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Several experiments™ ' have ylelded Stark widths of
spectral lines from singly ionized atoms other than helium
vwhich exceed theoretically predicted values8 by factors from
2 to 10. This is in marked contrast to the satisfactory
(~£20%) agreement with measured widths of lines from neutral
8,9

atoms and to a similar agreement in case of singly ionized

nitrogenlo and carbonll. The purpose of this letter 1s to
show thaf most of the reported discrepancies stem from two
approximations, namely the neglect of collision-induced transitions
between upper and lower levels of the line and of Coulomb inter-
actions with the perturbed ions.

The shape I(w) of a pressure-broadened line obeys, e.g.,.

for radiation polarized in the z-direction, in the classical

path approximation

I(w) = '11F Re Tr Cf,e‘i“’s {Z(O)Z(S)pA}avdesrage, (1)

where 2(s) and Py are the dipole moment and atomic density matrix
operators. The trace is over states of the perturbed system

and the average over perturber coordinates. Introducing the
fime—evolution operator U(s,0) and using the iterative solution

of the Schrﬂdinger equation accounting for the integrated efféct
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of a perturber approaching the radiator at time s, the average

can be writtenswith'z(o) =g

{Z(O)Z(s)pA} = {Ze-iHs/h U(s,0)zZ UT(s,O)e+iHS/ﬂpA}

o~ ze~1HB/H Ze+1Hs/” ( i) {z[f V! (t)dt

o-1Hs/A, +1Hs/h__-1Hs/h, +iHs/H J v'(t)dt]p }
A

+o |
+ Gi')e {Z[ .[ 'V'(t)dt j.v‘(t')dt! o~ 1Hs/h, +iHs/h

+w t
o 1H8/ Py tils/A | V'(t)dt [ vren)as

+eo
f Vi(t)dt e jLHs/"ze’“m’/” f V'(t)dt]pA} *oeee L. (2)

Here H 1s the Hamiltonian of. the unperturbed system and

T e+1Hs/h

v e-iHs/* the interaction Hamiltonian. The zero-
order term in the Dyson expansion produces no broadening and

- the average of the first order term vanishes. For monopole-
dipole interactions and complete degeneracy (V' = V) the second
order term can be evaluatéd-exactly alsb for hyperbolic perturber

paths,;a

{e(0)2(s)0y}u -2mvvs foas § (5 ) a + @2 T "
x 2(g-pe~ S/ o HIHS/ b, -1/ by s/

yielding
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with N, v, and p being electron density, velocity and impact
parameter and R the perturbved electron coordinate vector in
atomic units.

The p-integral diverges at large P, but here V' ~ V is _
invalid. Since re-instating V' would lead to a rapid decrease
in the integrand for perihelion distances p!' larger than v'/Aw'
(where v' i1s the velocity at p' and Aw' the angular frequency

separation between the levels involved), the integral must be

cut off at
2
oy lr_'__v v
Pmax = P max v- = AgT ’ (%)

i.e., at a distance larger by a factor

@ 1 ) b 2]
v mPaxV mP, .V me .V (5)

than for a straight classical path. At small p no divergence
occurs and the integral could be extended down to p = O (or

to p & */mv to account for the breakdown of the classical path
approximation). However, for close collisions fourth and
higher order terms in the Dyson serles are no longer negligible,
To include them in a gross way the integrand in Eq. (3), which
represents the change of Z(O)Z(s)pA due to one collision,

should not be allowed to exceed this quantity, and a minimum

impact parameter may be defined through



5(3 T+ (= — Pugn” YT 2 pere e e /A ey,
- ze"”‘s/ Pretiiis/ (6)
Below this impact parameter the integrand must then be replaced
by the right-hand side of Eq. (6). In ﬁhis manner follows from
Eq. (3). |
{z(o)z(s)pA}'as—wstz[§ Qi% :f(g;gg“iHs/*Ze+iHs/“+...)
1+ (mpma v2/e2)2

x <? + 1n

i+ (mpmin

(7)
Substitution into Eq. (1) and inserting in addition to

upper state 1 and lower state f intermediate states 1t &

~and ' 351 results in the asymptotic line shape as function of

the frequency separation Aw from the line center

2
I(00) ~ g}”‘i&”l {[(e 1R 11> -CLIRIEYHE RIS L2 [RIED

+ SO 10 (Rl D+ RIS (o lg_lf>)+<uyf>-<f &1L

1+ (mp ve/e?)
2)2 ]- —<T>} (8)

2
1+ (mqmin /e

+ (11511'>-(1'L§|1>] [1 + 1n

Here it was assumed that initially only the upper state of the
line is populated, i.e., {1]p,|1) =1 was taken as the only

non-vanishing matrix element of Pps and the fact was utilized

that significant contributions only arise when the e'iHS/h

e+1Hs/ﬂ

and

matrix elements correspond to the lower and upper states,

respectively. (Also, {(1|R|1) = O for isolated lines.)——-
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The first of the two terms involving the ratio of Z-matrix
elements reduces to (1'|R|1):(1|R|i'), while the second ought
to be well estimated by (f'|R|f)-(f|R|f'), unless profiles of
emission and absorption coefficients were different.

If one now defines a damping constant w through
I(Aw) ~ l(ilzlf]2w/1rAw2, then this quantity which for a dispersion
profile equals its (half) half width, becomes in terms of radial-

integrals ﬁzﬁ of central field wave functions

a Q 5
55 @ w3 (55 Yoo + e )
RER W ) )+ = Ry g, )
T o
1 )1 ( 1' 1'\ v f' I" teingy | WVEe
il#f f'ﬁi , a
1,11 1'”1'\2 1+Y§i'i Vi, o Prvke S W¥ipip
+iz;éf _“i{zz —x Tfé— 2% -2 )1“""“_"x '
1,1 fr#1

Here X and Yaﬁy are

x{"") __i._f__< ff) }'Ml,i' (r. 1"1' +Z f,f i f"f

g1t Ay 10md p1iy Hp pe-l
(10)
mpaﬁy 2

YGB‘,Y =—-—e~é—-—, (11)

with p$§§ to be estimated from Eq. (4) using for Aw' the maximum

splitting between the levels involved in the R matrix elements.
~N

(To further ensure symmetry between emission and absorption,

Yi'if and Yi'f'f had to be assumed equal to each other and

therefore practically equal to Yoip = Y7y, because normally
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levels 1 and f will be further apart than i and 1', etc.) Also,
%i,f ,€.8., stands for the larger of the two orbital quantum
numbers Lirand Lf and + or - signs are to be used depending on
whether, e.g., Li,— Li =+ 1 or Li' - Li = -1, The ny, etc.,v
are effective quantum numbers, and the radial integrals may
according to Bates and Damgaard13 be estimated from

“:iiﬁ = # 0,505, - ‘g,ﬁ)l/z“” (12)
where 9 is a correction factor tabulated for s-p, P-d, and
d-f transitions.

Effective quantum numbers and angular frequency
splittings must be determined from experimental energy
values. Errors due to the central field model are minimized
by.using for the states 1{ and f' energles, if possible, of
levels having the same parent and spin whosé total angular> '
momentum quantum numbers differ from those of states 1 and f
by the same amounts as the single electron orbital quantum numbers.

The quantities Y can, according to Eq.s (4), (5), and (11),

afa

be obtained from

1
v = E!E___ [1 + 2 + 2 <ﬁ + X /3, - (13)
aBa  o2py Ye oy Y 2

ap apa apa apa

and instead of actually averaging over electron velocitiles

it should suffice to use the mean velocity Vv = (814c'I'/1rm)1/2
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Widths of lines of singly ionized carbon, nitrogen,
sulfur, argon and calcium for which measured data are available
were calculated as described above, including up to 3 levels14
i énd f! interacting with upper states and lower states,
respectively. For most of these levels the logarithmic terms
in Eq. (9) turn out to be slightly negative, which indicates
that the approximation V' & V is valid only marginally. Experience
with straight classical path calculation38 indicates that the
strong collision contributions are virtually unchanged even if
Dy < v'/p', while the weak collision contributions then become
very small. To allow for this, the logarithms were dropped
when they became negative. Most of the broadening is accordingly

through strong collisions, &8 was first suggested by Murakawa3

and Yamamotou. Their effects are reduced, however, by a factor
1l - %-from the straight classical path hydrogenic result and
increased by collision-induced transitions between upper and:
lower states of the lines. These transitions are made much more
frequent by the Coulomb acceleration of the perturbing
electrons.

Comparison of measured and calculated widths (referred to
N = 1017cmf3) in Table 1 demonstrates that the agreement between
measured and calculated values is now in almost all cases well
within a factor of 2. Averaged over all lines and plasma
conditions, the ratio of calculated and measured widths is 1.1,
against an average fatio of 0.5 if previous straight classical

8

path calculations  neglecting lower state broadening are compared
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with measured widths. The ratios for CII and NII are now almost
uniformly high, which might be due to a systematic error in the
electron density determination. Without these data, new and old
ratios would come to about 0.9 and 0.25 respectively, and of the
remaining 29 measurements all but 2 yleld ratios between 0.6

and 1.2. In any event, average ratios of calculated and measured
widths are now close to 1, which should encourage further
classical path calculations of.the electron impact broadening of
isolated ion lines accounting for Coulomb effects and upper

and lower state broadening through monopole-dipole interactions.
Possible refinements are then detailed calculations of the
velocity average, removal of the approximation V' = V (i.e.,
replacement of the cutoff at large impact parameters by an actual
calculation), and inclusion of higher multipole interactions, if
‘necessary. It is unlikely that the combined effects of these
refinements would exceed ~ 20% for the lines considered here.
Uncertainties from the approximate treatment of the strong
collision term are certainly of the same order and significant
improvement of the theoretical accuracy therefore will only be
possible if the Dyson series 1s carried to higher orders Finally
it remains to be shown (either theoretically or experimentally)
that the profiles indeed have dispersion shapes throughout.




Table I - Comparison of calculated (wgp) and measured (wex) half
widths for an electron density of N = 1017em=3 at the electron
temperatures in the various experiments (kT = 0.956, 1.04,1.11.

1.25, 1.552, 1.65'0, 2.6'%, 2.77ev).

Mult 1p1eta) wyy (A1 wo, [A] b) Multiplet ) LANIY woy [4] v)
CII &4 0.30 0.36(11) AII 6 0.13 0.15(1)
CII 7 1.2 0.75(11) AII 6(2) 0.13 0.14(5)
CII 8 1.4 '1.05(11)  AII 6(2) 0.13° 0.19(2)
NIT 4 0.16 0.08(10)  AII 6(2) 0.13 0.21(7)
NII 5 0.14 0.07(10) AII 7(2) 0.14 - 0.13(5)
NII 18(2) 0.16 0.13(10) AII 7 0.15 0.17(2)
NII 29 0.25 0.10(10) AII 7 0.12 0.17(7)
NII 30 0.20 0.29(10) AII 10 0.12 0.11(2)
NII 40 1.1 0.69(10) . AII 14 0.19 0.24(5)
NII 58(2) 0.41 0.22(10) AII 1% 0.16 0.17(7)
NII 59 1.4 0.80(10) AIT 31 0.19 0.14(5)
SII 1 0.18 0.28(6) AIT 109  0.22 0.30(7)
SII 6(4) 0.23 0.29(6) caII 1(2) 0.07 0.06(4)
SIT7  0.25 0.38(6) CaII 1 0.07 0.06(11)
SII 9(2) 0.16 0.50(6)

SIT 11 0.30 0.26(6)

SII 38 0.22 0.35(6)

a) Number of measured lines or different conditions in
' parentheses.

b) References for experimental values in parentheses.
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