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Intensity and polarization of laser-induced fluorescence due to forbidden excitation

of He atoms immersed in an electric field in plasmas
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Laser-induced fluorescence (LIF) processes through the Stark and electric-quadrupole moment (QDP) tran-
sitions of He I (2 'S—n'D—2'P,n=3 ,4) have been investigated for reliable electric-field measurements in
plasmas. A linear-polarization model is formulated for various configurations of electric fields, magnetic fields,
and laser polarization. To extend the model to higher-particle-density plasmas we develop a rate-equation
model involving a collisional disalignment term. Disalignment rates of n D states, Ry,, due to a collision with
He gas were measured. Spatial distributions in intensity and polarization of LIF were observed in a discharge
plasma. For n=3 with small Rg,, the same electric-field distribution in the sheath was obtained from either of
the intensity ratios of the Stark to QDP component and the polarization, and the sheath potential agreed well
with that by an electric probe. For n=4 with large Rg,, the distribution was also correctly obtained from
partially depolarized LIF wave forms by using the extended model. These results show that our extended
model provides an accurate measurement of the electric field. The minimum detectable field strength was

80 V/cm for n=4. Application and limitations of the methods are discussed.
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I. INTRODUCTION

The electric field has been one of the most important
plasma parameters in studies on plasma confinement [1] and
plasma material interactions in magnetic fusion [2], inertial
electrostatic confinement fusion [3], plasma processing [4],
and electric double layers [5]. To directly and nonintrusively
measure the electric fields in plasmas, laser-induced fluores-
cence (LIF) methods that rely on the Stark splitting and mix-
ing [4,6-9] of atomic or molecular states have been devel-
oped. These methods have been successfully applied to low-
density plasmas. The Stark splitting of high-lying Rydberg
states, which is very sensitive to the electric field, will be,
however, wiped out by the line broadening with increasing
plasma particle density. This will also be complicated due to
the Zeeman splitting under high magnetic fields. On the
other hand, laser excitation of the allowed transition of atoms
and molecules leads to weak forbidden fluorescence lines
induced by the Stark mixing between nondegenerate energy
levels. The field strength E can be determined by the ratio of
forbidden to allowed line intensity [4,9]. In high-density
plasmas it will be difficult to measure the forbidden line
because of the disturbance due to the strong background
plasma light.

It has been demonstrated that intense laser excitation of a
weak Stark-induced electric-dipole moment transition (Stark
transition) results in an intense field-dependent allowed fluo-
rescence [9,10]. The LIF method combined with a technique
of Li-beam probing has been applied, for the first time, to a
large plasma device, RFC-XXM, to measure E distribution
in the hydrogen plasma with an electron density of 3
X 10" cm™ and a magnetic field of 1.1 T [11,12]. In this
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measurement, however, a sophisticated procedure had to be
carried out to estimate E, because there was no standard for
determining E directly from the observed field-dependent
fluorescence intensity.

A new in situ calibration method for E has been proposed
by using the four level system of singlet He atoms shown in
Fig. 1 [13]. Metastable He atoms (2 'S) in electric fields can
be optically excited to the n 'D (principal quantum number
n=3) states through both the Stark and electric-quadrupole
moment (QDP) transitions (forbidden excitation). The for-
bidden excitation can generate a population imbalance
among magnetic sublevels of the excited states, called align-
ment. Subsequently, the aligned atoms emit linearly polar-
ized fluorescence [14]. Measurements of the polarized fluo-
rescence enable us to separate the Stark and QDP
components involved in LIF. Using the intensity of the QDP
component as a standard of the electric field, we can deter-
mine E from either the intensity ratio of the Stark to QDP
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FIG. 1. Partial energy level diagram of HeI for the forbidden
excitation 2 'S—n'D through the Stark and QDP transitions and
the subsequent fluorescence transition n 'D—2'P in an electric
field.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevE.79.026402

TAKIYAMA et al.

component or the polarization [13]. Previously, we showed
that the polarization method was applicable to the plasmas
with a relatively low gas pressure of 0.3 Torr under a mag-
netic field of 2.5 kG [15] and the sensitivity was so high as
to be comparable to that of the Stark splitting method using
the high-lying Rydberg states, despite the low-lying states
being used [16]. This means that the Stark mixing can pro-
vide high sensitive measurements in plasmas with high-
particle density. It is, however, expected that relaxation of
the population imbalance due to collisions of aligned n 'D
atoms with the plasma particles (collisional disalignment)
causes a significant depolarization of LIF in such plasmas.

The aim of this work is to develop an extended method
for measuring the electric field in higher-density plasmas for
various configurations of electric fields, magnetic fields, and
laser polarization. The experiments are carried out in a hol-
low cathode and a Penning discharge plasma. The gas pres-
sure and the electron density are 0.84 Torr and 2
X 10'"" cm™ at the highest, respectively. The ionization de-
gree is very low, and hence the atomic collisional processes
are dominant.

In Sec. II, we present the calculated absorption coeffi-
cients of the forbidden transitions on the basis of the quasi-
static approximation and a linear polarization (LP) model
relating the intensity and polarization of LIF to E. We also
describe a rate-equation (RE) model for studying the effect
of the disalignment on the polarization. In Sec. III, the ex-
perimental details are described. In Sec. IV, the temporal
behavior and spatial distribution of the polarized LIF due to
the forbidden excitations are presented. The influence of the
magnetic field is also examined. In Sec. V, spatial distribu-
tions of E are determined by methods of the intensity ratio of
the Stark to QDP component and of the polarization accord-
ing to the LP model. It should be noted that the obtained
distributions by two different methods agree very well. We
analyze partially depolarized LIF wave forms due to the col-
lisional disalignment for the accurate E determination. Fi-
nally, the effect of collisional depolarization on electric-field
measurements and the application to the magnetically con-
fined plasmas are discussed in Sec. VI.

II. POLARIZED FLUORESCENCE DUE
TO FORBIDDEN EXCITATION

A. Forbidden-absorption coefficients

We consider the forbidden excitation of 2 'S atoms in the
configuration shown in Fig. 2(a), where the static electric
field E and the magnetic field B are parallel to the z axis and
the exciting laser with a linear polarization vector e; is in-
jected along the y axis. The matrix element of the electro-

magnetic transition (EM) from 2 'S to the perturbed n 'D is
given as a sum of those for the Stark-induced electric-dipole
moment (E1) and the QDP (E2) transitions as follows:
(n"D|EM|2'S) = c,ip.up(n 'P|E1|2'S) + (n 'D|E2|2'S).
(1)

Here, c,p.,p is a level-mixing coefficient given by
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FIG. 2. (a) Excitation and observation configurations for LIF.
(b) Excitation processes for the Stark (solid lines) and QDP (dashed
line) transitions by laser with a linear polarization e, or e, under an
electric field (with no magnetic field). (c) Fluorescence processes
and collisional population transfers among magnetic sublevels.

Cppnp = €¢E{(n 1D|z|n 1P)/(s,(l% - sfsz), (2)
where SSB (8523) is the energy of the relevant unperturbed
level. The transition probability can be obtained from the
square of the matrix element. When E L B geometry is con-
sidered, the Stark-QDP interference terms [17] appear in the
transition probability for the optical excitation that creates
another kind of population imbalance among the magnetic
sublevels, called orientation. However, we are not able to
detect the imbalance in the transverse observation scheme
[Fig. 2(a)] under the weak magnetic field, since the interfer-
ence terms are effectively canceled out. Then, the coefficient
of the forbidden absorption can be simply written as

Bys..pler.E) = BS(eL,E) + BQ(eL), (3)

where B5(e; ,E) and B%(e;) denote the Stark and QDP com-

ponents, respectively [Fig. 2(b)]. The coefficient
(cm? erg™! s7!) of the Stark transition is given by
8mc?
B(e,,E) = W|cnP—nD|2AnP—ZS(eL)a (4)

where |c,p.,p|? is the probability that the perturbed D stays in
the unperturbed P and A, p.g is the probability of the spon-
taneous transition n 'P—2'S. The coefficients were calcu-
lated as a function of E for the laser light polarized parallel
(e,) and perpendicular (e,) to E according to Ref. [10]. The
dependences on E were quadratic when E<<100 kV/cm for
n=3 and E<6 kV/cm for n=4. Thus, the dependence can
be written as
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TABLE 1. Absorption coefficients of the Stark and QDP transitions (2 1S—n 1D) with Am=0, =1, and

+2.
Absorption coefficients (cm? erg™! s71)
Geometry n=3 n=4 Am
Ellz, Blz B%(e,,1 kV/cm) 2.7 X 10* 1.6 10° 0
B5(e,,1 kV/cm) 2.0x10% 12X 10° +1
B9e,) 8.15x10* 8.9x10° +1]
B9e,) 8.15x10% 8.9% 103 +2
Elx, Bliz B5(e,1 kV/cm) 2.0x10% 1.2%X10° +1
B5(e,,1 kV/cm) (1/4)x2.7x10* (1/4) X 1.6X10° 0
(3/4) x2.7x10* (3/4)x1.6X10° +2
B<(e,) 8.15x 10* 8.9x10° +1
B9e,) 8.15x 10* 8.9x10° +2
B3(E) = B%(1 kV/cm)E?, (5)

where B(1 kV/cm) stands for the value at E=1 kV/cm. On
the other hand, the absorption coefficient of the QDP transi-
tion (2'S—n 'D) was also calculated according to Refs.
[18,19]. In the calculation the radial integrals were evaluated
within the Coulomb approximation and atomic data were
quoted from Ref. [20]. These calculated values, B(e.) and
B5(e,), are summarized along with the selection rules for
the corresponding transitions in Table I.

B. Linear-polarization model without collisional disalignment

Under low-density laser excitation of 2 s atoms, the
population density of n 'D is proportional to the pumping
rate, p;B,g.,.p, as follows:

n,p(2,E) * nys(z) Aty pr(€;)Bas_,pler.E), (6)

where n,4(z) is the population density of 2 'S at a given
position z, A¢; is the laser pulse width, and p;(e;) is the laser
power density (erg/cm?). In the geometry of BIE|z, since
the quantization axis is along B, the atoms are excited
through the Stark transition to the sublevels m=0 and *1 of
n'D by the laser with e, and e, while through the QDP
transition to the sublevels m= * 1 and %2, respectively [21].

The excited atoms emit fluorescence (n 'D—2 'P) with
intensity given as functions of z and E as follows:

AnD-2P (7)

I(Z’E) = nnD(Z’E) T (Z)_l )
nD

where 7,,,(z)”" is the deexcitation rate of n 'D. The intensity
includes the Stark I and QDP /¢ components, which are
defined by the subcomponents of 7r and ¢ transitions as fol-
lows:

B=E+28, 19=12+2/°% (8)

In the transverse observation along the x axis, the 7 and o
light intensities are given in terms of Wigner’s 3j symbols
[21] as follows:

S.0 S.0 ju 1 j€ ’
P=aXny®m,)> ,
m, me \—my, 0 my

1 .]u 1 j( ?
15%= a2 my%m) 2 (_ . )
nmy, my u

*+1 my

where a is a constant, the value of 1/2 is a geometric factor
for the o light, subscripts u and € mean “upper” and “lower”
states associated with the fluorescence transition, respec-
tively, and 7> (m,) is the population density of a given
magnetic sublevel m,, in n 'D produced by the Stark or QDP
excitation.

The polarization is written as

I -1
—— (10)
I +1,

Here, I, and I, are linearly polarized components observed in
the experiments, which consist of two subcomponents due to
the Stark and the QDP transitions as follows:

L=L+1°, I,=0+I° (11)
The relations between the subcomponents are given by
S_SyS — 00
E=rn, 1°=r20°. (12)

Here, r’zg‘, and rZQV stand for the intensity ratios, which can be
estimated from the 3j symbols according to the selection
rules. Using Egs. (11) and (12), Eq. (10) is rewritten as
(S, - )+ (2 - O
=— 0 oS (13)
(rfy +1) + (g + DU/L)
On the other hand, the ratio of BS(E) to B€ is related to the
intensity ratio of the Stark to QDP component as follows:

BE) _Li+2L, (ry,+2),
BC 24212 (2 +2)1¢

BR(E) =

(14)

where r‘jw:IS/I; and rgg=lg/lg. In this geometry [Fig.
2(a)], since Iyg/ly in Eq. (13) is identical with Ig/lfr in Eq.
(14), we finally obtain the following relationship between P

and BR(E):
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TABLE II. Quantization axes, magnetic sublevels populated by the laser excitation, and fluorescence intensity ratios of subcomponents
associated with Stark (E1) and QDP (E2) transitions in respective configurations of eight cases. The intensity ratio with an asterisk does not
change due to the collisional disalignment, because both lf (I?) and ]:3 (IVQ) in the ratio are o components when the quantization axis points

to the x direction.

Stark transition (E1)

QDP transition (E2)

Case Configuration q’ m rfw r’zg} q? m rgo, ery
A(z) Elz e, z 0 4 4 X +2 0 (=r%) 1*
A(x) Elz e, z +1 2 2 z *2 0 0
B(z) ElBllz e, z 0 4 4 z =+ 2 2
B(x) ElBlz e, z *1 2 2 zZ *2 0 0
C(2) Ellx e, X *1 2(=ry,) 1* X *2 0 (=r2) 1*
C(x) Ellx e, X 0 4(=ry) 1% z +1 0 0
D(z) Elx, Bliz e, z *1 2 2 z *1 2 2
D(x) Elx, Bllz e, z 0, £2 0.4 0.4 zZ *2 0 0
BR( E)(rQ + 2)(,,5 -+ (rQ _ 1)(r5 +2) C. Rate-equation model with collisional disalignment
— 2y mo
- BR(E)(r + 2)(r +1)+ (r,y + 1)(,{7 o+ 2) (15) The alternative expression of P is the longitudinal align-

When B=0, the quantization axis for the QDP transition is
strongly dependent upon the laser polarization. The direction
is always perpendicular to the polarization plane of the laser,
because the QDP interacts only with the spatial gradient of
the laser electric field [22]. Therefore, r*g rs and rQ —rg
for the e, excitation, and rS rfv and r —rQ for the e,
excitation. '

Equation (15) can also be applied to the geometry of Bllz
and Elx, using the following relations: rfm—zfy and r7,
=r for either of the e, and e, excitations. When B 0, rF -
=r and r2 —rQy for the e, excitation, and > =7 vy and ra

b for the e, excitation. These values for elght dlfferent
conﬁguratlons (elght cases) estimated from the 3; symbols
are summarized in Table II, where the quantization axes and
magnetic sublevels in n 'D populated by the laser excitation
are also listed for the Stark and QDP transitions.

When Eq. (5) is valid, the ratio BR(E) is rewritten by
introducing a constant E¢ that means the electric-field
strength for BS (E)=B2:

B5(1 kV/cm) . 1

R -
P =0 - (E9?

E%. (16)
The values of E? for e, ||E and e, L E were obtained to be
1.7kV/cm and 2.0 kV/cm for n=3 and 0.24 kV/cm and
0.28 kV/cm for n=4, respectively, from Table I. From Eqgs.
(15) and (16), E can be given as a function of P. The expres-
sions in the cases A(z) and D(x) are given by

6P
E=E%\/—— (0<P<3/5), (17)
3-5P
and
6(1 +P)
E=E%\|——=— (-1<=P<-3/7), 18
-(3+7P) ( ) (18)
respectively.

ment A; of the emitted radiation defined as

AL=|(I7T_IU')/(I’77+21(T)|' (19)

The gradient of the logarithmic plot of A; versus time yields
the disalignment rate Rg,, which represents the decay rate of
the alignment of the excited atoms [14]. When Ry, becomes
considerably large and exceeds a critical rate (see Sec. VI),
the anisotropy can decay before the fluorescence is emitted,
and then A; (|P|) will significantly decrease. As a result, it
will become difficult to estimate E straightforwardly from
the experimental A; (P).

To evaluate E correctly from the partially depolarized LIF
wave forms, we employ the RE model involving the
disalignment process. Assuming that the disalignment is
caused by the collisional population transfers (collisional
transfer) between adjacent magnetic sublevels m and m’ of
n 'D with Am= =1 [Fig. 2(c)], and each of the transfer rates
R(m,m’), is given by a rate C,, the rate equation for the
sublevel population density n,, is written as

m

+ |:2 nkAkm + 2 nkne,a<0-e,av>km:| + 2 nm/R(m”m)
k k

(20)

where A, is the radiative transition probability from m to k;
n,, is the electron or atom density, and (o, ,v),, is the col-
lisional transition rate coefficient. The rates for excitation,
deexcitation, ionization, and recombination by electron im-
pact are calculated according to Ref. [23]. For the atomic
collisional processes, the excitation transfers between n 'D
and adjacent excited states are considered [24,25]. The last
term corresponds to laser pumping of 2 'S to the sublevel m
of n 'D, where p,(t) is the time profile of laser power den-
sity, and Byg_,,, (B,,_2s) is the absorption (emission) coeffi-
cient of the forbidden transition. In the calculation, the popu-

+ pL(t) (nZSBZS—»m - ntmHZS) >
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FIG. 3. Schematic view of the spectroscopic system to observe
polarized components of LIF and the plane-parallel hollow-cathode
plasma.

lation density is assumed to be uniformly distributed. We
also assume that our plasma is optically thin except for the
transitions of n'P to 1'S. Numerical integration of the
coupled rate equations for 35 energy levels of Hel (n
=1-6) and an ionized level is performed with the Runge-
Kutta method. Temporal behaviors of the 7 (I,) and o (1,)
components of LIF are reconstructed from the calculated
sublevel populations in n 'D and the instrumental time re-
sponse function of the LIF detection system.

III. EXPERIMENTS

A schematic view of the spectroscopic system is shown in
Fig. 3. The hollow cathode helium plasma was produced
between a pair of plane-parallel disk electrodes which had a
diameter of 40 mm and the separation between them was
11 mm. The discharge was performed with a He gas pressure
of 0.7 Torr at a dc voltage of 170 V and a current of 40 mA.
The electron temperature 7,, electron density n,, and plasma
potential in the middle of the negative glow were measured
with a Langmuir probe to be 1.3 eV, 2X10'' cm™3, and
26 V, respectively. An ion sheath with a width of approxi-
mately 2 mm was formed near each cathode surface. The
electric-field direction in the sheath is along the z axis, per-
pendicular to the cathode surface. The origin of the z axis is
specified to be the center of the gap. The magnetic field of
0-2.5 kG can be applied to the plasma along the z axis by
changing the separation of a pair of permanent magnet disks.

Metastable He atoms (2 'S) were excited to 3 'D (4 'D)
by a 504.2 nm (397.2 nm) light from a YAG pumped dye
laser (Spectra Physics GCR-11, PDL-3) with a pulse width
of 4 ns, a spectral width of 4 pm, and an output power of
=<0.5 mJ, which was weak to ensure the proportionality of
the excitation with respect to the incident power. A linearly
polarized laser beam was introduced into the plasma along
the y axis and the polarization was adjusted to be parallel or
perpendicular to the z axis by rotating a 1/2 \ plate about the
y axis. The beam had a cross section of 0.2X3 mm? at the

PHYSICAL REVIEW E 79, 026402 (2009)

plasma center. The fluorescence with a wavelength of
667.8 nm (3 'D—2'P) or 492.2 nm (4 'D—2 'P) was ob-
served along the x axis with an observation volume of
6.0 mm? and a solid angle of 7.2 X 1073 sr. The linearly po-
larized components /, and [,, which were parallel and per-
pendicular to the z axis, respectively, were measured with a
Glan-Thompson polarizing beam splitter, a 25 cm mono-
chromator, and two photomultipliers (Hamamatsu R5322).
The output signals were averaged over 500—1000 shots with
a 2.5 GS/s digitizing oscilloscope. The experimental P and
A; were obtained using Egs. (10) and (19), respectively.

The spatial distribution of LIF was measured as a function
of the distance z from the center with a spatial resolution of
0.2 mm, limited by the entrance slit width of the monochro-
mator, by finely moving the discharge vessel along the z axis.
The exciting laser power was kept constant during the mea-
surements. The distribution of the metastable atom density
n,g was measured by the same LIF technique as that de-
scribed in Ref. [26].

On the other hand, the pressure dependence of the
disalignment rate was also measured over a wide range of He
gas pressures Py, from 5 to 840 mTorr under the constant
discharge current of 25 mA. Low-pressure plasmas (Pye
<200 mTorr) were produced by a Penning-discharge device
consisting of a pair of ring cathodes (20 mm i.d.) with a gap
of 70 mm and a cylindrical anode (30 mm i.d., 60 mm
length) coaxially set in the gap. A magnetic field of 400 G
was applied along the electrode axis by Helmholtz coils. The
values of 7, and n, were 0.8 eV and 1.1 X 10'' cm™ at the
center of the plasma operated at 10 mTorr, respectively.
Higher-pressure plasmas (Py, =200 mTorr) were produced
by the hollow cathode discharge.

IV. EXPERIMENTAL RESULTS
A. Intensity and polarization of LIF

LIF (4'D—2'P) polarization components were ob-
served in the hollow cathode plasma produced at Py,
=0.7 Torr and B=0. Figure 4(a) shows the wave forms at z
=3.7 mm in the boundary region between the negative glow
and the sheath, where the electric field is negligibly weak. In
the case of the e, excitation, the LIF is unpolarized: the time
evolution of I,(e,) is the same as that of I,(e,) within the
whole time range. This can be reasonably explained if the
fluorescence is induced by the QDP excitation whose quan-
tization axis turns toward the x direction, as mentioned in
Sec. I B. Then, circularly polarized radiations due to the o
transitions (Am= * 1) are emitted along the observation axis
(x axis). In the case of the e, excitation where the quantiza-
tion axis is along the z direction, the LIF is clearly polarized.
The y component /,(e,) is also due to the o transition be-
cause of having almost the same wave form and intensity as
the above /. ,(e,). On the other hand, the z component /,(e,)
is obviously different from the o light, indicating that the
signal should be due to the 7r-light emission (Am=0) after
the collisional transfers between magnetic sublevels of the
aligned 4 'D atoms [Fig. 2(c)]. The time evolution of the
polarization is shown by closed circles in Fig. 4(b). The po-
larization (—0.73 at =4 ns) decays rapidly and disappears
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FIG. 4. Measured wave forms of (a) LIF (492.2 nm) polarized
components and (b) the corresponding polarization by the e_ and e,
excitations at z=3.7 mm in the negative glow. (c) Time decay of the
longitudinal alignment of 4 'D and LIF intensity for the e,
excitation.

around =25 ns. This suggests the existence of strong depo-
larization by the frequent collision of aligned atoms with the
plasma particles.

Figure 4(c) shows the time evolutions of the alignment A,
and the intensity /421 for the e, excitation. The alignment
decays exponentially from 10 ns (laser-off time) to 20 ns.
From the time constant 7, of 7.0 ns, the disalignment rate
Ry, was estimated to be 1.4 X 10% s7!. On the other hand, the
time decay in intensity has two components. From the fast
component (mean lifetime 7,,=11 ns), the decay rate was
estimated to be 9.1 X 107 s™!, which was much larger than
the radiative transition probability for the 492.2 nm fluores-
cence (2.0X 107 s71). Such effective deexcitation is domi-
nated by excitation transfers from 4 'D towards 4 'P and
4 'F due to the collision of the 4 'D atoms with the ground
state He atoms rather than electrons because of the low elec-
tron density in this boundary region. After a kink at 20 ns,
the intensity shows slow decay that may be responsible for
the reverse processes.

Similarly, we observed the wave forms of the LIF (3 'D
—2 'P) polarization components. For the e, excitation, the
polarization (P=-0.9) was very close to perfect polarization
(—1) at the early stage and the decay rate Ry, =9.1X 107 s7!
(7La=11 ns) was smaller than the one for n=4. The intensity
decayed exponentially with 73, of 16 ns over a decade
(Tgll)=6.3 %X 107 s~1). This shows that the radiative transition
probability (6.4 X 107 s7!) is much larger than the collisional
deexcitation rate, and hence the effect of the reverse pro-
cesses is negligibly small.

In the sheath (z=5.0 mm) where the strong electric field
was present, we observed the wave forms of the LIF inten-

PHYSICAL REVIEW E 79, 026402 (2009)

— T ln:4 T T T
i g (@)
I [e]
g ,/ A(z) —°—I(e)
3 ;’j - ]y(ez)
20 —
wn
8 S Ax) — o 1(e)
= S —e—1I(ey)

2 08f s, ]
8 0 6 - -
2z 0’ W © I(e)+21(ey)
wn o —_—
E) I(e,)+2L(e,)
R= 02r .
00 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60
Time (ns)

FIG. 5. Measured wave forms of (a) LIF (492.2 nm) polarized
components, (b) the corresponding polarization, and (c) the ratio of
LIF intensities by the e, and e, excitations at z=5.0 mm in the
sheath.

sity and polarization due to the Stark excitation for n=4, as
shown in Figs. 5(a) and 5(b). The intensities relative to I,(e,)
and the corresponding P, at 4 ns when the depolarization is
relatively small, are listed in Table III. The intensity 7,(c)
observed in the case of the e, excitation is less than half the
theoretical intensity, and consequently, the value of P be-
comes anomalously large. The ratio [/.(e,)+21,(e)]/[I.(e.)
+21,(e,)] shows a smaller value of 0.4 at the onset, which
gradually increases and finally reaches a constant value of
0.77 £0.03 at 20 ns [Fig. 5(c)]. This value agrees well with
the ratio of 0.75 deduced from the Stark absorption coeffi-
cients in Table I. This means that the population is not cor-
rectly reflected in the LIF intensity at the onset of the pulse
signals although normally created immediately after laser ir-
radiation (e, excitation). In other words, the ¢ light from the
sublevels m= =1 might be depressed for 20 ns after the ir-
radiation, and a lowering in intensity occurs. This is sup-
ported by the fact that the experimental intensity of 7 light

TABLE III. Relative intensity and polarization of the Stark com-
ponents of LIF (4 'D—2 'P) observed in the sheath (z=5.0 mm).
Values in parentheses are theoretical.

Laser polarization I, (m) I (o) P
(a) e, [case A(z)] 1.0 (1) 0.31 (0.25)  0.53 (0.60)
(b) e, [case A(x)] 0.61 (0.56) 0.09 (0.28) 0.74 (0.33)
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FIG. 6. Magnetic field dependences of LIF polarization mea-
sured at z=5.0 mm in the sheath for the e, and e, excitations.

from the same sublevels agreed with the theoretical one (see
Table III). For n=3, the o-light depression was also found
but this was considerably smaller than that for n=4.

The decay rates of the intensity and alignment, T;ll) and
Ry, obtained for n=3 and 4 in the sheath were in good
agreement with those in the boundary region. Therefore, it is
evident that the dominant collision process is atomic in this
experiment.

B. Influence of magnetic field on LIF polarization

We have already demonstrated that in the negative glow
(E is negligibly weak) the quantization axis of QDP is domi-
nated by the interaction with the laser electric field for weak
B while the higher B directs the axis in Ref. [27].

In this work, the dependence of P of 492.2 nm LIF due to
the Stark excitation on the magnetic field (BIIE) was inves-
tigated in the sheath (z=5.0 mm). The results are shown in
Fig. 6. In the case of the e, excitation, the values of P are
kept almost constant with respect to B and are in good agree-
ment with the theoretical value of 0.6 estimated for the case
B(z) (see Table II). In the case of the e, excitation, the mea-
sured P shows a large value of 0.72 at a lower B (0-20 G).
With further increasing B the value gradually decreases ap-
proaching ~0.3, which is very close to the theoretically ex-
pected value of 1/3 for the case B(x). This value remained
up to B=2.5 kG. It should be emphasized that the o-light
depression mentioned above disappeared under high mag-
netic fields. This o-light depression can be qualitatively ex-
plained to be responsible for an interference between o* and
o~ radiations caused by a coherent superposition of the
eigenstates (m=+1 and —1 in 4 'D) [28], since the spectral
width of the pump radiation is broader than the Zeeman
splitting between sublevels of m=+1 and —1 in the present
experiments. The disappearance of the depression found after
t=20 ns at B=0 [see Fig. 5(c)] can also be understood as a

PHYSICAL REVIEW E 79, 026402 (2009)

—_
=]

case A(z)
@n=3 e, _.-

[\S) ~ (o)) o]
— 1 r T T 1 T
1 1 1

Intensity (arb. units)

(=]

I
S
T
x
ol
S
[}
3
o
1

30 |

Intensity (arb. units)

FIG. 7. Spatial distributions of time-integrated LIF intensities
measured for (a) n=3 and (b) n=4 by the e, excitation. The inten-
sities are normalized to the density of metastable He (2 1S) atoms
depicted in the inset. The cathode surface is situated at z=5.5 mm.

result of relaxation of the coherency produced by the laser
excitation due to frequent atomic collisions.

C. Spatial distribution of LIF intensity and polarization

Figure 7 shows the spatial distributions of the time-
integrated intensity of I,+21, for (a) 667.8 nm LIF and (b)
492.2 nm LIF measured for the case A(z). The intensity was
normalized to the metastable atom density n,g. Both LIF
intensities have almost constant distributions in the negative
glow. The distribution is considered to be mainly due to the
QDP component, because microelectric fields generated by
ions are negligibly weak in the present plasma. In the sheath
region, from z=4 mm to the cathode surface, the distribu-
tions show parabolic enhancement due to the Stark compo-
nents induced by the sheath electric field. Therefore, the in-
tensity ratio of the Stark to QDP component should be
compared to that of the theoretical absorption coefficients
shown in Table I. The constant components, however, do not
give the QDP component correctly since the quantization
axis points to the x direction for the e, excitation, i.e., /,
+21, corresponds to [;+2I,. Therefore, the component °
was obtained by the e, excitation.

Figure 8(a) shows the spatial distribution of P for the e,
excitation [case A(z)] of the n=3 system. The value of P is
zero in the negative glow (from z=0 to 3.7 mm), and in-
creases monotonously toward the cathode surface. On the
other hand, for n=4 the value rapidly increases with z in the
sheath and saturates near the cathode surface, as in Fig. 8(b).
This saturation behavior means that the LIF due to the Stark
transition is much stronger than that due to the QDP. For the
e, excitation [case A(x)], P in the negative glow is close to
the theoretical value of the QDP component (—1), while in
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FIG. 8. Spatial distributions of LIF polarization measured for (a)
n=3 by the e, excitation and (b) n=4 by the e, and e, excitations.
The cathode surface is situated at 5.5 mm.

the sheath it increases steeply to reach 0.8, which is 2.4 times
as large as the theoretical value (1/3). This enhancement is
due to the o-light depression, as mentioned in Secs. IV A
and IV B.

D. Pressure dependence of disalignment rate

Linearly polarized LIF due to the QDP excitation was
observed with changing Py, from 5 to 840 mTorr. The mea-
sured disalignment rates are plotted against Py, for n=4 in
Fig. 9. In the higher Py, region, the rate decreases linearly

1

4D
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10

Disalignment rate (1/s)

T T TTTT
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\
|
\

\
o
\
\
\

2 - 0
10 10 10
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FIG. 9. Measured disalignment rates of 4 'D as a function of He
gas pressure (open squares). A broken line is the result of the linear
fit to the experimental rates. The pressure dependence of the atomic
collisional rate was obtained by subtracting the electronic rate from
the observed ones, as shown by a solid line.
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FIG. 10. Spatial distributions of the electric field deduced from
the LIF intensity ratios measured for n=4.

with decreasing Py, while in the lower region gradually ap-
proaches a constant rate responsible for electron collisions.
The rates due to electron collisions were estimated to be
(22+0.8) X 10° s~! for n=3 and (4.3+1.8) X 10° s~! for n
=4, by extrapolating the linear-fit lines to Py,=0. Finally, the
linear dependence of the rates due to atom collisions on Py,
was obtained by subtracting the electronic rate from the ex-
perimental ones, as shown by a solid line. The rate coeffi-
cients were deduced to be (3.5+1.5)X 107 cm?/s for n=3
and (6.3+2.0)X 107 cm?/s for n=4 by assuming a gas
temperature of 300 K. The cross sections were also esti-
mated to be (2.0+0.8)x10"cm?> and (3.6%1.1)
X 1071* cm?, respectively, and were in fairly good agreement
with those by the Hanle effect method [29].

V. ANALYSIS
A. Determination of E from the LIF intensity ratio

From Egs. (6) and (7) the normalized LIF intensity (Fig.
7) is considered to be dependent only on B,g.,p(E) in the
sheath and the negative glow near the sheath where the ex-
perimental 7,(z) is constant. The Stark component I can be
extracted by subtracting the constant component I (zgg, 0)
observed in the boundary region (BR) between the negative
glow and the sheath from the normalized intensity. Using I¢
observed at zgg by the e, excitation, we obtain the intensity
ratio as a function of z by

PP =[I(z,E) - I(zgg,0)/1%(zpg,0). (21)

Since the ratio is proportional to E? according to the LP
model in Sec. II B, the square root gives

E=E%\P/IC. (22)

Figure 10 shows a typical spatial distribution of the
square root of I5/1¢ for n=4. Using theoretical B5(E) and
B2, the scale of the axis was converted to E, the axis for
which is shown on the right-hand side. The experimental
points in the sheath show a good fit to a solid straight line
according to the theoretical model given in Ref. [30]: E(r)
=(2V/d)(1-r/d), where E(r) is the field strength as a func-
tion of distance r from the cathode surface, V is the cathode
fall voltage, and d is the sheath thickness. The obtained val-
ues of d and V. were 1.8 mm and 143 V for n=3, and
1.8 mm and 140 V for n=4, respectively. The values of V.
were in good agreement with that by the probe method
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FIG. 11. Calculated LIF polarization as a function of the electric
field for the case A(z).

(144 V). It was demonstrated that the theoretical ratio
B5(E)/B? agreed well with the corresponding experimental
intensity ratio, i.e., the value of E was correctly determined
from the experimental IS by using the corresponding 7¢ as a
standard.

B. Determination of E from LIF polarization

Figure 11 shows the calculated relationships between P
and E (P-E curve) by Egs. (15) and (16) and Table II. Using
the P-E curve (a), we obtained the distribution of E in the
sheath from that of P observed for n=3, as shown in Fig.
12(a). A straight line is the best fit to the experimental data
points. The values of d and V. were obtained to be 1.8 mm
and 140=10 V, respectively. It should be emphasized that
Vc is in good agreement with that evaluated from the inten-
sity ratio. This also shows that there is no major effect of the
collisional disalignment on the determination of E for n=3.
For n=4, however, the experimental P of 0.52 at z
=5.2 mm [Fig. 8(b)], where E=1.3 kV/cm [Figs. 10 and

15 L case A(2)
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FIG. 12. Spatial distributions of the electric field deduced from
the measured LIF polarization for (a) n=3 (rf”T=4) and (b) n=4
(r) =3.4).
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FIG. 13. Calculated LIF wave forms (solid lines) fitted to the
experimental ones observed at z=4.0 mm in the sheath for the e,
excitation [case A(z)].

12(a)], is smaller than the expected one (~0.58) from the
P-E curve (b). It is considered that this small reduction in P
is caused by the depolarization effect on the intensity ratio
rfm, because the Stark component is a large proportion of the
LIF intensity in the high-field region. The ratio was esti-
mated to be 3.4 for P=0.52 at E=1.3 kV/cm from Egs. (15)
and (16), and then a modified P-E curve (c) was drawn in
Fig. 11. Using the curve a linear dependence of E on z was
obtained in the sheath region [Fig. 12(b)]. Comparison of the
obtained values of d (1.8 mm) and V. (143*15 V) with
those for n=3 indicated good agreement. Thus, it was found
that the depolarization in the Stark components had a con-
siderable effect on the determination of E, and in particular,
this influence became very large in the saturation stage of the
P-E curve. The above results are consistent with the fact that
the experimental disalignment rate of 4 'D was 1.5 times
larger than that of 3 'D.

C. Determination of E using the rate-equation model

Figure 13 shows the wave forms of I, I, and P for
n=4 observed at z=4.0 mm in the sheath region by the e,
excitation [case A(z)]. We analyzed the wave forms for E by
using the RE model in the following procedure. First, the
curve fitting was carried out for the wave forms observed by
the e, excitation at the boundary (z=3.7 mm where E=0) to
determine the collisional transfer rate C,, the value of which
was considered to be constant in the sheath and the boundary
regions (see Sec. IV A). Next, taking F as a fitting parameter
and using the determined C,, the procedure was iterated until
the best-fit curves to the wave forms in Fig. 13 were ob-
tained. Thus, C,; and E were determined uniquely to be 9.0
%107 s™! and 0.3 kV/cm, respectively. The curves are de-
picted by solid lines in the figure. The agreement between
the experimental and the calculated decay rates of A; was
satisfactory. According to the same procedure, the spatial dis-
tribution of E between z=3.9 and 4.5 mm was obtained to be
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FIG. 14. Relative errors in E determination for the case A(z)
when the experimental errors AP are 0.05 and 0.02.

in good agreement with that from the P-E curve for rfT
=3.4 [Fig. 12(b)].

o

VI. DISCUSSION
A. Electric-field measurement in plasmas by LIF polarization

The polarization method has an advantage in that no cali-
bration is required for the absolute sensitivity since the quan-
tities n,g and p; in Eq. (6) are canceled out in Eq. (10). Only
the measurement of P is needed to determine E. The P-E
curves for various excitation and observation configurations
can be calculated by Egs. (15) and (16) and the theoretical
parameters (Table II). In this work, we have demonstrated
that the cases A(z), B(z), C(x), and D(x) are available for
the electric-field measurements within a framework of the
LP model in Sec. II B. On the other hand, we found that in
the cases C(z) and D(z) P had no dependence on E, and also
in the cases A(x), B(x), and C(z) the fluorescence process
included the o-light depression due to the interference be-
tween o' and o~ transitions (Sec. IV B). The case A(x),
however, can provide us with a method to measure the elec-
tric fields with the most highest sensitivity among the con-
figurations considered here, because the curve of P has the
largest gradient with respect to E, as inferred from the data
for A(x) in Fig. 8(b).

Based on the LP model [P-E curves (a) and (b) for A(z)
in Fig. 11], we can give the uncertainty AE/E in the field
determination as a quantity independent of the quantum
number n using the theoretical dispersion dE/dP at a given
P as follows:

AE/E=AP(dE/dP)plE, (23)

where AP is the experimental error of P. In our experiment,
with AP being 0.05, the dependence of AE/E on P yields a
U-shaped curve, as shown by a solid line in Fig. 14, where
the region showing the highest accuracy in the determination
of E is around P=0.3. Assuming a measurable electric field
to be determined within an error of 50%, we obtained the
ranges to be 0.56 kV/cm<E<6.2 kV/cm for n=3 and
80 V/em<E <880 V/cm for n=4. The ranges can be ex-
tended by decreasing the experimental errors in P, e.g., a
broken line with AP=0.02 for n=4 (the measurable E is
approximately 50 V/cm). The use of the energy level system
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with higher n can also make it possible to reduce the mini-
mum measurable E, e.g., 10 V/cm for n=5.

In order to apply this LIF technique to a plasma that does
not contain He gas, a neutral He beam probe with a sufficient
density of singlet metastable atoms is required. For plasma
edge measurements in magnetic fusion devices, we have de-
veloped a supersonic He beam that can minimize the mo-
tional Stark effect [31]. The polarization method can also be
applicable by use of other species, e.g., Li atoms which have
a useful energy level system, 2 28-n°D.

B. Depolarization by collisions with plasma particles

In a plasma with a higher particle density, careful treat-
ment is necessary to determine P from the observed polar-
ization components of LIF. It was demonstrated that the
wave form analysis on the basis of the RE model was very
helpful in the determination of E. There should, however, be
an upper limit of the disalignment rate Ry, for the validity of
the analysis. In order to clarify the limit, the time behavior of
P was simulated against Ry, by the RE model. If Ry, <1
X 108 s7!, the alignment did not decay significantly at an
early stage and then E was straightforwardly determined,
while the wave form analysis became needed at higher Rg,.
An experiment showed that for the n=4 system with R, of
1.4x10% s7! at 0.7 Torr E was correctly determined only by
the wave form analysis. With further increasing the particle
density, the difference between both polarization components
in intensity decreases and finally the polarization will disap-
pear. This tendency will significantly appear in LIF signals
having small P, e.g., P in the weak E region of the case A(z)
shown in Fig. 11. This results in a lowering of the detection
sensitivity of E. The simulation suggested that the upper
limit of the rate appeared to be around 3 X 108 s~! for the
case A(z). From the rate coefficients of the atomic collisional
disalignment, we deduced the upper limit of the gas pressure
to be 3 Torr for n=3 and 2 Torr for n=4. On the other hand,
the intensity ratio method has a potentiality for applying to
plasmas with a high pressure exceeding the limit, because
the determination of E is free from the depolarization.

C. Applications to magnetically confined plasmas

In the edge region of magnetically confined fusion plas-
mas, weak radial electric fields are generated perpendicular
to the magnetic field. Only the case D(x) having the detec-
tion limit of approximately 70 V/cm at AP=0.05 is suitable
for E L B geometry. The upper limit for the disalignment rate
Ry, in this case is much higher than in the case A(z), because
|P| is nearly equal to unity at the lower limit of E [cf. Eq.
(18)]. From the electronic disalignment rate estimated indi-
rectly in Sec. IV D, it was suggested that the detection limit
for n=4 was unaffected by electron impact below n, of
1X 10" cm™. In such high-density plasmas, however, iso-
tropic microfields induced by the charged particles will be
comparable to the radial fields. Since the polarization method
can detect both electric fields, one should evaluate the mi-
crofield strength from the local electron density to determine
the radial field strength accurately.
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A much stronger magnetic field in fusion devices brings
about very large Zeeman splitting in atomic states. In such a
case, we need to simultaneously excite two transitions, the
Stark and QDP transitions, with the corresponding two-color
laser system to determine E [15].

VII. SUMMARY

Absorption coefficients of the forbidden transitions of
He1 2'S—n'D, n=3,4) were quantum-mechanically cal-
culated for light polarized parallel and perpendicular to the
electric-field direction. Both the intensity and polarization of
the fluorescence (n 'D—2'P, n=3,4) induced by the for-
bidden excitation were theoretically related to the electric-
field strength for various configurations of the electric field,
magnetic field, and laser polarization [linear-polarization
(LP) model without disalignment]. The LP model was ex-
tended to higher-particle-density plasmas by employing a set
of coupled rate equations involving the collisional disalign-
ment process to analyze the observed LIF wave forms for E.

We observed temporal evolutions of linearly polarized
LIF due to the forbidden excitation in the sheath and nega-
tive glow region in hollow-cathode plasmas to elucidate LIF
processes for the various configurations. In the case of Stark
excitation by a laser light polarized linearly perpendicular to
E, an interference due to a coherent superposition of the
eigenstates was found in the o-fluorescence process. Special
attention was paid to the depolarization process caused by
the collisions between particles in the plasmas. Rate coeffi-
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cients for the atomic collisional disalignment dominating the
process in the present plasma conditions were obtained from
the He gas pressure dependence of time decay of A; for n
=3 and 4.

The spatial distribution of the LIF intensity observed at
Py.=0.7 Torr was analyzed using the calculated absorption
coefficients for the electric-field distribution, from which the
sheath potential difference was deduced. The potential differ-
ence was in good agreement with that measured by an elec-
tric probe. The same result was also obtained straightfor-
wardly from the corresponding P distribution measured for
the n=3 system with a disalignment rate below a critical one
(1103 s7!) which was evaluated by the simulation using
the RE model. These agreements demonstrated that our the-
oretical models gave us both the accurate intensity and po-
larization of LIF induced by the forbidden excitations for the
measurement of the electric field. Even in the case of a larger
collision effect, we also demonstrated that £ was correctly
determined by the wave form analysis.

Based on the present experimental and theoretical results,
we showed that a measurable electric field was as low as
80 V/cm for the n=4 system [case A(z)]. Applications of
the intensity ratio and polarization methods to plasmas with
higher particle density and the limitations were discussed.
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