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ABSTRACT

A quantitative theory of ionization in diffuse clouds is developed
' +
which includes H charge exchange with 0. Dissociative charge exchange

: +
of He with H, plays an important role in the densities of H+ and He .

2

The sbundance of HD is alsc discussed.

*



I. Introdaction.

The densities of electrons and lons play an impertant role in determining
the physical and chemical properties of interstellar ¢louds. In this article
we present a theory for the ionization of interstellar clouds which should be
applicable to diffuse and moderately thick clouds (columm densities NS 7x 102lcm52)'
This work is an extension of our recent discussion of ionization in diffuse
clouds (Glassgold and Langer 1974, especially Appendix A).

There are two main sources of electrons in interstellar clouds: the ionigza-
tion by the radiation field of heavy trace elements with ionization potentials
I <13.6 eV (e.g. carbon), and cosmic ray ionization of atomic and molecular
hydrogen and helium. In addition to radiative recombination, ions are removed
by charge exchange, dissociative recombination, énd ion-molecule reactions.

The last two types of reactions become important as soon as the interstellar
clouds contain an appreciable amount of molecular hydrogen. Charge exchange
and jon-molecule reaétions only affect the electron density indirectly, in that
the transformation of one ior into another affords the possibility of a
different recombination process. In partiecular, the rate constant for
dissociative recombination is many orders of magnitude larger than that for
radiative recombination. Field and Steigman (1971) pointed out that charge
exchange of K with atomic oxygen is importanf in determining the ionization
of the interstellar medium. When molecular hydrogen is present in interstellar
clouds, the O+ produced by charge exchange interacts with Hé to form OH+, and
in subséquent interactions with Hé and electrons a variety of oxygen bearing
molecules and molecular ions are formed. The primary effect of these reactions
is to remove H+ and electrons at a gréater rate than if only radiative recombina-

tion were operative (Dalgarno, Oppenheimer, and Berry, 1973; Watson, 1973; and

Black and Dalgarno, 1973). The exact rate depends sensitively on temperature
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since O + H+ cherge exchange is endothermic by 232°K. Some of the molecules
formed from the chain beginning wifh-0+,‘name1y COH and H20, can charge exchange
exothermically with H and He+, but their effect can be neglééted if n(0H)/n(0)
and n(HéO)/n(O) < 1072,

We also include a Teaction which has not been previously considered in
problemsg of this type, dissociative charge exchange of He+ and HE’

He++H2+H+H+#He | - ' (1)

The rate constant for this reaction has recently been measured as
n 10—13cm33*1 (Biondi, 1974). Despite this low value, reaction (1) is

an important source of'Hf when the fractional abundance of H2 is high

(f > 0.6) and it can dominate the recombination of He' even for small
values of f. The parameter f is defined in terms of the atomic and molecular

hydroéen densities,
feam(E)m oneo(E) + () (2)
Deuterium also can charge exchange With.ﬁ+,
‘D+H++.H+D+, | (3)
but this does not lead to a significant reduction in n(H#).since D+ reacts

rapidly with H and H2 to produce H+_again,

- bt +H+H +D (4)

D++H2->HD+H+ - (5)

The HD density, n(HD), can be used to estimate the primary cosmic ray

icnization rate on hydrogen, Cp’ through its connection to H+ via
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reactions (3) and (5) (Black and Dalgarno, 1973; Jura, 1974; O'Donnell and
Watson, 1974). |

In this article we will discuss quantitatiVely.the role charge exchange
and related ion-molecule reactions play in the electron,-H&,‘and HD abundances
for diffuse and moderately thick clouds. The resulis will depend on a number
of physieal parameters of the cloud, such as temperature T, density n, molecular
hydrogen fraction f, and heavy element abundances £. The H+ concentration is
erucial for the production of interstellar molecules through gas-phase ion-
molecule reactions. The electrons are important In determining the recombination
of all ions and thus the abundances of all species which are substantially
ionized. Finally, the electron density is also basic In the thermal balance
of tﬁe cloud because electrons collisionally excite and de-excite cooling

transitions.

ITI. ‘Calculation

The electron and ion abundances will be determined by solving the
chemical balanqe equations for all the constituents, using the constraints
of charge neutrality and conservation of number density for each nucléar
species. The problem is very complex, but it can be solved approximately
in a number of different limits., We restrict ourselves to a regime
charactefistic of many of the clouds which have recenﬁly come under
gtudy, namely diffuse to moderately thick clouds with E(B - V) £ 2.
These clouds are relatively cool (T & 100° X) and contein substantial
emounts of molecular hydrogen (f 3 0.1). Extensive observations have
recently been made on diffuse clouds with tlie Princeton UV spectrometer
on the Copernmicus spacecraft. The H2 column densities deduced indicate

that £ = 0.1 is reached when the total hydrogen column density into the
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cloud, N = N [H]+ 2N [H,], becomes § 5 x 10%%en™2,

This resﬁlt is supported
by theoretical studies (Hollenbach, Werner, and Salpeter, 1971; Glassgo}d and
Langer, 1973a and 1974; Juré, 1974). Kinetic temperatures in the range from
70 - 120°K have been determined for these clouds from the relative populations
pf the lowest J =‘C and 1 states of H2 (Spitzef and Cochran, 1973; Spitzer,
éochran, and Hirshfeld, 1974)}. The temperatures in somewhat thicker clouds
may be expected to be lower because of the attenuation of external heating
radiations. Thus we are interested in determining the electron and ion
abundances in regions where the Interstellar gas is predominantly a mixture
_of.He, H, and H2 with £ ;.0.1, T g-lOOOK, and wﬁere cosmic rays make some
contribution to the ionization rate.

In Teble I we list the main reactions which determine the ion and HD
abundances in the clouds under consideration. The rates for cosmic ray
ionization of H, H,, and He include direct ionizﬁtioh by the cosmic rays
and lonization by secordary electrons (Glassgold and Langer, 1973b, 1974).

.The charge exchange reactions remove and return the ions.H+,.D+, and D+.
Next listed are the ion-molecule reactions which make H3+,
OH+ subsequently reacts to form other oxygen-bearing molecules and molecular

ions. The dissoclative éharge exchange reaction of He' with H, dominates

over other H+-producing reactions with molecules because the large

gbundance of H, more than compensates for the small rate constant kg..tw

2
Thus the fast reaction C+ + OH ~ CO + H+ (Herbst and Kiemperer, 1973;

0'Donnell and Watson, 1974) camnot compete with k9 until the fractional
abundance of OH becomes as large as 10;4 E(Hef)/E(C+), where E(He*) and
E(C+) are the fractional abundances of He' and C*. For. diffuse and

5

moderately thick clouds, this would require E(OH) n 10” , which is
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unreasonably large. We have also. omitted ofher'H+-destroying charge exchange
reactions with neutral molecules for similar reasons, i.e. because the rele~
vant molecular sbundences are too small.in the clouds under conslderation.

For example, the rate constants for H+ + OH + 1 + OH+ and.Hf " HO+H+H o

2 2
33_1, and thus these reactions destroy Hf at a rate

are probably v 10 %
10-100 times slower than does charge exchenge with O for temperatures in the
range from 50;1000K. Our estimetes on the abundances of the various oxygen
molecules are based on a related investigation which we are now preparing

for publication. In this work we also find that the densities of molecular
ions such as OHf, H20+, and H30+ are negligible compared to the total ion
density. Charge exchange and other ion-molecule reactions initiated by other
atomic ions such as C+, He+, ete. can be ignored for similar reasons.

The chemical balance equations for O+,-D+,.He+, H3+,.and T yield

the following relations:

n(H;+5 = t(He) E(He)n (Gj
a(He In, + kgn(i,) |
+ - k.&(0)n a(g") ’ |
n(0) = K A(H) + kGn(H,) (7)
+ k3 E(D)n n(H+)
n(D ) ‘ =

sz(g) + Eu(H,) | (?)

-~
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. , - _ k2;2(H2.)‘n (Hg) : . T
n(H3 ) = + Lo
8(H;") ne_ckln(H)f k()]

and, for H',

, + k (Ii"’". . ) p
(K )= Cﬂi gt e ) nlt , 0 (10)
WE) g +yn |

where

=1z +-  klf/z - (L-7)+ o (& )f/2 (11)
%y ! ki+(k/2—k1)f "5 |

: k :
Y = =
L TR -~ & T

kg &0) £, L a2)

~ and E(He), £(0), and £(D) are totallfractioﬁal abundances relative to
hydrogen. (Thus we have anticipated the conclusions implied by (6) - (8)

| that He, O, and D are mainly neutral for the clouds under consideration. )

On the other hand, we take the elements with I < 13.6 &V to be predominantly

- ionized which requires N < 7 x 10 cm 2, assuming the ionizing radiation

to be attenuated by a grain cross section of 1.25 x 10_zlcm? per 1nterstellar

hydrogen atom. If g ils the total relative sbundance of these elements, the

total heavy ion density is
ng =&,

énﬂ the electron demsity is

e et i e e - o gy e T T e <4y
e e e o e o L R S



n, = n(Hf)'+ n(ﬁe+)l+ n, . B {13}

The relative abundances of ﬁ2+ énd ﬁ3+,ras well as all other atomic and
molecular ions, are too smell ( £ 5 x 10‘6) to be inciuded in {13).
An equation for the fractional abundance of electrons, xe = ne/h, is

obtained by substituting (6) and (10} into (13),

x2- (g - Lx_ - ( Logr 4 i.if )=0, (14)
where a = a(H*)'and

By gy ) S € )
qnd

I 5 x(m'm . . (18)

Equation (14) is a cubic because of the a(He+) X, term in the denominator
of (6), but it can be simplified In a number of physically interesting
cases. ‘

When a(He+) xe._<<_k§ £/2 , (14) becomes a quadratic with the

solution:

e, - Lo (oy s TP s ogm ] @)

A
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Using the values for a(Heﬁ) énd kg in Table I, the condition for ignoring
radiative recombination of He+ is £ >> 200 X, for temperatures in the range
from 50-100°K. Since x, is roughly of the order of 10;4 provﬁded
;p £ 10-168_1, (17) and (18) will apply as soon as a moderate fraction
of hydrogen has been converted to molecular -form, say f = G.1.

When He* radiative recombination can not be ignored, *he iconization

equations c¢an be solved by iteration on the following system of

equations:

x, = 1/2 [(ai -/, - R )] (29)

A
x(ne’y = HELgfe @
: e 9 ‘ '
x(H") = x - x(He) - £ s - o N (1)
where o 7 .' .
g' = g, + E(He) (He) | (@@

and where we have used a(He+);= a(H+) = o, Eq. (18) suggesfs another

approximate solutioh,
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x, = 1205 - (g, + L + 4 cr/oa ] ) (23)
- | .
x(E') 2 1/2 |- (g, + 1) o (g; + L% + 4 g'/mo ] (24)

appropriate for x(He+) << 7'/ny. Referring to (22) and (11) for z' and
(12) for v, we can see that this approximation tends to improve as T and
£(0) are decreased. In fact this approximstion works very well over the

ranggs ?f parameters considered in this work and is generally superior to (17)

and {18). : '
Electron and ion sbundances are plotted in Figure 1 as a function of

3, T = 8%k, Cp = 10-163-1,

g(0) = 10_4, £y = 7 x 1077 (corresponding to heavy element depletion

f for a typical parameter set: n = 100 cm

by a factor ¢' 7). The-H.é+ fractional abundance decreases rapidly with -

f (inéreasing Hz_abundancé) as a resﬁlt of diséociative charge exchange.
Because this reaction produces Hf ions, x(Hf) does not decrease rapldly
until £ becomes large (2-0-8)-‘The rapld decrease bcéurs because of (1) the
disappearance of direct cosmic ray ionization of H (ec.f. the“first tern in
(11) ), (3ii) the smallness of dissociative ionization of H2 (the seconﬁ
term in (11) ), and (1i1) o + ﬁz + OH' + H competes with 0% + H» 0 + H'.
The changes induced in Figure 1 by changes in parameters can be understood
from (23) and (24) in terms of the two most’importaﬁt varisbles, cp/qa
02-232/T

and Y v 1 g(0) emls s,

3

The appearance of H * in Figure 1 for large f is important because
H3+ enters into numerous ion-molecule reactions (Herbst and Klemperer, 1973;

Watson, 1973). In the context of the present discussion, H;f reacts
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exothermically with O to produce OH and HQO at a rate ~ 10 =9 3 1, and

thus competes with endothermic H' + 0 charge exchange (k ~ e 232/T10 %en’ '1)
when £f208and T 100°K, even though it is only ~ 1/10 as abundant as ",
depends on n, T, and £(0). For

'3, T = 80%, T, 107164 “1,

The relative importance of H and H3
example, in a denser region where n = 103
and E0) = 10 4, x(H ) =0.1x (H ) for £ = 0. 7 and x(H ) = x(H } for

x = 0.95. At lower temperatures, H * w111.be even more important.

3

The reduction in the He abundance by dissociative charge exchange
with,Hé has other implications for the ion-molecule reaction chemistry of
the interstellar gas; Herbst and Klemperer (1973) assumed that He' is

destroyed in dense clouds by dissociative charge exchange with CO,

He' + cO»C' + 0 + He, (25)

with a rate c{mstant 2 x 10 %en’s™L (Laudenschlager and Boﬁers, 1973). In
order for (25) to compete with (1), the relative CO sbundance must be ™ 10’41
For smalier CO concentrations, the rate at which He' disgoclatively charge
exchanges with heavier neutral molecules, and thus produces atomic ions,

is smaller than previously assumed.

IIX. Discussion.

The abundance of HD provides a good example of the application of
the results of Section II. Unless f is very small (X 10—3), reaction (5)
is much more important then grain formation for producing HD. The primary

destruction mechanism is photo dissociation
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.--h'u'+HD+H+D,' - - (26)

with rate constant n. The balance equations for HD aner+ {Black and
Dalgarno, 1973; Jura, 1974; 0'Donnell and Watson, 1974) lead to the

relation

'k7 g
2 k4 + (k7 -2 k4)f

x(HD) =

k, g(n)'f'L{:)—n- . (27)

We use the results of Section II to obtain the curves of Figure 2, using
the parameters n = 102cm_3, ED) =1.5x 1077 (Rogerson and York, 1972),

- E(0) = 10_4, g = 7x 10_5, and n = 1079% . This value for n is based
on the caleulations of Stephens and Dalgarno (1972) and the average

intersteller radiation field given by Jura (1974). ‘The solid curves

are for 80°K and a range of primary ionization rates, Cp = 10.17, 5x 10-17,

and 10-163_1. The existence of a strong maximum for x{HD) at an Intermediate
value of f oécurs from the competition between the f-increasing coefficients
in {(27) and x(H+), which is a strongly decreasing function of f as f - 1.

In applying these curves to cloud models, variations in physical properties
.of the clouds must be taken into account, such as density, temperature,

radiation field, and size. For example, grain attenuation of the UV

o
radiation field near 1000 A reduces the dissoclation rate n, roughly as

~2.-1 |
= N8 x 10%%n 2) . - (28)

This decrease in n tends to compensate for the decrease in i(ﬁ+), and

thus to extend the region in which HD occurs with substantial abundance.
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The two dashed curves in Figure 2 indicate the effects of varying
the temperature for the pavticular case Cp = 5 x 10'173"1" The values
60, 80, and 100°K roughly cover the range In kinetic temperatures observed
for diffuse clouds (Spitzer and Cochran, 19735 Spitzer et al, 1974). The
HD fraction is seen to change by as much as a factor of #wo for large f.
The main source of the temperature variation is the e—23'2 /T factor in
the H' + 0 charge exchange rate constent kg occurring im 4 (Eq. (12) ),
which appears in the x(H+) formula {24).

In order to discuss the HD column density measurements of the

Princeton group (Spitzer et al, 1973 and 1974), it is usmeful to rewrite

(27) in terms of the HD-H, fraction y = n(HD)/n(Hé),

A by () 9) =
VR T, T S ) () =

The advantage of (29) is that most of the variations in ithe members of the
right side tend to cancel for diffuse clouds. This can e seen in Figure 3,
where ¥ is plotted as a funetion of f for a number of choices of Cp’

n = 20 and 100 dm_B,.and for common values T = 80°K, £(0) = 10—4,

£, =5x 10'7, and n = 101%™, We note that y is roughiy constant

for £ < 0.6 and cp/n > 5 x 10 en’s L. Furthermore, when y is changed
from 20 to 100 cm_3 (corresponding to a reasonable density range for
diffuse clouds, Glaségold and Langer, 1973a, 1974; Jura, 1974), y changes
by at most a factor of 2. Aceording to our earlier model calculations, n

does not vary by more than a factor of 2 and T changes little in going

from the cutside to the inside of a ¢iffuse cloud. Thus we can ignore
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the variation of y with n and T. On the other hand, UV attenuation (28)
can be important, depending on the column density N into the cloud. The
effect of decreasing n may be crudely viewed as a raisimg of the large
portions of the curves of Figure 3 so as to maintain y roughly constant
up to ~ 0.8 - 0.9. To summarize, (29) together with the ionization
formulae (24), provide justificatlon for replacing y = m{HD)/n(Hz) by
the column density ratio Y = N [HD] /N [Hé] ;» as was dome in previous work
(Black and Dalgarno, 1973; Jura, 1974; O'Donnell and Watson, 1974). The
measurements of Y (Spitzer et al, 1973, 1974) vs. F = 2N [H2] /N have
also been included in Figure 3 mainly for reference, and not for purposes
éf direct comparison with the theoretical curves of y ws. f. A proper
comparisoh can only be made in terms of a more complete {inhomogeneoué)

model caleulation for Y vs. N, such as we recently reported for H, and

2
other species (Glassgold and Langer, 1974) On the other hand, it is
interesting that a number of the measurements of ¥ cluster about the value
g x 10 7, and that the deviations for 59 Cyg and £ Oph may be partly
understood in terms of variations in the relevant radiation field {Jura,
1974). 0'Donnell and Watson (1974) ﬁave proposed a similar explanation
for the anomalously large value of Y measured for 10 Lse.

Proceeding on the basis that y = Y = constant for a diffuse cloud,
we cén invert (29) and obtain a rough formula for the dependence of n(H+)

on N and £, =

| 20 e T
An(H")--_- [k'?/k + (1/2 -k /k,?)kaB-lg(O) -1 N(é x_‘%o ) Y_.._.,‘.,(-Bo?:mzp
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According to this result, substantial reductions are possible for n(H*) in
going from the outside to the inside of a cloud,'in part from attenuation
and in part from the coefficient in square brackets. The numerical values
for n(Hf) obtained from (30) at the center of a diffuse eloud are essentially
.the same as those obtained by previous authors, i.e. in the range from 10_3 -
1072 on, |

To conclude this discussion of the HD problem, it mﬁst be said that
a.quantitative understanding of the observations must still be given. We
have attempted to emphasize the importance of various inhomogeneities,
especially the variation in x(H+).and the atteruation of the HD photo-
dissociation rate. We did find some basis for the possibility.that these
two effects partly compensate in diffuse ¢louds, but a more det;iled model
calculation 1s really needed. The results of ény caleulation will be
strongly influenced by the radiation field appropriate to each cloud and
by the values for rathér uncertain charge-exchange and ion-molecule
reaction rate constants. The fact that some of the measured values for
Y are much larger or much smaller than the average may prove difficulf to
- explain. In viev of all these qualifications and hncertainties, we believe
that the present HD abilindance determinations camnot determine cp to much
. better than a factor of 5 As previous authors have estimated, ;PAls
likely to lie somewhere in the range from 10 1’ + - 10716571,

The results of Section II also relate to the determiﬁation of inter-
gtellar cloud elecéron densities from absorptioﬁ line measurements. Since
we have recently commented on observations of Cal and CaII (Wnite, 1973;

Bortolot et'al, 1974) and CI and CIT (Morton et al, 1973), we note that Hobbs

(1973, 1974) and Iutz (1974) have recently made deductions about ionization
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in clouds from KI absorption lines. Hobbs attempts to draw conclusions
about the density variation of xe and the difference between xe and x(H+).
He finds that the nf% variation of X, associated with cosmic ray ionization
of stomic H is in confliect ﬁith KI meagurements, and he concludes that

;P X 10 -16 1. The theory of Section IT contains a nﬁmber of improvements
in previous discussions of ionization in clouds which are relevant in this
-eonnection. In particular, we have included-the important'H+ destruction
mechanism of charge exchange with O, the suppression of direct ionization
of H by the formation of molecular hydrogen, and the transformation of He+
into B ions by dissociative charge exchange. The latter effects are .
contained in the effective ionization rateé ;H' and £' defined by (11)

-and (22),respective1y. Taken together with the above discﬁssion of HD
(which suggests that cp‘lies in the range 10727 - 10720 571), it does seem
on the basis of Eq. (24) that 2 clear n'% variation for X, will not be
manifested in interstellar clouds except for very swall densities.

In conclusion, we find that the ionization structure of a diffuse
cloud containing moderate amounts of molecular hydrogen is iﬁhomogeneous.
Even for the clouds observed by the OAD-B program, fairly large values of
f are appropriate toward their centers, so that mﬁch of the variation
dindicated in Figure 1 may be expected to occur. Additional inhomogeneities
arise from the density and temperature variafion predicted by model
caleulations (Glassgold and Langer, 197Z). | |

| This work has been supported by Grant NGR-33-016-196 from the
National Aeronautics and Space Admlnistratlon S
The authors would like to thank Dr. E. E. Ferguson for a useful

conversation on He charge exchange and Dr. M. A. Biondi for communicating

. his measurement of the rate constant for reaction (1) prior to publication.
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T = 80°K, £(0) =1
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~ FIGURE CAPTIONS

Fractional abundances of elecfrons ‘ and various ions as a function of
fractional Hé sbundance f = 2n(Hé)/n, n=n(H) + 2n(Hé) for T = 80°K,

n = 100 em™>, c, = 1071641 +  and g, =7x 1072, The

’ E(O) = 10
dashed line . 1is Ei’ the fractional abundance of ions of atoms

with fonization potential I < 13.6 eV.

‘Fractional sbundance of Hf ions as & function of £ for T = BOOK,

5 ~-17 17

n = 100 em >, £(0) = 1074, g, =710 , 5x 107,

and 10"16.'3'1 (s0lid curves). The dashed curves are for T = 60°K and

-173_1.

and r_ = 10
o CP

100°K and = 5 x 10

Ratio of HD to H, densities, y = n(HD)/h(Hé) as a function of f for
A .
o 5, and & range of primary cosmie Cl

ray lonization rates cp. The s0lid curves are for a density n = 100 cme,

3

and the dashed curves for n = 20 cm ~. The open circles are the measured

ratios of Y = N [ ]/ [K,] as a function ¥ = 20 [m,I W, v = n[u]+ an/n,]

,£i=7x10_

. (on the same ° secale as y and T, respectively) ag reported by Spitzer

et a1 (1973, 1974).
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