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Stark broadening of H and Hit lines of C5+
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We have cemputed the Stark-broadened profiles of the first two Balmer lines (n 3,4 2) of
C +. Plasma conditions span the electron density range n, 10'7-10 cm, and T 20-300 eV.
The calculations include ion4ynamic effects, which we find are very important at the lower densi-

ties for H, (n 3 2). At the higher densities, the dynamic profiles approach the static ones.

I. INTRODUCnON

In the mid seventies experimental observations revealed
that the motion of the perturbing ions with respect to hy-
drogenic radiators had a significant effect near the center
of the profile. ' This effect was observed to increase the
width of the H, line and fill in the "dip" in the Hp hne.
Up to that time, computations had assumed the ions to be
quasistatic.

This was followed by a period of intensive theoretical
work on the so-called "ion-dynamic" problem. The main
difficulty is that strong ion collisions overlap in time for
the range of plasma conditions that were being considered.
This problem requires that the theoretical approach must
incorporate time-dependent many-body ion interactions
for an accurate and realistic description of the processes
involved. The treatment of static ion fields has been well
in hand for some time, as has the "impact" broadening by
the fast moving electrons, whose collisions are generally
binary. However, the problem of time-dependent many-
body ion interactions has eluded analytical treatment to
the present.

Recently, it was observed that for some plasmas con-
taining high-Z hydrogenic radiators, it is possible for
dynamic ion perturbations to be extremely important,
leading to collisional linewidths orders of magnitude larger
than those predicted using static ions. In particular, when
the high-Z radiators are perturbed by low-Z ions, line pro-
files having significant unshifted components can be
strongly affected. The fields 8(t ) from the time-
dependent many-body interactions can be accurately ap-
proximated by molecular dynamics simulations. In Ref. 2,
once the C(t ) were estimated, the authors performed a nu-
merical solution to the coupled equations for the tixne-
development operator. From this the line shape was ob-
tained via Fourier transformation. This numerical ap-
proach takes on an enormously larger scale when the lower
level of the transition is other than the ground state, and to
date only Lyman lines have been computed using these nu-
merical methods.

Balmer lines are important in many applications, includ-

ing recombination x-ray lasers, electron density diagnos-
tics, and radiative transfer. For example, Suckewer et al. 3

have demonstrated an enhancement of —100 in stimulat-
ed emission over spontaneous emission of the CVI 182-A
line (H, ) in a recombining, magnetically confined plasma.
In the recombining phase, the electron temperature is
about 20 eV and the electron density about 5 X 10"cm
In this Rapid Communication, we address the question of
ion-dynamic effects for Balmer-a and -P lines (n 3,
4 2) of Cs+ for electron densities ranging from 10'7 to
102o cm s for the temperatures of 20 to 300 eV.

To compute Balmer lines with ion dynamics, we have
applied the semianalytical method of Greene. 4 The ion
field C(t) is still estimated by numerical simulation, but
we utilize an analytical solution for the time-development
operator, using fitting functions for moments of the elec-
tric field. In addition to ion-dynamic effects, the calcula-
tion includes lower state interference and broadening. An
adiabatic-type approximation is made, but at a point in the
formalism where large errors are not expected. A more
detailed summary of the theory is given below.

II. THEORY

As noted in Ref. 4, the principal quantity of interest in
the calculation of the line shape is the Fourier transform of
the ensemble average of the time-development operator:

(U(ta)&—= dt e' '(U(t, 0)) .4 0

Here () represents an average over ion perturbers only.
Tetradic operators are used in this expression, so that the
effects of broadening of the lower state can be included for
lines beyond the Lyman series. The quantity Ata is the
frequency separation from line center. %e treat the elec-
trons with the impact approximation. After the averages
over electron perturbers, the time-development operator
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U(h, h') satisfies
i

-[V(h)+h. y]U(h, h') . (2)

equation

(U(ei) &
=- pro —i y

—ii/rrh(ei)1 (3)

For convenience, we take h 1 in this section. Correlation
between electron and ion perturbers is approximated
through the use of Debye screening, in that each perturber
is treated as an independent, screened quasiparticle. In
Eq. (2), V(h) is the total (shielded)ion-radiator interac-
tion, and p is the electron impact operator. For the present
calculations we use the time-ordered expression for p given
by Greene.

The effects of ion broadening can be treated with a re-
laxation theory described in Refs. 4 and 8. In this formal-
ism the ion-broadening operator Mh(hu) is defined by the

This operator is given in terms of V(h ) and U(h, h') by the
following expression:

u, (~)-—„dh e'"(V(h)U(h, o)V(0) &

1
—i dh e' '(U(h, O) V(0)&dp

(4)

If the dipole approximation is made to the ion-radiator in-
teraction V(h), the perturber averages in Eq. (4) can,
after an adiabatic-type assumption, be approximated by4 s

~oo ra dQ
(V(h)U(h, O)V(0)&= dE — D '(Qo)d, exp(id, Eh+ yh)d, D(QO)F(E, h)

and

~ dQO
(U(h, 0)v(0)&= -J dE

&
D '(Qo)exp(id, Eh+ph)d, D(QO)G(E, h) .

I

estimated with the trapezoidal rule. For these conditions
we have used 50000 initial configurations.

After F(E,h) and G(E,h) are calculated for various
values of h, they are fitted to functions proportional to

D (Qo) is a rotation operator with Qo representing the an-
gles 80,&0 of the rotation. The quantity d, is the z com-
ponent of the atomic dipole moment operator.

The field-dependent quantities F(E,h ) and G (E,h ) are
given by

f(E,h) [1 yhh(E)h+b(E)h +e(E)h )e r+ ' ('7)

where a(E), b(E), c(E), and y(E) are adjustable pa-
rameters. The functions which are fitted to the calculated
values of F(E,h ) and G (E,h) are constrained to give the
correct h 0 values. These h 0 values correspond to the
static ion microfield distributions P(C) for a charged
point of Z, 5 and are computed using the code of Tighe
and Hooper. '0 The details of this procedure, including its
benefits and estimated errors, are discussed in Ref. 4.

(6a)

G(~, ) (4(t/2) 4('t/2)
~ @ I "~-'

d, , @(,.) )C(h/2) g 4-~t2

(6b)

where 4 represents the total (screened) electric field due
to the ions and 8 ( 4 ).

We evaluate F(E,h) and G(E,h) using a Monte Carlo
procedure similar to that of $tamm and $mith. s In this
procedure we randomly place iona inside a sphere of radius
5ro, where ro is the mean ion spacing defined by
4hrn;r$/3 1.

In this procedure each of the randomly placed ions is
given a velocity selected randomly via the Maxwellian
velocity distribution, and moved along a straight-line path
determined by that velocity. [The straight-line path ap-
proximation has been examined by Greene and shown to
be valid in the nonbinary regime, as long as
Z,ZP a /9(&1, where Z, and Zz are the radiator and ion
perturber charges, and a ro, /pD is the screening parame-
ter (4hrrgn, /3 1). ' For our case we have Z, 5,
Z» 5, and a 0.2~(depending on plasma conditions), so
that the condition is satisfied. ] The field quantities
C(h/2) 4( —hl2) and C(h/2) 8(—h/2)/C(h/2) are eval-
uated at the center of the sphere and sorted according to
the value of the integral

h t/2
dh'8(h')

g "-~l2

III. RESULTS AND DISCUSSION

Results for the H, (3 2) transition in Cs+ are shown
in Fig. 1, in which computations treating the ions as static
are included for comparison. We assume that all ion per-
turbers are Cs+. It is clear that ion-dynamic effects dom-
inate the width at lower electron densities. At , n1~0 '2
cm s, the "dynamic" and static widths become essentially
equal for a temperature of 20 eV. The "ion-impact*' lim-
it" is also included in Fig. 1 at n, 10' cm, using the
Debye lengthz

pD [kT/4xe2n, (1+Z~/2)]'h2

This density is still somewhat beyond where the impact va-
lidity is satisfied, so the excellent agreement between the
dynamic and impact result is expected to be fortuitous to a
certain extent.

For the lines observed at the lower densities in the graph
(Fig. 1), the broadening caused by any collisional effects is
dwarfed by the thermal Doppler width. (Griem has re-
cently treated possible deviations from thermal Doppler

~tl2
F(E,t) (C(t/2) 8( t/2)B S —— —dt C(i &), ''

g ~ -t/2
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broadening. 'z) However, in the densit~ range from about
5x10's cm 3 to a little more than 10' cm 3, the relative
importance of Doppler and Stark broadening is qualita-
tively different in the two different physical schemes of ap-
proximations, viz. , quasistatic ions and dynamic ions. It is
in this density range that the inclusion of ion-dynamic ef-
fects becomes crucial for a realistic theoretical estimate of
the line-broadening phenomenon.

The temperature dependence of the half width including
ion dynamics is indicated in Fig. 2. At the higher tem-
perature of 300 eV, the ion-dynamic effects are quite sig-
nificant at n, =lOzocm 3, unlike at T 20eV. The ratios
of ion-dynamic half width to the quasistatic half width is
about 4.Oat T 300 eV as opposed to 1.1 at T 20eV.

The Balmer-a transition consists of seven fine-structure
components. Most of the oscillator strength occurs in the
3ds/z-2@3/2 and 3dsp-2p~/z transitions, which are separat-
ed by 428 cm '. ' This is larger than the collisional

FIG. 1. Half the width at half maximum (HWHM) of the H,
line of C+ at T 20 eV. The line labeled "dynamic ions"

represents the results of the complete calculation. Results from

the "static-ion" and "ion-impact" hmits (0) are included for
comparison.

broadening of the H, line at the densities indicated in the
figure, so the spectrum will appear approximately as over-

lapping Lorentzians. Howsoever, we expect that the
broadening indicated in the figure (where fine structure
has been ignored) represents reasonable estimations of the
width of each of these components, at least for the higher
densities. This is because the important splittings for the
line broadening are between the 3p and 3d sublevels; the
3@3/z 3tI3/2 5/z splittings are 0.2 and 47 cm ', respective-
ly. '3 For the higher densities, at least, even the larger
splitting is small enough to make the sublevels quasidegen-
erate. Computations including fine structure are planned.

We have also performed calculations of the collisional
broadening of the H~ (n 4 2) line of Cs+. While the
H, line is of primary interest as, for example, a lasing
transition, the H~ line is generally more useful as a plasma
diagnostic tool of the charged particle density. This is be-
cause it is broader than the H, line, and therefore much
less influenced by Doppler broadening and self-absorption.
The H~ line has a dip in line center, because unlike H, it
has no unshifted Stark components. Therefore, the two
peaks of the Hs profile are on either side of the line center,
with the result that the half width and peak separation are
rather insensitive to ion dynamic effects. The half width
at half maximum and (full) peak separation are displayed
in Fig. 3. The fine structure of the lower (n 2) level
should still be accounted for when comparing these results
to experimental data.

We estimate the uncertainty in the width of the H, line
to be possibly a factor of 2 (somewhat less at the higher
densities and somewhat more at the lower densities). The
main sources of this uncertainty, in order of importance,
are fine structure effects, approximations in the formal-
ism, and the assumption of straight-line perturber paths.
In comparing them with experimental results, one should
recall that our calculations assume that all the ion per-
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FIG. 2. H%HM of the H, line of C5+ at T 20, 100, and
300 eV as a function of electron density. Ion-dynamic effects are
included.

FIG. 3. Half the width at half maximum (HWHM) (solid
line) of the Hs line of Cs+ at T 100 eV as a function of elec-
tron density. The open circles (O) below and above the line indi-

cate the H%HM at 20 and 300 eV, respectively, at n, 10'8

cm 3. Also shown is the full separation of the two peaks (dashed
line) of the Hs line at T 100 eV as a function of electron densi-

ty; the crosses (x) below and above the line indicate the peak
separation at 20 and 300 eV, respectively. This peak separation
can serve as a plasma diagnostic vrhich is complementary to the
H%HM but less sensitive to optical depth and linearity of the
photodetection.
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turbers are Cs+. Also, contributions from any possible
plasma turbulence have not been considered in our calcu-
lation. It should be possible to reduce the uncertainty sig-
nificantly through improvements in each of the above
sources of error. Future efforts in this direction are being
planned. In the meantime, we believe that our present re-
sults should prove useful for many applications.

In closing we wish to point out an interesting qualitative
feature of the reduced mass dependence of the ion-
dynamic effect for hydrogenic radiators. In the quasi-
static-ion regime there is of course no dependence on the
reduced mass p of the radiator and ion perturber. There
are two different dynamical regimes, however, which
display very different dependence on the reduced mass.
The regime most accessible to experimental observation so
far has been for electron densities somewhat below that
where the iona behave quasistatically. In this region, the
ion-dynamic effect has been observed to scale roughly as

'i2, ' consistent with the fact that the lighter the ion, the

faster it moves, and the larger the dynamical effect. If,
however, the density is sufficiently low that the ions are in
the impact regime, the impact width scales as p'i2, " re-
flecting the fact that the impacts of slower iona last longer,
giving rise to a larger Stark effect. In the intermediate re-
gion (collisional rate = ion plasma frequency), one thus
expects a relatively weak dependence on p, even though
the ion-dynamical effect is typically quite large in this re-
gime.
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