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ABSTRACT

The opacities of air, Bel, C, Fe, and U at different densities and
tempcratures have been calculated taking into account the bound=-free and free-free
trensitions and Compton scattering, but negle'cting bound-"bound trensitions. The
results are prﬁbahly fairly sccurate at the higher temperatures but fall below the

true values at the lower temperatures, (Calculations on the bound-bound trensitioms

are being cerrisd out elsewhere.
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OPACITY OF air, 2e0, C, Fe, and U AP HIGH THWPERATURES

Fer some problems connected with the gadgsi, it is necessary to investi-
gate the role played by radiation in modifying the hydrodynamics, e. z. the structure
of the shock wave travelling into the temper during the explosion is changed by

radiation, The guantity which measures the effect of radiation is the opacity X,

@ N [e0] 5
= () »/C (2
= : -1 d¥ —=1 ay
S &y { lee=bV/kT ) A / 3 T
[o]

where ay is the mass‘absorption coefficient corresponding to radiation of frequency

defined as:

A

Y, I, = BY5/(ehy7kTal) is the Planck distribution function corresponding to
temperature 7, k +the Boltzmann constant and B another constant, The factor

( 1"80}1)'/1('1' )

takes accounts of the fact that only absorptions not balanced by
‘stimuleted emissions affec£ the net flux of energy. The dimension of X is cme/gn
so that the mean free path, 4, is 1/‘&(}3 (}o is the demsity); it is £ vnich enters inteo
the enerpy balance equation when radiation is taken into account,
The contributions to the opacity come from photo=ele§tric ionization of
" the ionized atom {bound-free and free=free traﬁsitions),lfrom bound-=bound transe
itions, and from Compton scattering. At low temperatures the bound-bound transitions

are important, at high temperatures the Compton scattering dominates. 7The bounde

bound transitions are very laborious to calculate 1) so thet we have restricted

1) The bound-bound transitions are being calculated by ¥ayer and dayer at

Columbia for air and U under the supervisieeal lallere
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our computations to fairly hizh temperatures at which the bound-bound trensitions
do not contribute appreciéblya Our results méy therefore be somevhat in error -
possibly by a factor two = but it seems worthwhile to pressnt these rough values of
the opacity for the more pressing applications which are needed.

The bound=free and free-free transitions were, with some slight modi-
fications, calculated in the standard fashion E)Q For purposes of refersnce, we
outline briefly the proceduresy we write for the opacity K, , due fo the bound-free
and free-free transitions:

Ky & 7 299105 Z 2/«~)PT 7o o/t (1)

where 7 is the effective charge {defined as the effective charge of the nucleus

at an electron binding energy egqual to kI), i is the atomic weight, p 1s the density
in gm/cm3 o T is the temperature in millions of degress, g is the Gaunt factor
(given in Tmble 2 of lMorse's article as a function of temperature and density) and

t is the "guillotine factor”, The definition of t is:

S(%1/Ta) f: {s(v.rsﬂ/cra) = s(w,/Ta)]
- Fo 1.531 (Fo * Fs) (2)

vwhere W) , %p » eecJfy  are the energies of the states of the atam in the state of
ionization under consideration, arranged in order of increasing magnitude and ex=
- pressed in units of the ionization erergy of hydrogen, T, 1is the temperature in

units of 157,000°C, S(x) is the Strimzren function (tabulated in Table 1 of iorre's

article; s(v-;f\.,+1/1'a) 5119605) » Py = 1/, iagﬁl-v;\),{iﬁe“'ij

) 8 o] :
R Zs Plhgfha)
and FB - = 2 T . 5 o
a &1 ng o dese s eneseeae,

2) cf. P. M. dor se, Astroph, J. 92, 27 -(léb,O-')--anzl- Rae s Marshak, spnals of NoY.

Acad, of Sei, L1, L9 (1941); itorsels notat;on.15_%gpg;§ﬂ_xn,an_munh_ns possible,
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In F, and F, the quantities -2'75, DgyY) s A, and P(Wd/'l‘a) are defined by:

aonrede
L J

eohooo®
(XTI R

Zd is the effective nuclear charge for the state &

ng is the principal gquantum number of staute &

: 2 |
1= (5/26) f(ina)5/ {free clectrons alone are considered in the
determination of A)

L4 2
A = 7+ 6455\? ( 1 < 0.1)
, e ’ =’i+ 5
= exp [{1.,21\?) /3 (1=-0.507 / )] ( n > 10)
(in the range of » betvieen 0.1 and 10, log 4 =
which is really the ratio of the Fermi energy
to the temperature = is ziven in lable 1 of
torse's article) ‘
4-1
P(T4/Tg) = [1_+ A=l e'“G/Ta} (Probability of finding the state

%4 occupied)

The succassgive stepé were then as follows;<
1) 'P(ﬁs(o)/ﬁa) was conputed, taking'ﬂG(olzi/Nﬁ‘ (for a highly ionized atom)
or the ﬁg(o)'ﬂ for the normal atom (if the temperature-density relation was such
that ionization was small),
2) Using these P!z, the Zg's were computed for the various states on the basis of
Slater?'s screening constants (distinguishing if necessary among s, p, ds oc»
electfons)°
3) The V4's were recalculated taking account if necessary of their reduction at
high mass densities‘through the pushing of the highest bound states into the
continuum. The latier correction was made by regardiag the bound state, associated

r

with the orbit whose radius was larger then that allowed to the atom, 28 the bottom

of the conltinuwm; the correction was unnecessary for most of the cases considered here

L] ee® o 80 000 O
L) Rew P, 's were recomputed and finallys Fé ,E‘Fs Eariq ﬁEvEGra computed,
L4 [ - L]
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Table I contains the results., Column 1 lists the substance, columns
2 and Z the density and temperature respectively, column L the guillotipe factor,
column 5,¥, + Column & lists the total opacity Ky, which includes the Compton

opacity, K,, and is obtained by the empirical rule:

Ktot s Kg + 1.5 K (Ks pA Ka)

-

S Kg+ 1.5 Ky (Xa < Kg)

For the light elements X, was taken as 0.20 while for U it was taken

as 0,15,
In Figo 1 we have plotted on a log=log scale K¢,y @s a function of T

for each substance and each density; furthermore we have drawn streight lines
thrqugh the.ddta so that the opacity X,y ©can be represented by a simpler power
law, i.e. K, P/Tn where X, and n are constants for each density. In Table II,
columne 2 end 3 give n and K, (K, is in units of cms(kv)f1 /gmz) for each substance.
Column L of Table II contains the critical temperaturs, T.rit » for each substance
and each density, i.e. the temperature at which ¥, ® Ky ; above T,.jt » the opacity

is essentially constant and equal to K o
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TABLE I
| & 1.
Substaﬁce f’ om3 T Kabs, , Ktot
Air 1.3210%7 100 eova | 6033 2.96 3,26
131075 150 eove | 3455 1,25 1.55
1.3-10°3 300 e.v. | .23 <039 - W26
Bep 3 0,67 kovol| 22,9 1.8% 2,13
5 1.01 koVo L]}-L . azl 051
3 1055 KavVe 62::9 0056 . 28
c 3 0a67 kovo L}? 8 o81 1.21
5 1,01 k?vc 7308 512)4 39
3 : 1a35 keve 10601 0052 ‘ 021'&
30 1035 keva 9509 ' 056 066
20 2,03 kovo[120.3 066 030
Fe 7.6 1.35 kavof 7.15 " LT3 5,03
706 5«58 ‘ k¢vo 3021 oh} . . 675
706 6575 kevo | 1603 7201077 20
u 18,7 5:63 kovo| 2.70 058 +80
1807 8.10 . kovo 2058 016 ’ .58
1807 ‘ 1202 kaV. 5036 0019 018
187 2.81 kovo, 5089 27e1 2703
187 - 5,63 kovo | 3,52 Lel8 Li.70
187 12,2 kevo | 5.71 | Q19 ] oLl
. 1 - -
-: soo eeo o-: o:. zﬁ EIF‘ED
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ot 5 dns ic: UNLLANMIFRHY
- TABLE II
. ' n
Substance n in (Ko?/T > K, - Terit,
air: p 3 1,3°1077 5/2 9.6 230 e.v.
BeQ: p s 5 3 021 1.07 kove
C: =53 7/5 o1y 0914 Kove
y = 50 2 .,01}. 1055 kovo
Fe: p £ 7.0 2 1.2 Le2 kevo
U: P = 1807 2 105 6,2 k.vso
p s 187 3 uo}-i- 13.0 kove
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