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It is well known that the ion dynamics is very important for Stark broadening of spectral lines inThigh-
plasmas. However, it is usually assumed that with the increase of the plasma dieasityor of the principal
quantum numben of the upper level of the radiator, the ionic contribution to the impact Witlthw) tends
to zero. In distinction to that paradigm, by finding an analytical result for the ion dynamical broadening of
hydrogen spectral lines, we show here that with the increadd afd/orn, the ICIW does not decrease.
Moreover, for practically important ranges ©f N, andn, this “residual” ICIW, being virtually independent
of n, can be comparable to the standard electron impact width. This result leddsatsubstantial revision of
the past of diagnostic conclusions for a variety of higplasma experimentsii) a much better possibility to
deduce from experimental, Stark-broadened line profiles not only the plasma density but also the plasma
temperature(iii) a significant enhancement of the accuracyNofind T obtained from experimental line
profiles; andiv) a substantial revision of simulation models for the ion dynamical contribution that were based
on a wrong assumption that the latter vanishes under incredsargl/orn. The consequences are especially
important for tokamak plasmas, where the diagnostics based on experimental profiles of high Balmer and
Paschen lines is frequently us¢81063-651X99)50209-2

PACS numbd(s): 52.70.Kz, 52.55.Fa, 32.70.Jz

I. INTRODUCTION GT is based on the nonperturbative treatment of one compo-
nent of the field caused by charged particles passing by the

Experimental profiles of high Balmer and Paschen lines ofadiator. Therefore, the GT is intrinsically more accurate
hydrogen and deuterium are used nowadays for diagnostit¢ean the fully perturbative ST5,6]; see, e.9.[8].
of tokamak plasmagl,2]. Up till now, the theory of Stark Analytical results of the GT depend on the ratio of two
broadening, employed in the diagnostics for deducing theharacteristic impact parameters; Weisskopf radis
electron densityN, from the experimental profiles, was =z.n24/(m,) and mean interperturber distanc®
based primarily on the quasistatic treatment of the broaden=[3/(47N)]*3, Herev is the perturber velocityN is the
ing by ions(while the electron broadening was calculated iNperturber densityZ; is the perturber charge, amdis the
the impact approximatiorf1-3]. PON of the radiator.

This is not to say that the role of the ion dynamics was not Typically, for the electron broadening the raflyWs>1
recognized. It is well known by now that the ion dynamics, hysically t’his means that most of the electrons are .“im-
generally speaking, is very important for Stark broadening oP i the impact broadening of th rticular
spectral lines in highi+ plasmas. However, it was usually Eac .e., cause the impact broadening of he particula

ydrogen ling. For the ion broadening, one finds usually

assumed that with the increase of the plasma dersity D/W=1. which hvsically th fthe i
and/or of the principal quantum numb@QN) n of the up- /<1, which means physically that most of the ions are
t impact. However, there is @ny) minority of ions that

per level of the radiator, the ion dynamics becomes less ani® ! ) .
less important and the ionic contribution to the impact widthc@use some impact broadening of the line. o
(ICIW) tends to zero. Therefore, even the application of We applied the GT formalism to the ion broadening in the
codes based on simulation models for ion dynamics, such dinit D<W, by using the following features of the GTi)
the frequency fluctuation modéFFM), for calculating pro- the impact width generally consists of the adiabatic and
files of high Balmer lines emitted by tokamak plasmas, re-nonadiabatic termgas defined irf7]); however, in the limit
sulted only in minor correctiongt] to the results of the stan- D<W the nonadiabatic term becomes much smaller than the
dard theoriegST). Here and below, by the ST we mean the adiabatic term and can be neglectéd; the remaining adia-
approacheg5,6], where the ion broadening was assumedbatic term, obtained ifi7] nonperturbatively, does not de-
quasistatic. pend on any external static electric fi¢gkke Eqs(48)—(52)

In distinction to that paradigm, by finding an analytical from [7]]; moreover, in the limitD<W, it does not depend
result for the ion dynamical broadening of hydrogen lines,any more on the parabolic quantum numbers and thus be-
does not decrease. Moreover, for practically importanhe GT formalism can be applied to the ion broadening and

ranges off, N< andn, this “residual” ICIW, being virtually - vie|gs the ICIW v, described by the following, relatively
independent of, can be comparable to the standard electror{imme expression:

impact width.
1= (37N /Z) " 8T/(mu)]"

~ —3 R 1/2
The derivation proceeds from our generalized theé®Y) 3.2990< 107 No(cm™*)/Z,]* [ T(eV)M p/ ™
of Stark broadening of hydrogen lines in plasni@ The (N)

II. OUTLINE OF THE DERIVATION
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Hereu is the reduced mass of the perturber-radiator pajy,  crofield ~v/p. At last, we determined the cutoff.,., in-

is the proton mass. _ volved in the calculation of;(pmay), from the requirement:
In the ST, with the increase of the effective PQN . (p, V<O (p) for p<pma. Thus the result presented by

=(n’+n—n'2—n")' the ICIW reaches the maximum and gq_ (1) is derived in compliance with the physical basis of
then rapidly diminishes to zer@vherenes~n atn>n’). In  the impact approximation.

distinction to this, in the GT, a8 increases, the ICIW
saturates at the above valgeindependent oh andn’. IV. DISCUSSION OF DIAGNOSTIC CONSEQUENCES
We have derived an analytical expression for the ion dy-
Ill. PHYSICAL INTERPRETATION AND JUSTIFICATION namical contribution to the width of hydrogen lines in the
i i i limit of high densitiesN and/or high PQNn. It should be

These analytical results can be easily understood in physlémphasized that we have obtainedamperturbativeanalyti-
cal terms. It is well known that the impact width can be .5/ result for the ion dynamical broadening.
estimated asy;~Nv;o, whereo is the “optical cross sec- Let us now focus at the consequences for the diagnostics
tion.” It is the effective cross-section for virtual transitions ¢ tokamak plasmas employing high Balmer and Paschen
(between the states of the same multipktiat lead t0 the  |ines The ST yields the full width at half maximum
broadening of the spectral line. In the conventional case Or(FWHM) of a highly excited hydrogen lines in the form
W<D, the cross section is determined by the Weisskop
radius 0'~W20<Vi_2, so that y,<N/#;<N/T¥2 However, ANN9~ A (n,n" )N /TY24+B;(n,n’ )N 2
for sufficiently high densities, the mean interperturber dis- vz o eoe n 5
tance becomes smaller than the Weisskopf radius. In thignere the terrTAe(n,n’)Ne/Té’ZEA)\e is due to electrons

case the cross section is controlled by the mean interpe%{nd the termB;(n,n’)NZ3= A\, is due to the ions. Here the
I ) e I .

; N2 N—2/3 ; ;
tburber d'Stan?eﬁT D O:,;l\l Dzl“ﬁ?&?,ge the impact width e icientB does not depend on the temperature or on the
ecomes as Tollowsy; ~INV; : density, but strongly depends on the PQd¢e e.g., Eq(3)

Let us now discuss some conceptual issues to justify the 1 Eq. (3) f 101 th fficientA h |
above results. The adiabatic impact term in the GT was cal\—lgs \Eve]a(lj(r | oga(rit)hr;ci’énd[epi’n d:nggemgl(;ﬁgT as only a
, -

culated in the spirit of the “old adiabatic theory(see, e.g., 0 P
. . AN ur theory, being intrinsically more accurate than the
Eﬁ]) blét V.Vc'jth tlhe vtec':)or S.urgm?t'op of tth?hcontrllljutlons from standard theory, yields significantly different results. First,
e individual perturberéin distinction to the scalar summa- for high Balmer lines, the ICIW does not depend on the

tion in the impact approximation of the old adiabatic theory rincipal quantum numben, but strongly depends on the

The adiabatic broadening theory reproduces in a unifie 1/ . .
fashion both the impact and the quasistatic parts of the Co(femperature i ). Second, for highly excited hydrogen

relation functionC(7). In our case oD <W, the impact part lines near the limit of the spectral series, the té&hctronic

of C(7) corresponds ta<D/v, , while the quastatic part of plus ionig impact width significantly exceeds the quasistatic

. splitting (produced by the majority of ionsTherefore, the
the C(7) corresponds t@/v;< r<W/v; . S0 the impact and line profiles correspond to the regime of merdedllapsed

qu?.3|tstat|ct.reg|m:es ar‘ye, Charii}?”?ﬁ d .bi/ S|g?'|f|cantlly dncfer'Stark componentgl1] and the quasistatic contribution from
ent interaction Y,O UMETjmp AN q,5,€ € INteraction VOIUME, 45 has practically no effect on the FWHM:

also known as “collision volume,” is one of the central con-

cepts of the adlabatl,c broa;ienl/ng the3)0ny|deed, in the case A)\gi/%hmAe(n,n,)Ne/ngjL CiTilIZNilIS, &)

of D<W, we haveV,,~D <V ~W".

Consequently, first quasistatic ions outnumber impact nare the coefficien€; does not depend on the PQi\ as
ions by the factor ofW?/D3>1, so that the impact ions 5;10ws from Eq.(1).

constitute indeed a tiny minority. Second, the number of im- |1 is interesting to note that for low Balmer and Paschen

pact ions in the corresponding interaction volum&i¥iy, jines, the majority of perturbing ions produce the impact
~1, so that the applicability of the binary impact approxi- proadening. In this case, the ionic contribution to the FWHM

Finally, to employ the impact approximation, one should
be able to introduce a coarse-grain time scale dealing with AN~ A (n,n")No/TY2+ A (n,n")N; /TH2
time intervalsAt such thaty,<(At) 1<, wherey; is the
resultant ion impact width{) is the rms value of the fre- ~Ai(n,n")N;/T¥2, (4)

quency of any Cartesian componeft,,{t) of the ion-

produced electric field. For an individual passage of the persinceA; /A~ (m;/my)¥?>1. Therefore, in the reality, there
turber by the radiator, we first calculated analytically theis virtually no practical range of PQN where the ion quasi-
Fourier transform®(w) of the time dependencE ,m{t) tatic term B;(n,n’)NZ® could enter the FWHM: with the
and then average@?® over ®(w). We have found that the increase of, the FWHM gradually transforms fromlmear
even (with respect tow) part of ®(w), which controls the dependence on the densjsee Eq.(4)] to aquasilinearde-
subsequent average, @, @) =|w|p?K,(|w|p/v)/(7v?),  pendence on the densitgee Eq(3)].

where K.(x) is the modified Bessel function. Using  An interpolative formulas for the ionic contribution to the
® o), we obtained the frequenc§)= w,=3Ya/p. FWHM, that incorporates both ionic limits contained in Egs.
This result is more precise than the conventional, order of3) and(4) and is therefore valid for a broad range of densi-
magnitude estimate of a “typical” frequency of the ion mi- ties, can be expressed as follows:
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AN=\, () Y1—exd —(CiT) *A(n,n’) FWHM(A)
X(Ne/Ne) 1} - (5 =AN (A)+[0.94761
Here v; is given by Eq.(1) and the critical densit\N,, has X107 19Z32Nen®n’®/(n2—n"2)32| /[ AN (A)]Y2
the form (10)
Ner= (/) Z; Ny (M /1) 3(T; 1 )32 Here the Lorentzian contributioh\, to the FWHM is given

~1.7309¢ 1018 cm*3Zi‘2n;ﬁ6[T(eV)Mp/,u]3’2, ©6) by the following practical formula:

. . . AN =AN A AN, 11
where the effective PQM is defined as - € ! (D

— — 204141 n2 __A12\—2 —-1/2
Neg=(n2+n—n'2—n")2 R0 ANg(A)=2.1200< 10 %n*n"4(n*—n"2) " 2g,NeT

x{1+In[1.5192< 10"°Tg_ ~43.1826

nn’

In Eq. (5), A, is the unperturbed wavelength of a hydrogen

line, corresponding to the radiative transition from the upper X 10°Ng+53.2n2Z223N23) ~ 123, (12

level n to the lower leveln’. At relatively low densities,

keeping the first two terms of the Taylor expansion of the AN{(R)=F(T)(Ng/Ng) 3

exponential in Eq(5), we retrieve the primary term of Eq.

(4); at relatively large densities, the exponential in [E5). X [1—exp(— 97ZGnn [ 2f(T)NZ]

vanishes, and Ed5) reduces to the second term of E).
The coefficientA, in the electronic contribution to the X{1+In[1+6.2847< 10%(T/Z))

FWHM A\, can be reliably obtained as follows. First, our X(Negnn’M/Mp)llz]}(Ne/Ncr)ZB)]r (13

GT [7] applied to the electron broadening produces results

that are more accurate than the ST. Second, it was shown in f(T)=0.34941n*n"*/(n—n'2)2]TM /[,uZ-I’IZ ]

[12] that in the regime of mergegtollapsed Stark compo- P et (14)

nents, the electron broadened profiles of all hydrogen lines

are Lorentzian. Thus, combining the results of the [GB] whereN,,, N, andg,, are given by Eqs(6), (7), and(9).

and of Ref[12], the coefficienA(n,n") can be represented |n all of the above practical formulas, the electron denkity

in the form is in cm 3, the temperaturg is in eV. The validity condition
5 - of the above formulas consists of the requirement that the
As(n,n)=\: (me)3(2m) Yoy, h2mg 741,11 second term in Eq10) should remain smaller than the first
“12, 1 ) term.
+In[Teg,, 7t~/ (4meNe/me As an illustration, we apply our analytical results to the
+(6.3nhZi1’3N§’3/me)2)1’2]}, ®) interpretation of the widths of the high-Balmer lines mea-

sured at the tokamak Alcator C-Mdd,2]. In Ref.[1] ex-
perimental profiles of the deuterium Balmer linBg, Dy,
Do, andDy; were shown in Fig. 3 and their Stark widths
(FWHM) were deconvolved to be 4.9, 5.9, 7.5, and 9.6 A,

where

gnn,E(nZ_n/Z)Z_nZ_n/Z. (9)
E 5 H H . A"’n-»l/A)\'n
guation(8) differs from the result of Ref.12] in two ways: ,
first, it contains the exact value 1.1 of what the ST would call
“strong collision constant;” second, it allows for the ion-
caused Stark splitting represented by the term o
6.3n:Z*NZ¥/m,. All formulas are given in the CGS units, 13l
except the second lines of Eq4), (6), and Eqs(10)—(14)
below. -
To enhance the accuracy of our results, we also analyti-
cally calculated the ion quasistatic correction to the FWHM, 1,951
as follows. First, we calculated the correction at a fixed value
of the ion microfieldF. This was done by taking the well-
known starting formula for the line shape of a hydrogen line o
subjected simultaneously to a impact broadening and to a 1.9
static electric field(see, e.g.[9]) and expanding it analyti-
cally near the pure impact limit. Second, we averaged the
correction over the Holtsmark distributidi3] of field F. FIG. 1. The ratio of the Stark width&X,,.,/AX,, of the adja-
[We note that highly excited lines can be observed only atent Balmer lines vs the principal quantum numbediamonds,
relatively low densities, where the Holtsmark distribution is theoretical results based on the Kepple-Griem’s (;@nlesented in
valid; see, e.g.[9]) The resulting final formula for the [1,2]); crosses, our theoretical results; squares, the experimental re-
FWHM has the form sults[1,2].

7 8 9 10 n
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respectively. Then Griem, the leading theoretical coauthor oére conventionally considered as a tool for evaluating the
Ref. [1], by using the Kepple-Griem’s cod&], found that intrinsic self-consistency of a particular theory.
these Stark widths correspond to the electron densities 5.4, The comparison is presented in Fig. 1. It turns out that the
5.6, 5.3, and 5.8 10" cm™3. rms deviation of our ratios from the experimental ratios is
We note that the Kepple-Griem’s code does not allow foralrr_\ost four tir_nes smaller than for the Grigm’s ratios. Thus,
the ion dynamics. Consequently, the width produced by theilvhile a relatively small scatter of densities deduced by
code have a relatively weak temperature dependence. Thergfiém from different lines was not alarming, the ratios of
fore, Griem was not able to deduce the temperature from thwidths really demonstrate a dramatic difference in the self-

experimental widths based on that code. Instead, he assum&@nsistency of the two theories. o
the temperature to bE=4 eV. In summary, the results presented in this paper should

In distinction to this, our analytical results for the widths €ad t0:(2) a substantial revision of the past diagnostic con-
accurately incorporate the ion dynamics and, therefore, arglusions for a variety of plasma experiments, especially those
much more sensitive to the temperature than the Keppled€@ling with highly excited hydrogen lines from the edge and
Griem’s code. Thus, while analyzing the same experimentdivertor regions of tokamakeb) a much better possibility to
widths, we were able to derive both the denshy=6.6 dedu_ce from experimental line widthmot only th_e plasma
X 10 cm~23 and the temperatur&=7.7 eV. It should be density but also the plasma temperatu(g) a significant
emphasized, that at=7.7 eV we obtained the same value enhancement of the accuracy of the d_ensny gnd the tempera-
of Ng=6.6x 10" cm™3 from each Balmer line individually. ture obtained from the experimental line profiles) a sub-

To further demonstrate the superior quality of our theory,s’t"jmt'_aII revision of simulation models for the ion Qynammal
we calculated the ratios of Stark widttis\,, . ;/A\,, of the contnbungn that were .based on a wrong assumption that the
adjacent Balmer lines and compared them with both the exater vanishes under increasihgand/orn.
perimental result$1,2] and the Griem’s theoretical results
(presented if1,2]). The idea behind calculating these ratios ACKNOWLEDGMENT
is that they should be less sensitive to the electron density | would like to express my sincere gratitude to Dr. R.W.
than the widths of the individual lines. Therefore, the ratiosLee for his invaluable help.

[1] B.L. Welch, H.R. Griem, J. Terry, C. Kurz, B. LaBombard, B. Fiz. 64, 2097 (1973 [Sov. Phys. JETB7, 1057 (1973].
Lipschultz, E. Marmar, and G. McCracken, Phys. Plasjas [7] Ya. Ispolatov and E. Oks, J. Quant. Spectrosc. Radiat. Transf.
4246(1995. 51, 129(1994.

[2] B.L. Welch, H.R. Griem, J.L. Weaver, J.L. Terry, R.L. Boivin, [8] E. Oks and J. Toumal4th International ConferenceState
B. Lipschultz, D. Lumma, E.S. Marmar, G. McCracken, and College, Pennsylvania, 199&dited by R. M. Herman, AIP

J.C. Rost,Tenth Topical ConferenceSan Francisco, CA, Conf. Proc. No. 467AIP Press, New York, 1999p. 150; J.
1996, edited by A. Osterheld and W.H. Goldstein, AIP Conf. Touma, E. Oks, S. Alexiou, and A. Derevianko, J. Quant.
Proc. No. 381(AIP Press, New York, 1996p. 159. Spectrosc. Radiat. Trangfo be publishel

[3] R-D. Bengtson, J.D. Tannich, and P. Kepple, Phys. Re®, A - q) 5. (isitsa, Usp. Fiz. Nauki22 449(1977) [Sov. Phys. Usp.
532 (1970. 20, 603 (1977)].

[4] B.'L' Welch, H.R. Griem, J.L. Weaver, J.U. B”"f JL. Te.rry., B. [10] S. Ferri, A. Calisti, R. Stamm, B. Talin, and R.W. Lekith
Lipschultz, D. Lumma, G. McCracken, S. Ferri, A. Calisti, R. .
International ConferenceRef.[8], p. 115.

Stamm_, B. Talin, and RW. !_eel,3th Internatlpnal Confe.r-. [11] M.L. Strekalov and A.I. Burshtein, Zh. Eksp Teor. R, 101
ence Firenze, Italy, 1996, edited by M. Zoppi, and L. Ulivi, 1970 IS Phvs. JETB4. 53 (197
AIP Conf. Proc. No. 38GAIP Press, New York, 1997p. 113. (1973 [Sov. Phys. » 53 (1972,

[12] C. Stehle, Astron. Astrophy805, 677 (1996.

[5] P. Kepple and H.R. Griem, Phys. ReM/3 317 (1968.
[6] G.V. Sholin, A.V. Demura, and V.S. Lisitsa, Zhk&p. Teor. [13] J. Holtsmark, Ann. PhysN.Y.) 58, 577 (1919.



