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Condensation in interstellar space, by /. A. Kramers and D. ter Haar *).

This paper deals with the various association and dissociation processes relevant for the formation and disappearance of diatomic °

molecules in interstellar space.

Section 1 discusses the concentration of CH and CH+ to be expected from what is known or may be assumed about the con-
centration of atoms and about the temperature and radiation conditions in interstellar space. If due attention is paid to the many
uncertainties involved, the observations seem to fit in with the theoretical picture. Some objections are raised to SWINGs’ treatment

of the problem of the CH and CH+ concentrations.

Section 2 discusses some corrections to the theory of the smoke formation presented by one of us in a previous article.

The following sections deal with the theory of some elementary processes, in order to obtain the numerical estimates necessary -
for the first section. In section 3 the probablhty of the formation of some diatomic molecules by radiation capture is calculated.
In section 4 the photodissociation of CH is discussed in detail, while in section's the electron capture by a CH+ molecule and the

photoionization of CH are investigated.

§ 1. Concentration of diatomic molecules.

In a previous paper 2) the formation of solid par-
ticles from the interstellar gas was discussed. It ap-
peared that the rate at which diatomic carbon-
hydrogen molecules are formed through radiation
capture is of prlmary importance. Since then we have
changed our opinion on some of the details regarding

the first steps of the condensation process. As men-
" tioned in B.4.N. 361 Prof. OorT had pointed out to us

the eventual importance of the photodissociation on
the concentration of the CH molecules. Although we
thought at first that this process could be neglected,
closer inspection has shown us that, on the contrary,
. photodissociation is probably. the factor limiting the
concentration of the CH molecules.
Another point to which Prof. Oort has equally

drawn our attention concerns the large abundance of"

the G+ atoms relative to that of the C atoms. This
means that the very first step in the condensation will
be the formation of CH+ rather than of CH molecules;
this too means, that the 51mp1e picture of the situation
on which the calculanons in B.4.N. 361 were based
needs revision. For the sake of simplicity we will first
discuss the influence of the photodissociation of CH,
* reasoning as if these molecules were directly formed
from neutral C atoms; after this we will investigate the
changes to which the inspection of the second point
gives rise. It will be found that the CH concentration
is hardly affected, while at the same time an estima-
tion of the CH+ concentration is obtained.

The total number of CH molecules formed per sec
can be calculated, if we know the probablhty that a

1) Received in October 1944.

2) D. ter Haar, B.A.N. No. 361; 10, 1, 1943; further
referred to as B.A.N. 361. This paper appeared also in the
Astrophysical Journal: Ap J- 100, 288, 194.4
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radiation capture takes place when a C atom and a
H atom collide. This probability has been estimated
in B.A.N. 361 and will be considered in more detail in
section 3. We find that the total number of CH mole-
cules formed per sec is equal to:

N. = Q1 Pc Pu> (1)

where, assuming a temperature of 10000°, Q .4 =
7.107% ecm® sec”’; taking pg = 3.107° cm™ and
pr = 3 cm™>, we get:

N. = 6.107°

The number of CH molecules photodissociating per
sec, N,, can be estimated with fair accuracy, if we
know the energy needed for this process and the den-
sity of the interstellar radiation for the corresponding
frequency. From considerations given in detail in sec-
tion 4 we find that the energy will be approximately
10 eV. If we adopt with EppingToNn!) a diluted
PrANcK radiation for the interstellar radiation with a

dilution factor ¢ = 10™* and 7 = 10000° We get
for N,:

cm™ sec™. (2)

Izv
N,=p(v) Bpeu=gde T

pep=1.10"" pgmCm >sec’

(3)

(4 and B are the Einstein probabilities for the trans-
ition considered and p (v) is the density of the inter-
stellar radiation at the frequency v).

Equating N, and N, we get:

PCH—6109Cm

(4)

which is a factor 300 less than the observed value of
approximately 2.107° cm™ 2). At the end of this

1) A. S. EDDINGTON, Proc. Roy. Soc. London A 111, 424, 1926.
2) Ta. DunaaMm Jr., P.4.4.5. 10, 123, 1941.
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section: we shall see that thls “discrepancy need not
alarm us particularly.

Starting from a state of the interstellar. gas in which
as yet no molecules are present, the stationary CGH
concentration calculated above will have been reach-
ed after a time of the order of 10™* sec (cf. (3)), which
is small indeed compared to the period of about 10°
years which the condensation process has had at its
disposal.

In our calculations we have neglected the dis-
appearance of CH molecules due to the formation of
triatomic molecules. In the picture of B.A.N. 361 this
process was considered to be the only factor limiting
" the increase of the CH concentration and bringing

about equilibrium. We think now that, compared to
the photodissociation, this factor is certalnly negli-
gible, although — of course — its magnitude plays an
“important part for the further steps of the conden-
sation process and for the smoke density finally reach-
ed. We will return to this later on. .
We will now take into account that, due to stellar
radiation, the C+—C equilibrium in the interstellar
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gas is such that practically all C atoms are ionized.
Formation of CH+ from C+ and H will be the first
stage of the molecule formation and we shall have to
consider the equilibrium between C+, CH*, CH and
C. Figure 1 indicates the different elementary pro-
cesses to be considered. By means of rather rough

Ficure 1
c’ C

. CH,
methods we have (cf. the following sections) calculat-
ed the frequencies of their occurrence, assuming 7' =

10000’ and a dilutionfactor g = 107"*. The results
are given in the following table:

CH,

TABLE 1

Process

a:Ct + H>CHT + v

Description

(radiation capture)

Frequency

Ny = 1077, po+- Py

f:CHT + el CH + &v (electron capture) Ng= 3.107"3. pel. ppy+-
9 :CH + bv—~ CH?T + el (photoionization) ‘N.y = 2.107%. pop.
d:CH+ v—>~C+ H (photodissociation) Ng = 107" peyy-

‘ e :CHt + bv—>CT + H (photodissociation) N~ 10-75. P+

¢:CHY +el>C+ H

(electron capture

Ng ~ 3.107%. pel. Py +-

leading to dissociation)

27:C0C+H->CH+ v

5. cHY) 4+ H>CH.'Y) (“mechanical”

(radiation capture) N,

= 7.107%. p(. P;-I‘

N5y £ 7.1077. ppr(+). og

capture)

Since 10 cm™ is a lower limit which can be as-
signed to p,, we see that N, and N, are negligible
compared to N, & Since pg/pe+ will hardly surpass o'o1
the processes n can be neglected against the processes
a. Finally ¥ can, since py is of the order of 1 cm™, be
neglected versus 0. We are thus left with the processes

“a, 3, y and 9, indicated by full drawn arrows in
: F1gure 1.

The statlonary state (Wthh is easily reached in the

time available) is found from:

S NN, =Ng= N, 4 N
- Thus:
“pca = 10° pot. PH, (5a)
o PculPcat = 107 pq. (5b)
With py = 3 ecm™®, pg+ = 3.10° cm” and

"The factor 167

pg = 10 cm> 1) this gives:

o = 1078 cm™ (observed: ~ 2.107% cm™) ; (6)

Pc/pcat = 107 (observed: ~ 1)

The discrepancy between these calculated and ob-
served values is not alarming. In the first place it
must be borne in mind that our calculations are
rather rough and that the numerical factors appearing
in N,, Ng, N, and N; can easily be wrong by a factor
of the order 2 to 10. These uncertainties will affect
mainly the factor 107 in eq..(5a), which indeed
might be larger or smaller by a factor of the order 1o0.
in eq. (5b) is less affected by them;
its uncertainty may be a factor of the order 2. In the

1) P. Swines, 4p. F. 95,270, 1942.
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second place the astrophysical data are not so very
strict. They refer on the one hand to atomic concen-
trations (pg+, pa and pg) in the interstellar gas, on the
other hand to the density of the radlatlon, which

enters in the numerical factors of the expressions for

N, , Nyand N, in Table 1.

If for instance, we had used values of py and p+
both 5 to 10 times as large, our calculated pgy value
would rise to a value between 2'5.107 cm™ and
1079 cm™3. If oneshould consider such arisein the value
of pyy unacceptable, it must in any case be remembered
that the ratio pg+/py is very uncertain and might
easily be much larger than the value of 106 assumed
above. As regards p,;, everything depends on the de-

gree of ionization of the hydrogen atoms, which might

also be a good deal larger than was assumed in the
foregoing. This might perhaps raise the ratio pog/pen+
by a factor 100 to 1000.

For g and T we have adopted 107* and 10000° as
was assumed originally by EppingToN 1). There is a
good deal of uncertainty about these values. STRUVE?)
assumes ¢ = 107 and 7 = 15000°, while according
to DunuAM 3) the density of the interstellar radiation
cannot for all frequencies be described by a definite
g and 7. If in estimating the radiation density the
selective absorption (which has been neglected by
EpDINGTON) is taken into account, it follows from the
figures given by DunuaMm 2) that this density will be
smaller by a factor ~ 5 in the region significant for
processes 7 and d. This means that both numerical

- factors in eqq. (5) would be larger by a factor 5.

Further we do not know with certainty the energies

of photodissociation and ionization of CH. If we
should adopt for these energies values which are
larger by 1 to 2 €V, the numerical factors in eqq. (5)
would be larger by a factor 3 to r1o0.
" Finally it should be borne in mind that the ob-
served values of pcy and pey /pog+ are affected by ex-
perimental uncertainties and depend moreover on
estimated values for the corresponding oscillator
strengths.

Altogether—due attention being given to the mar-

gin allowed by theoretical and observational uncer- |

tainties—it seems safe to conclude that the observed
presence of CH and CH* may well fit in with our
theoretical picture of the condensation processes in
the interstellar gas.
Something should be added about the theoretical
~estimates of poy+ and of the ratio pgy/peu+ given by
Swines?). Both were obtained by considering a quasi-
thermodynamical equilibrium, but we think that

1) L.c.

2) O. StRUVE, Proc. Nat. Acad. Sci. 25, 36, 1939.

‘13 'EH DunuaMm Jr., Proc. Am. Phil. Soc. 81, 277, 1939.
c.
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serious objections should be raised against this pro-
cedure. '

The CH* concentration is found by considering the
equilibrium ‘

C+ 4+ HZCH* + A

in the diluted radiation field. Just as with us the
radiation capture of a H atom (process ) is considered
to take place through an electronic transition from an
excited state of the CH+ molecule to a high vibrational’

' level belonging to the ground state. In the equilibrium

practically all molecules will occupy a few of the
lowest rotational levels of the lowest vibrational state,
corresponding to a temperature of only a few de-

grees Kelvin. The absorption processes which result in

a photodissociation of CH+ will therefore not be the
inverse of the capturing process but will have to start
from the ground state and to raise the molecule in one
big absorption jump (process ¢) to an excited state in
which the atoms repel each other. The /v involved in ¢
is therefore several times larger than that involved in
a and there is no foundation for the application of
Swines’ method. We think that the actual value of
pcu+ cannot be found without also taking the pro-
cesses 3, y and 0 into account.

Again, Swings finds the CH—CH™ ratio by con-
sidering the quasi-SaHA-equilibrium \

CH* + el = CH + hv.

This means that he puts Ng= A, , whereas in our
picture only Ng = N, + Nj would be correct. Since
according to our calculatlons N, and Nj are of the
same order of magnitude, and smc_e moreover the f3
and y processes are practically the-inverse of each
other (in contrast to the case of « and ¢), the ratio cal-
culated by Swings should be approximately the same
as that found by us. Incidentally, Swines discusses the
possibility that the 3 and y processes are not the in-
verse of each other; he argues that besides capturing
processes leading to the lowest electronic state of CH,
other captures to excited states will be possible which
have no counterpart in the ionization process y, since
in the equilibrium all CH molecules are in the ground
state. This will then raise the ratio pay /pcu+ by a factor
to which he tentatively even assigns a value as high
as 100 in his attempt to bridge the gap between
theory and observation. A closer consideration of the
electronic structure of the CH* ground state shows,
however, that such a correction factor is out of the
question; the ground state of CH is (if we ignore
hlghly excited states whose contribution to the cap-
turing will be negligible) the only attractive state of
this molecule that can be attained by adding an
electron to the ground state of CH* (compare Table 3
in section 4).
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In B.A.N. 361 it was asserted that the formation of
CN by radiation capture was insufficient to explain
the observed CN concentration. This statement needs
revision. Since in the interstellar gas the nitrogen
atoms are practically all neutral and the carbon atoms
practically all ionized, the first step would be the
process

G+ + N~ CN+ + /.

v No data on the CN* molecule are at hand. The
ground state of N is *S and"of C+ *P. Combination of
these two will give 2, 3II, °2, °II. It is not unreason-
able to assume that one of the triplet states (probably
the °II state) will be the ground state of the CN+
whereas the other triplet staté (*Z) is an excited at-
tractive state so that a transition between these two,
involving a jump of an electron from a ¢ to a = state,
might account for radiation capture similar to the
cases discussed in section 3.

Assuming that in the expression K.pg+.py for ‘the
number of captures per sec the same value may be

- taken for K as in the case of CH*, i.e. K= 1077, we

get for the total number of CN+ molecules formed in
10° years, assuming pe+ = 3.10° Cm™, py = 20g+ =
6.107° cm ™ 1): :

pen+ = 5.10°cm™

(7)

Since a large fraction of the CN+ molecules may
have passed into the neutral CN state and since
photodissociation of the latter may be very small, the
presence of CN may well be due to radiation capture.

In B.A.N. 361 a value for y,, i.e. the probability
that a triatomic molecule is formed when a diatomic
molecule collides with an atom was estimated from
the observed concentration of the CH molecules. Due
to the photodissociation this is no longer possible. We
think moreover that the value of y, estimated in
B.4.N. 361 (72 ~ 1000 ¥,) is by far too large. In fact, a
preliminary investigation of the mechanism by Wthh
a CH molecule can capture a third atom has shown us
that the actual value of y, will certainly be much
smaller and that according to the most favourable
estimate it will hardly exceed the value of 7: (which
is ~ 10™) more than by a factor of’the order 10. In
this way we arrived at the estimation of Ny in Table 1,
whose numerical factor is glven as less than 10 tlmes
the factor in W, .

~

§ 2. Some remarks on the density of interstellar smoke.

Strong arguments were given in B.4.N. 361 for the
view that the first step in the condensation process can
only be the formation of CH and CH* molecules.

1) For the ratio pc+ /PN see e.g.: V. GoLpscHMIDT, Skr.
Norske Vid. Selsk., Mat. Nat. KI. No. 4 -1937; A. UnsoLp, s. f.

" dp. 21, 76, 1942; H. C. v. p. HULST Ned. Tijds. v. Natk.

10, 245, 1043.
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These arguments still hold but it is clear that, with
our present view of the mechanism by which the con-
centrations of these molecules are established, the
discussion of the subsequent steps in the condensation

_process and of the ensuing total smoke density must be

taken up anew. First of all we remark that the ex-
pression (B.4.N. 361, p. 7, formula (26)): -
lnax = (39 p"0"8)° (8)

for the number of atoms in the largest smoke particles
built up in the time ¢, can only be brought in agree-
ment with observation (iy,, ~ 10°) if the density p’ of
the heavy atoms is of the order 107 cm™. Now we
have seen that it is difficult to explain the observed
CH concentration even by assuming pg+ to be as large
as 3.10 ° cm®; we should wish it to be still larger by
a factor of the order fo. In this way i,,, becomes,
however, by far too large. If the hydrogen content in_
the particles should not be negligible (it was assumed
to be so in the derivation of (8)), the discrepancy
would be still worse. If therefore one adheres to the
idea, that the growth of the smoke particles through
condensation of atoms can go on freely, we meet with
a serious difficulty. Prof. Oort?) also thinks that the
upper limit of the size of the particles is kept down by
processes of a kind hitherto not taken into account.

For the moment we will therefore simply take 10° as
an approximate upper limit for : and we will in-"
vestigate the smoke density reached in the period of
10° years, starting from a given, equilibrium, con-
centration of the CH molecules (2.107% cm™). The °
formula on p. 8 of B.4.N. 361 must be changed and
we now get: '

. ) 22T\ /- 231 237
Psm = % MpcH Y- 2% Zmax4/3<73 31 ></4i ><75 z >’ (9)

wheret=0p'0" ¢t > 7.10* (s = 2.10 P cm’, p’ = 3.107°
-3 5 S 16 \ d wh
em™®, o' = 4.10° cmsec”, ¢ = 3.10"°sec) and where
only those yi’s, for which y;7<<<1 give rise to a factor
in (g9). If we assume, for a mdment that 73> Vs> €tC.
are all large compared to 77, we get usmg m =
2,107 g, 7, = 10 %, pgg = 2.10 % cm™>, = 10°

(IO)

This value for the smoke density is too large by a
factor 40; it would become still larger by a factor of
the order 100 if 7., were taken ~ 10"". Now, this
excess could easily be compensated by the influence
%zhr

—

The value given above forr in the condition y;t<<<<1
for their appearance must be considered as a lower
limit. Indeed, the concentration p’ of the heavy atoms
might well be a factor 5 to 10 larger than assumed

max

g cm™® (observed ~107%6 g cm™?).-

of a few factors of the type

1)  Private communication.
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above (compare p. 139), and { = 10"7 sec (= 3.10°
yrs) is perhaps a more reasonable estimate for ¢, so
that v might easily be as large as 2.10°. This higher
value is rather welcome, since our preliminary con-
sideration has shown us, that not only y, is still a small
quantity (~ 107%at most) but that also the probability
that a molecule with only a few atoms captures the
heavy atoms in the gas will still be rather small (say
s, 74 and y; perhaps not larger than the order 1077
or 10°%) and that the number of atoms should be
rather large, say 10 or more, before the limit y; = 1
is reached.

It is very well possible that in the very first steps of
the condensation the capture of the hydrogen atoms
still prevails. In the derivation of formula (9) no ac-
count was taken of this, but it can be shown that, due
to the large hydrogen concentration, this formula still
holds, if these H captures are disregarded and if y,,
Y45 - . - simply mean the probabilities of the captures
of heavy atoms (C, N or O) which appear for the
first time, for the second time, etc. in the subsequent
condensation steps. :

Until now we have spoken as if all condensation
started from CH (process 5), whereas it will of course
start as well from CH+ (process 3'). This brings, how-
ever, no material change in the discussion and the
conclusions of this section.

A more refined discussion of the initial stages of the
condensation is of course highly desirable, but there is
as yet no need to fear a serious discrepancy between
the theoretical picture and the observational data.

§ 3. Theory of radiation capture.

In B.A.N. 361 an estimation was given of the prob-
ability, y_, that a diatomic molecule is formed by radi-
ation capture when two atoms collide. The case when
this formation occurs without an electronic transition
was considered in some detail. For the case when an
electronic transition accompanies the formation we

Ficure 2

LEIDEN
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gave formula (12) of B.A.N. 361, Wthh will'now be
derived. :

The quantity calculated is not y, itself but an effect-
ive cross section, Q ,.4/7, for the formation of a mole-
cule by radiation capture. The following relation
between 7. and Q .4 should then exist:

Qeaa = 7: 97, (r1)
where ¢ is a measure adopted for the cross section
for a gas-kinetic collision while 7 is the mean relative
velocity of the two atoms.

We shall assume that, when the two atoms- ap-
proach each other, each in its ground state, not only
the lowest molecular electronic state available can be
realized but also other electronic states. In Figure 2
the curves for two of those states are shown. U’(r)
is the energy of the ground state as a function of the
distance apart of the nuclei of the two atoms. U(r)
is the energy of a second electronic state. For the
sake of simplicity we have taken for U(r) also a
curve with a minimum though this is not essential
for the following calculations.

We will, now, assume that when the two atoms
approach each other they are in the upper electronic
state under consideration (viz. Ufr)). A transition
may therefore occur between the two states U(r) and
U’ (r) accompanied by the emission of a light quan-
tum with energy U—U" so that the two atoms make
a transition to another type of central motion and
be bound together in the ground state of the molecule.
In the discussion of this transition we treat the motion
of the nuclei in a purely classical way.

If A(r) is the EiNsTEIN probability for the transition
between the two electronic states U(r) and U’(r)
then the total probability that a radiation capture
occurs when the two atoms meet will be given by:

+
¢ =1 [ 4l a, (12)
where the integral is taken along the classical orbit
which the system would describe under the influence
of U(r).

Here the numerical factor f is the probability that
when the two atoms meet they will find themselves
in the upper electronic state (U(r)). '

In order to get Q .4 we have to average ¢qv over all
possible values of the impact parameter p (i.e. the
minimum distance between the two atoms when their
path should be along straight lines) and over the
distribution of the relative velocities:

Quu=m=[2npdp [ W) T (13)

Here W(v) dv is the probability that the com-
ponents of the relative velocity have values between

| v, vy, v, and v, + do,, v, + dv,, v, + do,.
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Inserting (12) in (13) we get:
Qua=f[2mpdp [oW0)d7 [A) e, (r4)

From the laws of motion we have

g — dr

1 v —FY_200)
7 m

mv”

(15)

Qrad=4‘”ff<2ﬂ%~>%e 2kT ® do fA drf

The values of the boundaries must be treated with
some care. For a given value of v and p, r runs twice
through the interval from 7., to o, where 7, is
the r-value for which the expression under the square
root vanishes. Instead of a restriction on r and a free

32 \
Q aa = 87° <TrkT> fA ) dr ve T]/

We have now to consider the boundanes v, and v,.

For'v, we must take o when U(r) <o and I/ZU )

when U(r) > o. Since we only have to consider those
transitions for which the atoms are bound to each
other in the final state U’(r) we are interested only
in those values of v where U— U’ > Im¢*. This

means that we must take for o,: I/r% (-0,

provided this value is larger than v,; if it should be
smaller the integral should vanish. Making’ the sub-

2 ! U
rl/ -2,
w Ul =
Qra=16VES [4(r) e ¥T ar [ iy, (19)

X1

where x, = ]/_ U oro according as U(r) <

oorU(r)>oand &, = l/ U' l/ U

or o according as U’(r) <U() <o or U(r) <U’(r)
<o or.U'(r)> o. In our applications U’(r) is always
smaller than U(r) so that the possibility U’(r) > U(r)
will be omitted in the following. If we put:

1=[[U()-

stitution: x =

LEIDEN
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For W(v) we will take a Maxwellian distribution:
my®

; — 2 m %2 —Eﬁ"
W) d3 = 47 v <m7,> y do, (16)

where m is the reduced mass and f W) do = 1.

Substituting (15) and (16) in (14) we get:

27@ dp

. ~2U(r)_p2v2'
0 _—m - 7‘2

distribution of p and » we can first integrate p over -

(17)

the interval from o to fg,,, = r]/ I — ZTUI)(Q
This gives:
(18)
x ’ |
F(x) =\%?f[x x° dx, (v real; F (o0) =1)
F(x)=o, ° (x imaginary) (20)
we get _
® Ul ‘
Qrad = 47rffA(r) 72 e kT X ’
(1)

[F(V=U®KT)—FVN =UnkT)] dr’

which is the same as formula (12) of B.A.N. 361.

If P is the matrix element of the polarization and
v the frequency belonging to the transition in question,
we have for A(r)'): o

2’
A(r) = T Ve

NIPGYL (e2)
If we put P(r) = e ag 6(r), where ag is the Bohr radius
and ¢ the elementary charge, the quantity 6 will be of
the order of magnitude 1. Since hv(r) = U(r) —
U'(r), we get:
327 (U=U")?
A(r) = 3 7
Substitution of (23) in (21) gives:

Qs = 310" T ., (24)
where 7 is an average of 6°(r) and [ is given by:
U
kT ¢ gr

¢ 0 ay’ = 110" 0 (U—U")*(23)

F NV =U@nkT)] e (25)

1) See for instance: H. A. KrRAMERs, Hand-‘ u. fahrb. d. Chem. Phys. 1, Leipzig 1938, 418.
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For F(x) the following formula holds:

where @ (x) is the error integral 1).

Using JAHNKE-EMDE for the values of the error
integral and MuLLIKEN 2) for the approximate
shape of the U(r) and U’(r) curves we can compute
I graphically and we get Table 2. We have taken 7 to
be 10000°; we also have inserted the notations of
the electronic states to which the U(r) and U’(r)
curves belong; for the significance of the symbols o,

7, etc. we refer to MuLLiken (l.c.). For & we have
adopted the value o'1 (It is very difficult to infer
its values from theory or experimental data, but it
seems rather safe to assume that they lie between
o'o5 and 0°5.).
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2
X

+ (), (26)

For all the molecules mentioned radiation capture
is also possible by electron jumps between states of
higher multiplicity. Their contribution, however,
turns out to be negligible.

In B.A.N. 361 we had adopted the value Q .4 =
4.10 " in the case of CH. The difference of a factor
17 with the value calculated here is partly due to a

different value for6° adopted now and partly to the
rather rough way in which the integral in (23) had
been evaluated.

The total number of CH molecules formed per sec
by means of the process of radiation capture will be
given by Q .4 pc py- For (Q ..4)cu+ we have taken in -

TABLE 2 our calculations in the first section (Q ,.4)sx-
14
59 - 18
v (gs’IC;’l]':lgSCC_6> U(r) U '(r) (%;algsé?!) § 4. Photodissociation of CH and CHT.
I : s ae . In this section we will investigate the probability of
CH 9 18 o, 2 a'm, Il 6 photodissociation of CH (process ¢). We have there-
I fore to inspect closely the data of MuLLIKEN ). He
BH ¢ 20 om,'lI ¢, '2" 10 gives for CH the states collected in Table 3.
_ The CH molecules will practically all be in the
cN I 3 om0l A I lowest electronic state available, viz. the ¢°=, *II state
9 and they will also be in their lowest vibrational and
Ny L 20 on*?, 3P ofnto, sF 2 rotational states. From the figures of MULLIKEN it
36 _ follows that for photodissociation, transitions to other
co+ 2 8 ofriet. Il : e 25t 4 attractive states are excluded since predissociation is
27 ’ ’ nowhere possible. We must also exclude the trans-
TABLE 3 2) )
State of Corresponding state of =~ Corresponding state Nature of the molecular
CH molecule 3) the united atom (N) 4) of the C atom 5) _ state -
(2p0)2(2pm), 2l (2p)3, 2D (2p)2, 3P attractive
(2p0) (2pm)2, 4IT (2p), . 45 (2p)2, 3P attractive
(2p0) (2p7)2, 227 (2p)3, 2D (2p)2, 3P attractive
(2p0) (2p7)(350) +1I (2£)2(39)s P (2p)?, 3P repulsive
(2p0) (2p7)2, 2A (2p)3, 2D (2p)2, D attractive
(2p0) (2p7)2, 2yt (2p)3, 2P (2p)?, ™D attractive
(2p7)3, 2]] (2p)3, 2P (2p)2, ™D repulsive
(249)?(359), N (2£)2(39), P (2p) S repulsive

ition to the amg, *II state because of the change of the
multiplicity and the transition to the =, °II state
which involves two electron jumps and will be rather
improbable. The only transition practically remaining

for the photodissociation is the ¢°n, *[I>6°g, °3% trans-

ition. :

We will now estimate the v, corresponding to this

transition (cf. Figure 3). In the united atom it cor-
responds to the p®,”D — p°s,”P transition of the ni-

1)‘ See for instance: JAHNKE-EMDE, Tables of functions, Leipzig-
Berlin 1933, 97. ) .
%) R.S. MULLIKEN, Rev. Mod. Phys. 4, 1, 1932.

trogen atom, for which v = 83 eV ¢). The ionization
energy of the weakest bound ¢ electron in the 23+
state will, to begin with, certainly decrease with in-
creasing distance apart of the nuclei (decrease of the

¥

) L.c.

) For the significance of the various symbols we again
refer to MULLIKEN. . '

3) We have left out the (155)2 (250)2 electrons.

1) Here we have left out the (15)? (25)2 electrons.

5) The corresponding state of the H atom is always the?2S
state; here also we have left out the (1s)2 (25)2 electrons.

) See e.g.: R. F. Bacuer, S. Goubpsmit, Atomic Energy
States, New York-London 1932, 293.
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Probable behaviour, as a function of the atomic distance, of
the ionization energy of the weakest bound electron in the

CH molecule in the ground state (¢2m, 2I1) and the o%a, 221
state.

p: jump corresponding to photodissociation.
g: jump corresponding to photoionization.

‘ ' 6 ..
quantum defect of the 3s electron to about \/; of its

original value). This decrease might amount to a few
eV below its original value, even though the ioniza-
tion energy must finally increase to 8'5 eV for large 7.
The ionization energy of the w electron in the “II state
will certainly not decrease as much as that of the ¢
electron in the *S¥ state, since the quantum defect of
the 2p electron is much smaller than that of the 3s
electron. It might even be possible that this ionization
energy should increase ard reach a maximum in the
neighbourhood of 1'2 A.U. If we may adopt the value
found by HerzBERG and DoucLras 1), the ionization
energy of CH should be approximately 11 eV, so that
the ionization energy of the 2pm electron has de-
creased approximately 1 eV. We have drawn Figure 3
in accordance with their figure. The energy corres-
ponding to the °II=-"2 transition is thus approxima-
tely 10 eV.

We can now compute the total number of CH mole-
cules disappearing per sec by means of photodisso-
ciation. This number is given by (remembering that
hv>>kT):

hv

N=p(")Bpcu=gAe Fpey. (27) (CE. formula (3))

1) Private communication to SwiNgs. In view of the im-
portance of the precise value of this jonization energy for the
theoretical concentrations of CH and CH+, we regret that we
can not judge the degree of certainty with which this value
follows from experimental data.

B.AN. 371

If we use for 4 formula (23) with 6* = o'1 1), we get
for the total number of CH molecules vanishing per
sec through photodissociation (lzva\— 10eV, g = 107",
T = 10000°):

Ny = 107" pey. (28)

If our estlmate of Avg should be too small, say by
" hy
1 eV, the factor ¢ T is to be multiplied by a factor
/s (Cf. p. 139).

Asregards the photodissociation of CH* (processe),
we must remember that the ground state of G+ + H
(*°P 4 *S) splits into two singulet and two triplet
states when G+ and H approach each other. The
ground state of CH+ is the "= state, while the "1l state
is also attractive (Cf. BH, Table 2). An electron jump
to a repulsive singulet state will therefore result in'a
dissociation ¢nly, if it leaves the (C + H)* in an
excited state. The smallest excitation energy possible
is 35 eV (corresponding to C + H+), but since it is
practically certain that the repulsive state will cor-
respond to an excited singulet state in the united N+
atom (minimum excitatlon energy 165 eV) we feel
that at the nuclear distance realized in the CH*
molecule the energy corresponding to a photodisso-
tiation will at least amount to 14 to 15 eV. In Table 1
we have taken 14 €V and applied formula (27) with
a dilution factor g = 107¢, since we are beyond the
LymaN limit.

§ 5. Photoionization of CH and electron capture of CH+.
In order to estimate the frequency of the 7 process:

CH + iv— CH* + el,

we need only consider the absorption spectrum of the
weakest bound electron (2px) in the CH ground
state. In fact, the ionization potential of the other
electrons, even that of 2pe, will lie above 13°5 eV and
the radiation density in interstellar space of the cor-
responding frequencies is too weak to contribute
materially to photoionization. A qualitative sketch of
the three types of absorption n—g, n>m and n—>0 is
given in Figure 4, where each time the absorption
cross section « is given as a function of the frequency v.
In the case of m>c the lines of negative absorption,
corresponding to the forbidden transitions to 1so,
257, 2po areincluded. The contribution df to the oscil-
lator strength correspoading to a frequency interval
dv is given by 2)

we
ocdv = ‘E; df. (29)

. . . 1
1) This corresponds hére to an oscillator strength f == —

- o.
2) See e.g.’ H. A. Kramers, Atti d. Congr. Int. d. Fis. Como
1927 (Formula (13)). .
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k

l
I 148, ke
18, -
l
1
1

fq‘.-a- 3

The sum rules ascertain that the total oscillator
strength of 1 is distributed in the following way over
the three types:

+ @ + @ + @
I 2
[ares=0 [ =3 4 =2 o)
y=—Q0 y=—00 y=—Q0

In the way indicated in the figure the final o state
may be nss, nps, nds, etc., similarly may the final
7 state be npm, ndn, etc., where the symbols ns, np,
etc. refer to the limiting case of nuclear distance o
(united atom). The sum rules tell us moreover that in

thislimit|df _ will consist of the three contributions:
I I

fdfﬂ'*sa =_§’ fdf‘n'-b pe oandfdf,.,_,da.=+§§ (312)

~ Similarly: X

"’aff,,_hpﬂ‘= o, fdfﬁ_,dﬁ= gand fdfﬂ*dé\= 3 (31b)

From all this it seems safe to infer that the photo-
ionization will practically all be due to the n—~= and

LEIDEN
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| the 0 transitions. As regards the 7o transitions it is
| of interest to remark that the negative f belonging to
| theline A will be very small, so that the f’s of B and C

together will presumably amount to a value between
— o'12 and — o0°20. A value for f; so small as — o'o1,

- which corresponds to our estimate of the 2ps—2pn

transition on p. 143 is perhaps too small. On the
. . 1
other hand our earlier estimation of f ~3—0 on p. 144

is certainly not too large; it might easily be smaller by
afactor 3orso.

The absorption processes significant for photo-
ionization are summarized in Figure 5. The absorp-
tion is for Av<11 €V, the approximate ionizatién po-
tential, represented by a series of absorption lines
whichstretch over an interval of the order of only 1eV.
Their oscillator strengths may be levelled out, so as
to give an extrapolation of the continuous « curve

FicUure 5.

v, v, [——
~qu¥  ~ue¥

holding for Av> 11 €V; they will then correspond to the
fictitious dotted absorption curve of the figure, which
breaks off at about Av, =~ 9'5 eV. The total oscillator
strength corresponding to the PQ) curve may be taken
€qual to 1. Assuming now that this curve can be
approximately described by the wellknown absorp-
tion law

x= Kv? (32)
the value of K follows from
o0}
me me K :
=27 fa = wet 2v, (33)
This gives, with B, 93,
Vo II.
‘ Tt T v\
a = I'S'Wv_o<7> . (34)

The number Ny of CH molecules disappearing per
sec through photodissociation is then given by
<2} !

- t(v). .c
Ny = ey [FREE) g (35)
o
Assuming for the radiation density p (v):

h
8t b’ —,;%
A 4 > (36)

plv) =g

.
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we get, with the usual values of 7" and g, with suffi-

cient approximation:
vo kT ~r7
St
¢ hv,

The frequency Ng of radiation capture of an elec-
tron will, since the ﬁa and y processes are the inverse of

each other (see p. 139), be given by the wellknown
formnula:

2
P

Ny =1 g (37)

—IX
PcH -

hvo

_%__< K )3/26 k—TPelPCH+
Ny “\ermkT) g  peu

. N _ .
which for Fﬁ = g reduces to the expression for
y -

SAHA equilibrium. Inserting the numerical values it
gives the value given in Table 1:

(38)

(39)

The processes ¢ differ from the processes 3 only in

Nﬁ = 3.10—13. Pd PCH+'

LEIDEN
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that the electron is captured in some excited doublet
state of the neutral CH molecule, in which the nuclei
repel each other. The (2ps)” (3s0) state (see Table 3)
will presumably be the only state which comes into
consideration. Now in the case of electron capture by
an ionized atom in different states, the capture cross
section will be roughly proportional to the inverse cube
of the effective quantum number ). From compari-
son with the states in the united N atom, which cor-
respond to the ground state and the excited state
under consideration in CH, we arrive at the following
rough estimate:

N¢/Ng ~ o1,
which value had been adopted in Table 1.

(40)

We express our thanks to Prof. Dr J. H. Oorr for
many clarifying discussions on the subject of this

paper. -
1) See e.g.: H. A. Krawmers, Phil. Mag. 46, 836, 1923.

Note on the table in B. A.N. No. 274, page 308:

Bu 28649, first line, and Bu 3238, first line, should be rejected on account of the exceedingly poor qué.lity
of the images; these stars have been photographed on one plate. /

ERRATA

. B.A.N. No. 201. Page 8, top of second column,

for: G.P.D. 60°— 2595, read: C.P.D.— 60° 2595.
B.A.N. No. 251. Page 122, formula (2) should read:
pl’zpl<1 —l—g)—l—p,v cV'
Page 123, Table 3, first column, line 7 from top,
for ~389, read *339.
Page 123, second column, line 25 from top, for:
maximum angular distance, read: projection of
maximum distance.
B.A.N. No. 307. Page 222, in formula (46) and in the
footnote the value of £ should be: k=-01720209895.
B.4.N.No. 319. Page 340, first column, 2257, for: 2 Ari,
read: e Ari.

Page 350, second column, 4th star from bottom,
for: & Sgt, read: ¥ Sge.

B.A.N. No. 324.Page 38, second column, line 4 from
top, for: Dic z*, read: ¥ Dicz’.

i=1,2,3

B.4.N. No. 329. Page 101,second column, line 11 from
top, for "113/-023, read: ‘113 4 "023.
Page 104, first column, line 14 from top, for: ¢*/ T”,
read: ¢,/T".

B.A.N. No. 345. Page 245, Table 1, star i, 5th column,
for: 1°294563, read: *1294563. \

B.A.N. No. 361. Page 8, second column, line 7 from
top, for: 3.107%, read: 3.10%.

B.A.N. No. 364. Page 44, first column, footnote, for:
Star o, read: star o.
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