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Stark broadening of hydrogen lines in dense plasmas: Analysis of recent experiments
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In recent years experiments conducted by a number of different groups on line broadening of hydrogen lines,
mainly H, on dense plasmas of densities larger than or equal ¥def@m® have claimed significant differ-
ences from the predictions of the standard theory. At these high densities the standard theory predictions
depend on some cutoffs, necessary to preserve unitarity, the long range approximation and to ensure the
validity of a semiclassical picture. Furthermore, a new, supposedly “advanced” theory based on a number of
incorrect assumptions and/or approximations with extra exotic effects has claimed good agreement with these
experiments. In this work we produce benchmark simulation calculations for these data to identify relevant and
not relevant physics for the parameters of these experiments. In this way, we evaluate claims of electron-ion
coupling, ion dynamics, electron vs ion broadening, nonimpact effects, and nonperturbative effects. At least
one data set is seen to be dubious, in agreement with previous analyses.
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I. INTRODUCTION very weak. Although this effect has now been included ana-
Iytically into the ST[20], we will not deal with it here, as no

In recent years experiments conducted by a number ofther method accounts for this effect and because it is not at
different groupg1-5] on line broadening of hydrogen lines, the heart of the controversy regarding the experimental re-
mainly H, on dense plasmas of densities larger than or equalults. Until now it is by no means clear if electron broaden-
to 108 e/cm® have claimed significant differences from the ing or strong collisions are the dominant issue for these ex-
predictions of the standard the¢Bf) [6,7]. At these high  periments.
densities the standard theory predictions depend significantly In the present work we have performed simulation calcu-
on some cutoffs, necessary to preserve unitarity, and the lorigtions. These calculations serve to provide benchmark re-
range approximation to ensure the validity of a semiclassicaults, as well as to determine important physics aspects for
picture[8]. Preserving unitarity and the semiclassical picturethe line and parameters in questions. These aspects are
is important at low velocities, while preserving the long electron-ion coupling, quasistatic vs ion dynamical issues,
range approximation is important at high velocities. The renonperturbative aspects, and nonimpact electron effects. In
sulting width has contributions from the large impact param-addition, only dipole interactions are considered in simula-
eter phase spage= p,in(v), presumably computed correctly tions, as well as ST. Although results quoted as ST usually
by ST plus a “strong” collision contribution from impact contain also some estimate of quadrupole and inelastic con-
parametersp < p,in(v). The contribution of this later part tributions, we have not included these conbutions in our cal-
may not be computed within ST and only unitarity-basedculations labeled ST, in order to isolate the dipole contribu-
error bounds may be given. These may be comparable to arithn under study here. Finally, we should stress that in the
eventually larger than the large impact parameter phaspresent work we do not examine in detail the experiments, as
space contribution at high enough densities. this has been done elsewhé12,14. Since our purpose is

Furthermore, a new, supposedly “advanced” théd@T)  to identify the relevant physics in the parameter range re-
[9] based on a number of incorrect assumptions and/or agported by the experiments, experimental issues or problems
proximations with extra exotic effecfs0,11] has claimed are not discussed at length here.
good agreement with these experiments. The numerous prob-
lems with this theory have been pointed ¢8t12-13 and
are summarized later on and as a result this theory is not a For the H, line, simulation calculations were carried out
viable one. In addition, as a result of a debate concerning thas discussed ifi21]. These calculations serve a number of
broadening of isolated ion lind46-19, the importance of purposes, as already discussed: They provide benchmark the-
penetration has been realized. This is a very strong effect afretical results and allow the detailed investigation of a num-
short impact parameters, much stronger than any assuméer of issues, such as dynamic vs quasistatic ions, nonimpact
electron-ion coupling or other exotic effects. Indeed the reaelectron effects, and electron-ion coupling. These investiga-
son the electronic contribution from short impact parametersions are very important in guiding theoretical efforts as well
is small is not some kind of electron-ion couplif@j. In fact  as theory-experiment comparisons. For instance they address
this contribution is small even in the absence of ions. Furissues that simpler theories like ST and AGT cannot answer.
thermore, because of penetration, in certain cases such colli addition when, for example, nonimpact effects are impor-
sions are quite weak, so that unitarity is often not an issugant, then impact-based theories like AGT and ST exe
and the so-called strong collisions are actually weak or evepectedto overestimate the actual width.

II. SIMULATION CALCULATIONS
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FIG. 1. Convergence for ionic autocorrelation functions. FIG. 3. Convergence for joint autocorrelation functions.
A. Description tions to high density plasmas, we note that the collision-

Random positions and velocities of the plasma electroryme-statlstlcs method is designed to recover the impact limit

; . I . and not the quasistatic limit. Being an independent quasipar-
and ions are generated according to the collision-time statis: ; . ; !
. ; . icle model, it doesot include perturber correlations, as in

tics [22,23 method and for each configuration the

= o . . .~ the modern quasistatic distributioh24]. However, even at
Schrédinger equation is solved to obtain the time evolu'uort . : . .
: ) . : he strongest coupling considered, the differences are quite
of the atomic wave functions in the time-dependent plasma . . '
L . S small. For this strongest coupling, we first computed the qua-
microfield. This information is used to compute the autocor-sistatic autocorrelation function
relation functionC(t), whose Fourier transforntFT) is the
line profile. All such calculations employed 1600 configura- 3X
tions. Convergence was checked by comparing the 400, 80d>(t) = | dEW(E)| 0.38812301 +0.273736302 o3
1200, and 1600 configuration results and was very well sat-
isfied for all runs. In Figs. 1-3 the 400Qdotted, 800
(dashed, 1200(dash-dottey and 1600(solid) configuration
results are displayed for the pure ionic, the pure electronic,
and the joint electronic-ioni€(t), respectively. These figures +0.118840579 cd6x) + 0.002262283492 céslix)
focus on the fairly long times for which convergence is 2
slower. The FT extrapolation is used for long times as soon +0.002545068929
as an impact formiC(t) ~ e ®!] is detected to have set in. ' CO8)

9Xx
+0.051537645 c@8x) + 0.162884411 C(<SE>

+0.00007069635914 Cﬁﬁx)} (1)

B. Issues and shortcomings

We here discuss issues and shortcomings for the simulr:l\i\—/Ith W(E) the APEX [24] microfield distribution andx

. . . . S . “=eEtg/A. This is the correct quasistatic autocorrelation
tion calculations. First, regarding the applicability of simula function, in that all correlations are included(t) was also

computed by simulation after freezing the idtisat is using
3 as the total ionic fieldE(t) =ZE;(t=0), whereE; is the field
3 of theith ion]. Note that here the ions are independent qua-
r 1 siparticles and no account of their interaction is taken in the
025 § T=7.12eV . calculation, unlike the previous calculation where correla-
L ] tions appear inW(E). Figure 4 shows the differences be-
tween the two calculations. Even at this strongest coupling
the effect of perturber-perturber correlations are small. This
means that there is no need to filter configurations so as to
obtain the correct quasistatic field distribution for the param-
eters in question. For comparison in Fig. 5 we also show the
APEX(solid) vs frozen ionC(t) (dashed at the lowest den-
sity point in [5], where agreement is excelletthe differ-
ences at long times are due to noise in the simulation
In spite of these findings, the question of “at what plasma
parameters is an independent quasiparticle approach no
FIG. 2. Convergence for electronic autocorrelation functions. longer adequate and perturber-perturber interactions should
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B N A R A A AL AN AR REAMR AR the dipole approximation are much faster and also on a simi-
- 5 ] lar basis to ST. We do not return a “strong collision” contri-
o n=62110 - efem 7 bution from impact parametefs< 9a, in the simulation cal-

" 0866V ] culations(unlike in [21]).

07| \ ] C. Checks
5 [ \ ] . . . .
© el \ 3 For all experiments, extra simulation calculations have
r N 1 been performed. These involve computing the pure elec-
sk N\ E tronic and pure ionic profiles, with or without some further
L N APEX i approximations. The goal is to judge the relative electronic
r ~ T . . . . .
04l 7N 7 and ionic contributions to the width and to check the follow-
E Simulation ~T B . . . . . . .
5 RS e ing issues: First, it is interesting to also check a possible
Py SN FUTRU RN RN FTTY FRREE SR FUES PN FENTE P P electron-ion coupling by comparing two different calcula-
0 002 004 006 008 01 012 014 016 018 02 022 024 . . . . . ..
(ps) tions, namely the simulation calculations with the joint

electron-ion microfieldwhich retains any couplingvith the
FIG. 4. APEX vs frozen ions simulatio6(t) for the strongest  profile obtained as the convolution of the electronic and ionic
coupling. profiles, each of them computed by simulation.

) o This is important because for many cases considered the
be taken into accouriby molecular dynamics in the case of gjectron and ion contributions are comparable. These calcu-
simulationg” is an important one for the study of dense plas-|ations include exactly everything that the so-called “ad-
mas and should be addressed. It is not clear at this timganced generalized theofAGT)” claims to do in part,
whether the perturber-perturber interactions will be impor—name|y they solve the Schrédinger equatiaxactly rather
tant or in which directior(i.e., broadening or narrowing the than approximately and include exactly all electron-ion cou-
line compared to the independent quasiparticle modetsr  yjing effects, in addition to going beyond the binary, impact,
effect will be, although as Fig. 4 shows, for quasistaticanq quasistatic approximations. The only aspect these simu-
broadening perturber-perturber interactions lead to a nalations do not handle correctlhough this is not an inherent
rower |Ine[C(t) drOpS more SIOle This is well-understood Shortcoming and is being addem penetration, which the
in the sense that APEXor any modern distributioMW(E)  AGT does not do either.
that includes perturber-perturber interactipis shifted to- Second, to check the static ion approximation we plot for
wards smaller electric fields compared to the Holtsmark disthe weakestcoupling (i.e., smallest density/highest tempera-
tribution, which does not include perturber-perturber repulture) of each data set the autocorrelation functi®fi) ob-
sion. (There is an additional reason for the shift tOW&rdStained by(a) the quasistaﬂc approximation for ions alone
smaller fields due to the neglect of Debye shielding in the(solid line), (b) dynamic ions alonéno electrons, as dashed
Holtsmark distribution, but this is not relevant here as ounine), and(c) dynamical electrons and iotidash-dottedlinge
simulations use shielded fieldls. The quasistatic approximation is valid if by the tirt@ and

_ Secc_md, we hgve ex_cluded _penptrating collisions from thep) start to differ, C(t) from (c) has dropped to negligibly
simulation, that is particles with impact parameterSa,,  small values. If this is the case for the weakest coupling, then
the same cutoff as in Ref21] and ST calculations. This is  there is no question that the quasistatic approximation will be
not an intrisic shortcoming of simulations and is beingyalid for all experimental points, a€(t) drops faster for
added; the main reason for keeping this is that calculations igironger coupling.

Third, to check nonimpact electron effects, we plot
-In[C(t)]/t vs time for the pure electroni€(t). Typically
3 this quantity is scaled appropriately so that it may be plotted
3 on the same graph &t), i.e., so as to make it fall i0,1).
3 At short times the impact approximation is never valid, of
e 0110 Berern E course. At long times, when the impact approximation is
Te5.77eV 3 valid, yielding C(t) ~ exp(—®t), this should be flat and that
constant isb. (This, by the way, ighe exact nonperturbative
E @ and deviations from it in simple theories are due to neglect
E or approximate treatment of nonperturbative effects. To the
extent that the cutoffs employed are safe, the valuebof
allows one to determine the exact value of the strong colli-
PP sion constant.The impact approximation is then reasonably
e ——— e ] valid if this flat regime is reached for practically all times for

0.1 02 03 04 05 O'Gt(p,)oj 08 09 1 Ll 12 13 which C(t) is important. If this is not the case, this means

that short times, for which the impact approximation is not
FIG. 5. APEX vs frozen ions simulatio€(t) for the lowest Vvalid, are important for the bulk of the lingather than just
density. the wings.
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TABLE I. Boeddeckef1] data. TABLE Il. Original Bochum [1] electron-ion coupling
effects.
n (10%e/cmd) T(eV) FWHM ST (FWHM)
n (10%/cm®)  T(eV) JointA) Independertd) EI(A)
2.44 7 153+21 0.509
3.44 7.6 182424 0.57 2.44 7 77.1 85 33.1
4.84 8.4 187+36 0.72 3.44 7.6 100 108 42.5
7.08 9.2 228+64 0.79 4.84 8.4 121.46 133 56.6
9.27 10 245+54 0.91 7.08 9.2 151.1 164.7 717

9.27 10 182 200.2 92.5

As shown in[25-27 nonimpact electrons couple tthe
slow component gfthe ion field. 10% difference[25]. Also shown(El) is the pure electron
Last, we also computed the pure electronic contribution ofvidth.
impact parameterg= pin(v), that is the weak collision con-
tribution, and compared this to the total electron width. This B. Nonimpact electron effects
is a measure of the importance of strong collisions. Techni-
cally, in the simulation the field of an electron is zeroed if its
impact parameter is less than tamitarity-baseg minimum
impact parameter corresponding to its velocity. More pre

cisely, two calculations were carried out, with; ' . )
Y Whnir(v) constant, consistent with the impact foi@it) ~ exp(—®t).

=5(h/ and (more correctl in)=9("/ with 5 . . ; .

_ g TU) (2 ; Y Prin(v)=9(R/mo) . Of course for short times the impact theory is never valid. As
=nz—n; and 9=n;. This represents a measure of the relative, . N .

. S in all cases, the impact limit is initially approached fast, i.e.,
importance of the weak vs strong collisions and hence the

s P 0 ; !
applicability of perturbation theory as in ST. The point is thatW'thln 0.02 ps we are Wl.thm 85@ qf _the Impact Value' Sub
) o . ; sequently, however, the impact limit is reached fairly slowly,
if strong collisions are relatively important, then an accurate

L . indicating that the parameters are such that the impact theory
ST prediction strongly depends on an accurate estimate @ o - - . .
> is reaching its limits of validity. This is also discussed later in
the strong collision term.

the context of Ref[4].

In Fig. 6 we plot for the electronic autocorrelation func-
tion the quantity —IhC(t)]/20t (dashed lingas well asC(t)
(solid line) for the joint electron-ion microfield. If the impact
theory is valid, this should béfor large enough timgsa

IIl. THE EARLY BOCHUM EXPERIMENTS C. Quasistatic VS dynam|c ions

Historically, the measurements that started this discussion Figure 7 shows the pure quasistafitt) (solid line), C(t)

were those of Boddeckeet al. [1] produced in a helium obtained by dynamic ions alori@asheg] C(t) obtained by
plasma. The simulations are done for helium ions. These daiguasistatic ions and dynamic electrqdstted, andC(t) ob-
(Table ) remarkably exhibited a plateau, i.e., an intermediat&ained by dynamical electrons and iofgash-dok for the
region of density insensitivity, followed by an increasing |owest density point. lon dynamics does make a difference
width with density region. As pointed out if21] such a here because in the static case the decay of the ionic auto-
behavior would have been inconsistent with our understandcorrelation is stopped by the unshifted component while the
ing of Stark broadening thus far. [21] it was suggested that total autocorrelation function is still appreciable. The quasi-

although an optically thin scenario was consistent with thestatic ion and dynamic electron profile is 43% narrower than
data, so was an optically thick scenario. Subsequébilyt
was realized that the plasma parameters diagnosed coul? | AN R aaadt s RAAR e R T
have been in error because the diagnostics were not taken: A = _<-~—=—~=""77" - ]
the same time as the emission. We thus will not comment 0’9; ST 0 E
any further on agreement between theory and experiment.  03f nfCOVI200(s ) 3
It should be noted that fully nonperturbati{/2l] compu- o7k 3
tations with the joint electron-ion microfieldgreewith the .
ST. These computations treat unitarity issues correctly anc_
are able to account for nonquasistatic ions as well as for any’ ©*
electron-ion coupling. For the comparisons below the simu- o4
lation results are not displayed, as they have already bee!
reported in[21].

—~—

18 3
n=9.27x10 e/cmi
T=10eV

0.3
02

A. Electron-ion coupling o

=
T T T S L W LT [ T

1 L Logool d
Because hlgher denSitidiOl’ing e|ectr0n broadenimg 00 0.01 0.02 0.03 0.04 0.05 0.06 0.017(ps(;.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15
are also associated with higher temperatufesoring ion

broadening, electron and ion broadening are comparable FIG. 6. Nonimpact effects at the highest density for the original
and the independent and joint calculations in Table Il show &ochum experiments.
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 ARRE RARN RN RS R RN RS R LR RRRRS TABLE IIl. Improved Bochum[5] H,, data.
o ;{\ ne2.aa10 Sfem® . T7ey B n(10%e/cm®)  T(eV) FWHM@A)  STA)  SIM(A)
& 0.49 5.77 403+43  19.47 28.1
ol 1) ] 0.53 10.46 45.4+3.8 18.8 34
o 0 ‘\,\\ 1 0.68 6.39 47.4+6.5 25 36.47
° ':\\\ ] 0.99 7.12 53.1465  33.47 44.65
04 \.:\\\ = 1.35 7.82 67.8+2.5 425 56.33
NN ] 1.96 8.4 81.9+5.6 57 69.17
02f \.:_\\ . 2.54 8.34 96.2+9.5 70.45 81.6
SR T - ]
Cei el L ST e e e e D T

O 005 o0 005 02 025 03 035 04 045 05 experiments than the densities reportefilih The only den-

es) sity point in this new set that is comparable to the first Bo-
Ichum experiment yields a width that is in agreement with the
calculations if21] and almost a factor of 2 smaller than the
width reported if1]. As in the original Bochum experiment,
the convolution of the dynamic ionic and electronic profiles.the perturbers are helium ions and the simulations account

For comparison in Fig. 8 we also show the correspondind®' this (see Table II).

graph for the highest density point. In this case, by the time
that the quasistatic and dynamic i@ftt) start to differ, the A. Electron-ion coupling
aL_Jtocorrelgtion functior_l hgs decayed to smaller levels. The Figure 9 shows the pure electr@it) (solid line), the pure
width obtained by multiplying the electro@(t) by the ana- jo, () (dotted ling, their product(dashed ling and the

lytic qu.asis_tatit_: iqu(t) is 66% of the total width, so that ion joint C(t) (dash-dottell Also shown(dash-double dofis the
dynamics is still important. pure quasistatic iol€(t). It should be clear that electron-ion
D. Nonperturbative aspects coupling effects are negligible and that ion dynamics is im-
portant. Already at=0.2 ps the dynamic and quasistatic ion
(t) are quite different; howeuver, it is electron broadening

FIG. 7. lon dynamic effects at the lowest density for the original
Bochum experiments.

The calculations have been repeated with electrons onl

but this time excluding electrons with impact parameters an . .
velocities such thapy =5%/m. Even at the highest density, hat alleviates these differences. Table IV shows the FWHMs

calculations with py=5h/m and pv=9:/m give a full obtained by a joint_ elect_ron-ion_ calculation, by indep.endent
width at half maximum(FWHM) of 85.8 and 72.14 A, re- electron and ion simulations with a subsequent_proflle con-
spectively, compared to the full electronic FWHM of 9é.5 A. YOIUt'On’ gnd also the pure electrqnlc FWHMS?' Itis clgar that
Therefore nonperturbative effects are generally not too imions prowde most of t_he broadening for _aII points. Th|_s could
portant for this data set, haye been inferred without any calculgtlon from the f|r_st two
points, e.g., had electrons been the important contributors,
IV. IMPROVED BOCHUM EXPERIMENTS then the second point should yield a widtmaller by 25%
instead oflarger by 12%, just by virtue of th@~*? electron
width dependence. The ionic dominance over electrons is by
5§ ratio of 2:1 for most points. For example, at the lowest

The previous experiments were later repeat®H with
improved diagnostics. Lower densities were reached in the

] I g T T [T T T IRAREERERE: =
091 18 3 - ]
Y n=9.27x10"" e/cm ] 09 F N
0.8 :—\ T=10eV _: E\\ clectrons n=4.9xl()17e/cm3 E
0.7 —“ = 0% _\} T=5.77 eV E
F Y 3 07E W E
06 = o \‘1 3]
F 1 ] 0.6 \ ‘ independent electrons and ions =
Sosf A \ 3 B\ 3
EooA ] SosF . -
04 %y \\ e O F AR ]
o ] F AN  atic § ]
E \ \\ ] 04F WS - quasistatic ions 3
031 NN = F Yl e AONG 3
E "':,\ >N ] 03fE N RS dons T AN T T E
02F “ S~ . “E AN ]
£ . ~ 7 F ARY S 1
E AT Se—— ] 02 AW N —
0.1 Sl T T —— - F N ~ 7
E ~le T T T —— - Foo NVARS 7
P P U BT B e S VR ST IPYFR SR RPN, 01 joirit SR~~~ < _ ipdependent electrons and quasistatic Toms
0 0.02 0.04 006 008 0.1 012 014 016 0.18 0.2 0.22 F S el 3
ps) P SN R PUUT P PP e di s - £ 22 Bty B X T PR
1.

0 01 02 03 04 05 06 07 08 09 1 11 12 3

FIG. 8. lon dynamic effects at the highest density for the origi-
nal Bochum experiments. FIG. 9. Coupling effects and dynamic vs static ion behavior.
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TABLE V. Improved Bochum [5] electron-ion coupling L UL R AR R RN AR RN AL RERR LRLRE RARRE AR
effects. 09} 3
31 ]
n (10¥%e/cm®) T(eV) JointA) Independerd) EI(A) o8 _\:\\ E
07F 17 =
0.49 5.77 28.1 31.95 8.93 06;_ \\‘t n=4.9x10  efor® 3
0.53 10.46 34 35.82 825 _ F AL T=5.77eV ]
0.68 6.39  36.47 38.88 11.7  S%%¢ \\\'\\ E
0.99 712 4465 50.6 1586 “E \\ Tl ONC e E
1.35 782 5633 59 20.3 NN ]
1.96 8.4 69.17 77.37 27.6 oz \\\\'lx E
o e ]
2.54 834 816 88.16 3177 b NS 3
ok T TR T it st o Tt P e S bvHeets:
0 01 02 03 04 05 06 07 08 09 1 .1 1.2 13

density a pure iorino electrongcalculation gives a FWHM ps)

of 20.28 compared to a 8.93 A pure electrémo iong
FWHM. It is interesting to note, for example, that for the
second poinfT=10.46 eV, almost twice the temperatuie

=5.77 e\ of the first; as a result ions are more dominant and . . .
electron-ion coupling effects even weaker than the first pointare differences betweel) and (€). The widths differ by a

as expecte@25-27. factor of 2.5.

FIG. 11. lon dynamic effects at the lowest density for the im-
proved Bochum experiments.

D. Nonperturbative aspects

B. Nonimpact electron effects The calculations have been repeated with electrons only,

Figure 10 plots the total autocorrelation functiésolid  but this time excluding electrons with short impact param-
line) versus time for the highest density point[iB]. Also  eters where unitarity is an issue. Even at the highest density,
shown(dashed lingis —IN[C(t)]/10t in ps* for electrons. It  calculations withpv =5//m and pv =94 /m give a FWHM
is seen that nonimpact effects are limited to times less thanaf 30.6 and 27.5 A, respectively, compared to the full elec-
approximately 0.01 ps for which time3(t) are larger than tronic FWHM of 31.77 A. Therefore nonperturbative effects
0.9. Consequently, the use of the impact approximation foRre not too important for this data set.
electrons is well justified.

E. Theory vs experiment

C. Quasistatic vs dynamic ions Compared to the usual excellent agreement between ex-

. ) . periment and simulation, agreement between theory and ex-

Figure 11 plots for the lowest density poiri®) the pure o iment is not good, with the experimental values system-

electronC(t) (solid), (b) the pure dynamic ioiC(t) (dotted,  atically higher than the theoretical ones. The reasons are not

(c) the total dynamidC(t) (dashedl (d) the pure quasistatic clear and it is not at all clear either whether they are related
ion C(t) (dash-double dotand(e) C(t) with dynamic elec- o similar (actually worsg discrepancies for nonhydrogenic
trons and quasistatic iortdash-dottefl For long times there jon lines[17-19,28—30 It would appear that further mea-

surements may be required to check both theoretical and ex-

L N L L BN IR B perimental consistency. One way to do so is to try to make
09 n=2.54x10' > efenr’ 3 contact with established theoretical and experimental data.
osk T=8.34eV E For instance, consider the measurement in Fig. 6 of Wiese,
“F 3 Kelleher, and Paquet{8l]. The FWHM was measured at a
07F \ LTI 'i ————————————— -~ density 5.7 timedower than the lowest density point ifb]
06F / . E and a temperature also lower by a factor 5.35 to be about

- F/ AnICOI00 (ps) 1 8.7 A. The perturbing ions were argon instead of helium. For
SR 7 this case our simulation calculations obtain a FWHM of
04l = 8.2 A, in agreement with the experimental values. At these
0.31L E parameters the electron and ion widths are 3.4 and about
] 4.8 A, respectively. lons areot static. If we extrapolate to
°2F E the lowest density point ifi5] using linear density scaling
of 3 and inverse square root temperature dependence, we would
OE,,,,|,,,,|,,,,.,,., ] have an electron width of about 8.4 A, that is 2.5 times
0 0.05 0.1 0.13 02 025 higher, consistent with our calculations in Table IV. How-

ps) K . . . . : .
ever, for ions scaling is not that simple in this regime be-

FIG. 10. Nonimpact effects at the highest density for the im-cause in the ion-dynamic regime ions scaling is much less
proved Bochum experiments. well-known and more complex than electron scaling. Fur-
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FIG. 12. Electron-ion coupling. FIG. 13. Nonimpact effects for the Flih-Vitel experiments.

thermore, there is competition: the presence of lighter iongronic —INC(1)]/10¢ in ps™. The impact limit sets in for
(He instead of Ar and higher temperatures would make thetimes around 0.05 ps, at which tin@(t) has dropped to
ions less static, while the higher density would make thenmearly 0.6 and is downright bad for less than about
more static. Nevertheless, even if we assume that the effec015 ps, at which tim&(t) has dropped to 0.8. Thus non-
of the lighter ions and higher temperature would be to proimpact effects might play a role for all experiments in this
duce a(maxima) linear density scalingi.e., ion-impact re- set. However, because in the important interval 0.02—0.05 ps
gime), we still would not be able to produce a 32 A ion the quantity —IiC(t)]/t is close to its impact limit, nonim-
FWHM to match the experiment. Hence the present resultpact effects are not dramatic. Regarding electron-ion cou-
appear to be incompatible with established experimengpling, the nonimpact electron part couples to the ion field,
benchmarks and it might be interesting to repeat the experihereby enhancing joint-independent calculation differences.
ments with less differences from the RE31] experiments,
e.g., lower densities and/or Ar driver gas, lower tempera-
tures, etc. These could serve as small, safe steps betweenFigure 14 shows the pure quasistatic autocorrelation func-
established experiments and the values reporté¢8]irwith  tion C(t) (solid line), C(t) obtained by dynamic ions alone
regard to the lowest density point, it should be noted thatdasheg C(t) obtained by quasistatic ions and dynamic elec-
other simulations[32] at a slightly lower temperature of trons(dotted, andC(t) obtained by dynamical electrons and
about 4 eV and an electron density ok80'" e/cm® also  ions (dash-dok By the time that the quasistatic and dynamic
give a substantially lower width 30.6 A than the one reportedon C(t) start to differ,C(t) has decayed to very small levels,

in [5], 40.3 A. This behavior is also seen with the frequencyso that ion dynamics is practically not important.
fluctuation methodFFM) [5].

C. Quasistatic vs dynamic ions

D. Nonperturbative aspects

V. THE ELIH-VITEL EXPERIMENTS Th(_a c_alculatlons_have been repea_ted with electrons only,
but this time excluding electrons with impact parameters and
These experiments achieve the same densities as the

higher density points of the improved Bochum experiments, W~ T "1 " T "1 "1 T "]
but at substantially lower temperatures, between 1.4 anc oof\ %3 3
1.8 eV. The quasistatic ion approximation is not in doubt _ f \ L0 oo E
here. L \ T=1.46 eV ]
0.7E \\ \\\ E
A. Electron-ion coupling 0'6;_ \.\\\ \\\ _
Figure 12 shows the pure electr@it) (solid line), the ~ & °°F ‘\\ \\\ E
pure ionC(t) (dotted ling, their product(dashed ling and 04F N \\\\ =
the jointC(t) (dash-dottell The width difference is 11%. At ,5E RN s 3
least a part of the reason is discussed below. b \'\\\5;\ T ]
i: e 5
B. Nonimpact electron effects 0'15_ | | | | M“T"‘-‘-‘-T:.—__,__:;
In these experiments the impact approximation is starting  °© 0.05 01 e 025 03
to be insufficient. In Fig. 13 we pldsolid line) the totalC(t)
for the lowest density point in the set as well as the elec- FIG. 14. Dynamic vs static ion behavior.
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TABLE V. Flih and Vitel [2] H,, data. TABLE VII. The Escarguekt al. [4] H, data.

n(10*e/cm?) T(eV) FWHM (A) ST(A) SIM(A) n(108 e/cm?) T(eV) FWHM(A) ST(A) SIM(A)

1.12 1.46 49 43 43.68 2 0.68 85.2 60.7 61.9
1.45 1.58 58 52.16 52.84 2.4 0.73 92 69.3 69.6
1.6 1.67 68 56.2 56.1 2.7 0.73 93.5 74.64 71
2.02 1.766 81 66.73 64.52 2.8 0.734 95.4 76.38 75.26
3.9 0.767 111.8 94.66 90.4
6.2 0.8617 147.3 128.81 118

velocities such thapv =54/m. Even at the lowest density,

calculations withpv =5%/m and pv =9 /m give a FWHM

of 20.16 and 14.76 A, respectively, compared to the fullnonimpact, as shown below. It is interesting that in spite of

electronic FWHM_o_f 25.2 A. Therefore nonperturbative ef- the stronger coupling for the higher density parameters, the

fects are not negligible. difference between the joint and independent widths is
roughly the same 19%.

E. Theory vs experiment

In spite of possible experimental problems for this data
set[5], agreement with simulations is generally no worse
than for the previous data set. Defining

B. Nonimpact electron effects

e
VI. THE UNDERWATER EXPERIMENTS Q(t) = 4.5V/§4Ek—a2, (2)

7TEO

These experimentsd]| are characterized by a very cold . . .
Xperl 5] 'z y a very with k corresponding to the& (solid line), y (dashegl andz

(T<1leV) plasma and densities in the rang@-6 (dash-dotted linecomponents of the total electronic electric
8 : -
X 10 e/c. Griem [14] and Halenke{12] have analyzed field, in Fig. 17 we plotQ(t) vs time for one configuration.

this experiment and pointed out a number of problems; _ ;
Among them the density determination is especially prob_Q(t)_flgures indU/dt for the upper levelhence the factor
.5y8 for thel=0— =1 radial matrix elemenjsin any case,

lematic. Nevertheless, we quote theoretical values in Table$ . _ ¢
V-VII. Agreement is poor and this has to do with the experi-the numerlcal_factors are not th(_e important thing here and
mental problems. For instance the lowest density point'hat matters is the temporal variatjorit may be seen that
agrees with the highest density point of the previoug 2pt smooth features exist on a time scale that is not much less
The widths also agree, but the temperature in this experimerf@n the lifetime ofC(t), which is no more than 0.1 ps. Ac-
is smaller by a factor larger than 2. Hence this would implyc0rding to the derivation of the impact approximation, for
a temperature insensitivity, which is at odds with fié’2 ~ €xample in[6] or the Appendix of33], finding an interme-
temperature dependence for electron broadening. It is simpf@até timeAt on which we can take averages becomes prob-
to verify that electrons dominate the broadening, as ions ar€matic. _ _
quasistatic and hence cannot broaden the central component. [N Fig. 18 we plot for the electronic autocorrelation func-
In Fig. 5 it is demonstrated that perturber-perturber interaction the quantity —IiC(t)]/20t (dashed ling as well as the
tions might be of some importance. total C(t) (solid line). If the impact theory is valid, this
should be(for large enough timgs a constant, consistent

A. Electron-ion coupling

DO LS o e e e e

Figures 15 and 16 display the pure electi©ft) (solid
line), the pure ionC(t) (dotted ling, their product(dashed
line), and the jointC(t) (dash-dotted Compared to previous R 3
experiments, a deviation is now clearly visible between the o7f- \\ ol

0.8

independent and joint calculations. However, this is due to ,f T=0.68eV
the fact that a substantial part of the electron distribution is_ [ \\
=05 = \\
° o A \\\
TABLE VI. Flih and Vitel [2] electron-ion coupling effects. 04E ‘Q.\ Tl
E A\ T
03 N\ T
n(108e/cm®)  T(eV) JoinfA) Independerd) EIA) sk \\\-\ _____________
2f NG S
1.12 1.46495  43.68 48.87 25.2 01| N 3
1.45 1.58 52.84 57.04 30.25 N S T D TP st e D e e ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
1.6 1.67 56.1 64.9 34.72 )

2.02 1.766 64.52 70.9 37.72

FIG. 15. Electron-ion coupling effects.
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FIG. 16. Electron-ion coupling effects. FIG. 18. Nonimpact effects at the highest density4h

with the impact formC(t) =exp(-®t). Of course for short ion simulation which is narrower than the corresponding in-
times the impact theory is never valid. It may be seen thatlependent result.

this form is achieved fot>0.02 ps. However, from Fig. 16

we see that fot=0.02 ps,C(t) has already decayed to 0.5. D. Nonperturbative aspects

This means that nonimpact effects are important here and the

impact theory needs to be dropped for the parametef4]in The calculations have been repeated with electrons only,
(see Table VII). but this time excluding electrons with impact parameters and

velocities such thapv =5//m. The electronic width at the
highest density is now 49.6 A, compared to 85 A when such
collisions were not excluded. Corresponding calculations
Figure 19 plots the quasistatic pure i@t) (solid), the  wijth pv =94/m gave a FWHM of 24.6 A. Even at the low-
dynamic pure iorC(t) (dasheg, andC(t) with dynamic elec-  est density calculations witpy = 5%/m and pv = 9%/m give
trons and quasistatic ior(glotted as well asC(t) with dy-  a FWHM of 25.7 and 14.76 A, respectively, compared to the
namic electrons and ior(slash-dox Again, for the times for  full electronic FWHM of 40.4 A. Therefore nonperturbative
which the full C(t) is appreciable, the differences betweeneffects are quite important for this set.
the quasistatic and dynamic ions is small. The final width
difference is 4% with the electrons+quasistatic ion calcula-
tion giving the larger width. This may seem strange, given
that ion dynamics will not decrease the width. However, the  one theory that has claimed very good agreement with
calculation labeled electrons+quasistatic ions involved congne high density experiments is the so-called “advanced gen-
volving the pure electronic with the APEX-integrated quasi-gralized theory”(AGT) with various add-ons. The name
static ion profiles and hence is an independent electron-iofyoyid seem to be unfortunate, as it is definitely not general
calculation, while the fully dynamic result is a joint electron- (for instance, since it is tied to the choice of a parabolic
basis, it does not generalize to arbitrary emitters and it also is
R unable to handle a nonquasistatic ionic componant it is

C. Quasistatic vs dynamic ions

VII. “ADVANCED GENERALIZED THEORY”

2000 }' T 18 3

ook noag e E very unclear with respect to what it should be considered
3 “advanced,” especially since there exist a number of much

1000 &~ 1 more advanced theories and methods than the AGT, such as

500

TABLE VIIIl. Escarguel et al. [4] electron-ion coupling

é ¥ > 1 effects.
& s 3
1000 ;'_ E n(108e/cm®)  T(eV) JointA) Independerff) EI(A)
sooft E 2 068 619 65.1 41.3
22000 g __ 24 073 696 745 461
i T 2.7 0.73 71 79.5 48.9
_25000 0.02 0.04 0.06 0.08 0.1 0.12 0.14 2.8 0.734 75.26 81.64 51
o9 . . . .
3.9 0.767 90.4 101.87 64.6
FIG. 17. Typical microfield variation for the highest density 6.2 0.8617 118 138.63 85
point in[4].
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S NAARE AR A R R AL R R LR R interaction volumea sphere with radius of the order of the
09\ 3 screening lengthduring the time of interedia few times the
o8 E_\\ E inverse HWHM of the ling regardless of how far they are at
BN E t=0. Furthermore, it has been known for a long tif22]
O7TE N 5 3 E that statistical noise hasothingto do with the number of
oo L N\ n=2x10" ¢feni 3 particles simulated per configuration and everything to do
- EV N To06R eV E with the number of configurations averaged over. Conse-
COE \-\ NN E quently, such concerns about the applicability of simulations
04 Y ST 3 for dense plasmas are definitely unfounded. On the contrary
sk % \\\ E because the relevant time scale and the shielding length
: RN T~ 3 shrink and less particles need to be simulated, such simula-
021 \\\~\\ B tions are quite fast. Their main problem is a semiclassical
o1l hy E treatment of electrons and also possibly perturber-perturber
;. L .TI\T:‘_.‘I.T.‘FITT‘-FF-I-—\:-T-I-: - 3 interactions, which require a molecular dynamics rather than
0 005 01 015 02 025 03 035 04 045 05 an independer(guas)particle simulation. Of course, none of

es) the theories considered in this work and generally employed
in practice includes dynamic perturber-perturber interactions.
In [41] an attempt is made to argue that simulations are ill-
the well-known Pfennig-Lisitsa-SholiRLS) [34,35 analyti- ~ suited for shift calculations as well as to imply a change of
cal fully nonperturbative solution, the unified thedB6,37,  opinion by the present author on the reliability of shift cal-
and joint electron-ion simulations. Even the ST is at leas€ulations. Although Ref[41] is too delusional to be taken
consistent in the assumptions and approximations it uses. seriously(for instance, it argues that a collision with a zero

The AGT essentially includes th@resumed statjcion ~ interaction is strong, and tries to refute a number of things
field, taken to define the axis, plusz component of the that were never stat@dt introduces several misconceptions

electronic field in the unperturbed Hamiltonian. Perturbationff@t should be addressed. For instance, there has been no

theory is used for the andy components of the electronic statement to the effect that shifts may be reliably calculated

field. This is of course not consistent in the sense of a powe?érSIn?#I?;?ennS{ aljtjll??aséo?\)/s ttr;% prr%?é?]tt ZUtt?]%rr' r% r; trr;e eczgtr;,;j
expansion in the emitter-electron interaction, as it keeps a@‘ Y P P u P

X : ' nd documented the problems in shift calculatiph3,42.
orders from the dressing factor associated withzleempo- : : « y
nent of the electric field and only the second order from th The point was simply that the argument that "because a small

Shumber of perturbers is simulated the results are not statisti-

x andy components. Furthermore, the convergence of thig,)y meaningful” presumably is also applicable for widths,
theory for the lateral componentthough not for the central  gince widths and shifts arise from the same calculation, in

componentwas taken as an indication that one could inte-yhich case it is not true. The problems with computing shifts
grate down to O impact parameters, neglecting the problemgy practical use have to do not with simulation nofaich
mentioned in the Introduction. Of course just because gnay be reduced and/or boundetut with effects not nor-
theory is convergent, does not make it right: For instance thenally accounted for and often not known experimentally
new “penetrating standard theor§PST) [38] is also conver-  [42]. However, an easy, simple, and exact result for shifts is
gent, not just for the lateral components, yet it is not correcthat in the case of hydrogen, without fine structure, with only
for low enough velocities, where unitarity breaks down fordipole interactions and with density matrix factorization, the
large enough impact parameters. shift is identicaly zero, as discussed below.

The problems with the AGT arise on many fronts: First Second, the theory leads to predictions of nonzero dipole
[8,14)], its application to intermediate densities has led toshifts for hydrogen lines in the no-quenching approximation
significant discrepancies with benchmark simulation calculaand with the usual density matrix factorizatipt8]. This has
tions [22] with the collision-time statistics methd@®2,39, been shown to be in error, both numericdtly?] and analyti-
which treat exactly the full joint electron-ion microfield and cally [13]. Third, the AGT is also an impact-based theory,
furthermore findno electron-ion coupling, that is the line hence it cannot properly account for nonimpact effects which
profile thus computed is in excellent agreement with the prowere shown to be important for R¢#], for instance. In Ref.
file obtained by convolving the electronic and ionic profiles.[41] it is argued that the AGT is in principle able to obtain
In the present work we add further weight to this importantnonimpact results. This may be as true as the fact that the ST
point by demonstrating that the benchmark simulations showan obtain nonimpadbut still binary results if generalized
no important electron-ion coupling, that is the simulationsto the unified theory, but the simple point is that tedcu-
with the joint electronic-ionic microfield produce the samelations in the AGTthat achieve “agreement with experiment”
width as the convolution of the independent ionic and elecwere done using thempact form of the AGT. Last, to
tronic profiles, as demonstrated earlier. achieve agreement with experiments, the AGT needed to in-

In a recent publicatiof40] the opinion is expressed that troduce two more effects, i.e., a residual ion impact width
in simulations for dense plasmas where a small number dfl0] plus a narrowing effect due to the nearest-neighbor ion.
particles is simulated the results are not statistically meanthese effects are also incorrect as has been already discussed
ingful. This is manifestly incorrect, as the collision-time sta-[8,14] and as analyzed in detail elsewhédd,45.
tistics method[22,23 currently employed in simulations In short, although an electron-ion coupling may be of
only simulates those particlesat will find themselves in the some theoretical interest, simulatiof5] indicate that such

FIG. 19. Dynamic vs static ion behavior.
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a coupling is negligible for the parameters of interest to thedielectric response effects. Qualitatively, sirjdé] the im-

experiments in question. pact approximation yields themaximumpossible width(all
particles contribute in an additive manharonimpact effects
VIIl. COMMENTS will tend to reduce the final width. Although in general all

. ) _the above effects need in general to be included in a robust
In general, although all experiments discussed are consigneoretical framework for high density line broadening, the

ered “high density,” they probelifferent regimes, for in- regyts of the present investigations are that exotic and incor-
stance, ions still dominate at the lowest densities consideredgct “effects” are neither warranted, nor theoretically justi-

while electrons dominate at the higher density colder plasgjeq.

mas. In additiondifferentphysics is important for the differ- Finally, a very interesting question is “At what plasma
ent experimental sets, for instance, at the cold plaj®d$  parameters does an independent particle model become inad-
nonimpact effects and perturber-perturber interactions mayqyate7And molecular dynamics simulations will be neces-
be relevant, which is decidedly not the case for the highsary)” |t is not entirely clear if dynamic perturber-perturber
temperature setfl,5]. Some of the experiments reviewed jnteractions will have a significant effect on the final widths

here may be viewed as scratching the surface of the excitingnq jn which directior(i.e., increase or decrease the widths
area of strongly correlated plasmas. At high densities, a numis effect will be.

ber of ST assumptions need to be examined. Apart from

penetration such effects are nonimpact efféces, a part of ACKNOWLEDGMENTS

the electron perturber phase space becomes nonimpact

quantal effectgthe contributions from impact parameters of  Useful comments by H.R. Griem, J. Halenka, and W. OI-
the order of or smaller than the de Broglie wavelengdmd  chawa are gratefully aknowledged.
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