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The Excitatfon of the Metastabile States in the Gaseous Nebulae.

It is known that the physical conditions in the gaseous nebulae are very favou-
rable for the accumulation of atoms in a metastabile state.

There are two different types of atomic processes which are responsible for
the excitation of metastabile states in the gaseous nebulae: the fluorescence pheno-:
menon and the electronic collisions. We shall consider both possibilities:

The fluorescence phenomenon., We shall consider an atom which has three
stationary levels 1, 2, 3 with the energies ¢, < ¢, <¢,. Lot #,, n,, #, be the number
of atoms in cubic centimetre in corresponding levels. The relative values of these
numbers in the case of stationary distribution are determined by radiation field and
atomic constants (transition probabilites). The conditions of stationarity are indeed:
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~where By, is Einstein’s probability coefficient correspondmg to the transition i—k,
g is the welght of the k-th level, p;;, is the density of radiation in the frequency
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h, ¢ and = have their usual meaning.
Thus the product
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is the Einstein’s probability coefficient of spontaneous transition ke-»'i.
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Write‘the equations (1) in the form
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Before solving these equations we shall make some simplifications, correspon=
ding to the physical condmons in nebulae ,The radiation denalty ¢, May be repre:
sented in the form: :
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Here T is the surface-temperature of the nucleus and the factor W is defined
by the relation: —
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where r, is the radius of the nucleus and 7, is the distance of the point of nebula
under consideration from the nucleus. If W is a small quantity (W < 107%) the den-
sities p,; in the brackets of (4) may be negleotéd, compared with o, and we have: '
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We suppose that the second level is a metastabﬂe one, i. e. th t the quantity B,,
is small compared with B, and B,,. Therefore the members ¢ ntaining the fac—
tor B p,, may be negleoted compared with the term containin{; B, p;5. The for-

mula (8) then becomes:
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Neither the transition 38— 1, nor the transition 3—»2 are forbiddon. Therefore
the quantities B, and B,, will be of the same order of magnitude Therefore the

ratio 11; and Dis are ‘the small quantltles of the same order of magmtude
3 .

Bza
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We shall now consider two possﬂolhtes: W>B B,
13 .
Cuse I. W< glz g In this case the lust. term in denominator may be neglec-
23

ted (p,, is ordinarily of the order of unity) and we have
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‘ In order to estlmate the order of magmtude of . wo may put A —-g,, Bn o’,3
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If on the other hand the second level is not metastabile (ordinary level) and B,,
is of the same order of magnitude as B3 and ng, we may neglect the last term
in (8) and write
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When estimating the order of magnltude we' may put: 91 = g,, Bl, al, = B13 °'13
= B23 - Then SR : :

The main dxﬁ'erence between (12) and (14) is the presence in (12) of a large

B
factor 222 613 Therefore we may assort that in the case under conskderatmn the
12 ~12

‘number of atoms in the metasta,blle state is Bru o “times-larger than in any ordinary
19 %13

excited state.
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U@se II. w> gﬁ, %—2 In this case the first two>members in the donominator
. 18 Pgg - : ol e

ot( 11) may be neglected. Therefore we have
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If at the same time hvy, > kT and hv,, > k7T .
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In this case the ratioz;: is approximately defined by Boltzmann’'s law. This

result was already obtained by Rosseland.? ' )

The physical meaning of the difference betweon. the twé cases considered above
is the following: the first two terms in the denominator of (11) correspond to the
forbidden transition from the metastabilo state to the normal state. The last term
in the denominator of (11) corresponds to the transitions from the metastabile state
to the higher states. These transitions are stimulated by the corresponding radia-
tion of course. In the Jst case the forbidden transitions are predominant. The forbid-
den’ line will appear then in full strength. In the second case the stimulated tran-
sitions to the higher levels are predominant, and if W is sufficiently large, the
relative number of forbidden transitions will be very small and the forbidden line
will disappear. Shortly, in the second case the density of radiation will be large
enough to make the collisions of the metastabile atoms with light-quanta sufficiently
frequent. :

There may be some doubts as to the possibility of application of our formulae to
the gaseous nebulae because the photo-electric ionization plays in these nebulae
a far more important role than the line excitation. But we may treat the ionized

- atom as an atom in the energy level with very large weight g;, and the continuous
spectrum behind the head of the principal series of atom as a very wide spectral
line. In fact the quantity B,, determined in the manner that n, By, p,, is the number
of atoms ionized. per second will be of the same order of magnitude as the B—coef-
ficients for the first lines of the principal series. We shall only remark that on
account of the large optical thickness of nebula in ordinary lines of the principal

- series the radiation of nucleus in these lines will be absorbed in the inner layers

- of the nebula and therefore the first member of {(14) vanishes while the second

1 8. Rosseland, Astrophysik, L
4
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member remains nearly unchanged since the optical thickness in the continuous
spectrum is about 10* times smaller than in the ordinary lines of the prmclpal
series. Hence '

") —lyz =1
(B =17m=15 G

when the second level is not a metastabile one.

It seems that the writer’s observations?! are in good agreement with this for-
mula. The expression (18) shows that our assertion that in the case I the number
of atoms in the metastabile state is By 7 times larger, than in any ordmary excited

12012
state must be satisfied more exactly, than we should expect.

Applications to the gaseous nebulae. We have
o
Ay =,§; Bix i

For the first lines of each principal sories 4y, is of the order 10%se¢™ if the cor-
responding transition is not forbidden. Taking g, =g, we obtain for these lines

As we have mentloned a.bove, the quantlty B,y corresponding to the bound free
transmons w1ll be of this order of magmtude In theTst case 1t Wlll be '

W< .'or, W< 120'13
-B13 :

- 108
Or intr oducmg B,= —Auts
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The quantity z—”<3-1~) 18 usua,lly of the order of unlty and’ we ﬁnd
: oo 91 \Vas/ v 4 o :
W <107 Ar2
In the planetariés_'aﬂd diffuse nebulae w 1s'of the order 107", Hence
| =L < 10%se0. .
"'Tﬂ‘*An < 10%seec.. .,

Whei‘e, 7, is the mean life-time qf thesmetdsﬁabiie Vst,afﬁhi ; |

1 Zeitschrift {iir Astrophysik, 6, 107, 1933.
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‘Thus, if the mean life-time of the metastabile state is shorter than a week, the
conditions of Case I are fulfilled. ‘Only ‘when the mean life-time’ of the given
state is larger than 10° sec. will the formulae of case II be applied. As examples we
shall consider the following metastabile levels: the states 2.8 of H,2 8 of He*, 218 of
parhelium and the state 2°8 of orthohelium. The first three of these are metastabile
because the only possible transition of the type

2818

is ,,forbidden“ as a transition from one even state to another even state. The
last state 2° of orthohelium is metastabile because the only possible transition of
the type ‘

By — 118

is forbidden not only as a transition from one even. state to another but also as an
intercombination between an orthohelium and a parhelium levels. The metastability
of 2!§ of He will be therefore of a higher degree than the metastability of the
first three levels. : P ‘ :

- If we suppose that the mean life-time for the first three types is of the order
of 1 sec. or 10 sec. i. e. of the same order as the mean life-time of the levels corre-
sponding to the , nebulium“ radiation the formulae of case I will be applicable.

The ratio‘;:i3 will be for these states 10® or 10° times larger than the same ratio for
1 .

ordinary lines.?

~ Only for the level 28 of He may we expect such a long mean life-time that
the case II may occur. A very large proportion of He atom will be then in the
state 2°8 and in favourable conditions a considerable optical depth of the nebula
in ’pr,inclipa'l' series may arise. o _ S

The progress in our knowledge about the mean life-time of the different meta-

stabile states will essentialy extend the possibilities of the investigations of the
excitation in the gaseous nebulae. |

v Application to the Wolf-Rayet stars. To determine which of our two cases
is realised in the gaseous shell surrounding a Wolf-Rayet star the knowledge of W
is required. We have no data about this subject but it seems that W will be scar-
cely smaller than 1078, and is perhaps larger. We know, indeed, that during a month
after the ouﬁburst the Novae develop many features of the Wolf-Rayet Spectrum.
Taking the velocity of the expansion of the gaseous shell 1000 km/sec and the
radius of the star after the rejection of gases 10® km we obtain for W at the end of

~ 1 Observations have shown that the number of excited atoms in the ordinary excited states of
hydrogen is of the order 104 per square centimetre of the nebular disc. The number of hydrogen atoms in
the state 2.5 will be therefors 1012 or 1018 per square centimetre and the optical thickness of the nebula in

the first two lines of Balmes series may reach 0.1 or 1.
*
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the month the value 0.5 107", For such value of W the formula (16) will be appli-
cable to the levels with mean life-time longer than 107" sec. Some of the metasta-
bile states will have longer mean life-time. Such is in the first line undoubtedly
the state 28S of orthohelium. The accumulation of atoms in this state may cause
considerable optical depth in the lines of the principal series of orthohelium. The
number of atoms in the state 228 of He per square centimetre of the surface of the
envelope may be estimated in the following manner.

Not all quanta capable to ionize the normal He-atom emitted by the central
star are absorbed by gaseous envelope, because in the opposite case at the tempe-
ratures of the Wolf-Rayet stars the lines of He would be much stronger than the lines
of He*. But we shall suppose that about one per cent of the quanta mentioned will
be absorbed, to explain the observed intensilies of He-lines. Therefore the optical
thickness of the gaseous envelope for the frequencies lying behind the frequency of
ionization of normal He will be about 0.01. If the absorption coefficient per each
He-atom is of the same order as the absorption coefficient behind the head of the
Lyman series of H, the number of normal He-atoms per square centimetre will be
therefore about 2.10%. Applying the formula (16) we find that the number of atoms
in the state 23S of He per each square centimetre of the surface of the envelope
will be about 10, Such number of atoms will produce a considerable optical thick-
ness of the envelope in the lines of the principal series of orthohelium. The violet
absorption components of the corresponding Wolf-Rayet bands Would then be
observable.

The Interstellar Calcium. It is known that the state 32Dof0a is metasta-
bile, since the transition 32D -—428S is forbidden accordlng to the seleétion rule
about the azimuthal quantum number. But this forbiddance is not as strict as in the
cases considered above because in this case there exists a finite probability of tran-
sition corresponding to quadrupole radiation. The mean life-time of the state 3°D
will be* probably of the order of 10™* sec. The dilution factor is of the order
of 107%—107" and the formula (12) will be applicable in our case. Anyhow we
shall have ' ‘ )

B0

and in splte of the metastabﬂlty of the state 3*.D the number of atoms. accumulated
in this state will be so small that the radlatlon of stars will' not be absorbed in any
cons1derable degree by these atoms. The absence of the 1nfra~red doublet in the
spectra of the B stars showmg the detached oalcmm hnes will be a new ev1dence
for the interstellar nature of these lines.

The collisional excitation. We shall now consider an atom whmh has only
two levels 1 and 2 with the energies ¢, and ¢,. We suppose that the collisions of the
second kind may excite some nebular atoms to the metastabile state. The atom may
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after that pass inthe normal state either spontaneously emitting a quantum of the
forbidden line or transmitting the energy of the excitation to a free electron. All
other types of the transitions will be neglected. If b,y dt is the probability of an
inelastic collision which excites the normal atom and @, is the probability of the
transition of an excited atom in the normal state by means of a superelastic colli- .
sion the condition of stationarity will have the form:

, bn (An_'—a )”srfo (19)

When the veloeity distribution of electrons obeys the Maxwell’s law we have

(19) becomes
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If 4,> am, i. e. if the density of e]ectrons‘ié low, the ra‘tio_%? 1s smali‘er than
% e—% ./

91

In this case the spontaneous transitions are predommant and the forbldden hnes
appear in their full strength. If 4,y < ay the f'orbldden hnes w1ll then be weakened
or w1ll d1sappear altogether

V. Ambarzumian.



