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TAGGEDPA B S T R A C T

Collisions that penetrate the wavefunction extent, which are of increasing importance for more highly cor-
related plasmas, are not correctly accounted for by the usual long-range dipole approximation. Since the
interaction is softened for penetrating collisions, a reduction in line broadening is expected and indeed this
is the case with isolated ion lines. Here we report an enhancement of broadening for H-like ions due to pene-
tration. This has a simple physical explanation and potentially important applications, for instance in line
merging and dense plasmas. In addition, the so-called “strong collision” contribution, usually estimated
roughly and actually dominant for highly correlated plasmas, turn out to be often negligible if penetrating
collisions are correctly accounted for. It is also shown that for such plasma parameters the expected elec-
tronic temperature scaling of widths can be reversed, resulting in widths that increase with temperature.
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1. Introduction

TaggedPSpectral lines emitted from atomic systems in a medium are
influenced by the medium and are effectively imprinted with infor-
mation about this medium, such as its degree of randomness and the
interactions with the atomic system. This information is in principle
extractable from the line’s broadened and shifted lineshape [1�3].

TaggedPThis work focuses on the electronic, collisional, contribution to
the line broadening. This is given by a matrix involving the phase
space average

F ¼ 2pN
Z

vf ðvÞdv
Z
rdrfI�SaS

y
bg ð1Þ

where N is the electron density, I is the unit matrix, Sa and Sb are the
S-matrices respectively for the upper and lower levels and f. . .g
denotes an angular average. f(v) is the velocity distribution and r
refers to the impact parameter, with the integration limits for the
impact parameter between 0 and the shielding length.

TaggedPA perturbation approach is provisionally used for fI�SaS
y
bg:

fI�SaSyg ¼ QaIb þ QbIa þ Qab ð2Þ
with Ia, Ib unit matrices of upper and lower level states respectively
and

Qa ¼
Z 1

�1
dt1

Vaðt1Þ
�h

Z t1

�1
dt2

Vaðt2Þ
�h

; ð3Þ

TaggedP

Qb ¼
Z 1

�1
dt1

V�
bðt1Þ
�h

Z t1

�1
dt2

V�
bðt2Þ
�h

ð4Þ

and

Qab ¼
Z 1

�1
dt1

Vaðt1Þ
�h

Z 1

�1
dt2

V�
bðt2Þ
�h

ð5Þ

with V(t) the emitter- perturber electron interaction and subscripts a
and b referring to upper and lower levels respectively. For clarity we
ignore Qb and Qab in this work, which is justified for Lyman lines, as
in the examples.

TaggedPThe interest in this work is radiation from states that have a spa-
tial extent comparable to the shielding length, i.e. states for which
the important broadening collisions occur at distances within the
relevant wavefunction extent. As a result collisions with plasma
electrons cannot be properly treated by the usual dipole, long-range
approximation and need to take into account the penetration of the
plasma electrons into the wavefunction extent of the levels involved
in the line emission [4], which in turn softens the interaction and
reduces the widths [5].

TaggedPPenetration can be taken into account [6] by modifying the
interaction by a multiplicative correction factor C1 which exactly
accounts for penetration:

CλðR;n; l;n0; l0Þ ¼
R R
0 PnlðrÞPn0 l0 ðrÞrλdrR 1
0 PnlðrÞPn0l0 ðrÞrλdr

þR2λþ1

R 1
R drPnlðrÞPn0 l0 ðrÞr�ðλþ1ÞR 1

0 PnlðrÞPn0 l0 ðrÞrλdr

ð6Þ
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TaggedPwith R(t) the position of the plasma electron at time t and λ the mul-
tipole order (1 = dipole, 2 = quadrupole). C1 is a function that is abso-
lutely � 1 as illustrated in Fig. 1, where at long distances it is 1 and
at very short distances it vanishes, and as a result the interaction is
softened.

TaggedPWe define the eccentricity

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r

s

� �2
r

ð7Þ

with r the impact parameter,

s ¼ ðZ�1Þe2
4p�0mv2

ð8Þ

and a dimensionless parameter ξ, related to the asymptotic velocity
v, spectroscopic charge number Z and principal quantum number n
as follows:

ξ ¼ ZðZ�1Þe2
2p�0mna0v2

ð9Þ

TaggedPAs shown in Fig. 2, ξ determines how fast the asymptotic limit
C1(1) is approached, with small ξ(large velocities) leading to a slow
transition and large ξ(small velocities) to a fast transition. Specifi-
cally, C1ðuÞ ¼ 1�e�xP2nþ1ðxÞ where x ¼ ξð�coshu�1Þ and Pk(x) is a
polynomial of degree k with the 0th and first term being 1. The poly-
nomial coefficients are given in [7]. The asymptotic limit is reached
for ξð� coshu�1Þ � a; i.e. u � arcosh 1þa=ξ

�

� �
where a> 3 is a param-

eter to mark when the decaying exponential is small enough to ren-
der the correction from 1 negligible. C1 is identically zero for ξ ¼ 0
and is u(u) for infinite ξ (v ¼ 0; � ¼ 1). Thus, for large ξð��1Þ; C1 ¼ 1
even at u ¼ 0 and penetration makes no difference.

2. Atomic collision aspects

TaggedPDefining

Iðn; l;n0; l0Þ ¼ 1
2

Z 1

�1
duC1

�
RðtÞ;n; l;n0; l0

� �ð��coshuÞ
ð�coshu�1Þ2

; ð10Þ

TaggedPwith u defined in terms of time t by

t ¼ sð�sinhu�uÞ=v; ð11Þ
a matrix element of Qa may be written as:

〈nalmjQajnal0m0〉 ¼ 2
3

mv
�ðZ�1Þ�h

� �2

Iðna; l;na; l00Þ
Iðna; l00;na; l0Þ〈nalmjrjnal00m00〉 ¢ 〈nal00m00jrjnal0m〉

ð12Þ

TaggedPI essentially includes the atomic collision physics, while the
eccentricity and velocity integrations represent the plasma parame-
ter phase space average. Note that a large I does not necessarily indi-
cate a breakdown of the perturbation expansion, which is essentially
checked by Eq. (12) [8]. I may be expressed in terms of modified
Bessel functions K0 and K1 [9], but it is not numerically safe to do so.

TaggedPWhen C1 is identically 1 (i.e. no penetration) I = 1. However, note
that because of the field changing direction this (I = 1) result arises
from a positive, small u � arcosh(�) contribution of �ffiffiffiffiffiffiffi

�2�1
p and a nega-

tive, large u contribution. For large eccentricities �, the positive con-
tribution is approximately 1 and the negative approximately zero as
illustrated in Fig. 3.

TaggedPFor small eccentricities however, the positive contribution can be
� 1 and the negative contribution is then also absolutely very large,
to give a net result of 1, as illustrated in Fig. 4. As a result, for large �,
account for penetration which suppresses the small R(t) and hence
u, as RðtÞ ¼ sð� coshu�1Þ; contributions will decrease the positive
contribution and give a smaller I2 and hence width, as expected. For
small � however the positive contribution may be substantially sup-
pressed, leaving a net large negative result and, since I2 matters, a
large enhancement of the broadening contribution. In Fig. 5, account
of penetration gives I =�113, i.e. the contribution of the collision in
question is underestimated by more than 4 orders of magnitude if
penetration is not accounted for.

TaggedPIt should be stressed that these results are in sharp contrast to the
case of isolated lines, i.e. lines where the energy difference between
each participating level and the levels perturbing them via collisions
is much larger than the typical inverse collision duration, discussed
some time ago [4�6]: There, penetration resulted a decrease in

Fig. 1. C1 vs. u for different channels for � ¼ 1:008 and ξ ¼ 60.
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