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The frequency distributions of the He zr lines at 256, 304, 1085, 1216, 1640, 3203, and 4686 A,
broadened by the local. fields of both ions and electrons in a plasma, are calculated in the clas-
sical-path approximation. The calculations for the electron broadening are based on an impact
theory which accounts for perturbations to both upper and lower levels of the radiating ion. The
theory allows (approximately) for the level splitting caused by the fields of the (perturbing) ions,
finite duration of the collisions, screening of the electron fields, and includes (approximately)
the effects of inelastic collisions. The effect of perturbations by singly charged ions is calcu-
lated in the quasistatic linear Stark-effect approximation using Hooper s microfield distribution
functions. Comparison to previous calculations shows fair agreement with some increase in
linewidth. Comparison with experimental results is less conclusive. Fair agreement is found
with some results while others reveal a discrepancy of as much as a factor of 2 in the line
wings.

I. INTRODUCTION

In a previous paper' (hereafter referred to as
KG) the results of calculations of the Stark broaden-
ing by ions and electrons of the first four Balmer
lines were presented. Comparison with experi-
mental results showed deviations of less than or
about 10% between measured and calculated half-
widths. In the present paper we present the re-
sults of similar calculations for the lines of ionized
helium at 256, 304, 1085, 1216, 1640, 3203, and
4686 A. As in KG, the calculations utilize the
classical-path approximation. The calculations
for the electron broadening are based on an impact
theory which accounts for perturbations to both
upper and lower levels of the radiating ion, and

allows (approximately) for the level splitting caused
by the fields of the (perturbing) ions, for finite
duration of the collisions, and for screening of the
electron fields.

The effects of perturbations by singly charged,
structureless ions is calculated in the quasistatic
linear Stark-effect approximation, using Hooper's
microfield distribution. In KG it was assumed
that inelastic collisions between electrons and the
radiating system (atom) could be neglected; in the
present paper the effects of such inelastic colli-
sions are (at least approximately) included in the
line prof ile.

To first nonvanishing order in a perturbation
expansion, the operator which describes the im-

,pact broadening by all the electrons is
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[See, for instance, Eq. (2) of Ref. 5, hereafter
referred to as GS. ] If one replaces all the expo-
nentials in Eq. (1) by unity, considers the case of
dipole interaction, assumes elastic collisions, and
assumes that the perturbing electrons follow
straight-line paths, Eq. (3) of KG is obtained. If
we retain the other assumptions but allow the per-
turbing electrons to follow hyperbolic paths (a
necessary change if the radiator is an ion) and

introduce the z (charge number) dependence of the
matrix elements, we obtain Eq. (11) of GS. We
write this equation in the slightly different form

x(R, 8, —RR, R, +R, Rl)

(2)
where K(v) is given by

v, = ~2 [e Z(Z —1)/k (a2 —b~)] . (5)

In KG it was argued that the Lewis and adiabatic
cutoffs could be incorporated by letting

p = min[v/~„p, ],
where pv is the Debye length and &, is the larger
of the Stark splitting caused by ion fields and the
difference between the obs erved and ion-field-shif ted .
frequencies. It was further argued that one can,
to within a factor of 2, set &, equal to the mean
quasistatic splitting of the levels in a given group.
Thus we set

~,=5a KV /Zm .

As in KG we define

p'„= (k/mv) (a —b )/Z,
2 2

S2Vg 5& 2 2 +H 2 2/3
2kT Z, (a —b)kT aN

"~v pmsx 33C(v)= 2 ln 1+
( Iyg)

v —vc (3) PPsv2 25 02 4

y2 2/ T 8 g2 0 9

] — ' +ln where v, and v2 are the velocities such that p
= p';„and the "Lewis" cutoff is equal to the Debye
length (v2/~, = pv). We further introduce

Z —1 e

in Eqs. (2)-(4), a and b are the principal quan-
tum numbers of the upper and lower states, R,
and R, are the electron position operators for hy-
drogen, in atomic units), p is the maximum im-
pact parameter cutoff and w ill be dis cussed further
below, ( ) indicates an average over the velocity
distribution, 6 is a parameter which, for the time
being, we set equal to one, and

E„5(Z—1)a'a, N"' "'
y3= pT g

y*= e'(Z —1)/2kTpD

mv, 3E„Z(Z—1))3
2kT 2kT a'-b'

In terms of these parameters the result of the
velocity average is'

3C(v ) = G(yy, ya, ys) y*, yc~ 5)

y/2 3

mk'T y f~
e " 5 + ln ' —E, (y', ) (1+ 5 y, ) + 8(y~-y, ) e "~ln 1+ ' —e '&in 1+—

y3

+'"(E (& '3' )-E (x 'x )) ' ' "'(E 8' -1 ') -~ (v -x '))" "'*I~ (& -&6)-~ (& -3'8')))
/

+ e "I«+ —„—e" IEl('y*) -El(ya+'y*)] —e '
[ 1(-'y*) -Ei(y? —'y*)+ 2g(y*)]y*

where y', = max(yq, y, ), y2- max(y, , y2), 6 is the
unit step function, c = 2(1+i&3), c = —,(1 —iV3), and

g(Z) —= —Ci(Z) cos (Z) —si(Z) sin(Z)

is discussed in Ref. 9. The source of the largest
uncertainty in Eq. (2) is w, . This quantity enters
G through y&, y2, and y3, where the dependence is
linear, quadratic, and 3 power, respectively.

Since these uncertainties are correlated, the total
uncertainty can be reduced by replacing G by the
following average:

G= —.[G(2yi, 4y2, 2"'ys, y*, y. , 5)

+G(2y) ~ 4y2~2 ys~ y, y, , 5)] . (15)

To assess the accuracy of the dipole approxima-



IMPROVED STARK-PROFILE CALCULATIONS FOR THE He xi LINES. . .

tion, we now calculate a quadrupole term. For the
quadrupole interaction one has

( ao

+ g ~E„,„~' a,. y y Z„o"
f1' "n

Since the perturbing electrons follow hyperbolic
paths one can use

1/x = (I/P) (1 —e cos 8),
where

6 = [1+[mpv /(Z —1)e2]' j'"
and

p(g2 1)1/2 (19)

The integration can be carried out explicitly (re-
duced to a single quadrature); however, since it is
only a correction to the dipole term, an approxima-
tion derived by Griem' is adequate. With this ap-
proximation to the quadrupole term added as a cor-
rection to the dipole term, the electron broadening
operator becomes

+n. ..„a*2 (P'jf~„jP&&Pjj~,.jP"
&

+ a ~&a P' &o& & &~gg P"
n gag

where G~ is the coefficient of the matrix elements
in Eq. (20), (g(AE)& is the thermal average of the
semiempirical Gaunt factors, and &E„,„.is the
difference in energy levels between states of ionized
helium with principal quantum number n and n'.
The matrix elements for the inelastic collision terms
can be written as

where

3 mZ 2mb T

8 kr 27(

3E„5(a —b ))

x [R, R, —2R, R(, + R2 ' R, ] . (2o)

We recognize the first term as the dipole contri-
bution, the second as the quadrupole contribution
in the case of straight-line paths (KG), and thus the
last term as the correction to the quadrupole con-
tribution due to hyperbolic paths. This latter can
be quite large in the case of I. and B . The param-
eter 5 was introduced to guard against the violation
of unitarity of the S matrix due to the quadrupole
contribution. Thus, for I, (B,), 52mustbe set equal
to 2 (1.4). To remain consistent one must also
increase p &, by 5 in the dipole term.

If one relaxes the assumption of elastic collisions
[does not replace the exponentials in Eq. (1) by unity
or zero], the evaluation of the broad 'sg operator
becomes quite tedious. Since we expect that inelas-
tic collisions do not contribute a major part to the
broadening, any reasonable estimate of their broaden-
ing strength will suffice. In this spirit we use a
semiempirical Gaunt factor for their broadening
strength. With the inelastic collisions thus ac-
counted for, an explicit representation of the elec-
tron broadening operator is

x &v, i, I jib. jn, m, 0&.

Since the A"„near the diagonal decrease rapidly as
In —v I increases (see Appendix III of Ref. 13), the
sum can be approximated by the term with v =n+ 1.
In fact, for the elements near the diagonal the term
with v=n+ 1 is at least 60% of the sum over v. (The
Gaunt factors, which multiply the matrix elements,
also decrease as lv —v I increases; however, they
are temperature dependent so that no single error
bound can be given). The relative error incurred
by using only the v = e+ 1 term for the elements
further off the diagonal can be quite large, however,
since these off-diagonal terms are much smaller
than the near diagonal ones, the actual error (the
error in the electron contribution tothe line profile)
is negligible. Thus, since the entire inelastic con-
tribution is small, all terms except those with
n„=n, (n2)+ 1 were dropped in the final calculations.

The probable error in the Q matrix elements may
be estimated from

& ~ 2»~ 4$a~ 2 X3) &*) Xcp &

Sky 2w

eo.
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TABLE I. Fractional (1/g) widths A„of the reduced Stark profiles S(G) from the present calculation, G* is the

coefficient of the matrix elements in Eq. (21), CN and C& are the thermal averages of the Gaunt factors for upper and lower

states (multiplied by 2 g/~3, and E is the error estimate (%).

Ne

1p f4

10f5

1p 14

1p15
1p16
1017
1p18

10"

1014
1015
10'6
1p 17

1pf8
10"

10"
1p f6

1017

1p 18

10"

1P15

1pf6
1pi7
1pf8
1pis

1pf6

10
1018
10"

tpf4
10"

1P14

1015
1016

10
1p 18

10"

4. 60-7
8. 36-7

3.75-7
6. 96-7
1.26-6
2. 23-6
3.86-6
V. 11-6

3.03-7
5.67-7
1.06-6
1.91-6
3.41-6
6.15-6

4. 58-7
8.69-7
1.62-6
2. 92-6
5.40-6

3.70-7
V. 12-7
1.35-6
2. 53-6
4. 72-6

5. 88-7
1.15-6
2. 19-6
4. 18-6

6.45-5
6, 32-5

6. 63-5
6.61-5
6.55-5
6.33-5
6. 14-5
5.36-5

A4

8.21.-7
1.48-6

6.63-7
1., 27-6
2.27-6
3.98-6
7.62-6
1.47-5

5.29-7
1.01-6
1.88-6
3.47-6
6.64-6
1.30-5

8. 16-7
1.53-6
2. 84-6
5, 53-6
1.10-5

6.54-7
1, 2g-6
2.43-6
4. 59-6
9.67-6

1.07-6
2. 01-6
3.89-6
8, 19-6

9.99-5
9.85-5

1.03-4
1.03-4
1.03-4
1.01-4
l. 00-4
9.13-5

A8

NA =1 NB =2
A, =304 A

T=5000 K
1.31-6
2. 35-6

T=10000 K
1.03-6
1.93-6
3.58-6
7.09-6
1.54-5
2. 34-5

T =20000 K
8. 30-7
1.61-6
2. 88-6
5. 76-6
1.29-5
2. 26-5

T =40000 K
1.30-6
2. 43-6
4. 56-6
1.02-5
2. 00-5

T =80000 K
1.01-6
1,96-6
3.V7-6
7. 72-6
1.83-5

T =160000 K
1.67-6
3.25-6
6.65-6
1.62-5

NA =1 NB =3
g =256 A

T=5 000 K
1.46-4
1.45-4

T =10000 K
1.50-4
1.51-4
1.52-4
1.52-4
1.52-4
1.42-4

14.68
12.40

16.84
14.54
12.27
1.0. 04
7. 99
6.46

19.08
16.78
14.49
12.21
10.00

V. 97

19.19
16.89
14.59
12.32
10.10

21.g1
19.61
17.30
15, 00
12.71

22, 92
20, 61
18,30
15, 97

10.90
8. 62

13.03
10.73
8. 45
6.21
4. 14
2. 60

0. 73
0. 73

0, 73
0. 73
0.73
0. 73
0. 73
0. 73

0.73
0.73
0. 73
0. 73
0.73
0. 73

0.73
0. 73
0. 73
0.73
0. 73

0. 73
0. 73
0. 73
0. 73
0. 73

0. 73
0.73
0.73
0.73

0. 73
0.73

0.73
0. 73
0.73
0.73
0. 73
0.73

0. 73
0.73

0. 73
0. 73
0. 73
0. 73
0.73
0.73

0.78
0. 73
0. 73
0. 73
0. 73
0. 73

0. 73
0. 73
0.73
0.73
0.73

0. 81
0. 81
0. 81
0. 81
0. 81

1, 03
1..03
1.03
1..03

0.73
0.73

0.73
0. 73
0. 73
0. 73
0. 73
0.73

7. 8
9.2

6.9
8.0
9.5

11.6
14.6
18.1.

6.3
7.2
8.3
9.9

12.1.

15.2

6.7
7.6
8. 8

10.5
12.8

6.7
7.4
8.4
9.7

11.5

7.9
8.7
9.8

11.3

2. 8
3.6

2, 5
3.0
3.8
5.2
7. 8

12.6

The first term is the uncertainty in the (elastic)
dipole contribution, the second is the uncertainty
in the quadrupole term (estimated to be —, of the
quadrupole term), the third and fourth come from
the uncertainties in the Gaunt factors (again esti-

mated to be 2 of the Gaunt factors). The quantities
M, and M„are the ratio of inelastic to elastic dipole
matrix elements and are set to one (worst case) in the
calculation of error estimates presented in Table I.
The last term in the error estimate is from the
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TABLE I. {Cantinued)

1014

10 ~

1Pf6

10
lots
1O"

1015

10
1017
loi8
1O"

1O"
lO"
lpf7
1018

1P ie

lp$6
1017
lol8
10

1O"
1O"

1O"
1O"
1O"
10
1O"

1P14

1015
1016
10~

1P 'L8

1O"
1O"
lpiv
1018

10ie

A2

6. 73-5
6. 79"5
6. 81-5
6.89-5
7. 03-5
6. 82-5

6. 90-5
6.98-5
7. 13-5
V. 45-5
8. 02-5

6.96-5
V. 08-5
7.27-5
7.67-5
8. 77-5

V. 14-5
7. 36-5
8. 02-5
9. 18-5

7, 72-5
1.56-4

6.21-5
l. 25-4
2. 55-4
4. 37-4
6. 27-4

4. 91-5
9.81-5
2. 10-4
3.94-4
6. 2O-4

7.94-5
1.69-4
3.52-4
5. 99-4
8. 75-4

1.04-4
1, 05-4
1.07-4
1, 09-4
l. 15-4
1.13-4

l. 07-4
1.09-4
l. 13-4
1.24-4
1.36-4

1.08-4
1.10-4
l. 16-4
1.29-4
1.46-4

l. 11-4
1.17-4
l.31-4
l. 50-4

l. 64-4
4. 09-4

1,24-4
3, 01-4
6. 53-4
9.50-4
1.24-3

9.32-5
2. 24-4
5„60-4
9. 15-4
ly273

1.65-4
4.53-4
8. 55-4
lo 27
1.70-3

A8

NA =1 NB=3
& =256 A

T =20 000 K
l. 53-4
l. 54-4
l. 57-4
1.62-4
l.69-4
1.69-4

T =40000 K
1.56-4
1.59-4
1.66-4
1.76-4
l. 87-4

T=80000 K
l. 57-4
1.61-4
1.67-4
1.78-4
l. 94-4

T=160000 K
1.61-4
l. 68-4
1.79-4
1.97-4

NA =2 NB=3
y =1640 A

T=5000 K
5. 05-4
9.36-4

T=10000 K
2. 99-4
8.29-4
1.29-3
1.67-3
l. 96-3

T =20000 K
l. 80-4
6. 78-4
l. 19-3
1.66-3
2, 03-3

T =40000 K
5. 19-4
1.06-3
1,61-3
2 Q 11 3
2. 67-3

15.18
12.87
1.0. 56
8.26
6.01
3.93

15.07
12.75
10.42
8. 09
5.79

17.47
15.15
12.80
10.43
8. 04

18.11
15.76
13.37
10.93

ll. 87
9.59

14.02
ll. 72

9 44
7.20
5.13

16.25
13.95
ll. 64
9.34
7. 09

16.29
13.98
ll, 65
9.31
V. 02

0. 73
0. 73
0. 73
0. 73
0. 73
0. 73

0. 73
0. 73
0. 73
0. 73
0. 73

0. 73
0. 73
0. 73
0. 73
0.73

0. 73
0. 73
0. 73
0. 73

0. 73
0, 73

0. 73
0. 73
0.73
0. 73
0. 73

0. 73
P. 73
0. 73
0. 73
O. 73

0. 73
0. 73
0. 73
0. 73
P. 73

0. 73
O. 73
P. 73
0.73
0. 73
P. 73

0.91
0.91
0, 91
0, 91
0. 91

1.17
1.17
l. 17
1.17
l. 17

1.53
1.53
1.53
l. 53

0.73
0.73

0.73
0. 73
0.73
0. 73
0. 73

O. 73
0. 73
0. 73
0.73
0„73

0, 91
0. 91
0.91
O. 91
O. 91

2. 3
2. 7
3.3
4.3
5.9
9, 1

2. 9
3.4
4. 2
5.4
7. 8

3.4
4, 0
4. 7
5.8
7.7

5.1
5.9
7. 0
8.6

4. 1
5.1

3.6
4.3
5.4
7. O

9.9

3.3
3.9
4. 7
5. 8
V. V

3.9
4.5
5.5
6. 8
9.2

neglect of electrons with velocity less than v, (see
KG).

II. RESULTS AND COMPARISON TO PREVIOUS
CALCULATIONS AND EXPERIMENTS

The results of these calculations are summarized
in Table I. Reference 13 contains the complete

profiles, both as curves (Appendix I) and tables
(Appendix II).

In Table I, A„are the (half) fractional Ijn widths
and are tabulated for n=-2, 4, and 8. The coeffi-
cient G* is the coefficient of the matrix elements
in Eg. (21). C, and C„are the thermal averages of
the Gaunt factors multiplied by 2m/v 3, and E is the



TABLE I. (Continued)

s Qg C,

1P16
lpi7
10"
10"

1P i6

10i7
10is
10"

10'4
10"

1.34-4
2. 92-4
5, 56-4
8.68-4

1.09-4
2.45-4
4. 98-4
8.39-4

2. 18-3
2y 17 3

3.44-4
7. 54-4
le 22 3
1.72-8

2. 47-4
6.61-4
1.15-3
l. 69-3

3.19-3
3+ 22 3

NA. =2 NB =3
X =1640 A

T=80000 K
9.01-4
1,48-3
2. 07-3
2 ~ 71 3

T =160 000 K
7. 56-4
1Q 37 3
1.98-3
2. 70-3

NA =2 NB=4
X=1216 A
T=5 000 K

4.37-3
4. 45-3

16.55
14.21
li. 84
9.44

19.67
17.33
14.94
12.49

10.51
8.21

0. 81
0. 81
0. 81
0. 81

l. 08
1, 03
1.03
1.08

0. 73
0. 73

1.17
1.17
1.17
1.17

1.53
l.53
l. 58
1.53

,0.73
0. 73

4. 9
5.7
6.9
8. 7

5.9
6. 7
7. 8
9.4

2 ~ 6
3.3

lpi4
10'"
10"
lpf7
lpis

1P i4

10"
lpi6

1017

1Pis
10"

lpi5
lpi6

]pf7

10"
10iS

2. 28-3
2, 29-8
2. 34-3
2. 38-3
2. 24-3

2, 33 3
2 ~ 80 8
2. 43-3
2. 57-3
2. 66-3
2. 29-3

2. 88-3
2. 47-3
2. 65-3
2. 88-3
2. 92-3

3 ~ 32 3
3.38-3
3.51-8
3.63-3
3.49-3

3.36-8
3 ~ 44
3.60-3
3.84-3
4, 14-3
3.60-3

3.47-8
3.63-8
3.91-8
4. 42-3
4. 56-3

T =10000 K
4.49-3
4.60-3
4. 80-3
5. 02-3
4. 91-3

T--20000 K
4.52-3
4. 64-3
4. 87-8
5.40-3
5. 79-3
5. 15-3

T =40 000 K
4. 65-3
4. 88-8
5.46-3
6.23-8
6. 58-3

12.55
10.23
7.91
5.62
3.48

14.55
12.22
9. 87
7. 50
5. 15
2. 96

14.26
11.89
9.49
7. 03
4, 60

0. 73
0, 73
0. 73
0. 73
0, 73

0. 73
0. 73
0.73
0, 73
0. 73
0. 73

0. 73
0.73
0. 73
0. 73
0. 73

0.75
0. 75
0. 75
0. 75
0. 75

P. 94
P. 94
0.94
0. 94
0.94
0.94

1, 20
1, 20
1.20
1.20
1, 20

2. 8
2. 8
3.6

2
8. 9

2.3
2. 7
3.4
4. 6
7.2

14.0

8. 0
3, 6
4. 6
6.6

11.3

1P ie

1P i7

10's
1019

2. 49-3
2. 68-3
2. 98-8
3~32 3

3.64-8
3.92-8
4. 52-3
5 13-3

T=80000 K
4. 86-3
5, 43-3
6.84-3
Vo37 3

14.16
11.73
9.23
6.68

0. 81
0. 81
0. 81
0. 81

1.58
l. 58
1.58
l. 58

5.2

6.9
10.8

10f7
10"
10"

20 71 8
3.07-8
3.58-8

3.93-3
4. 59-8
5. 52-8

T =160000 K
5.41-3
6.43-3
7, 83-3

14.59
12.06
9.45

1.03
1.03
l. 03

2. 11
2. 11
2. 11

6. 5

8. 1
10.7

10"
10"

4. 94-4
1, 74-8

3O273
4. 20-3

NA =2 NB=5
A =1085 A

T=5 000 K
5.24-8
5. 96-3

10.04
V. 71

0. 73
0. 73

0. 73
0. 73

2. 6
3.5

10'4
10"
10ie

1pi7

3.67-4
1.80-3
2. 47-3
2. 96-8

2. 89-3
4. 11-3
4, 89-3
5, 29-3

T =:10000 K
5„04-3
5. 96-3
V. 01-8
7.53-8

11.87
9.51
7.12
4. 74

0. 73
0. 73
0. 73
0. 73

P. 91
0. 91
0. 91
0. 91
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A4

'ABLE L (Continmed)

10"
10"
10"
lpiv
lpi8

10i5
1Pi6

10
1018

10"
10 7

lpi8

1Piv
1018

lpi4
lpi5

1Pi4

10i5

10"
10i7
10"

10"
lPie
lpi7
1Pi8

lpi5
10'6
lpiv
10'8
1Pie

2. 69-4
6. 98-4
2. 28-3
3~ 12 3
3 ~ 23 3

4, 95-4
1.93-3
3.09-3
3y 72 3

l.43-3
2. 94-3
3.89-3

2. 76-3
3.97-3

2. 84-3
4.92-3

2. 48-3
4. 46-3
6.78-3
9.80-3
1.24-2

4. 11-3
6.39-3
9.21-3
1.22-2

3 ~ 2 1 3
5. 81-3
8. 90-3
1.26™2
1.64-2

2e27 3
3.92-3
4. 85-3
5.60-3
5.60-3

3.55-3
4.68-3
5.66-3
6.43-3

4. 46-3
4. 59-3
6. 72-3

5.49-3
6. 85-3

8. 18-3
1.16-2

7. 54-3
1.10-2
l.46-2
1,93-2
2 ~ 33 2

l. 05-2
1.43-2
1.87-2
2 ~ 33

9.02-3
1.36-2
1.85-2
2. 42-2
2. 98-2

NA =2 NB =5
~=xo58 A

T =20 000 K
4. 72-3
5. 81-3
6. 96-3
7. 86-3
7. 92-3

T =40000 K
5. 57-3
6. 79-3
7. 88-3
9, 14-3

T =80000
6.57-3
7. 75-3
9.49-3

T =160000 K
7.62-3
9.62-3

NA =3 NB=4
A. =4686 A
T=5 000 K

l. 61-2
l. 99-2

T =10000 K
1.51-2
1, 96-2
2.45-2
3.00-2
3.67-2

T =20 000 K
l. 93-2
2.43-2
2. 94-2
3.67-2

T =40000 K
1.77-2
2. 36-2
2. 93-2
3.78-2
4. 75-2

13.67
ll. 29
8. 87
6.39
3.92

13.17
10.72
8.20
5.62

12.87
10.32
7, 68

13.10
10.43

ll. 08
8. 78

13.22
10.90
8. 58
6.29
4. 16

13.07
10.72

8, 35
6.01

15.31
12.95
10,54
8.09
5.69

0, 73
0. 73
0. 73
0. 73
0. 73

0. 73
0. 73
0. 73
0. 73

0. 81
0. 81
0.81

1.03
1.03

0. 73
0. 73

0. 73
0. 73
0. 73
0. 73
0, 73

0. 73
0. 73
0. 73
0, 73

0. 91
0.91
0. 91
0. 91
0. 91

l. 17
1.17
1.17
1.17
1.17

1.53
1.53
1.53
1.53

2. 03
2. 03
2. 03

2. 70
2. 70

0.73
0.73

0. 75
0. 75
0. 75
0. 75
0. 75

0, 94
0. 94
0. 94
0. 94

1.20
1.20
1, 20
1.20
1.20

2, 6
3.2
4.3
6. 6

12.5

3.6
4. 5
6.3

10.5

5.2
6.8
9.8

7.9
10.3

3.1
3.9

2. 7
3.3
4. 2
5. 8
9, 0

3.2
3.9
5.1
7.4

3.5
4, 1
5, 1
7.0

10.5

10ie

lpiv
lpi8

1Pie

lp"
10"

5. 18-3
8.37-3
l.24-2
1.74-2

7.99-3
l.24-2

l.26-2
1.79-2
2.42-2
3 ~ 27 2

l. 75-2
2. 44-2

T=80000 K
2. 25-2
2. 87-2
3.78-2
5. 02-2

T=160000 K
2. 84-2
3.81-2

15.39
12, 96
10.46
7.93

15, 96
13.43

l. 17
1.17
l. 17
1.17

1.53
1.53

1.58
1.58
l. 58
1.58

2. 11
2. 11

4. 8
5.7
7.3

10.1

6. 9
8.3

error estimate E= 100* bG/G.
%hen one compares the A„of Table I to similar

quantities computed from the profiles of Griem
and Shen we note first that, whereas the ratio R„
=A„/A„(GS) for a given temperature and density is

a smooth function of n for 3203, it is quite eratic
for 4686. This indicates that the shapes of the pro-
files with unshifted central component have been
changed while those without remain fairly similar.
In addition a plot of A„vs electron density (for
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n SLZ l. (Continued)

10"
10~~

10"

A2

2. 24-2
2. 34-2
2. 48-2

3 30-2
3, 48-2
3.75-2

NA=3 NB=5
A=-3203 A

T=10000 K
4. 47-2 12.19
4. 73-2 9.84
5.28-2 7.45

O. 73
O. 73
O. V3

0.91
0.91
O. 91

2. 5
3.1
4. 3

10"
10"
1016
1017
10i8

10"
10"
1017

10"

10
]017

1018

10~
1018

2 Q 27 2
2o37 2
2. 55-2
2. 78-2
2. 81-2

2. 38-2
2. 57-2
2. 84-2
3. 12-2

2. 56-2
2. 85-2
3.26-2

2. 85-2
3.34-2

3 ~ 32 2

3.49-2
3.79-2
4.29-2
4. 44-2

3.48-2
3, 77-2
4. 34-2
4. 83-2

3 ~ 73 2

4. 31-2
4.97-2

4. 27-2
5.10-2

T =20000K
4. 47-2
4. 72-2
5.29-2
5. 98-2
6.39-2

T =40000 K
4. 68-2
5.21-2
5. 99-2
7. 01-2

T =80000 K
5. 00-2
5. 90-2
7. 19-2

T=160000 K
5. 81-2
7.25-2

14.09
ll. 71
9.29
6. 81
4.36

13.66
11.21
8.69
6. 12

13,41
10.86
8.23

13.66
ll. 00

O. 73
O. 73
0.73
0.73
0.73

O. 91
0.91
0.91
0.91

1.17
1.17
1.17

1.53
1.53

1.17
1.17
l. 17
1.17
1.17

1.53
1.53
1.53
1, 53

2. 03
2. 03
2. 03

2. 70

2. 6
3.2
4.2
6.2

11.1

3.6
4. 5

6.3
9.9

5.3
6. 8
9.6

fixed n) indicates that the present calculations agree
(but with some scatter) with GS at n, = 10" cm
but. yield wider profiles for X, &10~5 cm 3. The
deviation in fractional widths is about 10% per
decade increase in N, . These results are not un-
expected. It is known that lines with unshifted
central components are more sensitive to the de-
tails of the computation. The 4686-A profiles of
Griem and Shen probably suffer from some loss
of accuracy in the numerical integration, in fact,
it is a credit to their tenacity that they were able
to perform the calculations at all on the computers
available to them more than 10 years ago. The
general increase in linewidth that we see in the
present calculations is a result of inclusion of the
quadrupole term and inelastic collisions as well
as the inclusion of some off-diagonal matrix ele-
ments neglected in GS, namely those involving
changes in magnetic quantum numbers.

Comparisons to experiments are not as conclu-
sive. There is considerable scatter in the experi-
mental results. Jones, Greig, Oda, and Griem'
measured profiles of Heir 304, 1640, 4686, and
10125 A which are in agreement with the present
calculations. "'6 They do indicate however, that
the inclusion of inelastic collisions by means of

adding on terms proportional to the Gaunt factors
tends to overestimate the effect. (see Appendix
VI of Ref. 13 for a short discussion of the effects
on the line profiles of the inclusion of inelastic
collisions). Bogen' and Berg' also reported
He D 4686 A profiles that agree with the present
calculations. Jenkins' measured the 3203-A line
profile, again in agreement with the present cal-
culation. On the other hand Hessberg and Botii-
cher measured profiles of He rr. 1640, 1215, and

1085 A which deviate by as much as a factor of

2 beyond the half-intensity point. Similar re-
sults are reported by Eberhagen and %underlich '
for the lines 4686, 3203, 1215, and 1085 A. It is
unlikely that these differences can be attributed to
the different regions of temperature and electron
density at which the various experiments were
performed, nor can one account for these differ-
ences by allowing for some (or all) of the iona

being doubly charged (see Appendix V of Ref. 13).
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and symmetrized wave functions should not be used for
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14).

C. F. Hooper, Jr. , Phys. Rev. 165, 215 (1968); 169,
193 (1968).

4By inelastic collision we mean here one in which there
is a change in the principal quantum number of the radiat-
ing ion.

5Hans R. Griem and K. Y. Shen, Phys. Rev. 122, 1490
(1961).

6The matrix elements of the operator P„contain terms
of the form

(o." I R ' R I o.'") —=Q (o' I R I y) ' (y I R I c'")

(o. ' I Ri y) ' (yl R I n")

+ g (n' I R I V) (y I Rl c'").
tly~f10 =Rot

The elastic-collision approximation consists of neglecting
the second term, and it is only when this is done that it is
legitimate to neglect the exponentials in Eq. {1)and that
Eqs. (3) and (4) are obtained. The elastic collision approx-
imation is justified a priori by examination of the magni-
tude of the relevant matrix elements (see Appendix III of
Ref. 13) and a posteriori by the agreement between mea-
sured profiles and those calculated on the basis of the ap-
proximation.

The quantity p~&, in this paper is functionally the s'arne

as pm&„ in KG, however, the latter is the minimum impact
parameter cutoff (necessary in order to avoid a divergence),
whereas the former will be used to define a velocity below
which the electrons should be treated in the quasistatic ap-
proximation. See GS for a discussion of the actual minimum
impact parameter cutoff for the case of hyperbolic paths.

Equation (14), which is derived in Ref. 13, Appendix

1V, can be simplified for some (but not all) of the region
of y values of interest. However, since the calculations
were performed on a large digitaI computer, the approxi-
mations are not particularly helpful.

Handbook of ~athernatical Eunctions, edited by M.
Abramowitz and I. A. Stegun, Natl. Bur. Std. Appl. Math.
Ser. 55 (U, S. GPO, Washington, D. C. , 1964), p. 232.

'OHans R. Griem (private communication). Note that in
this form the quadrupole matrix elements are approximated
by dipole matrix elements.

~~This approach was suggested by H. Van Regemorter
[Astrophys. J. 136, 906 (1968)] and applied by Hans R.
Griem [Phys. Rev. 165, 258 (1968)] to the case of isolated
ion lines and by R. A. Hill, J. B. Gerardo, and Paul C.
Kepple [Phys. Rev. A~3 855 (1971)]tothecasesH&, H„,
and H6. When the results of the hydrogen line profiles
were compared to experiment, it was found that the Gaunt
factors probably overestimate the effect of inelastic col-
lisions. However, the inelastic collisions are more im-
portant in the case of ions, and thus it is felt that their in-
clusion (through the Gaunt-factor approximation) in the pres-
ent calculation will result in a smaller error than their
complete neglect would.

~2We use the numerical values found in C. W. Allen,
AstroPhysical Quantities, 2nd ed. (Athelone, London,
1964), p. 43.

'3P. Kepple, University of Maryland Technical Report
No. 72-018, 1971 (unpublished).

'4L. A. Jones, J. R. Greig, T. Od'a, and Hans R. Griem,
Phys. Rev. A 4, 833 (1971).

5The results of a single calculation (without inelastic
collisions) of the profile of the line at 10 125 A is included
in Ref. 13.

'6The resonance line is an exception here. However,
since it is optically thick, its profile is strongly influenced
by the shape of the absorption coefficient. For example,
for the latter, two ions initially in the ground state must
be considered indistinguishable. In contrast to the case
of emission {see Ref. 2) symmetrization is thus necessary
here, leading to a substantial reduction in the broadening
caused by singly charged helium ions.

"P. Bogen, Z. Naturforsch. 25a, 1151 (1970).
H. F. Berg, Z. Physik 191, 503 (1966).

'9J. E. Jenkins, Ph. D. thesis (Imperial College, Lon-
don, 1970) (unpublished).

H. Hessberg and W. Botticher, Z. Naturforsch. 22a,
316 (1967).

2 A. Eberhagen and R. Wunderlich, Z. Physik 232, 1
(1970).


