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ABSTRACT 

In this paper the contribution to the continuous absorption coefficient of the negative hydrogen ion 
by the free-free transitions is evaluated in terms of the matrix elements of the acceleration in the Hartree 
field of a hydrogen atom. The new coefficients are larger than the earlier determinations by factors ex- 
ceeding 10 over the entire range of wave lengths of astrophysical interest. 

Tables, of the continuous absorption coefficient of H~, including both the bound-free and the free-free 
transitions for various temperatures (2520° ^ T ^ 10,080°) and wave lengths (X > 4000 A) are also 
provided. It is further shown that the new coefficients are sufficient to account for the solar continuous 
spectrum from X 4000 A to X 25,000 A. 

1. Introdmtion.—In two earlier papers1 the continuous absorption coefficient of the 
negative hydrogen ion has been considered, and its cross-sections for the radiative proc- 
esses leading to its ionization have been determined with some degree of definitiveness. 
And recent astrophysical discussions2 relating to the continuous spectrum of the sun 
have shown that the cross-sections which were derived for these “bound-free” transitions 
of H~ are adequate to account for the continuous absorption in the solar atmosphere be- 
tween X 4000 A and X 10,000 A. Beyond X 10,000 A, however, there appeafrs to be an 
additional source of absorption, which it would be natural to suppose is due to the radia- 
tive transitions of free electrons in the field of neutral hydrogen atoms.3 But the exist- 
ing evaluations4 of these “free-free” transitions make them insufficient to account for. 
the observed amount of absorption beyond X 10,000 A by factors exceeding 10. Indeed, 
on the strength of this discrepancy, the existence of a hitherto “unknown source of ab- 
sorption” has been concluded.6 However, as similar conclusions relating to the bound- 
free transitions have proved premature in the past, we have examined the earlier evalua- 
tions of the free-free transitions of H~ and have found, as we shall presently explain, that 
there are ample grounds for mistrusting them, even as to giving the correct orders of mag- 
nitude. We have, accordingly, made some further calculations to obtain estimates of the 
free-free transitions, on which at least some reliance could be placed. It is the object of 
this paper to present the results of such calculations and to show that these newly de- 
termined cross-sections for the free-free transitions, together with the cross-sections for 
the bound-free transitions given in Paper II, are sufficient to account for the continuous 
absorption in the solar and in the stellar atmospheres of neighboring spectral types in a 
manner which dispels any remaining belief in an “unknown source of absorption.” 

2. The inadequacy of the Born approximation for the evaluation of the free-free transi- 
tions of H_.—The essential approximation which underlies all the earlier evaluations4 is 
that of Born’s for describing the motion of an electron in the field of a hydrogen atom. 

1 S. Chandrasekhar, Ap. J., 102, 223, 395, 1945. These papers will be referred to as Papers I and II, 
respectively. 

2 G. Münch, Ap. J., 102, 385, 1945; D. Chalonge and V. Kourganoff, Ann. d’ ap. (in press). 
3 The possible astrophysical importance of this process was first suggested by A. Pannekoek, M.N., 

91, 162, 1931. 
4L. Nedelsky, Phys. Rev., 42, 641, 1932; D. H. Menzel and C. L. Pekeris, M.N., 96, 77, 1935; J. A. 

Wheeler and R. Wildt, Ap- J-} 95, 281, 1942. 
6 See particularly the discussion of Chalonge and Kourganoff (op. cit.). 
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NEGATIVE HYDROGEN ION 431 

This is apparent, for example, from the agreement of the calculations of Menzel and 
Pekeris with those of Wheeler and Wildt, in which the Born approximation is explicitly 
made. However, on consideration it appears that for the range of energies which occur 
in stellar atmospheres the Born approximation for incident ^-electrons must be a very 
bad one; for, as the mean energy of the electrons in a Maxwellian distribution at tem- 
perature Tis 

Ji<-0.0243 (5^) (1) 

when expressed in atomic units, it is evident that it is only electrons with k2 < 0.05 that 
will principally contribute to the continuous absorption. And for ^-electrons with as small 
energies as these, the Born approximation must fail. This is indeed well known from the 
work of P. M. Morse and W. P. Allis.6 But it may be useful to illustrate this failure in a 
manner which will emphasize the magnitude of the errors to which the Born approxi- 
mation may lead in the cross-sections for radiative transitions. For this purpose, we have 
compared in Figure 1 the radial j-waves 

Xo (Bom) = sin kr (2) 

on the Born approximation with the properly normalized ^-spherical waves in the 
Hartree field of a hydrogen atom, which the authors have recently tabulated.7 It is seen 
that for r < 2 the Hartree waves have amplitudes which are larger than xo (Born) by 
factors which, on the average, exceed 3. However, similar comparisons between the 
^-waves 

Xi (Born) = k.r — cos ^ r (3) 
k r 

on the Born approximation and the corresponding Hartree waves show that equation (3) 
provides a satisfactory approximation for the energies in which we are interested. Re- 
membering that, in the evaluation of the matrix elements of the acceleration, the wave 
functions for r < 2 are all that matters (cf. Fig. 2, in which we have plotted the accelera- 
tion r in the static field of a hydrogen atom) and, further, that the contribution to the 
absorption coefficient arising from the s—*p and p —+ s transitions must far outweigh 
all the others, it is apparent that in the Hartree approximation we shall obtain cross- 
sections which will be larger by ten or more times the values obtained with the Born ap- 
proximation. In other words, we may expect a correct evaluation of the free-free transi- 
tions of Hr to bring about an agreement between physical theory and the demands of 
astrophysical data without the need of postulating a still unknown source of continu- 
ous absorption. 

3. Formula for the evaluation of the cross-sections for the free-free transitions of Fir on 
the Hartree approximation.—Our remarks in the preceding section have shown the in- 
adequacy of the Born approximation for the evaluation of the free-free transitions of H~. 
The use of the Hartree approximation suggests itself as the next best, though the effects 
of exchange and polarization may very well be appreciable for the very slow ^-electrons 
in which we are primarily interested. But it may be hoped that these latter effects will 
not, at any rate, affect the orders of magnitude of the derived quantities! In any case, 
to improve on the Hartree approximation would require an amount of numerical work 
which will be several fold; and the task is immense even as it is.8 These considerations, to- 

ñ Phys. Rev., 44, 269, 1933. 
7 S. Chandrasekhar and F. H. Breen, Ap. /., 103, 41; 1946. 
8 For example, the present work has required the numerical integration of 63 radial functions and the 

evaluation of 523 infinite integrals, not to mention the computation of numerous auxiliary functions and 
tables. (All this work was done with a Marchant.) 
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Fig. 1.—A comparison of the radial wave functions of 5-electrons in the field of a hydrogen atom on 
the Born (B) and the Hartree (H) approximations for various energies of astrophysical interest. (The 
abscissa measures the distance from the center in units of the Bofir radius). 

Fig. 2.—The acceleration r = [r-2 + 2(1 + r-l)]e~2r of an electron in the Hartree field of a hydrogen 
atom. 
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NEGATIVE HYDROGEN ION 433 

gether with the urgency of the as trophy sical needs, have prompted us to undertake in 
some detail the evaluation of the cross-sections for the free-free transitions of Hr, using 
the s- and the ^-spherical waves in the Hartree field of the hydrogen atom which we 
have tabulated in an earlier paper.7 

Now, in the Hartree approximation a wave function representing a plane wave at 
infinity is given by 

*« ¿^44^.0.) (4) 
z=o k r 

where the radial functions xi{r] k) are solutions of the equation 

d2
Xi 

d r ■4 
k* 2(1+7)e"rSx' = 0’ 

(5) 

which have unit amplitude at infinity. (In the foregoing equations we have adopted the 
atomic system of units). For wave functions of the form (4) the standard formula in the 
quantum theory, which gives the cross-section for a transition in which a free electron 
with an initial momentum (in atomic units) becomes an electron with a momentum k\ 
by the absorption of a quantum of appropriate energy from an incident beam of unit 
specific intensity, can be written in the form9 

a Mi*) = 256x2 /2xe2Nv 4 &2 V 1 
3 K he )(4ir2we2) ¿2MA¿V 

oo 

X I (Z, ¿0
2| r\l- 1, ¿2) |2+ I (/- 1, k¡\ r\l, k¡) I2}cm6, 

1 

(6) 

where the various matrix elements (/, k\\r\l — 1, k^) have to be evaluated in atomic 
units and 

Ak* = kl~kl. (7) 

Equation (6) gives the cross-section for a single hydrogen atom in the ground state for 
the transition in question when there is one electron with momentum ko in unit volume. 
Moreover, the wave length, X, of the radiation for which formula (6) gives the atomic 
absorption coefficient is 

01 1 3 
X (Aß2) (8) 

In the Hartree field of a hydrogen atom the acceleration is given by 

*=[72+2 0 "*"7)]e-2r’ (9> 

and the matrix elements which have to be evaluated are of the type 

=jr“Xí(r;^)[ii+2(l+Í)]e-2^¡_1(r;^)¿r. (10) 

To obtain the absorption coefficients appropriate for an assembly in which we have a 
Maxwellian distribution of electrons corresponding to a temperature Ty we must average 
a(kl\ Ak2) over all initial kl (and for a fixed Ak2) with the weight function 

197.8 03/2&oe~31*3mo (11) 

9 Cf. J. A. Gaunt, Phil. Trans. R. Soc., London, A, 229, 163, 1930; see particularly formula (5.24) on 
p. 194; also Wheeler and Wildt, op. cit., eq. (6) on p. 284. 
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434 S. CHANDRASEKHAR AND FRANCES HERMAN BREEN 

where 
5040 

(12) 

In astrophysical applications it is convenient to express the free-free atomic absorp- 
tion coefficients as per unit electron pressure. If we denote by k(A&2) the corresponding 
atomic absorption coefficient after averaging over a Maxwell distribution of initial veloc- 
ities, we find that we can write our basic formula in the form 

K ,(A¿2) 

where 

7.251 X IO-29#6/2 r,f^î{kl) 

 (ÄFp 1 d ^ 
oo 

X £/{ I (l, k>0\ r\l-\, kl) |^+ I (/- 1, k¡\ f\l, k¡) I’} 
1 = 1 

(13) 
cm4 

dyne’ > 

f(kl) =100k0e-
sl'*2<. (14) 

4. Details of the evaluation: tables of the necessary matrix elements.—The problem of 
numerically evaluating absorption coefficients for free-free transitions is a specially 
troublesome one, since for each wave length the coefficients must be computed for a range 
of initial velocities sufficient to allow for the averaging over Maxwell distributions for 
various temperatures. If the matrix elements for all the necessary values of k2 and AÆ2 

must be individually evaluated, then the number of wave functions which would be 
needed will be so many as to make the problem an impracticable one on this score alone. 
It may, therefore, be useful to place on record the details of our procedure in this in- 
stance. 

First, we may observe that the infinite series in equation (13) is so rapidly convergent 
that we may ignore all terms except the first one. This may be verified in the following 
manner: 

We have already indicated in § 2 that for / ^ 1 we can use the Born approximation 
without any serious error. We may therefore write 

Xii*', k2) Ji+\{kr) . (15) 

Accordingly, for 1^2, 

*'0 
r 1 / 1\“| r (16) 

Writing equation (16) in the form 

{],, k\ \ r \l — l, k§ = —lirkikif rJi+i (¡hr) Ji~i (k2r) 

• i ~ 
and integrating by parts, we End after some further reductions that 

G, flz-l, = It (M2) I/2 n (1 + r) ] 

; — k^Ji+i(kir) Ji+i (k2r)]dr . ) 

(17) 
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The integrals over the Bessel functions which occur in the foregoing equation can be ex- 
pressed in terms of the Legendre functions of the second kind, Qi(x)y and their deriva- 
tives, Qiipc) ™ We find 

{l,k\\r\l-l,k*) =\hlQl-l{x) +¿e'z(*), (19) 

where the argument for the Legendre functions is 

_k\+k\+4: 
X 2jM2 ' 

(20) 

Using equation (19), we can readily verify the fact that all transitions in which the inci- 
dent electron is characterized by an l greater than 1 contribute less than a fraction of 
1 per cent to the sum in equation (13). It is therefore sufficient to consider only the ma- 
trix elements (0, ^î) and ^D* In evaluating these matrix elements it 
was found convenient to distinguish three cases, discussed below. 

i) ko < 0.015 and \\ > 0.015.—It has been shown7 that, when k2 < 0.015, the radial 
functions xo(^; k2) and xi(^; k2) can be expressed with sufficient accuracy in the form 

X»{r-W)=1[^-[X,(r)-WY<i{r)] (21) 

and 

xAr-,^) -k^Y.ir)], (22) 

where A^{k) and A\{k) are the factors which normalize the functions in brackets to unit 
amplitude at infinity and X0, Fo, and Y\ are certain functions which have been 
tabulated. With this representation of the wave functions, the matrix element (0, Æq I ^ 11, 
k\) can be expressed in the form 

(°. t;l f|l, ip - [/"«. 't’-K f I'.X, ïd r I 

/OO fCO 1 h (23) 
Xo Yi'fdrA- k2k\ JJ Fo Fx rd r J . 

The corresponding expression for (1, kl\r\Qy k^) can be obtained from equation (23) by 
simply interchanging ko and k\. 

Thus, when k2 and èf are both less than 0.015, the necessary matrix elements can all 
be evaluated in terms of four definite integrals which are listed in Table 1. 

TABLE 1 
Integrals for Computing the Matrix Elements when kl and k\ 

are Both Less than 0.015 

l*X<XYfdr  0.40044 ^YoX^fdr  0.22641 

f^YoYirdr  0.16669 XoY, rdr  0.09076 

ii) ko < 0.015 and kf ^ 0.015.—In this case we can use the representation (20) or 
(21) only for the radial function describing the incident electron, and the required matrix 
elements can be expressed in the forms 

(0,^0 I r| 1, ¿i) =^o
1

(ifeo) [/°YoXi (n ¿i) f dr-kl/^YoXi (r-, kù fdr\ (24) 

10 Cf. G. N. Watson, Theory of Bessel Functions, p. 389, Cambridge University Press, 1944. 
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436 S. CHANDRASEKHAR AND FRANCES HERMAN BREEN 

and 

(1, kl \ r [ O, =X^[X^1Xo(r; kù rd r - kîf™ YlXo (r; kù rdr].(25) 

The integrals which occur on the right-hand side of equations (24) and (25) have been 
evaluated for various values of k\ ^ 0.015 and are listed in Table 2; for these values 
of k\ and for all k\ < 0.015, the required matrix elements can be found without further 
numerical integrations according to equations (24) and (25). 

iii) ^ 0.015 and k? ^ 0.015.—In this case there is no short cut to the evaluation 
of the matrix elements, and the integrals must all be evaluated individually. However, 
for this purpose we have only the radial functions tabulated in the paper by Chandrasek- 
har and Breen. 

Our procedure, then, for determining the various matrix elements with assigned k\ 
and A&2 was as follows : 

TABLE 2 

Integrals for Computing the Matrix Elements when k% <0.015 

J~0 *xXo(r; kl)rdr i: YiXo(r; k¡)rdr f^Xoxitr; k\)fdr jQ Foxi(r; kDrdr 

0.015. 
.030. 
.045. 
.060. 
.080. 
.100. 
.125. 
.150. 
.175. 
.200. 

0.250. 

0.64185 
.71329 
.74163 
.75618 
.76622 
.77079 
.77307 
.77310 
.77164 
.76954 

0.76357 

0.14271 
.15557 
.15863 
.15858 
.15650 
.15328 
.14861 
.14360 
.13840 
.13170 

0.12293 

0.0033763 
.0067421 
.0101066 
.013458 
.017920 
.022366 
.027895 
.033392 
.038851 
.044272 

0.054972 

0.0018942 
.0037565 
.0055872 
.0073854 
.0097336 
.012025 
.014809 
.017504 
.020113 
.022636 

0.027421 

First, the matrix elements listed in Table 3 were computed with the known radial 
functions. (This table also includes the matrix elements computed according to eqs. 
[23], [24], or [25]). The values given in Table 3 show sufficiently smooth differences with 
both arguments to enable satisfactory interpolation for any intermediate value. Using 
these directly computed values, we next found, by interpolation, all the matrix elements 
which were needed for the evaluation of k(A¿2) according to equation (13); the matrix 
elements found in this manner are given in Table 4, which was then the basis for our fur- 
ther calculations. 

5. The continuous absorption coefficient of H“.—Even with as complete a table of ma- 
trix elements as Table 4, the evaluation of the continuous absorption coefficient for 
free-free transitions is a tiresome matter, since, for each wave length and temperature 
for which the coefficient is desired, a numerical integration must be performed. The co- 
efficients tabulated in Table 5 were determined in this manner according to equation (13). 

In Table 5 we have also entered the absorption coefficients due to the bound-free 
transitions for X < 16,500 A. These latter coefficients were obtained by multiplying the 
cross-sections derived from those given in Paper II (Table 3) by the factor 

0(0) = 4.158 XlO-10^/2^1*7260 , (26) 

which gives the number of H~ ions present per neutral hydrogen atom and unit electron 
pressure. The contributions to the continuous absorption coefficient of E~ by the 
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TABLE 3 

The Matrix Elements (0, £§ M1, k\) and (1, £§ |r |0, kl) 
Evaluated by Exact Numerical Integrations 

(0, 0.0025 |r I 
1, ¿2) 

(1, 0.0025 [r I 
0, ¿2) 

(0, 0.005 |r 
1, ¿2) 

(1, 0.005 |r[ 
o, m 

(0, 0.0075 [r 
1, à2) 

(1, 0.0075 |r I 
0, ¿0 

0.0025. 
.0050. 
.0075. 
.0100. 
.0125. 
.0150. 
.0300. 
.0450. 
.060.. 
.080.. 
.100.. 
.125.. 
.150.. 
.175.. 
.200.. 

0.250.. 

0.0005256 
.0010513 
.001577 
.002103 
.002629 
.003153 
.006297 
.009439 
.01257 
.01674 
.02089 
.02605 
.03119 
.03629 
.04135 

0.05135 

0.0005257 
.0006778 
.0007681 
.0008293 
.0008738 
.0009022 
.001003 
.001043 
.001063 
.001077 
.001084 
.001087 
.001087 
.001085 
.001082 

0.001074 

0.001356 
.002033 
.002711 
.003390 
.004066 
.008119 
.01217 
.01621 
.02158 
.02694 
.03360 
.04022 
.04680 
.05333 

0.06622 

0.001356 
.001536 
.001659 
.001747 
.001804 
.002005 
.002085 
.002126 
.002154 
.002167 
.002174 
.002174 
.002170 
.002164 

0.002147 

0.002304 
.003073 
.003842 
.004608 
.009201 
.01379 
.01837 
.02446 
.03053 
.03808 
.04558 
.05304 
.06044 

0.07506 

0.002304 
.002488 
.002621 
.002707 
.003008 
.003128 
.003189 
.003232 
.003251 
.003261 
.003261 
.003255 
.003246 

0.003221 

¿2 (0, 0.01 if I 
1, ¿2) 

(1, 0.01 If I 
0, £2) 

(0, 0.0125|f I 
1, £2) 

(1, 0.0125 
0, £2) 

(0, 0. 015 
1, £2) 

(1, 0.015 |f 
0, £2) 

0.010. 
.0125 
.015. 
.030. 
.045. 
.060. 
.080. 
.100. 
.125. 
.150. 
.175. 
.200. 

0.250. 

0.003318 
.004148 
.004975 
.009935 
.01489 
.01983 
.02641 
.03296 
.04112 
.04922 
.05727 
.06527 

0.08105 

0.003318 
.003495 
.003609 
.004011 
.004171 
.004253 
.004309 
.004335 
.004348 
.004349 
.004341 
.004329 

0.004296 

0.005241 
.010467 
.01569 
.02090 
.02783 
.03473 
.04332 
.05186 
.06035 
.06877 

0.08541 

0.004513 
.005015 
.005215 
.005317 
.005388 
.005421 
.005437 
.005438 
.005428 
.005414 

0.005372 

0.005412 
.010808 
.01620 
.02158 
.02873 
.03586 
.04473 
.05355 
.06232 
.07102 

0.08820 

0.005412 
.006015 
.006254 
.006377 
.006463 
.006502 
.006522 
.006523 
.006516 
.006494 

0.006445 

£2 (0, 0.02 )f I 
1, £2) 

(1, 0.02 jf 
0, £2) 

(0, 0.025 [f 
1, £2) 

(1, 0.025 
0, £2) 

(0; 0. 031 
1, £2) 

(1, 0.03] 
0, £2) 

0.02. 
.04. 
.06. 
.08. 
.10. 
.125. 
.150. 
.175. 
.200. 

0.250. 

0.007594 
.01517 
.02270 
.03023 
.03773 
.04707 
.05635 
.06557 
.07473 

0.09277 

0.007593 
.008260 
.008506 
.008619 
.008672 
.008699 
.008701 
.008685 
.008663 

0.008597 

0.007842 
.01567 
.02345 
.03123 
.03898 
.04862 
.05821 
.06774 
.07721 

0.09590 

0.009471 
.010303 
.010609 
.01075 
.01082 
.01085 
.01085 
.01083 
.01081 

0.01072 

0.008021 
.01603 
.02398 
.03194 
.03987 
.04974 
.05955 
.06930 
.07899 

0.09811 

0.01135 
.01237 
.01274 
.01291 
.01299 
.01303 
.01303 
.01301 
.01298 

0.01288 
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TABLE 3—Continued 

k* (o, 0. 035 
1, V) 

(1, 0.035 [r| 
o, m 

(0, 0.04 \ f J 
1, ¿2) 

(1, 0.04|r| 
0, ¿2) 

(0, 0.06 |r I 
1, ¿2) 

(1, 0.06|r I 
0, £2) 

0.04.. 
.06. . 
.08. . 
. 100. 
.125. 
.150. 
.175. 
.200. 
.250. 

0.350. 

0.01630 
.02440 
.03249 
.04056 
.05060 
.06058 
.07050 
.08036 

0.09982 

0.01444 
.01487 
.01507 
.01516 
.01521 
.01521 
.01519 
.01515 

0.01504 

0.01650 
.02470 
.03290 
.04107 
.05123 
.06135 
.07139 
.08137 

0.10109 

0.01651 
.01700 
.01723 
.01733 
.01739 
.01740 
.01737 
.01732 

0.01720 

0.02544 
.03388 
.04230 
.05279 
.06321 
.07357 
.08387 
.10422 

0.1440 

0.02544 
.02578 
.02595 
.02603 
.02605 
.02600 
.02594 
.02576 

0.02528 

¿2 (0, 0.08 |r 
1,¿2) 

(1, 0.08|r! 
0, £2) 

(0, 0.1|r I 
1, £2) 

(1» 0.1|r I 
0, £2) 

(0, 0.125|rI 
1, £2) 

(1, 0.125 \r 
0, £2) 

0.080. 
.100. 
.125. 
.150. 
.175. 
.200. 
.250. 
.350. 
.450. 
.50. . 
.60. . 
.70. , 

0.80.. 

0.03435 
04289 
05352 
06410 
07462 
08507 
1057 

0.1461 

03435 
03457 
03469 
03471 
03466 
03458 
03434 
03372 

0.04317 
.05388 
.06453 
.07513 
.08566 
.1065 
.1472 
.1866 
.2057 
.2427 
.2783 

0.3123 

0.04317 
.04332 
.04339 
.04330 
.04321 
.04292 
.04216 
.04130 
.04086 
.03996 
.03906 

0.03818 

05408 
06478 
07543 
08602 
1070 
1480 
1876 

0.05408 
.05417 
.05406 
.05395 
.05361 
.05270 

0.05165 

£2 (0, 0.15|rI 
1, £2) 

(1, 0.15 |r 
0, £2) 

(0, 0.175 \f I 
1, £2) 

(l,0.175i^| 
0, £2) 

(0, 0.2 \r 
1, £2) 

(1, 0.2|r| 
0, £2) 

0.150. 
.175. 
.200. 
.250. 
.350. 
.450. 
.50. 
.60. 
.70. 

0.80. 

0.06485 
.07552 
.08614 
.1071 
.1483 
.1881 
.2074 
.2451 

0.2812 

0.06485 
.06478 
.06467 
.06428 
.06321 
.06198 
.06134 
.06005 

0.05874 

0.06478 

08607 
1071 
1483 
1882 

07552 0.06467 

07533 
07490 
07369 
07230 

.1070 

.1482 

.1882 

.2076 

.2455 

.2819 
0.3169 

0.08614 

.08547 

.08414 

.08259 

.08177 

.08010 

.07835 
0.07676 

£2 (0, 0.25 Ir I 
1, £2) 

(1, 0.25 \ f I 
0, £2) 

(0, 0.35 [r 
1, £2) 

(1, 0.35 \r I 
0, £2) 

(0, 0.45 |r I 
1, £2) 

(1, 0.45 |r I 
0, £2) 

0,25. 
.35. 
.40. 
.45. 
.50. 
.60. 
.70. 

0.80. 

0.1064 
.1476 
.1678 
.1876 
.2071 
.2451 
.2817 

0.3169 

0.1064 
.1049 
.1040 
.1030 
.1021 
.1001 
.09809 

0.09603 

0.1457 
.1658 
.1856 
.2050 
.2430 
.2798 

0.3152 

0.1457 
.1446 
,.1434 
.1422 
.1396 
.1370 

0.1344 

0.1829 
.2023 
.2402 
.2769 

0.3124 

0.1829 
.1815 
.1785 
.1754 

0.1722 
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TABLE 3—Continued 

k* (0, 0.5 |r 11, £2) (1, 0.5 If [0, k*) (0, 0.6 |r 11, ¿2) (1, 0.6 |r 10, Jfe2) 

0.50 
.60 
.70. 

0.80. 

0.2008 
.2385 
.2752 

0.3107 

0.2008 
.1976 
.1942 

0.1909 

0.2351 
.2716 

0.3070 

0.2351 
.2314 

0.2277 

bound-free and free-free transitions can thus be brought together in the same system 
(cm4/dyne). 

In Figure 3 we have illustrated the results of Table 5 for T = 6300° {6 = 0.8). For 
comparison we have also included the earlier evaluations. 

In Table 6 the coefficients given in Table 5 have been reduced by the stimulated emis- 
sion factor 

(1 _ ¿,-31.32^*2) ^ (27) 

which is quite appreciable in the infrared. The values given in Table 6 are such as to 
enable satisfactory interpolation for most astrophysical applications. 

Finally, in Table 7 we give the net absorption coefficient of B~, including both the 
bound-free and the free-free transitions. 

Fig. 3.—The continuous absorption coefficient of H~ per neutral hydrogen atom and per unit electron 
pressure for a temperature of 6300° K. The results of earlier determinations of the same quantities are 
included for comparison. The curve M 6° B is derived from the cross-sections of Massey and Bates for 
the bound-free transitions, and the curve W & W corresponds to the results of Wheeler and Wildt. 

* 
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6. Concluding remarks.—It is not our intention here to make detailed applications of 
our new absorption coefficients to various astrophysical problems. But one comparison 
is of interest. In Figure 4 we have compared the theoretical variation of the continuous 
absorption coefficient of E~ with wave length for T = 6300° with that derived by 
Chalonge and Kourganoff in their recent discussion of the continuous spectrum of the 
sun for the same temperature. It is seen that the agreement is very satisfactory. In any 
event, there is no basis for the conclusion that the free-free transitions of E~ are not 

X In 

Fig. 4.—A comparison of the theoretical variation of the continuous absorption coefficient with wave 
length of for T = 6300°, with the corresponding variation derived empirically from the solar con- 
tinuous spectrum by Chalonge and Kourganoff. 

adequate to account for the observed amount of absorption in the red beyond X 10,000 A. 
Indeed, it would appear that the negative ion of hydrogen by itself is able to account 
quantitatively for the entire continuous spectrum of the sun over the range of wave 
lengths XX 4000 A to 25,000 A. 

On the physical side we should, however, emphasize that, while our new coefficients 
for the free-free transitions of E~ are probably to be trusted generally, the importance of 
exchange and polarization for the slow ^-electrons may lead to further changes. It is 
likely that these effects will have a tendency to reduce our coefficients somewhat. We 
hope to return to these questions in the near future. 
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