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Method to measure the electric field vector in an argon glow discharge
using laser polarization spectroscopy
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A method for measurement of the direction of the electric field in a glow discharge is reported. This method
uses the dependence of the electronic excitation spectrum of argon atoms on the polarization of the laser

radiation. In this research, laser radiation was used to excite argon atoms in a plasma from[é‘n]g 4
metastable level to Rydberg levels, and excitation spectra were measured using laser optogaD@hic
spectroscopy. In addition, LOG spectra of argon atoms interacting with an electric field were calculated by
solving the Schrdinger equation. Good agreement was found between experimental and theoretical LOG
spectra obtained for different polarizations of the laser radiation.
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The electric field is one of the most important parametersf K =j-+1. The angular momentutd is weakly coupled to
for modeling plasma discharges. Several different methodghe Rydberg electron spm The total angular momentum of
for measurement of electric field magnitudes have been rethe whole argon atom i3=K +s. Therefore, in our consid-
ported, based on Stark spectroscopy of gaseous species sugation of the Stark effect of argon atoms, we use the basis
as hydrogen and heliufl—8]. The other important param- wave functions of energy levels of argon atoms in the form
eter of the electric field in the discharge plasma is the direcp=|nI[K],).
tion of the vector. For the laser-aided measurements of the We determine the positions of Rydberg energy levels and
direction of the electric fieldF, a polarization technique corresponding wave functions for argon atoms in the electric
based on the dependence of the laser optogalva@6), or  field F by solving numerically the Schdinger equatior(as

laser-induced fluore_scence spectra on t_he angle between t@?plained in[8]). Since the initial state 2], has a small
vector F and the unit vector of polarization of the laser ra-

diation e, can be used. Such techniques have been reportéfimixture of the statedf 3 1,, laser excitation can populate
for helium [9] and hydroger[10]. In previous papers, we nf Rydberg states of argon atoms. It follow_s f_rom the selec-
reported the development of a laser spectroscopic method f&en rules @K=0, =1, AJ=0, =1) that withinnf Ryd-
measurement of electric fieldagnitude which used the ef- Perg levels having the same only two fine-structure dou-
fect of the Stark splitting of the Rydberg energy levels ofblets nf[%]lyz and nf[%]zvg can be populated by laser
argon atomg6-8]. This method involves measurements of radiation in the absence of an electric fi¢ld WhenF+0,
excitation spectra of argon atoms, and in order to populatéhe wave functions of the levelsl[K]; having the same

the argon Rydberg levels, we used single-photon laser excare intermixed. This leads to the appearance of a large num-
tation from the metastable stats[4 ]. ber of Stark components in the LOG spectrum of argon at-

In the present paper, we report a technique to measure tH3NS in an electric field. The intensity of the LQG sig.nal' from
direction of the electric field in a discharge plasma. The pur-the Stark sublevel. of the Rydberg level with principal
pose of this paper is to describe the theory on which thigluantum numben is proportional to the total population of
measurement method is based and to demonstrate that resdltis sublevel. Hence the expression for this intensity can be
predicted by the theory are in good agreement with experiwritten as
mental results.

The spectral scheme used for this calculation and the ex- +2
periment is similar to that described[i8]. Excitation is from L(F)=P. > > [(3d[$1o.M]re [¢MI(F))P,
the argon lower metastable leved[4 |, to Rydberg levels of M==2 w’
the principal quantum number=9 of argon atoms. For Ry-
dberg states of an argon atom, th€)(coupling scheme can u=12...,80—24, (1)
be applied[11]. In this scheme, the strong coupling of the
orbital momentum of the Rydberg electrbto the ion-core

. (n,M) . .
total angular momentuijt results in the angular momentum where the wave functions,"™(F) is the solution of the

Schralinger equation for the argon atom interacting with the
electric fieldF, M is the quantum number of the projection of

*Permanent address: Center of Surface and Vacuum ResearchOnto the axisz, and the coefficienl is proportional to the
Russian State Committee for Standards, Andreyevskaya nab. intensity of the laser radiation. We note that the direction of

Moscow 117334, Russia. the axisz of the coordinate syste@xyzis chosen parallel to
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FIG. 1. Experimental LOG spectra obtained at the distance of ] ) o

0.1 mm from the cathode in an argon discharge at 5.0 Torr for three FI_G_. 2. Theoretical spectra of absorption of laser radiation at the
anglesd between the vector of polarization of the laser radiagion ~transitions between lower levels4 3/2], and upper levels ofi
and the discharge axis. The thick solid line corresponds 40, =9 of argon atoms calculated for the magnitude of the electric field
the thin solid line corresponds t= /4, and the dashed line cor- F =300 V/mm and three angles between the vector of polariza-
responds tod= /2. The lettersA, B, C, andD show the spectral tion of the laser radiatior, and the discharge axis. The thick solid
intervals that were used while integrating the profiles of the Starkine corresponds to3=0, the thin solid line corresponds t§
components in order to determine the intensities of these compa= /4, and the dashed line correspondsite 7/2. The lettersA, B,

nents. C, andD indicate the same interval shown in Fig. 1.
to Stark sublevels of the Rydberg energy level, and that the . 2 M
Zeeman stategwith M=0,=1,+2) of the lower level aL)(F):Mz_Z ME [(3d[ 15, M| "M ),
4s[ 2], are populated equally.
Let the vectorF lie in the planex’y’ of the laboratory K=X,Z. (4)

IEVIEVAS

coordinate systenOx'y’x’, but with unknown direction.

Our aim is to determine this direction. It is convenient to  Equationg3) and(4) can be used as the basis of a method
assume that the axisof the coordinate systef@xyzliesin  to determine the direction of the electric field veckin a

the planex’z’ of the coordinate systel@x’y’z’. Lete, and  discharge plasma. This method involves measuring the ratio

e, be the unit vectors along the axesndz ande,, ande,, , of intensities of the LOG signal from the Stark sublevgls
be the unit vectors along the ax$ andz’. Then vector®,,  of the Rydberg argon level for two orthogonal vectors of
ande,, can be represented in the form polarization of the laser radiatidne., by measuring the ratio

) . R,(F) in Eq. (3)]. The angled, and hence, the direction of
& =cosvg—sinde,, ey=sinde+cosde,, (2)  the electric-field vectoF, can be found from Eq(3). For
this calculation, it is necessary to know the dependence of
the ratioa{?/a? on F, but this can be calculated theoreti-
cally. An example of the procedure to determifiefrom
R.(F) is given below.
The spectroscopic scheme of the measurements and the
experimental apparatus are described in detail in Réfs.
and[7]. The laser source was a tunable dye laser pumped by
a xenon chloride excimer laser. The laser was operated at
) @ ) A~600 nm and the laser output was frequently doubled to
I, /(F)  1+[a)’(F)lay (F)]tarfd generate the radiation at~300 nm that was needed for the
1) (F)  tart9+a?F/a®E experiment. The beam was directed through the plasma par-
" K ” allel to the electrode surfaces. Figure 1 shows experimental
where LOG spectra obtained from a discharge plasma at pressure of
5.0+ 0.2 Torr in the vicinity of the cathode for the cases of
)y — (x) (2 : three angles) between the vector of polarization of the laser
2 (F)=P a1 (F)cos 9 +a,2(F)sir ], radiatione, and the discharge axist=0, 9= /4, and &
2 ) ] @ = 7/2. In this experiment, the direction of the discharge elec-
I'2)(F)=P [a,M(F)si*d+a, (F)cosd], tric field F is known to be parallel to the discharge axis. The

where { is the angle between the direction of the vedtor
and the axiz

Let us consider the rati® ,(F) of the values ofl ,(F)
calculated by using Eq1) for two orthogonal directions of
the polarization vectoe_ of the laser radiation, the first one
being along the axig’, and the second one being along the
axis z'. Substituting from Eq(2) into Eq. (1), we obtain

R.(F)=

047401-2



BRIEF REPORTS PHYSICAL REVIEW E 63 047401

TABLE |I. Comparison of experimental values of the rafi8\”].,/[ S\™?],, with theoretical values
) n
[S71in /[ S| ]4h for eachh (h=A, B, C andD) and for anglesy=0 and /4.

7 [STex/ (S ex (ST /LS (ST ex/ [S77?]ex (ST /1S in
A 1.39 1.38 1.19 1.19
] 1.16 1.16 1.08 1.08
C 0.96 0.97 0.98 0.98
D 0.86 0.88 0.93 0.93

electric field magnitude is large in the region close to thewere used to perform the integration that was used to obtain
cathode(the sheath regignand falls away to zero at large the intensities of the spectral components. In the following
distances from the electrode surface. The experimental LOGiscussion[S(f)]eX is the intensity of the spectral component
spectra, presented in Fig. 1, correspond to the transitiong (wherep=A, B, C, or D) in the experimental LOG spec-
from the lower-level 4[2],, to the upper levels of principal trum corresponding to the angtebetween the vectag and
quantum numben=9. The spectra shown in F|g 1 were the vectorF, which for this case is in the direction of the
normalized so that the intensity, integrated over the WavediSCharge axis. The results for the ratios of the intensities
length, is the same for each spectrum. [SELﬁ)]ex/[SEZT/Z)]eX for =0 and ford=m/4 are presented in
There are several important features of the experimentalable I. From these results, it can be seen that the intensity
LOG spectra presented in Fig. 1. First, the spectra consist (ﬁﬁﬁf"")]ex constitutes about O{ESES)]eer[SL”’Z)]eX} for each
many lines, and the profiles of the outer spectral componentg (»=A, B, C, andD) which is in accordance with E¢4).
are broader than those of the central components. These fea- Figure 2 shows theoretical Stark spectra of absorption of
tures are directly due to the electric field, and are describethe laser radiation at the transition between the lower-level
in detail in Ref.[8]. By using the method described in that 4s[ 21, and the upper levels correspondingrte-9. These
paper, the magnitude of the electric field was determinedpecira were calculated for three angfedetween the vec-
from the positions of the peaks in the experimental spectra t@brsq andF (9=0, 7/4, andm/2) and the magnitude of the
be 30G=20 V/mm. , _ electric fieldF =300 V/mm. As in Fig. 1, the letters, B, C,
Another feature of the experimental LOG spectra is thalyq b indicated in Fig. 2 designate the spectral intervals,
the intensities of the spectral components are different fopyer which the profiles of the individual Stark components
different values of the anglé. In order to obtain the inten- \yere integrated in order to obtain their intensity. We desig-

sity of the spectral component, it is necessary to integrate thgate the corresponding intensities of these Stark components
profile of the spectral component over the spectral range COfyy [S(ﬂa)]th where 7=A, B, C, andD. The results for the

responding to this component. In Fig. 1, separate spectrgl.. . ) (7/2) _
ranges are designated by lett&sB, C, andD. These ranges %iojlzfatrgesmsvnnsIiae'fiig|e]t|h/ [S;"]in for 9=0 and for

The results shown in Table | show that the experimental

R (F)

400 450

[ BN B |
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electric field (V/mm) 0.00 15.0 30.0 45.0 60.0 75.0 90.0

FIG. 3. The theoretical dependencies of the rafje-a?/a(’ 6 (degrees)
on the strength of the electric fiekl (w=A, B, C, D) for the Stark
spectra corresponding to the laser excitation in argon from the FIG. 4. The theoretical dependencies of the intensity riijo
lower level és[%]zto the upper levels of principal quantum number =I5j")/|£f') on the angled, calculated for the case df=300
n=9. The letterdA, B, C, andD designate the same spectral rangesV/mm. The lettersA, B, C, and D designate the same spectral
as in Figs. 1 and 2. ranges as in Figs. 1 and 2.
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values of the fati(ﬁs(f)]ex/[s(,,ﬂz)]ex are consistent with the direction of the electric field was unknown, values Rf

theoretical values dfS\" ]/[ S™?], for eachy (n=A, B, =|§f')/|§f') determined from experimentally obtained spec-
C, and D) and for both anglesy (9=0 and «/4). This tra could be used with this graph to determifie

indicates that the intensities of the Stark components in the The accuracy of determining the angleis mainly deter-
LOG spectra or argon can be used as the basis of a methodnoined from the accuracy in measuring the intensity ratio
measure the direction of the electric field in a discharger, . The size of the uncertainty iR, obviously depends on
plasma. the quality of the measured spectrum, but a value-D%

The method is based on measuring excitation spectra witBhould be attainable for most conditions. By using the peak
the laser radiation polarized linearly in perpendicular direC'designated byA, which has the strongest dependencedon
tions, and can be explained simply as follows. The magnine uncertainty ind should be about 15°20°.
tude of the electric-field vectds first is determined from the In this paper, we described the effect of laser polarization
measured spectra, using the relative positions of the spectrghq electric field on LOG spectra obtained from argon atoms
component§8]. The value Of[S(nO)]th/[,Ssywz)]_th then is cal- iy 3 glow discharge. From this effect, we proposed a method
culated for this value oF. NOt?Z)th%E)th's ratio has the same 4 measure the direction of the electric field. The method is
dependence of as t,he ratica,, la,” (for p=m). Inaddi-  pa5eq on using the dependence of the LOG spectra of argon
tion, the intensities*) and! ) are obtained from the mea- atoms corresponding to the transitions from the metastable

sured spectra and the ratid?gi:lgf/)/lﬁf ) are calculated. level 4s[ ¢], to Rydberg levels of argon atoms on the angle
The value ofd then can be determined by substitutiRy 9 between the vector of polarization of the laser radiation
anda,@/a,® in Eq. (3). and the vector of the electric field. Good agreement between
Figure 3 shows the theoretical dependence of the ratiexperimental and theoretical LOG spectra of argon atoms
r,=a?/al) onF for u=A, B, C, andD (for the transitions was obtained for different angle8 and different spectral
4s[ §1,—n=9). The functions ,(F) shown in Fig. 3 can be Components.
used together with E3) to determine the anglé. V.P.G. and H.J.K. were supported by the Japan Society
An example of this is given by Fig. 4, which shows the for the Promotion of Science. The experimental work was
dependence of the ratR,=14"/1{) on the angle? for the  conducted at the Institute for lonized Gas and Laser Re-
case ofF=300 V/mm, determined from Eq3) using the search at Kyushu University. The authors are grateful to T.
data shown in Fig. 3. In a practical experiment, in which theYamada and K. Takeda for assistance with the experiment.
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