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Experimental and theoretical Stark broadening studies of the hydrogen Paschepg line
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Experimental and theoretical Stark broadening studies of the Pagclimes of hydrogen { =1.28 um) are
reported. Line shape measurements were performed at electron densities of the plasma between 3.5
X 10" cm™3 and 7.5<10% cm ™3, applying as the light source a wall-stabilized arc operated at atmospheric
pressure in a helium-hydrogen gas mixture. The radiation of the plasma, emitted from nearly homogeneous
plasma layers in the end-on direction, was registered with the use of a grating spectrometer equipped with a
charge coupled device detector. The measured light outputs were calibrated against signals obtained from a
tungsten strip radiation standard. The experimentally determined line profiles are compared with results of new
Stark broadening calculations based on simulation techniques. The measured broadening, shift, and asymmetry
parameters are also compared with results of previous Stark broadening calculations and other experimental
data obtained at electron densities higher as well as lower than ours.
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I. INTRODUCTION sure of 0.4 mtorr. Profile measurements of Bygline in the
electron density interval from 3:610to 2x 10*° cm™ 2 are
As a consequence of the linear Stark effect, spectral linegeported. The analysis of this paper leads to the following
of hydrogen and hydrogenlike ions emitted from plasmagemarks:
exhibit significant broadening compared to lines of other (i) As reported by the authors, the measured spectra were
plasma constituents. The shapes of these lines depend r&gnificantly disturbed by two strong He | transitiofis the
only on the specific transition between two energy levels bublue wing of Pg) and by other impurity lines.
also on the density of charged particles surrounding the emit- (ii) In the results presented in the paper in Figs. 5-7, line
ting hydrogen atoms or hydrogenic ions. Therefore Starkshapes are obtained after some corrections, which are re-
broadening of these lines is often applied for plasma diagquired in order to remove the above-mentioned disturbance
nostic purposes. Particularly, the full widths at half maxi- (the captions of Figs. 5 and 7 should be obviously ex-
mum (FWHM) of hydrogen lines of the Balmer series and of changed
the Paschem transition in He Il are frequently used as a  (ii) In spite of these corrections, the experimental data
measure of electrofion) density in plasmas. Hydrogen spec- (represented by about 40 measuring points on each line pro-
tral lines of the Balmer series have been the subject of nufile) still exhibit a significant scatter, which may only partly
merous experimental as well as theoretical investigationdye attributed to the disturbance arising from the Ar | line at
because of their convenient location in the visible part of thel2802.7 A—the spectral lines that appear in the red wing of
waveband. The number of experimental studies devoted tthe P4 can be attributed neither to argon atoms nor to ions.
transitions belonging to other spectral series is rather scarce. Thus one may conclude that th&; broadening data of
In the case of Lyman lines the main experimental difficultiesCastellet al. are very uncertain.
are the radiation detection in the vacuum and the self- The most comprehensive and reliable measurements, con-
absorption processes in the plasma, while in the case of theerning theP 4 line profiles, have been recently reported by
Paschen lines their rather weak intensities, the light absordohrn [3] and Ddrn et al. [4]. The authors applied a wall-
tion by traces of water vapors in the atmosphere and thetabilized arc running in neon or argon always with some
problems arising from detection of low-energy photons.  amount of hydrogen. The arc was operated at different pres-
To our knowledge, only in a few papers published to datesures ranging from 1 to 6 atm. Line shapes were determined
are experimental line broadening data for hydrogen transiat several plasma conditions ranging frawa=5x 10'° to
tions of the Paschen series reporfée-4]. N.=10 cm 3. At these electron densities, the FWHM of
Hepner's single measurement for the PascBéine (P ) the P, line range from about 45 to nearly 500 A. At the
[1] was derived from studies of a capillary discharge in hy-higher N, values, the argon and neon background lines ex-
drogen at an electron density somewhat abov¥ af 2. hibited remarkable Stark broadening. One of the critical
The Py line profile was determined by scanning the wave-points of these measurements was the subtraction of the neon
length on a shot-by-shot basis, relying on the reproducibilityor argon background. In order to obtain reliaBlg line pro-
of the discharge. files, it is necessary to perform measurements in a waveband
The results reported by Castell al.[2] are also based on significantly wider than the FWHM of the ;. Particularly,
the above-mentioned measuring technique. The discharghe unknown spectral feature around 1,26, observed in
was conducted in helium with traces of hydrogen at a prestne neon discharge, was a considerable disturbing factor.
Moreover, at plasma conditions with highgg, a significant
overlap of theblue wing of Pz and thered wing of P, line,
*Electronic address: wujec@uni.opole.pl with its center at 10938 A, has to be expected. Thus, one
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may conclude that in evaluatirigy line profiles, the authors the case of Ref11]. The discrepancy between the FWHM at
have encountered severe difficulties not only arising from théN,=10"" cm™2 does not exceed 10%.

subtraction of thdoreign background(unidentified feature, Such a relatively good agreement between these calcula-
neon and argon bound-bound emisgitmit also from the tions is not surprising since the FWHM gtlike transitions
determination of thérue continuum. is rather insensitive to different theoretical approaches. In

Theoretical studies of Stark broadening of hydrogen lineghis paper we present results of né¥ line shape calcula-
from the infrared part of the spectrum are scarcely availabléons, based on computer simulation techniques described
in the literature, either. Calculations of hydrogéy, line ~ and analyzed in detail in Reff13,21]. Calculations ofLy,
shapes have been reported in four recent publications. line profiles (the most sensitive transition to ion-dynamic

The so-called global theory of Motape al.[5] is based ~effects reveal that this technique yields results that agree
upon a quasimolecular treatment of the problem of linevery well with experimental datgl2-15, 21-2% The com-
broadening developed earlier in Ref§,7]. Numerical cal-  puter simulation technique includes the ion-dynamic effects
culations of line profiles are executed within the adiabatidn @ complete and natural way, in contrast to the MMM,
approximation. The evaluated half-widths of the lines arewhere this effect is considered only approximately. The
generally in a satisfactory agreement with results of quasisimulated positions and movements of perturbers are simply
static semiclassical calculations, e.g., R¢&9], while the  determining the plasma microfields and their time variations.
line shapes differ remarkably. Unfortunately, for determina- Our theoretical results are compared with measured line
tion of line profiles, suitable for comparison with experimen-profiles at electron  densities from %80 to
tal data, several significant simplifications of the applied ap7.5x 10" cm™2. This N, interval—at temperatures typical
proach are unavoidable. of arc dischargesT=1x 10* K)—seems to be most appro-

In the paper of Stehlg10] and of Stehle and Hutcheon priate for verifications of Stark broadening of the hydrogen
[11], the model microfield methotMMM ) has been applied P transition. At these plasma conditions, the line exhibits
for both the electronic as well as the ionic contribution, withlarge enough Stark broadening, exceeding significantly the
protons considered as the heavy perturbing particles. Theontribution from the Doppler effect. On the other hand, the
dynamics of microfield fluctuations are treated by a statisti-Stark broadening is not too large, therefore reliable line pro-
cal process model, where the microfigtdectronic or ionig  file measurements are possible, including intermediate line
is assumed to be constant during a given time interval. Thaings (the problems arising from difficulties in the determi-
microfield then jumps instantaneously to another constantation of the continuum radiation are minimized
value for the next time interval. In practice, the calculations

of P4 [11] have been carried out neg!ecting the brqadening Il. THEORETICAL APPROACH
of the lower =3) level of the transition and applying the . _ _
so-called isotropic approximation. The half-widths— Our P4 calculations are performed assuming classical

including Doppler broadening—have been determined fostraight paths for the perturbers. The FCSM has been ap-
electron densities ranging from %o 10*° cm 2 and for a  plied, i.e., the time variation of the total microfield at the
set of temperature values, e.g., suitable for application téadiator’s position produced by ions as well as by electrons is
typical stellar envelopes. The MM-method yields FWHM simulated. Our calculations are based on the approach and
values, which are in between the results of quasistatic agormalism described in detail by Halenka and Olchawa
proximations for iong8,9] and those of the full computer [13,21. The starting point of this consideration is the rela-
simulation method FCSM) [12—15. In the case ofg-like tion between the spectral line profile and the average of the
transitions, the discrepancies are rather small. In the case 8fpole autocorrelation functio@(t), which can be written in
a-like transitions in hydrogen, significantly larger discrepan-the following way:

cies are encountered between the results of MMM on one
hand and the FCSM and experiments on the other, e.g., Refs.
[12,13. A similar conclusion can be drawn from studies of
a-like transitions for ionic emitter§l16,17).

In the paper of Dbrn et al. [4], the quantum statistical "
approach using the Green’s functions technique, developed C()=Tr{di¢- Uy, (O Ui }a, /Tr{dis-dri}, (2
earlier by Gunter and co-workerg18—20, has been applied
for the treatment of perturbing electrons, and the MMM towhered is the dipole operator for the hydrogen atom, while
include the contribution from dynamical plasma ions. Calcu-ii " andff’ indicate the sublevels of the initiaE{) and final
lations of the ion dynamics are based—similarly as in Refs(Es) states of the unperturbed atom, respectively. The fre-
[10,11—upon a modeling of the statistics of time fluctua- quency separation from the line center is givenfy=w
tions of the ionic microfield. —(E;—Ej)/h, whereadJ(t) is the operator of the time de-

In the electron density interval>310'— 10" cm 3, the  velopment of the hydrogen atom in the presence of the elec-
calculations of Darn et al. [4] yield a similar linear depen- tric field produced by electrons and ions. The averaging
dence of the logarithm of the FWHM on the logarithmiyf ~ {- - -},, is taken over all initial simulated field strengths and
as the approach of Stehle and Hutchébi]. At an electron  possible time histories. The time-evolution operatdys(t)
density of 4<x10" cm™3, both calculations yield the same andU;¢(t) (corresponding to the initial and final states, re-
FWHM. The slope of this dependence is somewhat larger irspectively satisfy the following Schidinger equation:

(@)= lim 71 Refth(t)e‘A‘”tdt, o)
0

tg— o
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i U(t)=[Ho+V(1)]U(1) 3) stepsize method for integration of differential equations, in-
0 ’ stead of the predictor-corrector method of Adams, which

where Hy is the Hamiltonian of the isolated radiator and were used in Refd.14,15.

V(t) is the radiator-plasma interaction potential.

The Hamiltonian, with the multipole expansion of the po- Calculations
tential restricted to quadrupole terms, may be writterg., In the frame of the above-mentioned model we attempted
Ref.[26]) as follows: to determineP; line shapes including their shifts and asym-

metries. Therefore, in the Hamiltoni¢see Eq(4)], we have
taken into account the nonhomogeneity of the local mi-
H(t)=Ho—d- F(t)_(1/6)% Q) jkF (1), (4) crofield including quadrupole terms. The calculations of line
' profiles have been executed with accuracy up to the dynamic
: . quadratic Stark effect. Unfortunately, even after averaging of
where the second term in Eq4) describes the plasma- d10 000 initial perturber configurations, the resulting statisti-

emitter dipole interaction and the third represents the qua Zal noise of the imaginary part of the autocorrelation func-

rupolg intgarac_tion of the radiator with the _inh_omogeneou§ion ImC(t), did not allow to determine reliable asymme-
elec_trlc microfield of th_e plgsma. The electric fidift) and tries and shifts of the profile. Furthermore, the resulting
the inhomogeneous microfield tensgg(t) represent the re- imaginary part of the autocorrelation function, @t) [cal-

s QRIS b appMng e Hemitonan, 5 depends o e
ep 9 9 9 jectories choserR,,;, value, i.e., on the assumed radius of the emitter.
velocities calculated according to the Maxwell distribution.

; ; . It is the weakest point of our calculations. Also in analytical
- *_ -
We applied the so-called™-ion model introduced by Kest approaches within the so-called classical trajectory approxi-

in the frame of the so-called collision time statistid4| are Tation for perturbers, the same difficulty occurs—one has to

well reproduced by the:* model, which is convenient in assumgsomewhat arbitrarilythe collision parametes i, .

licati Thi del all . dinat ; Iglesiaset al. [29] have shown that the electronic shift cal-
appiications. 1his model allows—using a coordinate Systen,; . iqy by Grieni30] within the semiclassical binary impact

bound to a statistical emitter—to treat the plasma as an IS5 5 proximation (originating from electron-emitter interac-

tropic medium. In_ th|s_ model the coupling be_tween Stark an ions strongly depends on the assumed collision parameter
Doppler broadening is taken into account, in contrast to the

I du-ion model. where thi ling is ianored. Pmin- This strong dependence indicates that the contribution

gsura yIusle tﬁ\o difforefr' m ?he KS gﬁu,p n? 5 |ginot(\a/v. to the line shift from strong collisions is significant and has

u c.a_cua ons difier irom the feslings mode © {0 be treated guantum mechanically. In our opinion, the elec-
points: (i) we restrict the radius of the simulation sphere to

. . . tronic shift of hydrogen spectral lines is well described
3D (D being the electronic Debye radjusnd(ii) for elec- e o . ) )
trons we use the cutoff Coulomb field fpr=D (p being the within the statistical approach using the Green’s function

collision parameter instead of the screened Debye potentialte-(-:hnique’se? Refs. [20,29. Calculations performed by
applied in Refs[14,15, Detailed studies of the poirfi) Gunter and Kmies [31] reveal that the asymmetry of line

: : profiles caused by electron-emitter interactions is negligible
perfqr med in .Refs[ls',2]] r.eveal that the 'r.‘f'“.ence of weak compared to the asymmetry produced by ion-emitter interac-
collisions on line profiles, i.e., collisions with impact param-

X . - tions. Thus it is reasonable to assume that electron-emitter
eters more distant thanCg is negligibly small. Our tech-

. S . interactions produce only a pure redshéiv, of the line.
hique of sqbsutu.tlng those pgrturbers that are moving aWaWnjith this assumption, the line profile may be described in the
from the simulation sphere differ somewhat from the tECh'following way:
nique applied in Refs[12,23, and are described in Refs. '
[13,21]. The cutoff problem mentioned ifi) has been stud- l(Aw)=1D(Aw")+Al(Aw’), (5)
ied, e.g., by Smit§27]. From this study one may conclude
that the cutoff Coulomb potential, used for description of thewhere Aw’=w—wy— dw, is the separation frequency;
electric field produced by electrons, correctly reproduces th&®(Aw’) represents the symmetrical line profile obtained
electron-electron correlations. The choice of the potentialvithin the dipole approximation, calculated with accuracy up
shape does not influence considerably the final line profile—to the linear Stark effect, whilAl(Aw') include the contri-
the application of either the cutoff Coulomb potential or thebutions to the profile originating from higher-order terms,
shielded Debye potential leads to almost the same resultdescribing the interaction of the emitter with the ionic mi-
Such comparison is presented in Figa)dof Ref.[13]. Since  crofield.
in our simulations we consider the perturbers as classical The symmetrical part$(?(Aw’) have been determined
particles, we also encounter the problem of the treatment adccording to our FCSM. We want to emphasize that within
strong collisions. We assume that the emitter is a rigid spherghe dipole approximation the autocorrelation funct@f{ (t)
with a radius equal to the radius of the upper orbit of theof the profilel(® is real. The imaginary part of the function,
respective levelR,i,=3/2a,n?, wherea, is the Bohr ra-  ImC(@(t), is equal to zero, i.e., within this approximation
dius. This question will be discussed in further parts of thisthe profile is not shifted. Each line profile was determined on
paper. Our simulations differ from those of R€ft4,15 also  the basis of 3000 perturber configurations taken for averag-
in some technical details. Following the recommendatioring. The analysis of the accuracy of our calculations has been
contained in Ref[28], we applied Fehlenberg’'s adaptive- carried out according to the procedure outlined in detail in
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& the impact approximation for electrons. The Stark broadened
- line profile may be, in this approximation, expressed in the
L following form [8]:

1 )
70 — Iqs(Aw’)=;Trf0 dBWp(B)dif'df'i’

FWHM (&)
T

i X (if|[ihw’ —i(Hy —Hy )/

68 |— _q)ni,nf]_lli,f,>- (6)
i | 1 | | | | | | whereW,(B) is the probability density of the ionic compo-

D T T R nent of the local microfield33] in the reduced scalg
Rnin (2.0 =F/F,, where F0=e0/RS is the Holtsmark normal field,

while Ry is the mean distance between them, resulting from
0 _ _ ' the relationship (4r/3)R8Ne=l. The symbold represents
tscfrhefrsrretﬁlrs sepr:ggﬂaouggniji?g:icﬂag'gﬁgfsSc';e,Sf tglf de”;'t' the electronic impact operator. In our calculations, the inter-
=10000 K. The arrow shows the ;ver.age radius of the orbit forference term® introduced by Keppl_e ar_1d Grierﬁ_%] hz_;ls
PR, i, been properly corrected. In the quasistatic approximation for
n=5, i.e., the initial state for th@ 4 transition. . . . A .
ions, the Hamiltonian given by Eg4) may be written(e.g.,
Ref. [13]. The statistical uncertainty of the determined Ref.[26]) as
FWHM is estimated to be less than 3%. The uncertainty of
the intensity course in the line core, however, is larger but H=H+V..~Hte.F S5 eFo
does not exceed 10%. =Ho+Vos=Hot€oFofz— 12 2R,
(32m) 0
Since we applied the classical trajectory approximation
for perturbers, it was necessary to estimate the contribution X B,,(,B)(Szz—rz), @)
to the line broadening originating from strong collisions.
Thus, for a given set of experimental conditions, we calcu
lated the profiles(@(Aw’) for various values of the sphere
radius R,;i,, which represent different sizes of the emitter.
These calculations reveal that the real part of the autocorr
!aupn 'fl'.II’ICtIOI’], ReC(t) (in the dipole apprommaﬂdp only AI(Aw’)zAIqS(Aw’)=IqS(Aw')—|((;]C2(Aw’). ®)
insignificantly depends on the assuni®gl, value, while the
imaginary part InC(t) is equal to zero. In Fig. 1 the deter- For the determination of the profilg,(Aw’), the matrix
mined FWHM versus the assumd},;, are presented. As elements of all operators in E€5) have been calculated with
can be seen, even fdRy,, approaching zero, our FCSM accuracy up to the quadratic Stark effect. The profile
yields FWHMs, which are close to those obtained Ryin  1(Y(Aw’) has been calculated applying the dipole approxi-
= 37.&0, i.e., for the radius of the fifth orbit of the hydrogen mation for emitter-ion interactions\/ﬁs: eOFOIBZ) with ac-
atom. Thus, one may conclude that in the case oPthéne,  curacy up to the linear Stark effect, i.e., with the same accu-
the contribution to the line broadening originating from racy as the profilel¥(Aw’) calculated in the FCSM
strong collisions is negligibly small. The above describedapproximation.
procedure of estimation of the contribution of strong colli- |t js well known that the quasistatic approximation may

sions to the FWHM yields some information about the uppeihe successfully used in the profile range, where the following
limit of this contribution. Generally, it is not easy to include re|ation is valid, e.g., Ref34]:

interactions with small collision parameters, because for
such collisions some effects become imporiang., the pen- [Aw'|>viIR=Q;, 9
etration effect32]), which introduce mathematical difficul-
ties. Within the electron cloud of the emitter, a short-rangewhere v;=(8kT/mwm;)"? is the mean thermal velocity of
potential appears, which always reduces the long-range dions while R; is the mean distance between them, resulting
pole potential. Thus the neglect of this short-range potentiairom the relationship (4/3)R’N;=1. For allP g line shapes
always leads to an overestimation of the perturbation. In admeasured in this paper, the distance between the peak and the
dition, we have proved that the procedure of integration ofcenter of the lingiin Aw units) exceeded the valug; de-
the Schrdinger equation, Eq3), yields results that obey the fined in Eq.(9) by a factor of 2. Thus one may infer that the
probability conservation law, i.e., for each integration step,guasistatic approximation is justified for the outward parts of
the matrices of the time evolution are unitary. Even verythe profile, including the line peaks with exception of only its
strong collisions yield absolute values of the matrix elementsery central range close to the line dip. Fortunately, around
not exceeding the value of 1. the line dip, where the quasistatic approximation is not valid,
The correction to the profill (Aw’) has been deter- the correction to the profile\l (Aw’) is relatively small
mined by applying the quasistatic approximation for ions andcompared to other parts of the profildecause the central

FIG. 1. The FWHM of theP, line versus the radius of the

Where B,(8) is the generalized Chandrasekhar—von Neu-
mann function, calculated in Rg26]. The correction of the
profile Al(Aw") has been determined as the difference be-
é\_/veen two quasistatic profiles:
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part is formed by weak electric microfieldsompared to the 3
) 2 o == N

mean fieldF; = e, /Ry). Therefore the application of the qua- | ;_qanstabilized arc i
sistatic approximation practically does not influence the ac- ;-t""ssfe" strip lamp '
. . . . — concave mirror (f=280) '
curacy of the determination of the final profiléAw). On 4 - plane mirror E
the other hand, the impact approximation may be applied in| > cneeve mireer (730 :
) X — grating spectrograph PGS-2 )
the central range of the profile up to frequency separationy 7-optical Multichannel Analyzer | 1 IB

obeying the relatiorie.g., Ref[34]) 5 - oo i IBMEC oe) o
9 — optical filter E
[Aw’|<ve/Re=Qe, (10 5
wherev, is the mean thermal velocity of electrons. For all 5 | 4\5 9 6
measuredP; line shapes, the inequalifyEq. (10)] is well K| """"""""""" Z(I """"
fulfilled in the frequency range comprising at least four half-

of our experiments, the frequen€y, exceeded the HWHM
at least by a factor of 5. Thus one may conclude that the

widths at half maximuniHWHM). For all plasma conditions ' 7

. . o 2

introduced correction of the profile in E@5), Al (Aw’), Q 8
applying the quasistatic approximation for ions and impact

approximation for electrons, is justified. FIG. 2. The scheme of the experimental setup.

mirror (5) and the small diameter of the diaphragm in front
lll. EXPERIMENT AND PLASMA DIAGNOSTICS of it (¢ =12 mm) enabled us to select the radiation originat-
ing from nearly homogeneous plasma layéised N, and
T) parallel to the arc axis. The spatial resolution of our in-
A wall-stabilized arc running at atmospheric pressure wastrumentation was 0.25 mm. The homogeneity of individual
applied for our studies. The details of the arc constructiorplasma layers was controlled by determining the ratio be-
can be found elsewhei@5], therefore only a few essential tween the FWHM and the peak separation of both measured
remarks concerning some peculiarities of this experimeng-like hydrogen lines. Using the concave mir(@), the ra-
will be given below. The arc channel of a diameterdst4  diation emitted in the direction opposite to the spectrometer
mm and a length of 70 mm is formed by a stack of ninecould be reflected back through the plasma column. In this
water-cooled copper plates. The central part of the arc colway, self-absorption checks were performed, showing that at
umn (about 80% of the total plasma lengtivas operated in  conditions of our experiments the light absorption in the arc
a mixture of helium and hydrogen, while the regions close towvas negligibly small for all measured line profiles. Neverthe-
both electrodes were supplied additionally with very smallless, the very small self-absorption in the line centers of both
amounts of argon in order to improve the stability of thestudied hydrogen linegspectral intensities reached there
discharge. The arc was operated at five different arc currentsnerely 2% of the Planck function valuavas taken into
20, 25, 30, 35, and 40 A. The advantages of running the araccount in the determination of the line profiles. By changing
in helium with small amounts of light elements, for studying the angular position of the plane mirrtt), the emission of
the admixturespectra, have been discussed in detail, e.g., inhe tungsten strip radiation standard lamp could be detected.
Refs.[36,37. From the point of view of this particular study, In this manner, our arc emission was calibrated. The radia-
the plasma source has the following main advantages: tion emitted by the arc and the standard lamp was analyzed
(i) The arc operated in a mixture of helium and hydrogenapplying a grating spectrograph PGS-2 equipped with ex-
yields effective population of the respective upper level ofchangeable gratings having 651 grooves/mm. The spectra
hydrogen (=5) at moderate electron densities and thuswere recorded with two exchangeable charge coupled device
produces large spectral intensities within g line. detectors mounted in the exit focal plane of the spectrograph.
(i) Only a few weak bound-bound transitions of neutralIn the visible and near-infrared part of the spectrum, a grat-
helium and argon appear in the range of Bygemission, the ing blazed at 7400 A and a two-dimensional optical multi-
strongest line of them—at conditions of our experiments—channel analyzefOMA4) with 1024X 256 individual pixels
was the Ar | line ah=12802 A, i.e., 15 A away from the (19x19 um?) were applied. For thé®; measurements, a
center of theP line. grating blazed at 10800 A and a liquid nitrogen cooled
(iii ) At our moderate electron densities, the He | and Ar IInGaAs photodiode linear array detecttN/InGaAs), con-
lines are very narrowalmost negligible Stark broadening sisting of 512 individual rectangular pixels (2%0n in the
and thus the measured hydrogen spectrum can be easily s#tection perpendicular and 38m parallel to the dispersion
free from this disturbance. were used. The distances between two subsequent pixels
(iv) The continuum background radiation is very weak,along the dispersion are 26m and 50um for the OMA4
facilitating the determination of thB line shape including and LN/InGaAs detector, respectively. The IR detector is
the intermediate line wings. sensitive in the spectral range from 8000 A up to 17000 A
The scheme of the spectral instrumentation is shown irand exhibits aflat characteristic in the waveband 9500-—
Fig. 2. The arc emission was observed in the end-on direct6500 A. With this instrumentation, spectral intervals of
tion. The large focal lengthf730 mm) of the concave about 180 A could be simultaneously registered in the

A. Experimental setup and radiation detection
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visible and infrared parts of the spectrum. The FWHM of the 60
instrumental profiles were 0.7 A for the, measurements WMWWWWMN\AMWWMW
and 0.56 A for detection in the visible and near-infrared 30
wavelength range. These instrumental widths were deter /T aennes a)

mined experimentally by recording the radiation emitted £

[
P=1
TrT T rTT T[T T T T T T T T T [TTT
[ I I [ I

from a low-pressure Paker-type discharge in hydrogen. The & € 3 =
Plicker tube also served as a standard source for WavelengI§ § § 2
calibration of our measured spectra. The registration of the® 0% % ‘
arc radiation originating from different but nearly homoge-

neous layers of the plasma colurfparallel to the arc axjs 10 l $

was accomplishedi) In the case of the detection in visible

and near-IR part of the spectrum by dividing the OMA ma- 0

trix into adequate tracks, assuring the required spatial reso 10
lution; and(ii) In the case of thé&’ ; measurements by plac-
ing the detector at the respective position in the exit focal:
plane of the spectrometéthe position of the detector corre-
sponds to a certain plasma layer in the)arc

b)

its)
o

Intensity (arb. un

B. Plasma diagnostics

For studies of Stark broadening of ti#g, line, the most
significant plasma parameter is the electron density. In ordel
to determine this parameter we have recorded the shape ¢ o ; i ; i ; i ;
the Balmer 8 (Hg) line and measured the respective 12730 12770 12820 12870 12920
FWHM. Subsequently, the contributions originating from .

Doppler and instrumental broadening have been subtracte. Wavelength(d)

and the pure Stark widths are obtained. For determination of
electron Qensmes of the~plasma, the theoretical broadenmlgleasured spectra for determination of line profiles and the con-
data of GI'QOSOS anq .Ca'lrctefm [,12@] have been used. . tinuum background radiatiorfa) directly measured signals from the

~ According to equilibrium criterig38], at electron densi-  4p¢ dischargeR ; line) and from the standard sourtepper signat

ties of our experiments, the assumption of partial local therp) the p, line shape after applying the smoothing procedure based
modynamic equilibrium is justified for all atomic levels with on the Fourier transform technique and after the radiance calibra-
principal quantum numbens=3. Thus, in order to deter- tjon; the dashed line represents the continuum level determined ac-
mine the plasma temperature by the Boltzmann plot methodording to the procedure outlined in Eg.1).

we have additionally introduced into the discharge volume

small amounts of nitrogen and detected the spectrum arourfgPnditions were accomplished Ky running the arc at dif-
9050 A. In this wavelength interval the spectral lines of twoferent currentg20, 25, 30, 35, and 40 )Aand (ii) selecting
neutral nitrogen(NI) multiplets appear: g2S°—3d?P and  @ppropriate plasma layers at various distances _from the arc
3s'2D —3p’2F°. The excitation energy gap between the up-aXis. For each plasma conqun, at least four md_ependent
per terms of these multiplets is 0.85 eV, which is sufficientSPectra were taken for three different wavelength intervals,
for evaluation of the plasma temperature. The correspondin§eMprising the line shapes &f;, Hs, and additionally the
transition probabilities of the fine structure components werdN! Spectrum around 9050 A, used for temperature determi-
taken from Ref[39]. The temperatures obtained in this way hation. The main advantage of oB; line shape measure-
for different plasma layers and different arc currents are ifnents is the registration of the whole profile during a single
the range between 8000 and 11 000 K. The electron densiti€position lasting less than 1 s. The very good stability of the
of the corresponding plasma layers are betweenx3®°®  arc discharge enabled us to change the angular position of
and the grating for check measurements of the shape of the far
7.5 10" cm3. At the plasma composition and tempera- Pz lineé wings, and subsequently replace the grating and the
tures of our experiments, the bulk of free electrons originaténultichannel detector in order to measure the spectra in the
from ionized hydrogen atoms. Thus tRg line shapes are Visible (H) and near IR part of the spectrufNI), suitable
predominantly formed by interactions of hydrogen atomsfor Ne andT determination. _

with singly ionized particlegprotons,.=0.5) and electrons. _ AS an example, in Fig.(3) the measured line shape of the
The measurements for diagnostic purpoges and NI mul- P liné is shown. Above the®; shape, the corresponding
tiplets were accomplished by applying the OMA4 detectorlight output from the standard source is presented. From both

continuum

=N
||||III|||I|||||III||

FIG. 3. lllustration of the smoothing procedure applied to our

and the grating blazed at 7400 A. measured light outputs, only the respective dark currents
have been subtracted. As can be seen, both relative strong
V. RESULTS AND DISCUSSION signals are superimposed by a remarkable and regular inter-

ference pattern. The amplitude of this characteristic feature is
As mentioned above, ol line shape studies have been proportional to the light intensity, and is—in this wavelength
performed at different plasma conditions. These differentange—of the order of 5% of the light outpuin the visible
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part, this disturbance is significantly wealein order to [

release the measured signals from this disturbing interferenc Ne=63x10" cm”
pattern, the directly recorded spectra were filtered applying - T=10300K A Plend 5
the Fourier transform technique. The transformation revealec 4 )
two characteristidrequenciegesponsible for this character-
istic interference pattern. These frequencies are characterist"
for our spectroscopic instrumentation and depend on the?,
wavelength but not on the light intensity. After smoothing the &
respective parts of the Fourier transform spectrum, the re-
leasedP; line shapes were evaluated by retransforming the
data into real spectra. The result of this smoothing procedure

is shown in Fig. &). As can be seen, the smoothing proce-
dure removes significantly the regular interference pattern, » = s
yielding satisfactoryP; line shapes, but also considerably | Ne=3.7x10" em
alter the intensity of narrow spectral lines, having widths _ | T=9%000K
comparable to the width of a single interference peak. There<, |
fore this smoothing procedure may only be applied for evalu- ?—i
ation of spectral features much broader than the characteris *
tic widths of the interference peaks. After applying the 10 [~
smoothing procedure, the measured arc signals were cali N
brated using the corresponding light outputs of the standarc -
source. Subsequently, the course of the underlying con- |
tinuum radiation was determingdhe dashed line in Fig.
3(b)]. On the basis of theoretical premises, we assumed tha A e I IS -
the wings of theP; line exhibit power-law-like shapes. The 80 40 0 40 80
continuum was approximated by a function depending lin-
early on wavelength. With these assumptions, the distribu-
tion of the spectral intensity—in wavelength intervals corre-  FIG. 4. Comparison of experimentally determin@g line pro-
sponding to theP, line wings—can be written in the files with our calculations and other theoretical results for two

3

3

Wavelength separation AAL(A)

following form: plasma conditions. The line profiles are area normalized. In the
normalization of our experimental profiles, we included the contri-
J(AM:au|A7\|b“+acA>\+bc for the violet wing, bution from the line wings aC(_:ording to E(LY). The theoretical
data are marked by the following symbols and linésstands for
Ref.[11]; - - - stands for Ref[31]; - - - stands for our quasistatic
J(A)\)za,(A)\)br+aCA)\+ b for the red wing. calculations; and —— for our FCSM results.
(11)

. ) . The factor in front ofl (A w) introduces an additional asym-
whereAN=X\—\o, with Ao being the wavelength of the dip metry, the so-called trivial asymmetry, which we have taken
of the P. The parameters for the wingsa,(,b, ,a;,br) @ jnto account in the analysis of our data, particularly in com-

well as for the continuumg,b;) were determined by a parisions of measured and calculated line asymmetries and
least-squares-fitting procedure, on the basis of measuregifis.

spectral intensities corresponding only to the outward parts |, Fig. 4 the experimentally determine®y; line profiles
of the P line profile, for which the outputs did not exceed tor two selected plasma conditiond¥,=3.7x 10" and
1/8 of the maximum spectral line intensity. The correctnesg 3% 105 cm~2 are compared with those determined by our
and reliability of our fitting procedure was confirmed by a sjmylation technique and by other theoretical approaches. All
few tests, in which we extended our measurements to shortgphe shapes shown in the figure are normalized to the area
as well as longer wavelengths than shown in Fig. 3. Thgnder the respective profiles. In the case of the measured
same procedure was applied for the evaluatiorHgfline  profiles, the contribution from far line wings, which are not
profiles. For all the analyze#i; and P line shapes, the shown in the figure, has been included according to the pro-
fitting procedure yielded, andb, exponents in the range cedure outlined by Eq11). The wavelength separatiaii
from —2.3 to —2.2. As expected, these values are in be-=q corresponds to the unperturbed position of Ehgline.
tween those_ characteristic of Holtsmark 2.5) and Lorentz  The calculations of Stehle and Hutchedri] do not provide
(—2.0) profiles. line shifts, therefore the dips of their profiles are positioned
The relationship between the line profileAw) and the  at the corresponding dip positions of our experimental pro-
spectral line intensity distributiod(A ») can be writterf{26]  files. In the case of the higheN, plasma condition

as (6.3x 10" cm™3), the overall agreement between our calcu-
lated and measure# line profile can be considered satis-
J(Aw)=Jp(wo)(1+Aw/Awy)*exp —AAw/kT) (Aw). factory. The apparent discrepancies in the line core may

(12 be—at least partly—caused by uncertainties in the determi-
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FIG. 5. Comparison of our measured and calculated FWHM of .
the P4 line with other experimental and theoretical data. The mea- FIG. 6. Comparison of the reducét; FWHM calculated and

sured data are represented by various symbols while theoreticAeasuredcrossegin this work, with results of other available the-
results are represented by lines. oretical and experimental data>, Dohrn et al. [4]; O, Castell

et al.[2]. The upper boundary of each marked area corresponds to

nation of the continuum level, which influences the normal-"esults obtained fof = 15000 K, while the lower one corresponds
ization procedure. At theviolet shoulder, the disturbance © those forT=10000 K. The theoretical data of b et al. [4]
originating from the Ar I line is visible. The calculated correspond to temperatures of their experimental conditions.
FWHM exceeds the experimental one by about 5%. In the

case of the lowerN, condition (3.7 10" cm 3), it is layers(limited spatial resolution the departure from homo-
clearly seen that the experimental shoulder peaks are closgeneity is expected to be larger for plasma layers with lower
in wavelength than the calculated ones. Also the measurell.. Moreover, our measurements are also influenced some-
FWHM is remarkably(by about 10%) smaller than that pre- what by the radiation originating from arc regions close to
dicted by our simulations. In Fig. 4 our profiles are alsothe electrodes, where the plasma conditions differ from those
compared with results of other theoretical approaches: ouwnf the central part of the arc column. In this way the discrep-
quasistatic approximatiofKepple-Griem approximatiof8]  ancy in the line core at the loweX, condition (Fig. 4),

with corrected interference teimthe results of Stehle and particularly the smaller observed peak separation, may also
Hutcheorn[11] and the quantum statistical approach using thebe explainedsee also Fig. )t

Green’s function technique of @ter and Kmies[31]. As The FWHM of Stark broadened hydrogen spectral lines is
expected, the largest discrepancies are encountered in thften quoted in the so-called reduced scale units
line center—the quasistatic approximation predicts the most AN/Fq, with Fy being the normal electric field strength.
pronounced line dip, while the approach of Stehle andlhe advantage of such presentation is that even small differ-
Hutcheon[11] yields an almost flat profile in the line core. ences in the FWHM may be shown in a single graph simul-
The theory of Gater and Kmies[31] yields systematically taneously for a relative wide range of electron densities. In
somewhat more pronounced line core features compared teig. 6 the FWHM, obtained by our simulation technique for
our calculations. In the case of the highér plasma condi- the electron density interval 30-10' cm™3 and for two
tion, the overall agreement between the profiles of R&f]  temperature$10 000 and 15000 K are compared with the
and our measured as well as calculated profiles may be reorresponding data of Stehle and HutchgbH and our qua-
garded as satisfactory. For the lowdg condition, the dis-  sistatic results. Also included are the data ohiboet al.[4],
crepancies in the line core become remarkably larger. Th€astellet al. [2], and our experimental results. As can be
significant discrepancy between the results of Relfs| and  seen, our FCSM values are systematically larger compared
[31] is a little surprising, since in both approaches the MMM to the data of Ref[11] (about 3%) and the results of the
has been applied for the treatment of ions. quasistatic approactabout 10%). At higher electron densi-

In Fig. 5 our experimental and calculated FWHM areties, the agreement between our calculations and measure-
compared with other available experimental data and withments can be regarded as satisfactory. Such small discrepan-
results of recent calculations for a wide range of electrorcies between FWHMs are not surprising becauses
density. Our measured FWHM are systematically slightlydiscussed in Sec. IMor most parts of thé 4 line profile, the
smaller than those obtained from our calculations. The disguasistatical approximation for ions and the impact approxi-
crepancies are evidently larger at lower electron densitiesnation for electrons are well fulfilled. The FCSM calculation
Perhaps the most important reason for this regular behavigiields the largest widths while the quasistatic approach the
is the possible departure of our plasma layers from homogdewest. It is also worth stressing that tifg; line shape is
neity. The lowerN, conditions are realized at lower arc cur- formed mainly by interactions with ions, which contribute to
rents and more distant plasma layers from the arc axis, wheithe FWHM about three times more than the interactions with
the radial plasma parameter gradients are stronger. Since oelectrons. In the electron density range of our experiments,
detection system integrates over a fixeelight of plasma this proportion is fulfilled with an accuracy better than 5%
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FIG. 7. Measured and calculated ratios of the peak separation to FIG. 9. The asymmetry parameter of the shoulder intenity
the FWHM versus the electron density of the plasma. The SOIidgé L

ircl h d values: the li FCSM caleul otted against the electron density of the plasma. The solid circles
circles represent the measured values; the lines our calcu epresent the experimental data, the solid line our calculations, the
tions for two temperatures.

dashed line the theoretical results of Ré&fl], and the dotted line
. . . . our quasistatic approximation.
for all theoretical approaches discussed in Fig. 6. . PP

In Fig. 7 we compare our measured and calculated ratios

of the peak separation to the FWHM. As can be seen ourr)lasma layers with lower electron densities and temperatures

theoretical data systematically exceed the measured valuess.l'ghtly contributes. This is reflected in filling up the line dip

In Fig. 8 the measured dip values defined as -Dlp and in shlftlnﬁ] the. line shouldﬁrs .sllghtlyltowards the IlneI
—2351,/(3, +3.) are compared with calculated ones for two center as well as increasing their intensities. Consequently,
tem De”rJaturves G;OOO K and 11000 K. The symhbjsand J the observed FWHM are systematically somewhat smaller.

P . . ) ) y r We estimate that the possible resulting error reaches 5—10 %
correspond to intensities of thaolet and thered shoulder, . o

) T ) I, of the FWHM for the high and lowN, conditions, respec-
while the Jp;, to the dip intensity. For electron densities of v E v th ff d infl ianifi |
our experiments, the theoretical data exceed systematicalfve y- Fortunately, these effects do r_10t influence sign |_canty

' e asymmetry parameter and the line shift, because in these

the observed dip values by about a factor of 1.5. " - o
We want to emphasize that the character of the disturbing” cooler plasma layers the electron densities are

experiment-theory discrepancy, shown in Figs. 5-8 i substantially lower.
similar—the measurements systematically yield smaller val- In Fig. 9 the quantiph=2>(J, = J,)/(J, +J,), routinely

. . . used as a measure of asymmetryBefike transitions in hy-
ues than calculations. Such discrepancy may be interprete . . .

- N VR rogen, is plotted against the electron density. As can be
as follows: to our measured spectral line intensity distribu-

tion, beside the radiation originating from homogeneousseen’ the measuredl values are systematically larger than

plasma layerqwith given N, and T), the radiation from

T T T T T T
60
"11000K ' ' ' ' 15¢ A
sof TTTIIIIIIzaa-o . i
9000K TTTee--IIIZnoe~ao_ L L
ok T 4 _or A
<
- E
& 30 . (.,:)
o
a 05 4
20 | - , o
9000K . =
7/’/ .
10 R . o8 oo ¢ 4
oo 1 1 1 1 1 1
11000K s : . . . .
15
0 1 1 1 1 1 1 1 1 1 " 1ocm
2 4 6 8 10 NB( 4)
N, (10150m‘3) FIG. 10. Comparison of measurgdymbols and calculated

(lineg) P4 shifts determineda) at the half maximum intensity level
FIG. 8. Comparison of our measurésblid circles and calcu- (6N, and (b) for the dip position §\p;p). The solid and open
lated dip values as a function of the electron density. Results obeircles are for thesky, and d\p;,, respectively. The solid line
tained within two approaches are shown: the FC&Mdlid lineg represents the results of odk 1, calculations. Theoretical data of
and the quasistatic approximati¢ashed lings both for two tem-  Ref. [31] for the 6\, (dashed ling and d\;, (dotted ling are
peratures. shown for comparison.
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those resulting from our calculations, however, the discreptargest FWHM, exceeding the quasistatic data by about
ancies do not exceed 15%. In addition, we compare in Fig. 20%.
our results with asymmetry parameters resulting from our (ii) The quasistatic approach as well as the MIM] do
quasistatic approximation and from the approach of Refnot describe satisfactorily the central part of the line profile.
[31]. As can be seen, the quasistatic data are significantly (jii) Our theoretical results for the FWHM, the rati@eak
smaller than our simulqted results, despite. the fact that—sep/FWHM and the dip value are systematically slightly
according to the inequalityEq. (9)}—the criterion of quasi-  |arger than the respective measured parameters. In our opin-
static approximation for our plasma conditions is fulfilled for ion, this discrepancy is mainly caused, as mentioned earlier,
wavelength separations corresponding to the positions of thgy the departure of our plasma from homogeneity.
P line peaks. This discrepancy between our simulated re- (iv) The calculatedP ; line shape parameters, the asym-
sults and the quasistatic data results from ion dynamic efmetry (A) and the line shift 6x,,), agree well with the
fects, which cause the increase in the dip intensity and Simuborresponding measured data.
taneously the decrease in the shoulder intensity. On the other (v) Finally, we want to stress the satisfactory agreement
hand, the asymmetry parameters resulting from the approagfiween our measured dip shifts and the shifts obtained by
of Ref.[31] systematically exceed our measured data nearlysinter and Kaies in the frame of the guantum statistical
by a constant factor of 1.4. _ _ approach using the Green’s function technique. This ap-
In Fig. 10 the measured and calculateg line shifts are  proach seems to provide reliable shifts caused by electronic
shown as a function of electron density of the plasma. TW@qoliisions, whereas the semiclassical approadBes yield
quantities characterizing the line shift are presentgdthe guestionable results. On the other hand, the thdGa)
so-called dip shiftoh p;, and(ii) the shift determined at the yie|ds s\ ,, shifts that are too small compared to the mea-
half intensity maximum of the profile\,,. Both above- gyred data. This discrepancy indicates that the i¢vilet)
mentioned shifts have been determined bynuand Ke  shift calculated by Guter and Kaies is overestimated. The
nies[31]. Within their quantum statistical approach, the dip gyerestimation of the ionic interaction is consistent with the
shift is almost entirely caused by electron collisions, becausgpserved discrepancy between the asymmetry parameters

fields. The shiftoA . caused by electron collisions amounts t0 than those resulting from the approach of H&fL].

about 90% of the total dip shifé\p;,. We have obtained
our 8\, shifts from Eq.(5), taking the electronic contribu-
tion o\ from Ref.[31].
In conclusion, we want to point out that in the case of the
Py line: We would like to thank S. Guter and A. Kmiies for sup-
(i) All theoretical approaches yield nearly the sameplying us with theP, line profiles corresponding to our
FWHM of the P4 line. Our simulation technique yields the plasma conditions.

ACKNOWLEDGMENTS

[1] G. Hepner, Spectrochim. ActHL, 356 (1957). [13] J. Halenka and W. Olchawa, J. Quant. Spectrosc. Radiat.
[2] R. Castell, D. Mandelbaum, A. Mendez, and A. Sanchez, J. Transf.56, 17 (1996.
Quant. Spectrosc. Radiat. Tran36, 345 (1983. [14] G.C. Hegerfeldt and V. Kesting, Phys. Rev3& 1488(1988.
[3] A. Dohrn, Ph.D. thesis, Christian-Albrechts-Universitigiel, [15] V. Kesting, Ph.D. thesis, Georg-August-Univeritadtingen,
1995. 1992.
[4] A. Dohrn, P. Nowack, A. Kaies, S. Gater, and V. Helbig, [16] S. Alexiou, A. Calisti, P. Gauthier, L. Klein, E. Leboucher-
Phys. Rev. E53, 6389(1996. Daimler, R.W. Lee, R. Stamm, and B. Talin, J. Quant. Spec-
[5] O. Motapon, M.G. Kwato Njock, B. Oumarou, and N. Tran trosc. Radiat. Trans68, 399(1997).
Minh, J. Phys. B30, 3117(1997). [17] S. Alexiou, P. Sauvan, A. Poquerusse, E. Leboucher-Dalimier,
[6] O. Vallee, J. Picart, and N. Tran Minh, J. Phys.18, L565 and R.W. Lee, Phys. Rev. B9, 3499(1999.
(1984). [18] S. Ginter, L. Hitzschke, and G. Rie, Phys. Rev. A4, 6834
[7] J. Szudy and W.E. Baylis, J. Quant. Spectrosc. Radiat. Transf.  (1991J).
15, 641(1975. [19] S. Ginter, Phys. Rev. B8, 500(1993.
[8] P. Kepple and H.R. Griem, Phys. R&w’3, 317 (1968. [20] S. Ginter and A. Kmies, Phys. Rev. B5, 907 (1997).
[9] C.R. Vidal, J. Cooper, and E.W. Smith, Astron. Astrophys.,[21] W. Olchawa, Ph.D. thesis, Nicholas Copernicus University, To-
Suppl. Ser25, 37 (1973. run, 1997.
[10] C. Stehle, Phys. Scr., 85, 183(1996. [22] R. Stamm and D. Voslamber, J. Quant. Spectrosc. Radiat.
[11] C. stehle and R. Hutcheon, Astron. Astrophys., Suppl. Ser.  Transf.22, 599(1979.
140, 93 (1999. [23] R. Stamm, E.W. Smith, and B. Talin, Phys. Rev38, 2039
[12] (8) V. Cardémso and M.A. Gigosos, J. Phys. B0, 6005 (1984).
(1987; (b) Phys. Rev. A39, 5258(1989; (c) M.A. Gigosos  [24] J. Seidel and R. Stamm, J. Quant. Spectrosc. Radiat. Transf.
and V. Cardeaso, J. Phys. B9, 4795(1996. 27, 499 (1982.

066403-10



EXPERIMENTAL AND THEORETICAL STARK . .. PHYSICAL REVIEW E66, 066403 (2002

[25] S. Sorge and S. Guter, Eur. Phys. J. 22, 369(2000. [33] C.F. Hooper, Jr., Phys. Ret65 215(1968.
[26] J. Halenka, Z. Phys. D: At., Mol. Clusteis, 1 (1990. [34] H.R. Griem,Spectral Line Broadening by Plasméscademic
[27] E.W. Smith, Phys. Re\166, 102 (1968. Press, New York, 19794
[28] W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flan-[35] T. Wujec, A. Baclawski, A. Golly, and I. Ksmek, Acta Phys.
nery, Numerical Recipes in FORTRAKNd ed.(Cambridge Pol. A 96, 333(1999.
University Press, New York, 1992 [36] J. Musielok, W.L. Wiese, and G. Veres, Phys. Re1A 3588
[29] C.A. Iglesias, D.B. Boercker, and R.W. Lee, Phys. Re@2A (1995.
1906(1985. [37] J. Musielok, J. Tech. Phy45, 259 (1999.
[30] H.R. Griem, Phys. Rev. &8, 1596(1983; 38, 2943(1988. [38] H.R. Griem,Plasma SpectroscopyvicGraw-Hill, New York,
[31] S. Ginter and A. Kmies (private communication 1964).
[32] S. Alexiou, inSpectral Line Shapegdited by J. SeidglAPI, [39] W.L. Wiese, J.R. Fuhr, and T.M. Deters, J. Phys. Chem. Ref.
Berlin, 2000, Vol. 11, p. 135. Data Monogr.7, 157 (1996.

066403-11



