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Recovery of a weakly magnetized negative-ion plasma after photodetachment

A. A. Ivanov,* A. B. Sionov,* F. El Balghiti-Sube, and M. Bacal
Laboratoire de Physique des Milieux Ionise´s, Laboratoire du CNRS, Ecole Polytechnique, 91128 Palaiseau, France

~Received 3 January 1996; revised manuscript received 22 May 1996!

The experimental investigation of the negative-ion recovery after photodetachment was effected using the
two-laser-beam technique in the neighborhood of the extraction opening of a negative-ion source, a weakly
magnetized plasma region limited by a positively biased plasma electrode. It was found that the application of
a positive bias to the plasma electrode reduces the recovery time. This quicker recovery was attributed to the
presence in the plasma of a directed negative-ion flow, crossing the laser channel, whose velocity increases as
the positive bias of the plasma electrode is increased. The choice of a self-similar variable allows the negative-
ion flow velocity to be determined from the shift of the experimental recovery curves, and the negative-ion
temperature from the initial phase of the recovery. As expected, increasing the plasma electrode positive bias
does not change the negative-ion temperature.@S1063-651X~97!06501-X#

PACS number~s!: 52.25.Dg, 29.25.Ni, 52.75.Di
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I. INTRODUCTION

The negative-ion current extracted from a plasma is,
viously, related to the negative-ion density in this plasm
Some authors assumed that the extracted negative-ion
rent is determined by the thermal flow of negative io
through the extraction opening@1,2#, while others believed
that the negative ions flow out of the plasma with the i
acoustic velocity. In relation to this problem, and also
order to evaluate the negative-ion beam emittance, a con
erable effort has been dedicated to the measurement o
negative-ion temperature in the plasma of the negative
source using the two-laser-beam photodetachment techn
@3,4#. The results were extremely encouraging, since it w
shown that the negative-ion temperature is low, in the ra
0.2–0.7 eV.

Recently we have applied the two-laser-beam photo
tachment technique to the region next to the extraction op
ing. It was observed that the application of a positive bias
the plasma electrode considerably reduces the negative
recovery time after photodetachment. It is the purpose of
work to present these experiments and the theory, which
new interpretation of the experimental results.

The observed accelerated recovery is attributed to
presence in the plasma of a negative-ion flow, directed
ward the plasma electrode, perpendicular to the laser c
nel. Its velocity increases as positive bias of the plasma e
trode is increased. The theoretical analysis and the choic
a self-similar variable allows the negative-ion flow veloc
to be determined from the shift of the experimental recov
curves, corresponding to different values of the plasma e
trode bias. The negative-ion temperature can be determ
from the initial phase of the recovery. As expected, the
crease of the plasma electrode positive bias does not ch
the negative-ion temperature.

These experiments and their theoretical interpretation
dicate that the negative-ion extracted current is governed

*Permanent address: Russian Research Center, Kurchatov
tute, Moscow, Russia.
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the velocity of the directed negative-ion flow to the po
tively biased plasma electrode. In this experiment this vel
ity was determined to be 1.4Cs ~Cs is the ion acoustic veloc-
ity! for a bias of the plasma electrode of 2 V. The direct
negative-ion flow is the physical reason for the enhancem
of the negative-ion fraction in the extracted beam when
plasma electrode is biased positive, observed by the exp
mentalists in this field@5#.

The laser photodetachment diagnostic for measuring
density and temperature of negative ions, proposed and
veloped in Refs.@3,4,6,7#, is of current interest, since it al
lows that the plasma may be investigated with little interf
ence on the system as a whole.

This method implies measurements using a Langm
probe of the plasma perturbation following the photodeta
ment of electrons from negative ions. The level of this p
turbation is directly related to the negative-ion density in t
system, and the recovery of the negative-ion density in
channel illuminated by the laser is related to its temperatu
The present work is dedicated, in part, to the developmen
a theory that allows this relationship to be analyzed under
conditions relevant to the region near the extraction open

In the case of a small fraction of negative ions, one c
consider that the plasma perturbation following photodeta
ment is small and the movement of the negative ions in
laser channel is a ballistic one. This allowed Sternet al. @3#
to obtain an evaluation of the negative-ion temperature in
ballistic approximation. Further, Friedlandet al. @9# used the
method of Laplace-Fourier transforms, with the same
sumption of small negative-ion fraction, to investigate t
influence of electric fields on the dynamics of positive ion
They described in the first approximation the experimenta
observed minimum in the electron density time evoluti
after photodetachment, designated as ‘‘overshoot.’’

Ivanov et al. @10# studied the dynamics of negative-io
plasma, when the movement of all plasma components
curred in a self-consistent electric field. In this work the a
sumption of small negative-ion fraction was not used. In
present work we apply the approach of Ref.@10# to the case
where the negative ions have a directed velocity, and co
pare the time-dependent negative-ion distributions calcula
sti-
956 © 1997 The American Physical Society
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55 957RECOVERY OF A WEAKLY MAGNETIZED NEGATIVE- . . .
with the model for various directed velocities to the tim
dependent negative-ion distributions measured at diffe
plasma electrode biases.

In Sec. II we describe the volume negative-ion source
which the experiments have been performed, and the t
laser-beam photodetachment diagnostic technique, use
determining the negative-ion temperature. In Sec. III
present the experimental results on negative-ion recovery
ter photodetachment, obtained near the extraction open
In Sec. IV we briefly describe the theoretical model, the s
similar method used for solving this problem, and the th
retical results on the relaxation of plasma with high negati
ion fraction in the laser illuminated channel. Here we disc
also the effect of the directed negative-ion movement du
the positive bias to the plasma electrode.

II. EXPERIMENTAL SETUP

A. The negative-ion source

The investigation has been performed in the hybrid m
ticusp plasma generator~Camembert III!, which has been
described in detail elsewhere@11#. For completeness, a brie
description of the source will be given. The cylindric
stainless-steel chamber is 44.0 cm in diameter and 45.0
high. Its side wall has twelve openings for windows, pro
holders, and a small turbo-molecular pump. Sixteen colum
of samarium-cobalt magnets~with a surface magnetic field
of 3500 G! are installed with the north and the south po
alternatively facing the plasma. These magnets are conta
in water-cooled stainless-steel tubes~2.6 cm diam! welded to
the internal surface of the source to allow steady-state h
power discharge operation. The plasma diameter is there
38.8 cm.

The end plates are not magnetized. One end of the ch
ber is bounded, in part, by the stainless-steel plasma e
trode of the extractor~10 cm in diameter!, which contains an
extraction hole of 0.8 cm in diameter, and in part by a wat
cooled annular copper plate. This plate is connected to
plasma chamber side wall, which is grounded. The extra
has been described in detail elsewhere@12#. The neighboring
plasma is magnetized, and due to this and to a small pos
bias of the plasma electrode, large densities of volum
produced negative ions concentrate in this region@12,13#.

The top of the source is bounded by a stainless-steel p
supporting the filaments. The centers of 16 hairpin-sha
filaments are arranged on a circle~33 cm in diameter!; each
filament is located in a radial plane, median between t
neighboring magnet columns. The filaments are situate
the multicusp magnetic field. The electrons emitted by
hot tungsten filaments are accelerated toeVd in the sheath
surrounding the filaments~Vd is the discharge voltage ap
plied between the filaments and the chamber wall!. The pri-
mary electrons are thus confined in the multicusp magn
field. This nonuniform magnetic field provides to the prima
electrons a drift in a direction parallel to the magnets.

The hybrid source contains three distinct regions:~i! a
driver region, located near the walls, containing the fi
ments;~ii ! an extraction region, which extends over all t
central, field-free region;~iii ! a weakly magnetized regio
with high N i

2/Ne , bounded by the plasma electrode, whi
contains the extraction opening~N i

2 andNe are the negative
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ion and electron densities, respectively!. Figure 1 shows
schematically the arrangement of this third region. Here
joint action of the positive bias on the plasma electrode a
of the weak magnetic field~20 G at most! results in the
redistribution of the plasma components@12,13#. The photo-
detachment measurements effected at a distance from
plasma electrode of up to 2 cm show a dramatic increas
the negative-ion to electron density ratio,N i

2/Ne , from 0.5
to 10 ~i.e., by a factor of 20! when the plasma electrode bia
Vb is enhanced from 0 to 2.5 V. In this case,N i

2 increases
approximately by a factor of 2, whileNe drops by a factor of
10 ~see Figs. 8 and 9 in Ref.@13#!. Note that the ratioN i

2/Ne
does not exceed 0.1 in the center of the extraction reg
@11#.

The magnetic field in the neighborhood of the plasm
electrode is approximately parallel to this electrode; the e
trons are magnetized on a distance of a few centimeters f
it. A large fraction of the current into the extraction hole
transported by negative ions. The electrons, as lighter
ticles, flow to the periphery of the plasma electrode or to
periphery of the plasma chamber along the magnetic fi
lines.

B. Two laser beam photodetachment diagnostics

The H2 densityN i
2 was measured by the photodetac

ment technique, described in detail in Refs.@6–8# and @13#.
In this technique electrons are detached from the H2 ions by
means of a pulsed laser beam and detected by the cylind
tungsten probe placed along the axis of the laser beam.
probe is biased positively relative to the plasma and there
attracts the detached electrons. This results in a probe cu
pulse whose height is proportional to the H2 density. The
laser beam is provided by a Nd:YAG laser~photon energy
1.2 eV!.

The H2 negative-ion thermal energy was measured us
the two-laser-pulse photodetachment technique@3,4#. This
nonresonant optical tagging technique combines two suc

FIG. 1. Schematic presentation of the plasma region near
plasma electrode. The laser beam is also shown.
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958 55IVANOV, SIONOV, EL BALGHITI-SUBE, AND BACAL
sive laser pulses with simultaneous Langmuir probe m
surements. The first laser pulse destroys all the negative
in its path by photodetachment. A second laser pulse fi
shortly after the first along the same path destroys the n
tive ions which have originated from outside the laser pa
The time evolution ofN i

2(t) is established by making re
peated measurements while varying the time delay betw
the two laser shots. The negative-ion temperatureT2 is de-
termined from the negative-ion density recovery curve a
the negative ions have been destroyed by photodetach
in a small cylindrical region.

The data obtained on the axis of the source at 15 cm
the plasma electrode, which corresponds to the center o
source extraction region, have been reported in Ref.@11#. It
was shown there that the signal-to-noise ratio is appro
mately 40 at 2 m Torr and goes up when the pressur
enhanced.

III. NEGATIVE-ION DENSITY RECOVERY AFTER
PHOTODETACHMENT IN THE REGION NEAR THE

PLASMA ELECTRODE

Figure 2 presents a typical example of the negative-
recovery observed using the two-laser beam technique.
measurements were effected on the axis of the source, in
neighborhood of the plasma electrode. The four cur
shown in Fig. 2 correspond to four values of the plas
electrode bias,Vb ~0, 1, 2, and 4 V! with respect to the
grounded walls. A small change ofVb leads to a sharp in
crease of the slope on the time dependence of the nega
ion density. The average velocity can be calculated from
relationRL/tx , whereRL is the radius of the laser beam~0.4
cm in this case! andtx is the time required for the increase
the normalized negative-ion density to a chosen va
N i

2/N i0
2 in the center of the laser channel. For example,

N i
2/N i0

250.5 the average velocity changes fromv'53105

cm/s atVb50 to v'1.333106 cm/s atVb51 V, and up to
v'23106 cm/s atVb54 V. It is important to note that this
velocity increases by approximately a factor of 4 for a
N i

2/N i0
2 from 0.1 to 0.5. If, as usual, this velocity is consi

ered to be the thermal velocity of the negative ions, t
would correspond to a nonrealistic increase of the temp
ture by a factor of 16. This leads us to assume that there

FIG. 2. Effect of plasma electrode bias on the negative-ion d
sity recovery forVb50, 1, 2, and 4 V. 3 m Torr, 50 V, 30 A
discharge, probe bias150 V, RL50.4 cm.
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flow of negative ions across the laser channel which do
nates the negative-ion recovery. The velocity of this flo
depends onVb . This assumption will be verified in the
course of this work.

IV. MATHEMATICAL MODEL OF PLASMA DYNAMICS
IN THE LASER CHANNEL

AND THEORETICAL RESULTS

Since the voltage applied to electrodes placed at
plasma borders brings about the plasma flow existing in
field-free region~excluding the regions close to electrode!,
we assume that the negative-ion distribution function bef
the laser pulse is a shifted Maxwellian, with unknown dr
velocity and temperature.

The negative-ion flow crosses a channel of radiusRL con-
taining negative-ion free plasma created for a short time
photodetachment. When the negative-ion flow velocity e
ceeds the negative-ion thermal velocity, the recovery of
channel plasma is due to the directed flow, rather than to
thermal velocity, so the problem under consideration can
treated in planar geometry and the one-dimensional appr
mation. Thex axis should be directed along the direction
flow. To simplify we consider that the flow velocity is pe
pendicular to the laser channel. The pointx50 separates the
laser channel from the unperturbed plasma. Thus the s
ment of the problem is similar to that of Ref.@10#, except
two points.

First, at the initial moment after the laser pulse the dis
bution function of the negative ions is supposed to be
well-known shifted Maxwellian distribution:

Pi
25~Ni0

2/p1/2Vi
2!exp@2~V2V0!/~Vi

2!2# ~1!

outside the laser channel, atx,0, andP i
250 inside the laser

channel, atx.0. HereN i0
2 andV i

2 are the density and ther
mal velocity of the negative ions andV0 is the velocity of the
negative-ion flow in the unperturbed plasma near the la
channel. Note that the Maxwellian distribution is used as
example and does not decrease the generality of the solu
The influence of the second boundary, atx52RL , can be
neglected because the flow velocity is large enough.

From the very beginning the negative-ion behavior is go
erned by the one-dimensional kinetic equation. When
laser radius is less than the ion gyroradius, i.e., for our c
B,250 G, the ion movement inside the laser channel is
affected by the magnetic field.

Second, it is necessary to discuss the influence of
magnetic field on the validity of the Boltzmann equatio
Since the Larmor radius of electrons is of the order of 0
cm, the electrons are magnetized in the vicinity of the plas
electrode. Thus the electrons can move freely along the m
netic lines and the Boltzmann distribution will be valid alon
these lines only:

Ne~F!5N0 exp„e@F~x,y!2C~x!#/Te…, ~2!

where thex axis is directed across the magnetic field and
y axis is directed along the magnetic field.N0 andC are
the electron density and the potential in the unperturb
plasma fory→`, respectively.

-
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55 959RECOVERY OF A WEAKLY MAGNETIZED NEGATIVE- . . .
In the actual situation the magnetic lines cross the plas
electrode, which is an equipotential surface for the electro
Its potential can be set equal to zero. Therefore we can
the Boltzmann relation across the magnetic field.

When these conditions are satisfied, the problem will ha
the self-similar solution so one could make use of dime
sionless variablesj85j2(V0/Cs) v85(V2V0)/Cs , where
j5x/tCs is the self-similar variable. As a result we have
solve the kinetic equation in the form of a nonlinear integr
differential equation@10#:

~v82j8!
] f i

2

]j8
1

]w

]j8
lnS 12E

2`

`

f i
2dv D ] f i

2

]v8
50. ~3!

This equation was solved in Ref.@10# and we will use the
solution found there, taking into account the change in ar
ment. We remind the reader that the typical shape of
resulting negative-ion distribution function, which wa
shown in Fig. 3 of Ref.@10#, demonstrates that during th
recovery process both acceleration and anisotropic coolin
negative ions occurs.

We will now discuss the self-similar solution of the prob
lem at sufficiently high negative-ion fraction in the syste
At j→2`, i.e., far away from the laser channel regionx→
2`, one can consider the plasma as unperturbed, and
distribution function of the negative ions is described by E
~1!. The initial value ofj wasjmin523. It can be shown that
a lower value does not change the results.

Let us consider first the recovery process without d
~V050!. Figure 3 presents the results of a typical calculatio
for V050, of the self-similar widening of the border betwee
two plasma regions forT i

250.5Te and for several values o
the densityN i0

21 as function of timet5RL/(jCs2V0). Fig-
ure 3 shows the time dependences ofN i

2/N0 for which the
following initial conditions have been chosen:RL52 mm,
Te51 eV. Note a steeper increase of the ratioN i

2/N0 for
higherN i0

2, in agreement with the experimental data~Fig. 2!.
We also note in Fig. 3 that the characteristic appearance
of the negative ions in the probe collection region for a la
channel radiusRL52 mm is practically invariant. However

FIG. 3. Time dependence of the self-similar solution forN i
2,

without drift, with x5RL52 mm,Te51 eV, andT i
2/Te50.5.
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one can note from the experimental curves~see Fig. 2! that
the negative ions appear earlier as the plasma electrode
Vb is increased.

In order to explain this effect, let us examine the role
the directed negative-ion velocity in the process of recove
Let us assume a negative-ion flow across the laser cha
with V0Þ0.

Figure 4~a! shows the negative-ion densities obtained
various values of the flow velocity. This result becom
clearer when we return in Fig. 4~b! to the time dependenc
for several typical values of the electron temperatureTe and
for several ion flow velocities. The faster return of the neg
tive ions to the probe and the steeper increase ofN i

2 in time
can be noted in Fig. 4~b!. Note that in Fig. 4~b!, N i

2 does not
tend asymptotically at larget to the initial negative-ion den-
sity N i0

2. This is related with the use of the planar geomet
when at the initial moment the negative ions fill the ha
spacex,0. However, the initial stage of the plasma recove
in the laser channel does not depend on the geometry o
problem, and consequently we can apply the proposed m
at this stage.

V. DETERMINATION OF THE NEGATIVE-ION
TEMPERATURE AND FLOW VELOCITY

It can be noted that the obtained solutions depend on th
parametersN i0

2/N0 , V0/Cs , andT i
2/Te . The first parameter

FIG. 4. Dependence of the negative-ion density on~a! the self-
similar variablej5RL/(tCs) and ~b! on time, atT i

2/Te50.5 and
Ni0

2/N050.275. In ~b! the following parameters were
chosen: Te51 eV, x5RL52 mm.
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960 55IVANOV, SIONOV, EL BALGHITI-SUBE, AND BACAL
is determined by laser photodetachment rather precisely@13#.
The two other parameters can be found from measureme
of the negative-ion density recovery at differentVb values.

We noticed the increase of the negative-ion flow veloci
when discussing the data shown in Fig. 2~Sec. III!. This
velocity can be determined more precisely by using the se
similar variablej5RL/(tCs). Note that from the symmetry
of the one-dimensional problemN i

2/N i0
2 is equal to 0.5 at

the pointj50 without flow for any density and temperature
In the case when the flow is present, this point moves exac
with the flow velocityV0. Actually the negative ions can
reach the probe, placed in the center of the laser chan
from all directions and we should have used the cylindric
geometry. However, in the case when the flow velocity e
ceeds the thermal velocity, the growth of the negative-i
current to the probe is determined mainly by the ions arr
ing from the flow direction. Therefore we can use our plan
model whenV0.V i

2. This is usually the case. In the ex
ample shown in Fig. 2 this velocity is 1.333106 cm/s for
Vb51 V, while V i

2 is usually lower than this value@4#. It
was shown in Sec. IV that the presence of the flow veloc
results only in the parallel translation along the axisj.

Now the thermal energy of the negative ions can be fou
by comparing the experimental curves with the theoretic
ones using the method illustrated in Fig. 5. The experimen
data are those plotted in Fig. 2 forVb51 V. The theoretical
curves are calculated for variousT i

2 and withV051.33Cs .
Using the method of least squares we found the negative-
temperatureT i

250.2Te . A close value for the ratioT i
2/Te

was reported in Ref.@11# for the central region of the source
Camembert III under similar discharge conditions. Th
variation of the plasma electrode positive bias does n
change the negative-ion temperature.

Note that apparently the increase ofT i
2 or of V0 gives a

similar result: the acceleration of the negative-ion recove
However, one can see that the increase ofV0 results in a
parallel shift of the density recovery curves@Fig. 4~a!#, while
the increase ofT i

2 results in the change in slope of th

FIG. 5. Theoretical dependence of the negative-ion density
the self-similar variablej for T i

2/Te50.1, 0.2, and 0.4. The experi-
mental points are for 50 V, 30 A, 3 m Torr discharge withVb51
V. RL50.4 cm.
ts
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density curves~Fig. 5!. Thus one can distinguish these p
rameters in the fit.

Finally we plotted all the data of Fig. 2 in Fig. 6, wher
N i

2/N i0
2 is represented as a function of the self-similar va

able j. Note that the curves are similar, i.e., can be sup
posed by a translation along the axisj. The flow velocityV0
and the thermal velocityV i

2 were found for the theoretica
curves by the method of least squares. Thus we determ
the flow velocityV0 corresponding to each case, as indica
in Fig. 6.V0 varies from 0.5Cs atVb50 to 1.95Cs for Vb54
V. There is good agreement forj'V0/Cs .

Note that the small discrepancy of the experimental d
and the theoretical curves occurs for large values
j@V0/Cs , i.e., for very short timet5RL/jCs!RL/V0 . This
discrepancy is related to the low negative-ion density in
laser channel immediately after the laser pulse and is
understood yet.

VI. CONCLUSION

The experimental investigation of the negative-ion reco
ery after photodetachment was effected using the two-la
beam technique in the neighborhood of the extraction op
ing of a negative-ion source, a region weakly magnetiz
and limited by a positively biased plasma electrode. It w
found that the application of a positive bias to the plas
electrode reduces the recovery time. This accelerated re
ery was attributed to the presence in the plasma of a dire
negative-ion flow, crossing the laser channel, the velocity
which is going up when the positive bias of the plasma el
trode is increased. The choice of a self-similar variable
lows us to determine the negative-ion flow velocity from t
shift of the experimental recovery curves, and to determ
the negative-ion temperature from the initial phase of
recovery. As expected, the increase of the plasma elect
positive bias does not change the negative-ion temperat

These experiments and their theoretical interpretation
dicate that the negative-ion extracted current is governed
the velocity of the directed negative-ion flow to the po
tively biased plasma electrode. In this experiment we foun
value as high as 1.95Cs for a bias of the plasma electrode o
4 V. This explains the physical reason for enhancing

n

FIG. 6. Same as Fig. 2, with the variablej5RL/(tCs). All theo-
retical curves found by the least-square approximation h
T i

2/Te;0.2.
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55 961RECOVERY OF A WEAKLY MAGNETIZED NEGATIVE- . . .
negative-ion fraction in the extracted beam when the plas
electrode is biased positive, which was observed by the
perimentalists in this field.

Note that the negative-ion dynamics is governed by
one-dimensional collisionless Vlasov equation. Thus the
tial distribution function chosen in the form of a shifte
Maxwellian can change during the recovery process and
can see both the acceleration and the anisotropic coolin
the negative ions in the self-consistent electrical field a
function of the initial parameters~initial negative-ion drift
A.
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velocity and temperature! which can be determined by fit
ting.

ACKNOWLEDGMENTS

This work was supported by Direction des Recherch
Etudes et Techniques, France. We acknowledge Cathe
Courteille, Yolanda Jones King, Renan Leroy, and R.
Stern for their participation in the experiments.
.

n-

ci.
@1# M. Bacal and F. Hillion, Rev. Sci. Instrum.56, 2274~1985!.
@2# R. Leroy, M. Bacal, P. Berlemont, C. Courteille, and R.

Stern, Rev. Sci. Instrum.63, 2686~1992!.
@3# R. A. Stern, P. Devynck, M. Bacal, P. Berlemont, and F. H

lion, Phys. Rev. A41, 3307~1990!.
@4# M. Bacal, P. Berlemont, A. M. Bruneteau, R. Leroy, and R.

Stern, J. Appl. Phys.70, 1212~1991!.
@5# K. N. Leung, K. Ehlers, and M. Bacal, Rev. Sci. Instrum.54,

56 ~1983!.
@6# M. Bacal, G. W. Hamilton, A. M. Bruneteau, H. J. Doucet, a

J. Taillet, Rev. Sci. Instrum.50, 719 ~1979!.
@7# P. Devynck, J. Auvray, M. Bacal, P. Berlemont, A. M. Brun

teau, R. Leroy, and R. A. Stern, Rev. Sci. Instrum.60, 2873
~1989!.
@8# M. Bacal, Plasma Sources Science & Technol.2, 190 ~1993!.
@9# L. Friedland, C. I. Ciubotariu, and M. Bacal, Phys. Rev. E49,

4353 ~1993!.
@10# A. A. Ivanov, L. I. Elizarov, M. Bacal, and A. B. Sionov, Phys

Rev. E52, 6679~1995!.
@11# C. Courteille, A. M. Bruneteau, and M. Bacal, Rev. Sci. I

strum.66, 2533~1995!.
@12# M. Bacal, J. Bruneteau, and P. Devynck, Rev. Sci. Instrum.59,

2152 ~1988!.
@13# F. El Balghiti-Sube, F. G. Baksht, and M. Bacal, Rev. S

Instrum.67, 2221~1996!.


