
INSTITUTE OF PLASMA PHYSICS

NAGOYA UNIVERSITY

PLASMA ELECTRON DENSITY MEASUREMENTS

BY LASER- AND COLLISION-INDUCED

FLUORESCENCE METHOD

*
K.Tsuchida, S.Miyake / K.Kadota, J.Fujita

(Received - June 1, 1982)

IPPJ - 605 July 1982

RESEARCH REPORT

NAGOYA, JAPAN



PLASMA ELECTRON DENSITY MEASUREMENTS

BY LASER- AND COLLISION-INDUCED

FLUORESCENCE METHOD

*
K.Tsuchida, S.Miyake , K.Kadota, J.Fujita

(Received - June 1, 1982)

IPPJ - 605 July 1982

This work was carried out under the collaborating Research

Program at Institute of Plasma Physics, Nagoya University, Nagoya.

Further communication about this report is to be sent to the

Research Information Center, Institute of Plasma Physics, Nagoya

University, Nagoya 464, Japan

* permanent address ; Welding Research Institute,

Osaka University,

Suita-shi, Osaka-fu 565, Japan.



ABSTRACT

A new method using the laser-induced fluorescence snethod was

developed to measure the spatial electron density distribution.

The local electron density can be determined by observing the in-

tensity ratio of the laser- to the collision-induced fluorescence.

A spatial electron density distribution of a helium plasma

(T ~ 6eV, n : 10 cm ) has been determined by observing the

HeO 1? -*• 21S) laser-induced fluorescence and the He(31D * 21?)

collision-induced fluorescence due to the He(3 P •+ 3 D) col-

lisional transfer process with electrons. The comparison of the

result with that of a conventional method proves this new method

is of practical use in the space-resolved measurements of plasma

electron density.



1. INTRODUCTION

In thermonuclear fusion researches and plasma physics it is

important to measure the electron density of high temperature

plasmas. Thomson scattering, interferometry, and electrostatic

probe are widely used as conventional methods for the electron

density measurement (Huddelstone 1965). When they are applied to

basic plasma experiments which are necessary for understanding

fundamental processes of plasma, it is hard to determine plasma

electron densities below n ~ 10 cm" with Thomson scattering

method and to determine a spatial distribution of the electron

density directly with interferometry. The electrostatic probe

method is difficult to be applied to high temperature plasmas

since a probe tip might be melted. Recently particle beam probe

techniques utilizing atomic processes between a plasma and beam

particles have been developed to determine the local electron den-

sity of high temperature plasmas (Kadota et al 197 8 and Kislyakov

et al 1981). These techniques have spatial- and time-resolution

and an applicability to basic plasma experiments. However, some

of injected particles of the probing beam might be trapped in a

plasma and affect plasma parameters.

The Laser Induced Fluorescence Method (LIFM) is an

established method of the laser spectroscopy widely used in the

field of chemistry. Density- and velocity-distributions of atoms

or ions in a plasma can be measured accurately by the LIFM. As an

application of the LIFM to plasma diagnostics, Dimock measured an
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ion density of Ba plasma (Dimock et al 1969) . Recently the LIFM

is recognized as a powerful technique -to study plasma-wall in-

teractions(Hintz 1980) as well as density distributions of atomic

hydrogen(Razdobarin et al 1979) and its isotopes in high tempera-

ture plasmas. When densities of atoms or ions in a plasma are

determined by observing fluorescence emitted by laser-pumped

atoms, a quenching of fluorescence by collisions of the excited

atoms with plasma particles should be taken into account. The ef-

fect of the quenching depends on collisional rates and plasma

parameters. If the collisional rates are known in advance, the

plasma parameters can be determined by evaluating numbers of

transfered atoms through the collisional propcesses. A few

measurements of collisional rates between excited levels of atoms

have been reported by applying the LIFM to well-investigated plas-

mas (Burgess et al 1978, Burrell et al 1978, and Yasumaru et al

1980) .

We have developed a new technique for the electron density

measurement using the LIFM. It is the Laser- and Collision-

Induced Fluorescence Method(LCIFM) . By this method the local

electron density is determined by detecting photons from a level

to which atoms are pumped by the laser light and also from another

level to which some of the atoms are transferred through the elec-

tron impact process. This method has time- and spatial-

resolution, high sensitivity, and little influence on plasma

parameters. The principle of this method is described in Section

2 and the experimental procedure of the electron density measure-
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ment of helium plasma by the LCIFM is presented in Section 3. The

experimental apparatus is described -in Section 4. The electron

density distribution obtained with this method is shown in Section

5, and is compared with those measured by a conventional method.
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2. PRINCIPLE OF THE METHOD

When atoms in a plasma are excited by laser light (state 1 to

state 2), the excited atoms emit the laser-induced fluorescence;

besides some of them make transition to the level 3 by collisional

processes with plasma particles and emit the collision-induced

fluorescence as shown in Fig.l. We define the intensity ratio R

a s R0 = 1cf//I!Lf' w h e r e Iof i s intensity of the laser-induced

fluorescence and I is that of the collision-induced

fluorescence. When an electron impact collision process is

dominant, the ratio R "" is considered to be a function of the elec-

tron density n and the rate of the collisional process <av>,

where a , v, and < > mean the cross section, velocities of elec-

trons, and the average over Maxwellian distribution, respectively.

If the rate <av> is known, the local electron density can be

determined by observing the ratio R with a cross beam technique

as shown in Fig.2. The various processes can be utilized for the

electron density measurement; the An=0 collisional transfer

process, the excitation, and the transfer process between mul-

tiplet levels etc.

The intensity of the laser-induced fluorescence increases

with the laser light until the population density of level 2

becomes equal to that of level 1 (the saturation condition). In

the result the signal to noise ratio of the laser- or the

collsion-induced fluorescence can be improved using a strong laser

light. The significant feature of the LCIFM is high sensitivity.

Because the cross section of the optical absorption ( a - 10~
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cm ) is much larger than that of Thomson scattering ( ° - 10~
2 2

cm ) , a laser light of smaller power(- lOOkW/cm nm) is sufficient

for the LCIFM as compared with Thomson scattering method

(~ lOOMW/cm ). By selecting a strong collisional process and the

level of large pop "• ation density, this method can be used to

measure the l̂ w election density in plasmas. For a helium plasma

this method can be applied in the range of n :10 cm" by

selecting the collisional process HeP1?-* 31D) and the 21S

metastable level.
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3. ELECTRON DENSITY MEASUREMENT OF A HELIUM PLASMA BY THE

LASER- AND COLLISION-INDUCED FLUORESCENCE METHOD

An electron density distribution of helium plasma has been

determined by the LCIFM utilizing the 501.6nm laser light

(2 S •+ 3 P) and a An=0 collisional transfer process (3 P •+ 3 D )

with plasma electrons. The helium atoms has two metastable

states, 2 S and 2 S states, which have large population densities

compared to other levels except the ground level. The wavelengths

of laser light to excite the helium atoms in the ground and 2 S

states are in UV region and it is hard to generate high power

laser lights at these wavelengths. However, the helium 2 S atom

is able to be excited to 3 P level by the 501.6nm laser light. In

visible region the output power of dye lasers is sufficient for

satisfying the saturation condition. Therefore, the 2 S level of

helium was selected for the electron density measurement of helium

plasma. The An=0 collisional transfer process by electrons has a

large rate coefficient (for example, <ov> - 10~ cm /sec for the

3 P •+ 3 D transition) and a weak dependence on the electron tem-

perature. By these features of the process , the electron density

can be measured with a high accuracy by the LCIFM. When the

He(2 S) atoms in a plasma are excited by 501.6nm laser light,

501.6nm fluorescence and 667.8nm collision induced fluorescence

will be observed as shown in Fig.3. When the density ratio of the

helium atom to the electron is less than 10 , the 3 P -*• 3 D

transfer process with atoms can be neglected compared to the

process with electrons(Yasumaru et at, 1980). Under the condition
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of n ~ 10 cm" the 3 D-*• 3 P collisional transfer process, the

inverse process of 3 P + 3 D process, can be neglected as compared

with the 3 D •*- 2 P spontaneous process. The ratio of the time in-

tegrated signal of the 667.8nm collision-induced fluorescence to

that of the 501.6nm laser-induced fluorescence can be written as

/ I... „ dt / n'flV hv,,_ D n <Ov> An (3 P) dt
66 /' • 8 DO /. o 6 _______«

hoi.e, d t V n nv hv501-6 A 5 0 1 - 6 AnO1?) dt

I )' V667.8- ne < O V >

501.6 501.6

where, I:the output signal of the photomultiplier, n :the sen-

sitivity of the system, ft :the solid angle of the optical system,

V:the volume subtended by the optical system in the laser beam,

hv :the energy of the emitted photon, A:the transition probability

of spontaneous process, <av >:An=0 collisional transfer rate, and

An(3 P):the enhancement of number density in the 3 P level during

laser-pumping. Here, Vgg7 g/ v 5 Q 1 6 and A5Q^ 6 are .;nown and the

local electron density can be determined by observing the ratio R

and knowing n"/ n and <ov>. Some experimental data for / i=0 col-

lisional transfer processes by electrons between helium excited

levels have been reported. Burrell et al. determined the rate

coefficients between helium n=3 levels by the LIFM and gave a

simple semiempirical formula for the £n=0 collisional transfer

process with electrons (Burrell et al 1978. 'high temperature

limit rate coefficient1) as follows;
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2irm x / * h 2 1 n 2 J U n 2 - £2) 2zkT e

<av>. . = 3( ) ( ) —5— l n ( — ^ ) (2) ,
* kT m z - 2 £ + l n A E

e e

where m , n , T are mass, density, and temperature of the elec-

tron, respectively, and Z is the effective charge of the core of

atoms or ions (Z=l for the helium atom). The numbers n and $• are

total and radial quantum numbers of a considered level respec-

tively. The energy difference between state I and state I-1 is

AE. The theoretical rate coefficients agree with experimental

values of Burrell for the transitions of the 3 P + 3 S and the

4 P -*• 4 S to within 10 ~ 20%. The electron temperature dependence

of the collisional transfer process He(3 P •*• 3 D) with electrons

is given by this formula and shown in Fig.4. Because the energy

1 1 -2

difference between 3 P and 3 D state is 1.29x10 eV which is ex-

tremely small as compared with electron temperatures of plasma,

the rate of this process has weak dependence on the electron tem-

perature. Therefore the exact information of the electron tem-

perature is not required in electron density measurements.
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4. EXPERIMENTAL

The TPD(Test Plasma by Direct-current discharge) machine

which is used for the electron density measurement by the LCIFM is

shown schematically in Fig.5. This machine produces a stationary,

quiescent high density plasma for conducting basic plasma experi-

ments, for example, studies of VUV lasers(Otsuka 1980) or atomic

processes in plasma(Tsuchida at al 1981) . The discharge runs

between the anode and the cathode. The plasma is produced in the

"discharge region" and diffuses out into the "plasma region"

through a hole (15 mm in dia) in the anode. The electron density

in TPD has been confirmed by several measurements, for example a 2

mm microwave, an HCN lasert a CO laser interferometer, and

visible spectroscopy(Otsuka et al 1975), however the electron den-

sity distributions are important for the experiments on TPD. The

desity distribution can be obtained easily and directly with the

LCIFM. A laser beam is injected into plasma at the port 1 of TPD

in Fig.5. The laser- and the collision-induced fluorescence are

observed at the same port. An electrostatic probe is set at the

port 2 in Fig.5 to measure radial distributions of the electron

temperature and radial profile of the electron density.

The schematic diagram of the laser and the detecting system

is shown in Fig.6. The laser is a coaxial flashlamp pumped dye

laser (Phase-R DL-2100C). The laser cavity is formed by a grating

(1800 grooves/mm, blaze wavelength 500nm) and a 50% reflecting

dielectric output mirror. The length of the laser pulse between

half-intensity points is about 300 nsec at 501.6nm by using a
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5x10 Mol/1 solution of the Coumarin 307 in ethyl alcohol. The

intensity of the dye laser is about lMW/cm nm which is strong

enough to satisfy the saturation condition between 2 S and 3 P

levels. The spectral bandwidth of the dye-laser output is about

0.3nm which is determined by the divergence of the laser beam (~3

mrad). The bandwidth of the laser covers -most of the profile of

the spontaneously emitted 501.6nm line. The light emitted from

atoms in a direction of 90 degrees to the incident laser beam are

collimated on the incident slit (Iiranx2nun) of a monochromator

(Nikon P-250,F=4.5) with a mirror and two lenses. The radial

distributions of the light intensities are measured by tilting the

movable mirror. The photomultiplier is a Hamamatsu T.V. R955 and

its output signal is recorded in an oscilloscope (SONY TEKTRONIX

7844, frequency band width 25MHz). The temporal change of the

laser intensity is monitored by a P.I.N. photo diode (Yokogawa

Hewlett-Packard 5082-4220) .
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5. RESULTS AND DISCUSSION

A spatial distribution of electron density is measured by the

LCIFM at a discharge current of 4A in TPD-machine. Intensity

profiles of the 501.6nm laser-induced fluorescence and the 667.8nm

collision-induced fluorescence at this discharge current are shown

in Fig.7. The error bars mean the probable errors at 67% con-

fidence limit- Other collisional fluorescences (for example, from

3 S or n=4 levels) are not observed under this condition and the

model as shown in Fig.3 is valid to be used for the electron den-

sity measurements. The distribution of electron temperature

measured by the electrostatic probe is shown in Fig.B. The neces-

sary rates for the An=0 collisional transfer process (3 P •+ 3 D)

are determined from formula (2). The local electron density can

be obtained by substituting the ratio R and the rate of the col-

lisional process into expression (1). The spatial distribution of

electron densities determined by the LCIFM is shown in Fig.9. The

electron density profile determined by the electrostatic probe is

also shown in Fig.9, where it is normalized to that determined by

the LCIFM. The random error in the electron density measurement

with the LCIFM is estimated to be ±21% of the ratio R at the

plasma center. The systematic errors are estimated to be less

than 20% and 3% due to the inaccuracy of the rate coefficient and

the ratio n'/n used in the expression (2). The total systematic

error is estimated to be less than 23%. The absolute value of the

electron density obtained by the electrostatic probe may be

estimated to be about 7x10 cm" at the plasma center. The
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discrepancy in the absolute electron densities between two methods

may be attributed to the followings; It is difficult to determine

absolute electron densities with electrostatic probe method in

strong magnetic field (B ~ 4kG in TPD-machine). The measured

point of the electrostatic probe is some distance to the down-

stream of plasma from the point of the LCIFM measurements, and the

electrostatic probe disturbs the plasma. The density profile ob-

tained by the LCIFM is in agreement with that by the electrostatic

probe. The spatial resolution of the LCIFM is about 8 mm limited

by the diameter of laser beam in this experiment.
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6. CONCLUDING REMARKS

A new technique of electron density measurements utilizing a

laser- and a collision-induced fluorescence in plasmas has been

developed. It has been proved by measuring the electron density

distribution in a helium plasma of n - 1 0 cm~ that the LCIFM is

of practical use for the space-resolved measurement of the elctron

density. This method can determine the temporal and the spatial

variations of the electron density without disturbing plasmas by

observing the ratio R of the collision- to the laser-induced

fluorescence. The local electron density from 10 to 10 cm"

can be determined directly and easily using the He(3 P •*• 3 D)

An=0 collisional transfer process with electrons. Also electron

densities above 10 cm" might be measured by the LCIFM using an

excitation process (for example, He(n=3 •+• 4)) or a transition

between multiplet levels (for example, He {singlet -»• triplet) in n

= 3 ) . In this experiment plasma is stationary enough so that the

intensity distributions of the laser- and the collision-induced

fluorescence are measured shot by shot by tilting mirror as shown

in Fig.6. When a plasma is not reproducible enough, density

distributions of the electron will be obtained in a single shot

with space-resolved spectroscopy.

- 13 -



ACKNOWLEDGEMENT

The authors are greatly indebted to K.Ishii for his contribu-

tion to the operation of TPD-machine. This work was also greatly

assisted by the continued efforts of the plasma diagnostics group

in Institute of Plasma Physics.

- 14 -



REFERENCES

Burgess D.D.. Kolbe G., and Ward J.M.(1978) J. Phys. B, 11, 2765.

Burrell C.F. and Kunze H.-J.U978) Phys. Rev., 18, 2081.

Dimock D., Hinnov E., and Johnson J.C.(1969) Phys. Fluid, 12,

1730.

Hintz E.U980) J. Nucl. Mater., 93/94, 86.

Huddelstone R.H. and Leonard S.L. 'Plasma Diagnostic Techniques',

Academic Press. 1965.

Kadota K., Tsuchida K., Kawasumi Y., and Fujita J.(1978) Plasma

Phys., 20, 1011.

Kislyakov A.I. and Krupnik L.I.(1981) Sov. J. Plasma Phys.(A

translation of Fizika plazmy), 7, 478.

Otsuka M.(1980) Appl. Opt., 19, 3904.

Otsuka M.. Ikee R., and Ishii K.(1975) J.Q.S.R.T, 15, 995.

Razdobarin G.T., Semenov V.V., Sokolova L.V., Folomkin I.P.,

Burakov V.S., Misakov P.Ya., Naumenkov P.A., and Nechaev

S.V.(1979) Nucl. Fusion, 19, 1439.

Tsuchida K., Ishii K., Kadota K., Fujita J., Miyake S., Abe N.,

Yamanaka M.. Uehara Y., and Sasaki W.(1981) Atomic Collision

Research in Japan, 142.

- 15 -



Yasumaru N., Oku S, Fujimoto T., and Fukuda K.(1980) J. Phys. Soc.

Jpn., 49, 696.

- 16 -



FIGURE CAPTIONS

Fig.l. Energy levels and transitions relevant to a laser-

induced fluorescence t1,*) and a collision-induced

fluorescence i^Cf) » PBi2 ; absorption, pB21
 : induced

emission, A : spontaneous transitionf n <o v> : rate

coefficient for a collisional process with plasma par-

ticles.

Fig.2. A conceptual figure for the local electron density

measurement with the LCIFM.

Fig.3. Partial energy-level diagram of He I for the electron

density measurement of a helium plasma ; P B^^ : the ab-

sorption of laser/ P B21 : induced emission, I50, g :

the laser-induced fluorescence at A =501.6nm, I,,_ „ j
DO / .0

the collision-induced fluorescence at X =667.8nm, A :

the probability of the spontaneous transition, A : the

escape factor, <cr v> : the rate coefficient for the

A n=0 collisional transfer with electrons.

Fig. 4. Theoretical rate coefficient for the HeO1?-*- 3d) col-

lisional transfer process with electrons.

Fig.5. Schematic drawing of TPD-machine, which can produce

helium plasma of n : 10 cm and T _ several eV.

The dye laser and the detecting system of the

fluorescences are set at the port 1.

Fig.6. Experimental arrangement of the dye laser and the

detecting system. Radial intensity distributions of the

laser- and the collision-induced fluorescence are

measured by tilting the movable mirror.
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Fig.7. Intensity profiles of the laser- and the collision-

induced fluorescence ^501 6 a n d I667 8̂  a t t h e

discharge current 1^ = 4A. They are normalized at the

plasma center.

Fig.8. Spatial distribution of the electron temperature ob-

tained from electrostatic probe method at I = 4A.

Fig.9. Spatial distribution of electron density obtained from

1 the LCIFM ( o ) and the electrostatic probe ( ).

Error bar means random error of the density measurement

with the LCIFM (67% confidence limit).
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