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Breakdown of the line-space concept in Stark broadening of spectral lines by plasmas
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A study is presented that proves that the standard model for calculation of line shapes, e.g., transitions from
nl ton’l’ must be modified to include levels from higher principal quantum number manifgidsn’. This
becomes particularly important in the study of transitions without central components, exhibiting a central
minimum, as the effect of the higher states is to cause a filling in of the central minimum. An analytic
derivation is provided and detailed calculations are performed to illustrate the effect.
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INTRODUCTION tally attainable plasma condition and thus provides an ideal
test case. The detailed calculation is performed for two case-

In the study of the Stark broadening of spectral lines: one uses the standard selection criteria for the perturbing
shapes, the role of the low-lying resonance series membegsates, i.e., only the=3 levels, while the other uses time
of hydrogen has been critically important since these transi=3 levelsand levels from higher PQN states. This shows
tions are easily observable and they possess simple enoulfte effects of the inclusion of the higher levels.
atomic structures to allow detailed calculatidris2]. Thus We next discuss the reason why the inclusion of the
we find numerous detailed studies of the lihes, L3, Ha, higher levels affects the central portion of the line profile.
H . In these studies there have been many effects discussetf)is discussion is carried out using a model of the upper
such as the electron broadening operators, the ion microfielgnanifold represented in a Stark basis set. The analytic model
effect, the quadratic Stark effect, and the quadrupole interad0t only shows agreement with the calculations but also
tion[1,2], as well as the role of ion dynami¢see, e.g.[3,4] shows that there will be a temperature-dependent aspect to
and references therdirin most studies the upper manifolds the effect.
of these transitions, i.e., the subset of the atomic states that Finally, we show that the effect of the higher POQN is
are included in the broadening calculations, are limited tdmportant in previously observed spectra and note that the
include states of the same principal quantum nuntB&N). effects are significant even when the central region of the
Thus’ for examp|e, when one calculates mtransition the line is not a local minimum. To illustrate this we compare
broadening of the upper state is usually limited to the interOur theoretical results with the experimental resfi on
actions from then=3 manifold. For arbitrary spectral series, hydrogen Balmer series, and comment on the size of this
this approximation is known as the concept of the line spacéffect in the detailed calculations of tHea transition f
(also known as the double-atom spgeehich is restricted to =3 t0 4 of Hel measured and calculated over several order
the direct product of the upper and lower manifolds. of magnitude.

In this paper we demonstrate that going beyond this ap-
proximation dramatically affects theentralarea of line pro-
files. This leads to the need for the revision of a variety of the
experimental data, especially while searching for manifesta- We illustrate that the standard assumption used in spectral
tions of ion dynamics in the line center. The present studyline broadening, that the perturbations due to PQN beyond
shows that a basic assumption used in the standard linthat in the transition are incorrect, lead to discrepancies in
broadening breaks down and makes the central feature of thiee line core. To do this we present calculations of ith#
profiles very susceptible to the effect due to higher-lyingtransition of hydrogen. We select this transition as it is the
states. Although the effect of higher-lying states has beesimplest atomic structure that has a minimum in the central
incorporated in some codgS—7], it was counterintuitiveto  part of the line profile and allows ease of comparison with
believe that the effect would occur at the central part of theanalytic estimates that are contained the next section. Fur-
profiles. This paper proves that this does in fact occur byther, by using a member of the Lyman series we are ensuring
computational examplgemploying essentially the same that the lower state broadening is obviated. In any other type
code as in[5,7]) and then explains the counterintuitive re- of transition, for exampléd 8, there would be complications
sults analytically. due to lower state effects.

In the following we first show a detailed numerical calcu- These calculations assume that the plasma is in local ther-
lation of theLB transition emitted from neutral hydrogen modynamic equilibrium, which is not critical to the conclu-
immersed in a plasma at a temperature of 3 eV and an elesion but makes the calculations of the those ingredients of
tron density of 2 10'® cm™3. This is a standard experimen- the line-shape formalism simpler. The line-shape computa-

CALCULATIONS OF THE LB LINE

1063-651X/98/58)/2441(5)/$15.00 PRE 58 2441 © 1998 The American Physical Society



2442 RICHARD W. LEE AND EUGENE OKS PRE 58

120 N, =3x10'® cm

ks
—n,=

T,=83eV
3 only
FA ~—— n,= 3to4
100 |- 1 -5 n,= 3105 g

Intensity

Ratio of Intensities (n=3 only) / (n=3,4,5...)

T=10eV

o7k

o Jo3) nA OO O T T PO S S S S AR T BRI
12.090 12.092 12.094

12.07 12,08 12.08 12,10 12,11 12.12

Energy (eV) Energy (eV)

FIG. 1. Profiles of theL3 line of hydrogen calculated dt, FIG. 2. Ratio of thelL 8 line profile calculated for the standard
=3x10cm 2 and T=3 eV. The upper manifold includas=3 n= 3 level only case to that calculated with the upper state manifold

levels (thin line); n=3 and 4 levelsbold curve; n=3, 4, and 5  including all states froon=3 to n=10 for No=3x10"® cm™>.
levels (line with the circles. Dashed lineT=3 eV; solid line,T=10eV.

tion of the emission including a large number of PQN, as we=5 manifold. Calculations were carried out for the limiting
are interested in here, requires an efficient method for thgase and it was found that the differences in the line profiles
treatment of large level arrays interacting with a perturbingyhen PQN up tov= 10 were included differed by3% from
Stark field. A single radiative transition of a highly ionized those when the=3 and 4 principal quantum numbers were
emitter may, typically, involve at least 20 states in the lowerjncluded.

and 50 states in the upper subspace. In addition, the prob- pyrther, we performed similar calculation, as above, but
ability distribution of the plasma ion microfield perturbation changing only the temperature to 10 eV. The idea here is to
commonly requires 50 or more ion microfields, and this re-map the trend of the modification due to the change in tem-
sults in a basis that can involve more than 50 000 states. Theerature. In all respects the qualitative differences in the pro-
model used here has been formulated to permit calculationies due to the inclusion of the higharstates are the same
of the spectra emitted by an arbitrarily complex atomic strucin the 10 eV as can be seen in Fig. 1 for the 3 eV case. There
ture perturbed by very general plasma environmgBitsThe  are, however, quantitative differences and these are shown in
computational approach to modeling the shape of the spegzjg. 2. In Fig. 2 we show the ratio of the line profile for the
tral lines emitted, used in the following, begins with a con-gstandardn=3 level only case to the line profile calculated
sideration of the time-dependent coupling of the emitting ionyith the upper state manifold including PQN 3 to 10 states.
with the plasma environment. The first step in the procedurerhis jine profile ratio is then shown for two different plasma
is to remove the time dependence in the plasma-emitter inemperatures, 3 and 10 eV. It is seen that the inclusion of the
teraction. This is performed through two assumptions. Firstpigher n levels dramatically increases the intensity at the
the perturbing plasma ions are considered to be stationafynperturbed wavelength: by 42% B3 eV and by 59% at
and, second, the effect of the plasma electrons on the emif-= 10 ev. Further, one observes that the effect of the inclu-

ting ion is taken to be perturbative in nature due to their shorion of the highem levels is larger as the temperature in-
collision durations with respect to the average lifetime of thegreases.

emission process. In the standard theory of Stark broadening

of spectral lines, this is customarily referred to as the quasi-

static ion, impact-electron approximation. The result is a ANALYTIC MODEL
spectral line shape with separate inhomogeneous ion and ho-
mogeneous electron contributions. The line profile becomes
a pure sum of independent electron impact broadened static
Stark components.

In Fig. 1 we show tha g transition of hydrogen emitted
from a plasma with a temperature of 3 eV and a density ofn our analysis we use the basis of the parabolic wave func-
3x10% cm3. First, the thin solid line profile arises when tions (WF’s) and the atomic unitsi=e=m,=1 (unless
the upper manifold is restricted to time=3 levels of hydro-  specified. In parabolic quantization the energy is given by
gen, as in all other calculations to date. Second, the bol&,,=3nqF/2, where q=n;—n, and a=(q,m) with
curve is when the upper manifold includes tive 4 states in  ny,n,,m being parabolic quantum numbers. We consider the
addition to then=3 states, and the line with the circles is Hamiltonian in two manifolds.
calculated with then=3, 4, and 5 states included. Note a  The first manifoldM (n) is a subspace corresponding to
large change in the profile near line center: the dip is reduced particular PQN (n=n, for the upper level on=n,, for
substantially by the inclusion of the higherstates. The in- the lower level. We note that the direct produdfl,(n,)
tensity at line center is increased by 40% when the highe® M ((ny) is the so-called “line space” used for calculation
PON are included. But one can easily observe that there is af line shapegsee, e.g.[1]). The Hamiltonian is diagonal in
small additional effect due to the addition of levels in the M.

The Hamiltonian of a hydrogen atom in a static fi€ldls

H=Ho+zF. 1
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The second manifold/, is an extended space including  Third, the maximum ofS (Aw) is displaced bydw
all levels with the PQN frorn=1 to n=n,, Wheren,,,, ~KF;. So, the profileS;(Aw) reaches its maximum at
>n,. The diagonalization oH in M, results in WF's¥,,  Aw~0, whereS (0)<S">. Thus we need to compare the
that are superpositions of the unperturbed parabolic WF'galues of S and of S (0).

e w =3,.cr w® - where |CI* <1 for To estimateS, (0) we approximate the profil& (A w) of

(n"a")# (na). each lateral component as a convolution of the Lorentzian
For the static Stark effect there is a perturbation series imnd the Holtsmark distribution,

terms ofn*F<1, so that|C;; ,|—n*F<1, (n'a’)#(ne). .

Employing instead of its averageF; over the Holtsmark 3(Aw)~fi7-,—1j dF W(F)y/[ y*+ (Aw—K;F)?],

distribution 0 )

Fi=(F)~8.8\%", (20 whereK; is the Stark constant of the individual component
and f; is the relative intensity of the individual component
we obtain (relative to the intensity of any allowed component averaged
over the same line, so thét;)=1). Employing the inequal-
~nF~1IX107 5NN (cm3)/109)28 (3) ity y<KF; we obtain S (0)=2"3§(0)~ yF 3K >
~yFl’2/K, where we used the fact thigg,,~K. The electron
For n=3 and the ion densitN=3X10'cm ™3 we get impact width y here can be approximated as-y 0.5

~ —272 _ :
|C ,|~2x10"3, indicating that higher PQN would seem IN(Qwe/ @pg) ]~ ys IN(K"TYIN), where Qye~T/K is the

n/a/ - . _
to be unimportant. Thus, although the relative difference beglectron Weisskopf frequencyy, is the plasma electron fre

tween intensitiesf; and f, of some Stark component quency, andys is the strong collision contribution: y

, ~K2N/TY2,
nya<n,B calculated iV, andM, seems to be of the order To estimates]™ we setk; =0 in Eq.(5) and multiply the
Af/f=2|f,—f,)/(f1+f,)~|Cl" |, the simulation resulted . a2,
, n'a integrand by the factofy~4K*F<:
in the Af/f on the order of 50%.

This apparent discrepancy can be resolved by three obser- max N 5
vations: (i) the higher PQN cause dipole forbidden central Sy —4K fo dF W(F)F/y. (6)
components to appeatii) the central component will be
substantially narrower than the allowed lateral componentsphysically, the integration should be truncated at the field
and (iii) the lateral components have small contributions akgrength F,,, where spectral lines merge, ie., &,
line center. L _ L . ~K™%2 The primary contribution to the integral originates
In more detail, first, the higher PQN mixing, which from the fieldsF~F,,. However, at these fields, the splitting
occurs for M, basis results in a central componentpeyeen the adjacent Stark sublevelF)~KY2F exceeds
of a nonzero intensity, which is controlled by the follow- o plasma electron frequency,, for densities N,
ing mﬁgixzoelimfnﬂzé(%g;“|2%%cl>§(2§88)(0)+ Cé.(l)g(zg(zjg)(o”z <(16mnd) " (the latter inequality translates into the usual
=2C30d 2000 I?~4K*F?|(2509 ©)|%. HereK is the abso- ynits as No<2x 10" cm™ for n,=3 and as Ne<2
lute value of the constant of the linear Stark effect averaged 108 cm~3 for n,=4). Under the condition(F)~KY2F

|Cna

n"a’

over all components of the radiative transitiog— ny, >wp the electron impact width becomes field-
dependent and can be estimated agF)~y.{0.5
K=(3/2)(|naG,—Np0gl)~(nZ—nj)/2. (4)  +In[maxQye/w(F),1)]}~ v 0.5+ In[maxK *2T/F,1)]},

where we keep the strong collision constant 0.5 since here it
can be comparable to the second term. Using the fact of the
relatively weak dependence ¢fon F, the integral in Eq(6)

can be estimated as follows:

This is true for any hydrogen line that would not have a
central Stark component in the linfit— 0, which constitutes
50% of all hydrogen lines.

Second, the profil&y(A w) of the forbidden central com-

Fm
ponent is significantly narrower than the profig(A ) of Sg‘ax~[4K4/y(Fm)]f dF W(F)F?
the rest of the lindhere the suffix. stands for “lateral’). 0
Indeed, for densitiedN<10' cm™2 and n,<6, the half- 4 320112 gy 11/4 312
: ' ~[4K* y(F ) JFYF pe~ 4K E
width at half maximum{HWHM) for the central component [ Y(Fm) P 1 7s
is controlled by the electron impact broadening while the X{0.75+ In[max KT,1)]}.

HWHM for the rest of the line is controlled by the linear _ o o
Stark broadening in the ion microfields, so that HW§IM  Thus the ratioSy'®7S (0), characterizing the relative in-
~y<HWHM ~KF,, wherey is the electron impact width crease of the intensity at the very center of the line due to the
averaged over all Stark components of the line Badvas  inclusion of the highen levels, becomes

defined by Eq(2). Therefore the intensity at the maximum N N

of the profileSy(Aw) is ST™~S,(0)~(fo)/y while the inten- e=57"15.(0)~8.1X 1°N*T{K 0.5

sity at the maximum of the profileS (Aw) is S +In(max KT,1)]In(K ~2T2/N)}, )
~1/(KF,). Consequently the ratio becomeSj?/g"*

~(KF/y){foy=>{fo)- whereK is given by Eq.(4).
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FIG. 3. Calculations for the Balmer series starting from kth@ line for the conditions of the experimef] (No=8.68x 10 cm 3,

T=1.122 eV). Dashed line, each upper state manifold is limited to its own principal quantum number; solid line, all principal quantum
number states included in the upper manifold.

Now we use Eq(7) for the comparison with our simula- effect is so dramatic that it clearly constitutes the breakdown
tions for theLB line (n,=3n,=1) at N=3x10% cm™3, of one of the most fundamental concepts in Stark broadening
ForT=3 eV, we obtaire~0.17 as compared to the simula- of spectral lines by plasmas—the concept of the line space
tion result £gy~0.42. For T=10eV, Eq.(7) yields ¢  (or double atory which for almost 40 years seemed to be
~0.27 as compared to the simulation restd},~=0.59. In  inviolable.
terms of the temperature dependence of the effect, this means Moreover, it should be noted that there are experimental

that as the temperature decreases from 10 to 3 eV, our modgkamples in the literature where the effects of the higher
predicts a 36% decrease in the valuespiwhich compares |eye| are important. We note the high-precision experiments
well v_wth th_e corresponding 29% decrease fqllqwmg from[g] where a spectrum of the hydrogen Balmer series was
the simulations. We next compare the predictions of thgneasured with high spectral resolution and independent
model with our simulation for theH g line for different  y3sma diagnostics. The important point is that for the con-
pIasn_1a condmon;. All these comparisons demonstrate thgfitions of the experiment, temperature of 1.122 eV, and an
our simple analytical model correctly reproduces the depeng|ectron density of 8.6810% cm~3 we find that the contri-
dencg of the effect on the controlling parameters such as thg,tions to theH 8 line due to the inclusion of higher states
densityN, the temperatur&, and the average Stark constant 5re again substantial in the line core. In Fig. 3 we show the

K. As for the absolute values @f the analytical and simu-  cajcylations for the Balmer series starting from Hg tran-

lation results agree broadly, as should be expected from &ion for the conditions of the experimef8]. The dashed
simplified model designed to illuminate the principal effect. jing is the calculation performed for all the transitions inde-

pendently. That is, each upper state manifold is limited to the
same PQN. Next the bold curve is the spectrum calculated
with the entire set of PQN included in the upper manifold.
The effect of including the highar states to calculations There are two interesting aspects of the comparison of the
of the broadening of spectral line shapes emitted from plasspectra in Fig. &). First, we note that the troughs in be-
mas has been demonstrated to be important to the line corveen the line centers are modified by the inclusion of the
That the highemn levels make a modification in the core of additional PQN in the broadening. This leads to an increase
the profile is somewhat surprising. For example, one wouldn the intensity in these wing area@Ne note that in the
expect that as the profile broadens, with increasing electroaxperiments the emissivity due to free-free and theiéh
density, the Stark components that form the wings on thenask the trough areasSecond, we can see that the effect of
high-energy side of the profile will interact with Stark com- allowing all the states to broaden the transitions is to modify
ponents from the low-energy wings of highestate. Indeed, the line cores.
this does happen and was originally considered to be the In Fig. 3b) we show a detailed view of the Balmg
dominant mechanism. However, the present study indicatesansition for the same calculations as shown in Fi@).3
that the mixing of the highen states providing an allowed Here we also see that the inclusion of higher levels increases
radiative path is clearly much more important. In fact, thethe intensity at the very center of the line. However, the

DISCUSSION AND CONCLUSIONS
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relative value of the increase is smaller than in the abovéhe conclusion that the effect is primarily controlled by the
simulations for theL 8 line: €4~ 0.05. The estimate using temperature £xT) while having much weaker dependence
Eq. (7) yields e~0.12. Thus our simple analytical model ©n the density and on the PON of the upper level. N
correctly predicts a smaller value effor the H3 line in the We note that the same effect we see for these transitions
conditions of the experimeri8] as being primarily due to With line center minima(no allowed central componets
the lower temperature and the greater average Stark consta}’l‘éi” also be operative for lines with line center maxirte-

K [see Eq7)]. As for the absolute value af our analytcal il CCTis TORROUSdTTE S € R G e alowed
and simulation results agree in this case again within thé! 9

with other PQN[see Eq(3)], must compete with the central
factor of 2.5. mponent.

: . : 0
In general we note that this effect, due to the inclusion of Finally, we comment on the fact that at least for the hy-

the higher PQN in the broadening of the upper level, will y,0on jine profiles the competition between the effects of
become only slightly less important as the PQN of the uppeyy, dynamics and the higher PQN should be studied to de-
level of the transitionn, increases. Indeed, EG7) shows  termine the role of the two effects. This type of calculation is
that exK Y% In each spectral series, the most intense angyrrently difficult due to limitation associated to size in the
practically important line without central components is thecurrent generation of ion dynamics formulations. However,
B line, for which n,=n,—2. It follows thatK~n, for the  when these limitations are overcome it will be important to

B lines so that eocn;”“. Thus, Eq. (7) leads to evaluate the comparative importance of the two effects.
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