domi-
nate photodestruction rates at depths A, > 12.

The authors are grateful to Bruce Draine for supplying a
numerical tabulation of the grain propertics in Draine & Lee
(1984). This work was supported by the National Science
Foundation, Division of Astronomical Sciences, under grant
AST-89-21939.
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