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Debye-Hiickel and ion-sphere plasma screening models have been used in a study of inelastic
scattering of electrons by one-electron ions in dense, high-temperature plasmas. Cross sections for
transitions among the 1s, 2s, and 2p states have been calculated using close-coupling and distorted-
wave descriptions. The optically allowed 1s-—2p and 2s —2p cross sections are substantially re-
duced at all energies by plasma screening of the long-range dipole coupling. The 1s—2s cross sec-
tion is less sensitive to plasma effects. For an ion of nuclear charge Z, the scaled inelastic cross sec-
tions Z*Q are roughly independent of Z for fixed values of E/Z?* and ZA or ZR,, where E is the
electron’s kinetic energy, A is the Debye length, and R, is the ion-sphere radius.

I. INTRODUCTION

In the last decade or so, interest in the properties of hot,
dense plasmas has grown, in part because of applications
to the design of inertial confinement fusion targets and
the search for short wavelength lasers. In both of these
cases, the plasma is sufficiently short-lived that it cannot
come to equilibrium, and detailed understanding of the
rates of various processes is required for an adequate
description of the plasma. In particular, in dense, high-
temperature inertial confinement plasmas, the determina-
tion of particle densities and temperatures from spectral
line emission requires knowledge of the spectroscopic and
collision properties of ions under extreme conditions.! 3
In such experiments, ion densities of 10*'—10?* cm~2 and
plasma temperatures of 107 K are typical; higher densities
and temperatures are anticipated for experiments in the
near future.

Under these conditions, the plasma environment can be
expected to significantly influence many atomic processes,
primarily through the screening of long-range electrostatic
interactions by charged particles. Some recent progress
has been made in estimating the influence of the plasma
on atomic structure,®> and on various radiative processes6;
however, information on scattering processes is very limit-
ed. A study’ of inelastic electron collisions with one-
electron ions, using the (nonunitarized) Born I approxima-
tion for the collision dynamics, showed that inelastic cross
sections are significantly reduced by Debye-Hiickel screen-
ing of the electron-ion interaction. However, the Born ap-
proximation can be expected to fail near threshold, where
distortion effects can be large. For many transitions,
namely those in which the mean kinetic energy of plasma
electrons is well below excitation threshold, it is the near-
threshold region that is most important.

In this paper, we examine the effects of plasma screen-
ing on electron-impact excitation cross sections for
1s—2s,2p and 2s—2p transitions of hydrogenic ions of
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nuclear charge 2<Z <18. We study the underlying
dynamics of the collision by comparing results from the
Born 1, distorted-wave, and few-state close-coupling
models. We also explore the dependence of the cross sec-
tions on the description of plasma screening by comparing
results for the Debye-Hiickel and ion-sphere potentials.
We wish to emphasize that treatment of a plasma’s in-
fluence on collision events by means of a model potential
results from the approximation in which the net electro-
static interaction due to the specific configuration of
background particles existing at the time of the collision is
replaced by the average net interaction of an appropriate
distribution of configurations. This approximation might
be expected to be accurate when the collision duration is
much larger than the characteristic plasma response time
(i.e., the reciprocal of the plasma frequency) and/or when
fluctuations about the average interaction are small.
Without this simplification, cross sections must be com-
puted as functions of both the net plasma microfield F

and the relative momentum ﬁE, and then an appropriate
average taken with respect to the field strength distribu-
tion and the angle between F and K. An investigation of
some scattering problems within this framework would be
very worthwhile, but is beyond the scope of the present
study.

II. PLASMA INTERACTION

In a dense, hot plasma, both thermal and Coulomb ef-
fects must be considered. The relative importance of these
two can be estimated by the so-called Coulomb parameter
I'=(Z;e)?/R;kT, where (Z;e) is the average charge of
ions in the plasma, and R; is the average interionic dis-
tance.’ In the limits where one or the other effect dom-
inates, one can derive a simple analytic potential to
describe the plasma screening of the charged particles.

In the high-temperature, low-density limit (I" << 1),
linearization of the Poisson-Boltzmann equation leads to
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the Debye-Hiickel potential.® This is a particularly ap-
propriate choice for a scattering problem, since Stewart
and Pyatt® have shown that the potential of an ion in a
plasma approaches the Debye-Hiickel potential far from
the ion. Also, Rozsnyailo has found that the Debye-
Hiickel model is a good approximation of the Hartree-
Slater potential at large distances from an ion in a hot
plasma.

In the low-temperature, high-density limit, where
Coulomb effects are dominant (I" >> 1), the ion-sphere po-
tential is a reasonable approximation. Here it is assumed
that the positive ions are fixed, and that each ion is sur-
rounded by a sphere of radius R, (the ion-sphere radius),
containing Z uniformly distributed electrons.®

Both of these model potentials are appropriate to the
problem of a bare nucleus in a plasma. Since we are in-
terested in one-electron ions, we must also describe the in-
teraction between the bound and projectile electrons. In
this study we have chosen the simplest approach, namely,
to screen this interaction using the same spherical screen-
ing factor as that derived for the projectile electron-
nucleus interaction. Thus, for the case of Debye-Hiickel
screening we approximate the electron-ion interaction en-

ergy by

V(?l’?Z): —Z‘—f—_ exp(——rl/A), (1)
r 712
where
ol zNe —12 "
=" kr

is the Debye length; T and T, represent the coordinates of
the projectile and bound electrons, respectively; Z is the
nuclear charge, N, is the electron density in the plasma,
and T is the electron temperature. We have included only
the plasma electrons in the definition of A because the tar-
get ion is presumed to possess kinetic energy approximate-
ly equal to the mean ion energy, and therefore cannot be
efficiently screened by other plasma ions.!!
Analogously, we define the ion-sphere potential as

2

z oA,k
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In Eq. (3) Ty, T», and Z are defined as before, and the ion-

sphere radius is
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These choices are somewhat arbitrary. However, we
can partially justify the assumption of spherically sym-
metric screening by noting that the rapid periodic motion
of the bound electron will tend to average its interaction
with plasma electrons. Limited experimentation with
other descriptions of the electron-electron interaction’
suggests that this choice, which strongly screens all matrix
elements, maximizes the plasma’s effect on the cross sec-
tion. Table I contains a list of the relevant plasma param-
eters for all calculations we wilt discuss; the parameters
represent typical dense plasma conditions.

III. COLLISION DYNAMICS

We calculated the excitation cross sections using the
few-state close-coupling method. The formulation of the
collision problem is identical to that of electron-hydrogen
scattering!#!® in which exchange is ignored. The rationale
for ignoring exchange effects is simply that, for the larger
partial-wave angular momenta where plasma screening is
expected to be important, exchange effects in the excita-
tion of unscreened target ions are small. This point will
be discussed in more detail in Sec. V.

The cross section for n,l,—n’,l, excitation of one-
electron ions induced by a collision with an incident elec-
tron having kinetic energy 3k? (atomic units are used
throughout) is'*

Qnly—n'ly)=——mr 3 Op(nlyn'ly)
L=0

(21, +1)
(5)

The partial collision strength (};, symmetric in target-
state quantum numbers, is defined in terms of the T ma-
trix elements by

Qp(nly,n'l))=2L+1)Y | T(nl,Ln'l,I')|*,
I

(6)

where |I,—I|<L<l,+I, |l;—I'|<L<l,+!', and
where /,, I, and L are the angular momentum quantum
numbers for the bound electron, projectile electron, and
the total system, respectively.

For this problem, we assign charge Z to the nucleus,

TABLE 1. Plasma parameters for scattering calculations.

Ion VA kT (eV) N, (cm™3) r Alag) R, (ap)
Het 2 4 7.86 (20)* 0.535 10.0 12.7
3.52 (20) 0.410 15.0 16.6
5.96 (19) 0.226 36.4 30.0
Ne’+ 10 500 1.09 (24) 0.430 3.0 2.37
6.71 (22) 0.170 12.1 6.00
Arl7+ 18 1000 7.06 (24) 0.757 1.67 1.57
7.69 (23) 0.361 5.06 3.33

#*Numbers in parentheses represent the powers of 10 by which the entries must be multiplied.
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and screen all matrix elements as described in Sec. II. The
intra-atomic Coulomb potential is not screened; the
bound-state wave functions are taken to be hydrogenic.
This approximation should be good for low-lying bound
states, since these compact wave functions should feel lit-
tle plasma screening. (This is evidenced by the small plas-
ma polarization shifts measured for resonance transitions
involving low-lying excited states.'®) The coupled radial
equations are integrated using the Green’s-function tech-
nique.!” In order to examine some aspects of the collision
dynamics, we also obtained the Born I and distorted-wave
cross sections by ignoring certain matrix elements in the
coupled equations.

The Born I approximation (BI) is a weak-coupling ap-
proximation based on plane-wave scattering states. It ig-
nores flux “feedback” from final to initial channels, and
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takes no account of the effect of the large nuclear attrac-
tion on the scattered electron’s trajectory (i.e., the distor-
tion of the free electron wave). BI is valid at high ener-
gies, or for large-! (hence, in this case, large-L) partial
waves at all energies. The Coulomb-Born approximation
(CBI) is identical with BI except the plane waves are re-
placed by Coulomb waves.!® Since in the plasma all long-
range interactions are screened, CBI is not really appropri-
ate; however, it will provide us with one means of compar-
ing our screened results with bare-ion calculations. (The
notations BI and CBI are used to distinguish these from
the alternative, “unitarized” versions BII and CBIL ¥

The distorted-wave approximation (DW) is also a
weak-coupling approximation, but diagonal matrix ele-
ments are retained in the coupled equations so that distor-
tion of the incident and scattered electron waves by the
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FIG. 1. Partial excitation cross sections versus total angular momentum for e-He™' scattering. Plasma represented by Debye-
Hiickel model with A =10a, (5.29 A). Solid line (3 CQC); dotted-dashed line (2 CC); dashed line (DWII); dotted line (BI). (a) 1s to 2s
cross section. Energy =81.6 eV (twice threshold) (2 CC and DWII results are the same). (b) 1s to 2p cross section. Energy =:81.6 eV
(twice threshold). (c) 2s to 2p cross section. Energy =13.6 eV (3 CC and 2 CC results are the same).
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average field of the ion is included. We denote the
distorted-wave results DWII since a symmetric distorted-
wave K matrix is assumed so that the resulting S matrix is
unitary (this is analogous to Seaton’s unitarized Born II
approximation).

IV. RESULTS

A. Distortion and coupling effects

We calculated partial and total cross sections for the
1s—2s, 1s—2p, and 2s—2p transitions in e-He* col-
lisions, using the Born I (BI), distorted-wave (DWII), and
two- and three-state close-coupling methods (2 CC,3 CC).
The plasma-screening model used here is the Debye-
Hiickel approximation leading to the interaction potential
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energy of Eq. (1). For purposes of illustration we used the
Debye-Hiickel interaction of Eq. (1) and chose a Debye
length of 10a, (5.29 A); for a 4-eV plasma, the corre-
sponding electron density is N, =7.9% 10%° cm 3.

Figures 1(a)—1(c) show partial cross sections as func-
tions of total angular momentum L (which for s—s or
s —p transitions is the same as the initial partial-wave an-
gular momentum /). The 2s and 2p atomic states are tak-
en to be degenerate. Comparing the partial cross sections
in Figs. 1(a)—1(c), one confirms that the BI results slowly
approach the three-state close-coupling (3 CC) results for
optically allowed transitions (s —p) at large L, where both
distortion and strong-coupling effects are small. The
agreement is even better at higher energies (not shown).
The DWII and two-state close-coupling (2 CC) results are
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FIG. 2. Excitation cross sections vs energy for e-He* scattering. Plasma represented by Debye-Hiickel model with A=10a,
(5.9 A). O(3CO); A (2CQ); V (DWID; o (BD; O (CBI). (a) 1s to 2s cross section. Threshold energy =40.8 eV. (b) 1s to 2p cross
section. Threshold energy =40.8 eV. (c) 2s to 2p cross section. Threshold energy =0.0 eV. (3 CC and 2 CC results are the same.)
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very similar, indicating that the coupling is relatively
weak. Coupling all three states together (3 CC) affects the
1s—2s and 1s—2p cross sections; but the 2s—2p cross
section is essentially unchanged. Comparison of the 2 CC
and 3 CC results for 1s—2s and 1s—2p transitions shows
that for small L there is some redistribution of flux from
the 2s into the 2p state. This situation is reversed at larger
L as the long-range, direct 1s—2p coupling effectively in-
creases the range of the electron-ion interaction contribut-
ing (indirectly) to the 1s —2s transition.

To reduce computation time for the 2s—2p transition,
where the long-range coupling is particularly strong, we
have calculated CC and DWII partial cross sections only
for small values of L. For larger L (L > 12, for this ener-

gy), where BI results are within 3% of CC, only BI cross
sections were calculated; and the total cross section is
given to a good approximation by

.
0=0%+ ¥ (0r°—of", ™
L=0

where QP! is the total BI cross section; and QF€ and QF!
are the partial cross sections for the CC and BI approxi-
mations, respectively.

In Figs. 2(a)—2(c) total excitation cross sections are
displayed as functions of the energy for the plasma condi-
tions described above. For comparison, unscreened CBI
results are also shown.!” For the optically allowed 1s—2p
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FIG. 3. Excitation cross sections (3 CC) vs energy for e-Ne’* scattering for plasma conditions N, =1.1X10* cm~3, T =500 eV
(A=3ag, R;=2.4a,), and various plasma models. Solid line (CBI); dashed line (Debye-Hiickel); dotted line (ion sphere). (a) 1s to 2s
cross section. Threshold energy =1.02 keV. (b) 1s to 2p cross section. Threshold energy =1.02 keV. (c) 2s to 2p cross section.

Threshold energy =0.0 eV.
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and 2s —2p transitions, the presence of the plasma signifi-
cantly reduces the total cross section at all energies. This
is expected, since the long-range (7 2) coupling matrix
element should be particularly sensitive to screening. Ex-
cept near threshold, the cross sections are relatively in-
sensitive to the scattering approximation employed; even
BI gives good results for energies above 122 eV (three
times the 1s—2p threshold), and DWII is quite accurate
at all energies. This behavior parallels that of the un-
screened bare-ion results, where the 1s—2p cross section
shows little variation with respect to the choice of scatter-
ing approximation.?

The situation is very different for the optically forbid-
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FIG. 4. Scaled excitation cross section (Z*Q) vs scaled energy
(E/Z?*). Plasma represented by Debye-Hiickel model with
ZA=30a,. O—CBI (Z=cw, A=w); O—Ar"t (Z=18,
A=1.67ay); A—Ne’t (Z =10, A=3ay); O—He* (Z=2,
A=15a¢). (a) 1s to 2s cross section. (b) ls to 2p cross section.

den 1s—2s transition. The presence of a plasma, as
modeled here, does not appreciably reduce the cross sec-
tion, since the coupling is intrinsically short range (ex-
ponential) even in the absence of plasma screening. How-
ever, as in the bare-ion case,’® the 1s—2s cross section is
expected to be very sensitive to details of the collision
dynamics (viz., exchange and correlation effects). The BI
approximation is poor except at very high energies
(E >250 eV). Finally, including coupling with the 2p
state reduces somewhat the 1s—2s cross section.

B. Plasma-screening effects

In order to illustrate differences in the cross sections
corresponding to fixed plasma conditions but different
screening models, we show in Figs. 3(a)—3(c) several 3 CC
results for the 1s—2s, 1s—2p, and 2s—2p transitions in
Ne’*. Cross sections are shown for the Debye-Hiickel
and ion-sphere models. The CBI results'®! for un-
screened Ne’ T are also given for comparison.

For both model potentials, the (forbidden) 1s—2s cross
sections display little sensitivity to the plasma screening.
In contrast, the (allowed) s —p cross sections are reduced
considerably with respect to the CBI values. (This trend
continues as the screening is made stronger.) For a given
set of plasma conditions, the ion-sphere model represents
by far the stronger screening, the corresponding reduc-
tions in cross section being roughly twice those of the
Debye-Hiickel model. In addition, narrow resonances (not
shown) appear very near threshold for the ion-sphere po-
tential. These are simply potential resonances occurring
in the / =1 or 2 final-state partial waves, due to centrifu-
gal barriers outside the strongly attractive, but very short-
range ion-sphere interaction. (Resonances should also
occur in the Debye-Hiickel model, but they should be nar-
rower and lie even closer to threshold.)

C. Target-state effects

We have also investigated the effect of varying the nu-
clear charge Z. Since in the scattering equations the
quantities E, Q, R,, and A scale approximately as E /Z?,
Z*Q, ZR,, and Z A, respectively, we plot in Figs. 4 and 5
scaled 3 CC cross sections versus scaled energy for He™,
Ne’*, and Ar'7t; ZA and ZR, are held constant. The BI
cross sections scale exactly, but the presence of the nuclear
term in the “distortion” potential causes departure from
exact scaling for CBI. Similarly, the 3 CC cross sections
do not scale exactly. However, an approximate scaling
law does hold. With respect to scaled quantities, one can
say that at a fixed value of the scaled screening length,
plasma-screening effects decrease slightly as Z increases.
Just above threshold, where the cross sections are influ-
enced by resonances, the scaling can fail completely.

Finally, we investigated the effect of removing the
25 —2p degeneracy. We calculated 3 CC cross sections for
Ne’t in the Debye-Hiickel screening model with A =3a,,
first using the fine-structure splitting (AE =0.416 eV),?!
and then using energy eigenvalues calculated for an atom
in a Debye potential (AE =1.22 eV).?! The 1s—2s and
1s—2p cross sections were unaffected. The 25— 2p cross
section was changed only slightly: At low energies (e.g.,
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FIG. 5. Scaled excitation cross section (Z*Q) vs scaled energy
(E/Z?*)—plasma represented by ion-sphere model with
ZR,=60a9. O—CBI (Z=w, R,=w); O—Ar"* (Z=18,
R,=3.33a,); A—Ne&’* (Z =10, R,=6a,); O—He* (Z =2,
R,=30ay). (a) 1s to 2s cross section. (b) 1s to 2p cross section.

68 eV), the cross sections were reduced by about 10% for
the larger splitting; at higher energies the differences were
found to fall rapidly, becoming less than 1% at 1.02 keV.

V. DISCUSSION

It is not surprising to find that optically allowed transi-
tions respond very differently than optically forbidden
ones to the plasma environment, due to the different
ranges of coupling interaction. In our model, in which the
target states are not Stark mixed, forbidden transitions
(especially s—s) are more sensitive to details of the col-
lision dynamics than to plasma screening and, for such

transitions, it might suffice to ignore plasma effects com-
pletely and simply adopt the best bare-ion results avail-
able. For optically allowed transitions, though, the situa-
tion is reversed. Here a distorted-wave or, at higher ener-
gies, even a plane-wave Born calculation gives reasonably
good agreement with close-coupling results provided that
screened interactions are used. We can suggest one possi-
ble prescription for improving upon these simpler calcula-
tions: Detailed studies of the partial cross sections for
various Debye screening lengths have shown that high-L
partial waves are more significantly affected by the plas-
ma than the more penetrating small-L waves. Also, ex-
change and short-range correlation effects are expected to
be more significant at small L. Thus it seems reasonable
to combine higher-L (say L >2) screened partial cross sec-
tions with the lower-L results of a more careful bare-ion
calculation,?? thereby obtaining a fairly accurate “hybrid”
total excitation cross section.

We did not construct any such hybrid cross sections,
but, in connection with the partial wave calculations, we
did investigate another even simpler prescription for ap-
proximating detailed cross section results. The standard
treatment of elastic Coulomb scattering in a plasma limits
the Rutherford cross section by imposing a cutoff at large
impact parameters (i.e., small angles), p.,=~A, the Debye
length; in the quantal picture this corresponds to a cutoff
in partial waves at L ,,~kA. This suggests an approxi-
mation whereby, in lieu of performing calculations involv-
ing screened potentials, one merely truncates the partial
wave summation, Eq. (5), of unscreened cross sections at
L =L, Testcalculations suggest that this scheme can
greatly underestimate the effect of plasma screening on al-
lowed transitions.

In addition we have found, as one might expect, that at
a given value of I'" the ion-sphere model results in greater
reductions in the cross sections than does the Debye-
Hiickel model, which represents a less severe screening of
the electron-ion interaction. We anticipate that cross sec-
tions determined from a more elaborate static potential,
such as that of Dharma-Wardana and Taylor* or of Gupta
and Rajagopal,5 will lie between our Debye-Hiickel and
ion-sphere results. In fact, in their scattering calculations
Davis and Blaha?* employed the potential of Ref. 4, but at
I'=1 it is little different from a Debye-Hiickel potential
(cf. their Fig. 1). However, in the limit of no screening,
their results disagree with both Coulomb-Born?> and
plane-wave Born’ calculations; we do not understand this
discrepancy.

We showed in Sec. IV that scaled cross sections (Z*Q)
increase only slightly with Z at a fixed value of the scaled
screening length. The scaled screening lengths themselves
behave as

172 1
r

(We have ignored the difference between Z and Z —1.)
Because the ionic species that are most abundant in a plas-
ma are those for which T/Z2~const,** for equivalent
plasma conditions (fixed I'), the scaled cross sections will
vary only weakly with Z.
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Several improvements in these calculations suggest
themselves. First, we have ignored dynamic screening ef-
fects entirely. This is particularly important in the
description of the interaction between the bound and pro-
jectile electrons, which is responsible for inelastic transi-
tions. To the extent that a spherical potential (which does
not mix / states) is valid, the static, spherically symmetric
screening used here maximizes the effect of the plasma en-
vironment. Another complication for the development of
a dynamic screening model arises from the suprathermal
electrons that exist in laser-heated matter. These fast,
non-Maxwellian particles can partially screen electrons
that have energies a few times k7 (and therefore are most
important for H-like ion resonance excitations). Second,
refinements could be made in the description of the
scattering dynamics. In particular, allowing for reso-
nances might increase the cross sections. However, con-
tinuum lowering will change the resonance structure con-
siderably, and sharp cross section features will be washed
out by fluctuations in the plasma.

Finally, we have neglected all effects of neighboring
plasma ions on individual electron-ion scattering events.
The major influence of plasma ions is to produce a quasi-
static electric microfield whose average strength can be
quite large. It seems likely that, at energies well above
threshold, the Stark mixing of nearly degenerate target

states will have a larger effect on cross sections than any
modification of the free-electron’s trajectory: The size of
the former can be surmised from the large differences in
1s-2s and 1s-2p cross sections computed for unmixed 2s
and 2p states (cf. the Born calculations in Ref. 7 and Sec.
IV A of this paper), while that of the latter can be estimat-
ed from differences—for a given transition—between
Coulomb-Born cross sections?! and plane-wave Born cross
sections for infinite screening lengths.’
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