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Stark broadening and shift of the first two Paschen lines of hydrogen
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The broadening and shift of the first two lines of the Paschen series of hydrogen have been investigated both
experimentally and theoretically. The application of an earlier developed Green’s-function approach predicts a
nonlinear behavior of the shift of the Pascherine that is confirmed by the observations. The experiments
have been carried out applying a wall-stabilized arc running in neon or argon seeded with hydrogen. The
electron density range covered by the experiments is 0@ cm™2 to 25x 106 cm™3.

PACS numbdps): 52.70.Kz, 32.70.Jz

I. INTRODUCTION within the well-known model microfield methdd—9]

The exploitation of the Stark-effect broadening of the hy- Y . N
drogen lines has proven to be a valuable tool in plasma di- '(A®)= Imi f;f, i (Ae)(IKFU@A@)F)]i"),
agnostics. Given that the broadening parameters are known Y 1)
with high accuracy the electron density can easily be deter-
mined in a wide density range using, e.g., the Balmemd  where the frequency dependent intensity includes the corre-
B lines[1,2]. Though hydrogen is the simplest atomic sys-sponding transition matrix elements as well as the trivial
tem, a completely satisfying theory for the plasma broadenasymmetry. The time development operathfA w) will be
ing has not been formulated yet. Thus the broadening parangetermined applying the well-known “kangaroo” process
eters necessary for the plasma diagnostics are usually také®,9]. Therefore, the time development operator for a con-
from experimental investigations. However, the study of thestant ionic microfielde
Stark-effect broadening has been mainly focused on the first
two Balmer lines, while only a few experimental investiga- U(Aw|E)=[Aw—ReZ;—2}+iQ(E)+ilm{Z;+2}
tions of the lines of the Lyman or Paschen series have been +irt @)
reported, because the experimental access to these lines is

more challenging. The experimental data of the t_)road_e_ning5 neededQ(E) is the jumping frequency of the ionic mi-
of P, andP, are therefore scarce, and no publication gvINg - tield strength which ensures the correct field correlation

results for the shift of these lines is known. The presentwork .0~ < e stochastic proce§s0]. The self-energys

geals with the Stgrk effect of the .f|rst two lines of thg d?scribes the influence of the surrounding plasma on the ra-
aschen series using both an experimental and a theoretlc&a}ator. It contains the electronic as well as tistatio ionic
approach. ; ... contributions.

As the upper levels of the Paschen lines are split into The electronic contributions to the self-energy within a
more components than the levels of the Balmer or the LymatgeCOnol order Born approximation are given by
lines, a calculation of the Stark effect is not as simple as it is
in the case of the lower series members. But on the other -
hand many-particle effects, such as a possible nonlinear shi{mzel(E )ny=— iJ' ﬂV(q)E |M(0)(a)|2
of the spectral lines, become visible at an earlier stage, i.e., at " e’ (2m)° L
lower electron densities. Therefore an investigation of the L= )
Paschen series promises a better understanding of the Stark « f“ do Ime™(q,0+i0)

broadening of hydrogen. 7[1+ nB(C")]En— E,—(0+i0)"
()

Of course within this approximation the electronic contri-
An earlier developed Green’s-function approach to thebutions to the self-energy are overestimated. Therefore a par-
optical properties of dense plasmi@s-6] has been applied tial summation of the corresponding three-parti€lenatrix
here to calculate the asymmetric and shifted profiles of thelescribing the interaction between the radiator and a perturb-
first two Paschen lines. This approach allows a fully quaning electron as outlined if6] has been applied to choose the
tum mechanical treatment of the perturbing electrons. The&ipper limit for the transition momentuin In Eg. (3) V(Qq)
influence of the dynamic plasma ions has been describeid the Coulomb potentiaV(q) =e?/ €502, ng(w) denotes the

— o0

Il. THEORY
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Bose function. For the transition matrix elements

M{®)(q) an expansion into the spherical wave functions has
been applied as given i1%].

The inverse dielectric functioa‘l(ﬁ,w) contains many- Pa
particle effects. Usually, calculating hydrogen spectral lines,
instead of the full expression Ps
N Ime _),(1) vacuum
Ims_l(q,w)=— _ 2(q ) _ 2’ (4) \—“
[Res(q,@)]°+[Ime(q,w)] N

various approximations have been applied. In order to calcu- k
late the linewidth which follows from virtual transitions be-

tween states of the same principal quantum number, a static i
Debye screening may be taken air
Ime(ﬁ o) 0.5 1.0 1.5 2.0 2.5 3.0
1)~ —
Ime™~(q,w)~ W22 ©) wavelength [pm]
1+ —
q2 FIG. 1. Spectrum of a tungsten filamentTat 2400 K recorded
) . . for the cases that the experimental setup was operated under atmo-

wherexp is the inverse Debye radius spheric pressure and vacuum, respectively. The wavelength posi-

_ _ tions of P, and P, are indicated.

xp ' =[(€°ne)/(eokT)] ¥2=Tp. (6) ’

between 25 and 80 A. To extend the electron density range
covered by the experiment the pressure of the arc plasma was
varied from 1 to 6 atm. Thex as well as the3 line of the
Paschen series are situated in a wavelength region where the
observation is disturbed by absorption of water vapor from
the air. While in the case oP, the whole line profile is
influenced, the absorption of the, is limited to the red
wing. Therefore, the complete setup including the spectrom-
eter was operated under vacuum. In Fig. 1 the response of
our detection system is shown for the wavelength range be-
tween 0.5 and 3«m for atmospheric pressure and vacuum.
The observed curves represent the combined influence of the
(nee?) 12 emission of the tungsten wire of the lamp used and the spec-
(eo—m) (8)  tral response of the detector and the monochromator. The
€ absorption bands can clearly be seen in the spectrum re-

Applying a binary collision approximation to the line shift, corded under atmospheric pressure. They are essentially re-

results in a linear dependence of the shift on the electrofoved in the upper spectrum. _ ,
density. A 2 m Czerny-Turner monochromator equipped with a

The ionic contributions to the self-energy contain the lin-300 lines/mm plane grating blazed at Jugn was used for
ear and the quadratic Stark effect as well as the interactiof'® recording of the profiles. A 1.6m cut on interference
between the radiator and the inhomogeneities of the ioniéilter suppressed the higher order spectra in the case,of
microfield. The ion quadrupole effect has been included apYVhile this setup was favorable for recording thdine the
p|y|ng the theory given by Ha|enkm1] WhO genera”zed measurements fOI‘ thﬁ I|ne Suffered from the reduced efﬂ'
Sholin’s formulag 12,13 in order to account for the screen- ciency of the grating and the lower intensity of the line itself.
ing of the ionic microfields by the plasma electrons as wellln order to increase the signal to noise ratio, the measure-
as for pair correlations between the ions in the Barangerents ofP at electron densities lower tharxk2.0'® cm ™3
Mozer limit. were additionally performed with a 590 lines/mm plane grat-

Applying the developed theory it is possible to calculateing blazed at 1.3.m. Though in this case the efficiency was
the shifted and asymmetric line prof”esl The theoretical |inéjetter, the slit widths had to be increased in this case in order

shift given here is the maximum shift of the profile as it is in to obtain a reasonable spectra. Higher order spectra were
the experiment. suppressed by a Schott RG 780 glass filter. The apparatus

width was 3.3 A in the case d?, and 4 A in thecase of

Ps. A 1/3 m monochromator with a Hamamatsu R 928 pho-

tomultiplier was used as a monitor for the simultaneous de-
The spectra of the hydrogen Paschen lines were obtaingérmination of the plasma parameters.

from the plasma of a wall-stabilized arc running in neon or A thermoelectrically cooled lead sulfide eleméimifrared

argon with admixtures of approximately 10% hydrogen. TheAssociates, Inc: PS)3served as a detector in the infrared

arc had a diameter of 4 mm and was operated at currentegion and a lock-in technique was used for the amplification

In determining line shifts, however, a binary collision ap-
proximation

Imsfl((i,w)%—lms(a,w) (7)

has often been applied. Keeping in mind that the main con
tributions to the shift result from virtual transitions between
states of different principal quantum numbesn@0), ac-
cording to Eq.(3), this approximation is valid only if the
energy difference between this stateg,=E,,— E, is much
larger than the electron plasma frequency

a)p|—

Ill. EXPERIMENTAL SETUP
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£ 1500 FIG. 2. P, in neon at an electron
S, density of 6.6<10® cm™ 3. The
=z spectra show(from top to bottom
2 1000 the measured data, the result of the
g fitting procedure for the neon back-
= ground, and the difference between
500 these two datasets.
o v e
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wavelength [um]

of the signal. To avoid problems with a rotating blade chop-This is more difficult for the neon plasma. Even for the high-
per in the vacuum system, an electromechanically driverest electron densities obtained in our measurements LTE is
tuning fork device with a resonance frequency of 188 Hz wasiot established16]. To avoid a nonlocal thermodynamic
installed. Since both the lines investigated extend over a&quilibrium(NLTE) analysis of the neon plasma we used the
wide wavelength region, it was essential to take the spectralame method as in the argon case, well aware that the tem-
response of the detection system into account while analyzeratures derived in this way give only a rather rough esti-
ing the data. The relative spectral sensitivity of the opticalmate.
system was determined with a calibrated tungsten strip lamp Both the neon and the argon spectra show in the blue
in order to correct every dataset before being analyzed. wing of P, several disturbing lines. At relatively small elec-
tron densities their influence is rather limited because of their
negligible intensity or clear separation from the line core.
With increasing electron density both the width Bf, and

The electron density was determined from the Starkthe intensity of the background lines increase rapidly. This
broadening of the BalmepB line. This line was recorded leads to a growing importance of the nearby lines of the
simultaneously with the Paschen lines employing a secondarrier gas, causing difficulties in the determination of half-
monochromator. The half-width of thé line and the Stark-  width and position ofP,, . Using a least-squares fitting rou-
effect parameters dfl4] were used to calculate the electron tine[17] the influence of the spectral lines of neon and argon
density. The estimated uncertainty was 6%. An exact detemwas taken into accourisee Fig. 2 and Fig.)3assuming that
mination of the electron temperature is not necessary for outhe line profiles are of a Voigt shape.
purpose, because the influence of this quantity on the Stark- The optical depth of ther line was checked by placing a
effect profile is rather small. In the case of the argon arc onéocusing mirror behind the arc column, thus doubling the
can assume the plasma to be in the state of local thermodgffective plasma laye(Fig. 4). Because of the number of
namic equilibrium(LTE). Therefore it is possible to get a free parameters the model function of the fitting routine did
reasonably accurate estimate for the temperature from theot include the optical depth. The Lorentzian half-widlth
measured electron density and the plasma calculafitbls  given by the least-squares analysis of the recorded spectra of

IV. PLASMA DIAGNOSTICS AND DATA REDUCTION
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> 1500 FIG. 3. P, in argon at an elec-
B tron density of 14.&10% cm™3.
S The order of the data is similar to
2 1000 [,y aanaesaesd .
£ Fig. 2.
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TABLE |. Experimental width(FWHM) optical depthr, and
1.4 shift AN of P,, in argon. Temperatur& according to[15].
1.2
3 . Ne [10°cm™3] plba TI[K] FWHMI[A] + A)[A]
1.0 2
5 5.6 1 11710 78.8 0 5.9
£ 0° 8.1 1 12360 1047 016 7.0
L o6 ° 11.6 1 13620 134.5 0.21 10.0
=) o4 0 © o ¢ 14.7 1 13870 159.8 0.2 14.4
'%_ ’ ° M 17.3 1.4 13900 186.6 0.35 15.5
© 021 o ° ¢ 21.1 2.3 13 380 209.6 043 19.2
0.0 o o 25.0 3 13370 2428 051 241
-0.2
0 5 10 15 20 25 30

line is quite difficult because of neighboring argon lines be-
ing more intensive than the hydrogen line itself. Therefore
_ . this part of the experiments was carried out mainly in neon.

FIG. 4. The optical depth dP,, measured by means of a spheri- 114,91 this gas shows several lines in the spectral region of
cal mirror. ercles and dlamonds indicate the use of neon and argor_t,ﬁ, the analysis of the data is hardly disturbed by these
as the carrier gases, respectively. profiles, as the half-widths of the neon lines are small com-

: pared with the widths oP; (Fig. 5. Much more important
P was corrected using the formula is a broad feature of the rﬁ1eon background. The origin of the
feature could not be revealed. It is not related to any series
(9 limit of neon. It arises perceptible from the continuum at
electron densities above approximatelk 20'® cm~2 and

with L., being the corrected Lorentzian half-width. The €xhibits a steeper decline to shorter wavelengths than to
correction factor isk=4 for the Voigt profiles, if two pre- longer ones. In order to treat the problem we subtracted spec-
requisites are met: the optical depth must not exceed 1 ari@ Of pure neon from the spectra of neon with additions of
the Lorentzian width has to dominate the Gaussian widt{lydrogen recorded at identical electron densities. Because of
[18]. In our experimental conditions the second of the twothe smaller transition probability the optical depthRof was
prerequisites is always fulfilled: even for the lowest electronnot as crucial as the optical depth®f,. _
densities the ratio of Lorentzian to Gaussian half-width ex- In order to determine the shift of the infrared lines an
ceeds 4. But the first of the prerequisites is crucial because &fshifted wavelength marker would have been desirable.
electron densities of approximately<@.0'® cm~3 the opti-  Though efforts have been made using various low pressure
cal depth becomes as large as'1, if the experiment is 9as discharges of different design and filling, in all attempts
carried out in neon. For>1 the correction factok de- the population of the important levels proved to be too small
creases. Therefore E¢9) would result in corrected widths 0 observe the lines with an acceptable signal to noise ratio.
still being too big. A reasonable detection of an unshiftéd or P, line was

In the case ofP; no model function to be fitted was neither possible in emission nor in absorption. Thus the un-
available. Nevertheless the background of the carrier gases #fted position of the lines was determined by extrapolating
crucial. In the case of argon an exact examination of ghe the posmon.towards t.he vams.hlng-electron density. In the
case ofP, six data points obtained in neon at electron den-
sities beyond X 10'® cm~2 were chosen for this purpose
and a linear fit was calculated. In the case of ghéne the
R fitting process included all datapoints.

Ne [10"¢ em™]

T
1——

L cor= Lit K

1206.6 nm

TABLE Il. Experimental width FWHM, optical depth, and
shift AN of P, in neon. Temperatur& according to15].

1321.9 nm

Ne [10%ecm™3] plba] T[K] FWHMI[A] r ANA]

0.5 1 12 130 20.9 0.1 1.0

1.0 1 12 990 26.0 0.18 1.1

1.2 1 13 250 30.6 0.17 1.2

1.6 1 13 650 37.1 0.21 1.5

122  1.24 126 1.28 1.3 132 134 19 1 13910 42.4 035 1.8
wavelength [um] 3.8 1.7 14 630 75.3 0.44 34

5.1 2 14 950 97.4 0.48 4.6

FIG. 5. Spectra of neon witfiop) and without(bottom) addition 6.6 2.6 15170 1215 0.63 6.3

of hydrogen, recorded at an electron density 05914'® cm~2 and 7.9 3.6 15210 153.4 096 7.7
a pressure of 4 atmospheres. Absorption due to water vapor can be 8.0 4.4 16 020 160.4 1.04 8.0

seen in the far red wing dP.




TABLE lIl. Experimental width FWHM ofPz in neon.
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TABLE IV. Experimental width FWHM ofP 4 in argon.

Ne [10 cm™3] FWHM [A] Ne [10° cm™3] FWHM [A]

0.5 46 1.3 101

0.7 59 1.8 136

1.1 82 2.3 145

15 103 3.1 201

2.0 128 3.3 213

3.0 185 6.8 302

3.4 192.8 9.1 390

4.0 2241

5.4 284

5.9 286.7 neon, respectively.

7.3 343.9 According to the linear Stark effect, the width &f,

8.2 354.3 shows a dependence on the electron density proportional to
10.1 398.7 N2, In Fig. 6 the measured data are compared with the
111 443 results of the Green’s-function approach, with the theoretical
121 489.9 results of Kepple and Griefl9] and a computed result ac-

V. RESULTS AND DISCUSSION

A. Paschena

cording to the model microfield method by Stef#8]. Ad-
ditionally an experimental width obtained by Hepi2Ll] is
shown.

As seen in Fig. 4, in neon the optical depthRyf exceeds
at the identical electron densities the optical depthPgfin

The optical depth oP, was measured as described ear-argon. In neon at an electron density ok 80 cm~3 the
lier. As can be seen in Fig. 4, we obtained optical depths upptical depth is of the order of 1. Here the application of Eq.

to the order of one in neon and up t&=0.5 in argon. The

(9) reaches its limits. This is the reason for the systematic

Lorentzian width ofP, as given by the results of the fitting deviations of the corrected widths obtained in argon and

routine was corrected following E¢9). The position of the

neon at identical electron density. The perpendicular error

line was determined at the maximum of the fitted Voigt pro-bars include the uncertainty of the fitting process and of the

file. The obtained results for the optical depth, tberrected

measured optical depth, but exclude possible additional er-

width and the shift of the line at different plasma conditionsrors produced by optical depths too large for an application
are shown in Tables | and Il for measurements in argon andf Eq. (9).

o

FWHM [A]

100

10

10

N, [10" cm™]

FIG. 6. Full width at half maximum oP , versus electron density. circle: experiment, nébis work), diamond: experiment, argdthis
work), star: experiment, Hepn¢21], cross: theory, Stehlg20], solid line: theory, this work, dashed line: theory, Kepple and Gijig8).
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N, [107 om] FIG. 8. Full width at half maximum oP; versus electron den-

sity. circle: experiment, neofthis work), diamond: experiment, ar-
FIG. 7. Maximum shift of P, versus electron density. circle: gon (this work), cross: experiment, Castedt al. [22], star: experi-
experiment, neon; diamond: experiment, argon; dashed line: theorynent, Hepnef21], solid line: theory, this work.

according to approximations Eqg) and (7); solid line: theory, » ] »
dynamic screening. tron densities exceedingx110'® cm™3. At lower densities

our measured data tend towards smaller widths. A possible

The experimental result of Hepng21] deviates from our explanation is the adverse signal to noise ratio at these den-
data towards smaller widths, probably because of difficultiesities complicating a proper determination of the depth of the
in the determination of the electron density in this earlycentral minimum ofP ;. This might lead to a supposed mini-
work. The theoretical calculations not including ion dynam-mum lying too high and therefore causing smaller widths
ics [19] produce widths being too small by a factor of ap- than calculated.
proximately 1.3 at an electron density of'fém 2 and 1.13 A comparison with the results of two other experiments is
at a density of 18’ cm~3. Our calculated widths, including possible. As in the case d%, the width given by Hepner
ion dynamics, do not fit the experimental data much better21] is smaller than ours. Measurements of Casgtlal.
and also tend to be too small. However, these discrepanci¢22] at electron densities being approximately one order of
between experimental and theoretical half-widths had to benagnitude smaller than ours agree very well with the theo-
expected. It is well known that the applied model microfieldretical results.
method underestimates the effects due to ion dynamics. The Like the half-width of the line the separation of the
calculated and measured shiftsRf versus electron density maxima ofP; shows a dependence on the electron density
are shown in Fig. 7. The experimentally obtained resultgproportional td\lg’g (Fig. 9). According to Fig. 10 the ratio of
agree very well with the calculations including the dynamicpeak separation and half-width is therefore nearly constant.
screening following the Green's-function approach. WithThe mean value of the ratio obtained in our measurements is
growing electron density deviations from the linear behaviorg.31 with a statistical uncertainty of 20% because of the
become visible. Therefore one may conclude that a binargignal to noise ratio at low electron densitiddlso see
collision approximation becomes questionable for densitieTables Il and V)
larger than 1& cm~3. For higher densities the interaction

between the radiator and a perturbing electron becomes dy- 160
namically screened by the surrounding plasma.

The uncertainty of the determination of the position of 140 - 3
P, increases with the broadening of the neighboring lines of 120 —
the carrier gas, as the lines overlap more and more. This is ;
especially important in the case of argéig. 3). At an = ' —— =4
electron density of approximately>310*” cm™2 the error > &0 —f—
becomes as large as 23%. In spite of that a nonlinear depen- g —-

dence of the shift on the electron density is clearly observed. 60 :%: §

B. Pascheng 0 &éﬁ:@:
20

The half-width ofP ; was obtained directly from the mea-

sured spectra after subtraction of the neon background and 0

: 0 2 4 6 8 10 12
the spectral correction. We used the mean of the blue and red 6 -3
maxima as a definition of the maximal intensity of the line. Ne [107° em™]

The experimental and theoretical results are shown in Fig. 8.
One recognizes a very good agreement particularly at elec- FIG. 9. Separation of the maxima Bf; versus electron density.
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FIG. 10. Ratio of peak separation to full width at half maximum FIG. 11. Dip shift of PB versus electron density. The dashed

of P4 versus electron density. The full line indicates the theoreticaljne indicates the calculated shift, the solid line a linear fit through
values. the experimental data.

To determine the position of the line we choose to takefit to the experimental results gives a shift of 28 A at an
the position of the central minimum. The advantage of thiselectron density of X 10! cm™2, whereas the correspond-
dip-shift method is a smaller dependence on the structure dhg theoretical shift is about 25 A.
the neon background, thus giving more reliable results when
compared to methods taking the position of the line at a ACKNOWLEDGMENTS
fraction of the maximum intensity, for example. Figure 11
shows the data of this work. Both theoretically predicted and This work was partly funded by the Deutsche Forschungs-
experimentally observed shifts Bf; behave linearly, though gemeinschaffHe 876/10 and by the Sonderforschungsbe-
the first ones tend to smaller shifts than measured. A lineareich 198.
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