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This report describes the studies on development of the pressure
measurement methods, which are necessary to develop and confirm the
particle centrol method for a long-pulse break-even plasma.

We first developed a mew type of hot cathode iomization gauge
with spherical symmetry to measure the neutral gas pressure in a high
magnetic field. The gauge has a linear relation between the ion
current and the pressure ranging from 107" to 1 Pa for N; and Ar. The
changes in the sensitivity are small; within + 20% in a field of 0 -
1.2 1.

Then we describe a new method for using a Penning gauge to
measure pressure in high magnetic fields. The intensity of the Ha and
HB Balmer lines emitted from a Penning discharge is a function only of
the discharge ion current: their intensity is independent of anode
voltage and magnetic fields from 0.1 to 2.0 T. The light intensity is
proportional to the ion current below ~ 0.1 Pa. In addition, we
demonstrated the possibility of the partial pressure measurement with
the light emitted from the Penning discharge. The line intensities
‘are individually linear to the partial pressure in the gas mixture of
H; and He.

Next we have constructed the fast pressure monitoring system with
the newly developed gauges. The gauges are used to monitor the

pressure near the JT-60 plasma. The response time is fast (less than
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10 ms) because of the Penning discharge which is sustained by the

confining magnetic field of the plasma. Because the structure is very

simple, the gauges are reliable for use in severe conditions in a

fusion device.

Finally, the usefulness of the fast response gauge is demonstrated.

The outgassing mechanisms are studied in the JT-60 tokamsk. Large

amounts of gases are abruptly released during the disruption of the

plasma. The disruptions of 1 MA plasmas outgas a surface area of
~v10 m?. The gagses of 30-80 Pam® are released within 30 ms. Then
quarters of them return to the wall. This return of the gases to

wall clearly reveals the wall pumping of the graphite first wall.

Keywords: Fusion Device, Pressure Measurement, Ionization Gauge,

three

the

Penning Gauge, Light Intensity, Fast Response, Outgassing
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1.1 Outline of nuclear fusion research

Nuclear fusion reactions are the source of the enormous
power radiated from the sun. They have the potential of providing
an essentially inexhaustible source of energy for the future.

Great efforts have been devoted on building miniature suns
on earth for over thirty years. The variety of approaches can be
classified into closed system (tokamak, stellarator), open system
(mirrer), theta pinch and inertia fusion.

In the closed system, fusion plasmas are confined by
toroidal magnetic lines of force forming an enclosed system. Open
systems utilize magnetic mirrors which push back plasma particles
coutside the loss cone. Pinches are plasmas carrying large current
capable of generating sufficient magnetic fields to confine and
heat the plasma. In inertia fusion, the laser or ion beams are
focused onto a pellet or a gaseous column of DT to ignite,
compress and heat it. Among these approaches, the tokamak device
originally develcoped in the USSR has been the most successful1
and has received the most attention.

The scientific feasibility of fusion will be established
when it is demonstrated that plasmas can be heated to
thermonuclear temperatures and confined sufficiently well under
conditions which lead to a positive energy balance. These
conditions are represented by the Lawson criterion on plasma
density, confinement time and temperature.2

Experimental progress with tokamak plasmas has been
considerable in recent years. Following a number of medium-sized
tokamaks constructed in the 197C’s, most of which are now in

operation, three large tokamaks have been in operation since the

#2__
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early 1980’s: the Tokamak Fusion Test Reactor (TFTR) started

plasma operations at Princeton Plasma Physics Laboratory (USA) in

3 the Joint European Torus (JET) at Culham Laboratory

(England) obtained the first plasma in June 1983,4 and the first

Dec. 1982,

plasma of the JT-60 was obtained at Naka-site of JAERI in Apr.
1985.5 All three of these large tokamaks aim at achieving the
break-even conditions, plasma conditions in which the energy
necessary to be put into plasma to yield the thermonuclear fusion
reaction balances the energy released from the plasma,
corresponding to the plasma temperature of ~10 keV and the
product of the plasma density and the plasma energy confinement
time of ~1020 m™3 .0

The best value so far of the triple product of Ti’ n, and
TR+ 8xlO20 m_3 s keV, was achieved recently on JET.7 It is less
than a factor of 10 away from ignition. This means that break-
even conditions have almost been established. However, the
duration was less than 1 s. This is mainly because the first waill
is the most influential part in both reducing the impurities and
increasing the density limit.

Together with the experimental research aimed at achieving
break-even conditions, conceptual design studies have been
performed on the next-step machines such as the Fusion
Experimental Reactor (FER) in Japan,8 the Next European Torus
(NET} in EC,9 and the International Thermonuclear Experimental
Reactor (ITER) which has been designed by Japan, EC, USA, and
USSR in collaboration under the auspices of International Atomic
Energy Agency (IAEA).lO These next-step machines aim to achieve a

long ignited and controlled DT burn. Table 1.1 shows the

parameters and performances for the ITER. The main specific areas

_3_
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to be covered are as follows: 1) power and particle exhaust
physics (i.e., the combined fields of the physics of the plasma
edge and plasma-wall interaction as well as impurity control), 2)
disruption control and operational limits, 3) enhanced
confinement, 4) heating and fueling physics, 5) long-pulse
operation (including noninductive current drive), and 6) physics

of burning plasma.

In order to realize the performance of the next-step
machines, it is of the utmost importance to arrive at an overall
optimization of tokamak discharge conditions which can be
extrapolated to those of the next-step machines. Therefore, with
the present machines, we must complete the database necessary for
taking the decision to start constructicn. From the viewpoint of
technology, noninductive current drivers and particle control
devices such as pumped divertor and pump limiter will be more
urgently developed and examined in order to ensure steady-state

operation.

1.2 Significance of pressure measurement

As shown in Table 1.2, pressure measurement is needed in
various fields for fusion devices.ll First, the vacuum vessel is
evacuated. The performance is measured with commercial pressure
gauges. Then the first wall is cleaned by the discharge
(discharge cleaning). Its purpose is to remove light impurities
such as oxygen and carbon. Certain types of discharge cleaning

12-14

are applied. Usually, the discharge is carried out in a

rather weak magnetic field. Therefore, the commercial residual

_4._
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gas analyzer (RGA) is applicable to monitor the cleaning
efficiency, if necessary, with magnetic shielding.

Neutral beam injection is very effective in heating the
ohmically heated plasma.15 However, its efficiency is strongly
reduced if the high energy atomic hydrogen (and its isotope) is
reionized in the transition tube before entering the plasma. The
reionizing rate is dependent on the pressure in the tube. The
experience gained at PLT (Princeton Large Tokamak) was valuable.
Unless the pressure in the tube is low enough, the reiconized
high-energy particles hit the tube wall and cause the abrupt gas
release. Therefore, monitoring of the pressure in the transition
tube is very important for neutral beam injection.

Ion temperature is measured by the charge-exchange method.
In this case, the reionization probability of fast neutrals is
essential to evaluate the ion temperature. Thus, the pressure
should be measured to within an accuracy of 15%.

In the DT burning experiment, the retention of tritium will
be one of the main problems.16 Total gas flow should be measured
with pressure measurement. In addition, the leak hunting method
in D, atmosphere will be developed.l7’18

Gas pressure measurement is necessary to consider particle

balance.19 Assuming Zefle’ the variation of the total number of

electrons in the discharge, Ne’ is described by the equation

e _ Ne  TF (1)
= g+ (R~ 1) - (VT - Vp) - PS5,
dt Tp dt
where g = gas injection rate,
P = gas pressure around the plasma case,
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R = recycling coefficient, i.e. the ratio of atoms coming
from the wall to the number of particles incident upon

the wall,

T gross particle lifetime,

VT= volume of the vacuum torus,

Vp= plasma volume,

S = pumping speed.
In addition, the effective particle confinement time Ta is
defined as 1, = 1, / (1-R), which is obtained if we measure N_,

p
g, and P;

dN dp
r, = N /{ag-"e - (Vg = V) = PS) (2)

dt dt

Equation (2) shows the relation of effective particle confinemant
time to the gas pressure around the plasma column. More detailed
investigation into particle confinement requires that R should be
evaluated.

To realize a fusion reactor, various techniques for particle
control must be developed. We show in Table 1.3 the relation of
pressure measurements to the techniques which must be developed.
Fuel gas pressure should be monitored to ensure particle control.
In the steady-state reactor, unloaded fuel gas should be removed
efficiently from the reactor chamber in order to control the

20,21 As described before, JET has achieved a

plasma density.
world record in the Q-value (~0.8) due to the introduction of the
beryllium limiter. The limiter tiles have the following two
effects: a) oxygen virtually disappeared from the plasma, and b)

the hydrogenic species are strongly pumped out. These pumping

effects not only reduce the radiation loss to ~10% of the input
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power but also permit the use of the heavy gas fueling to control
impurities and the plasma with Zosf ~1.5 during the additional
heating phase. However, the duration was less than 1 s. This is
because the first wall was saturated with fuel particles.
Moreover the first wall saturated with the particles may be the
source of refueling. Since we must operate the plasma within the
density limit in order to realize a steady-state reactor, we need
an active particle control method instead of the passive wall
pumping. In other words, we must develop methocds and confirm the
performance for removing the fuel and ash particles from the
boundary of a break-even plasma over a prolonged period. In the
future, the pressure gauges near the plasma boundary will be
sensors which will tontrol the reacting plasma.21

Impurity gases should also be removed to maintain a high

22,23

temperature plasma. Graphite is widely used in the present

fusion devices.24"26 The carbon has two possible ways of entering
the plasma; one is by physical sputtering and the other is by
chemical sputtering. If the chemical sputtering is dominant, the
partial pressure of the hydrocarbon, which is believed to be
produced on the graphite first wall in reaction with hydrogen
atom, should be removed. Furthermore, in a fusion reactor, the He

27,28 The design study of ITER shows that

ash should be removed.
the partial pressure of He should be less than 10“2 Pa.
Therefore, the partial pressure measurement near the plasma is
also important in order to control impurities and not to dilute
the fuel.

Next, the time response of the pressure measurement is

discussed. An important concern in attempts to obtain pressure

measurements on the first-generation plasma devices was the need

4_.7___



JAERI-M 891-007

for a high transient response., Since the duration of the
discharge was only of the order of 1 ms, gauge response times of
10~100 us were desired to infer the neutral density temporal

29,30

behavior during the discharge. In contrast, the discharge

duration has been extended to beyond 1 s for the present
generation of large tokamaks, and relaxing response requirements
to 1-10 ms for pressuré measurement in the vacuum vessel.11 In
addition, the programmed gas-injection systems for plasma density
control have required gas-flow measurement with a similar
response time (~10 ms).3l Here we discuss the response time in
order to develop the technique for removing the particles from
the plasma boundary. From the experiment of JET, heavy fueling by
pellet injection and gas feed is needed to achieve a break-even
plasma. After injection into the plasma, the particles will be
released from the plasma with a time constant of Tp (particle
time constant). Thus the particle density (pressure) near the
plasma changes with an almost unchanging time constant.
Therefore, the respconse time of the pressure measurement should
be less than the particle time constant. Because o of the JT-60
is in the order of 100 ms, we must measure the pressure with the
time constant of ~10 ms.

Relatively few types of gauges have been applied to pressure

11,32 mainly because of the

measurements in fusion devices,
response time requirements. They are listed in Table 1.4. The
most commonly applied gauge types are the various forms of hot-
filament ionization gauges because of their large pressure range
and short-transient response. The conventicnal triode, Bayard-

Alpert, and Schultz-Phelps gauges have been utilized. The most

troublesome application probklems are the effects of magnetic

__8__
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fields and plasma-induced spurious signals. Generally, ion-gauge
operation is quite sensitive to an arbitrarily applied magnetic
field because of the effect on the low electron

33,34 For operation of the triode or BA gauge in

trajectories.,
fields higher than 0.01 T, external magnetic shielding is
required.

The Schultz-Pheips gauges can be operated in magnetic fields
without external shielding if the field is oriented parallel to
the electric field in the gauges. In general, the sensitivity
will not be independent of the ambient field because of the
lengthened electron path. Martin33 has shown that a Schultz-
Phelps gauge with 0.2 cm electrode spacings is independent of a
parallel applied magnetic field up to 0.15 T. A more recent test
by Mioduszewski and Edmonds35 showed a sensitivity which was
independent of the field up to 0.02 T and then decreased by 70%
at 0.07 T.

An alternative to the hot-filament ionization gauge is the
cold-cathode ionization gauge. However, this type of gauge
sacrifices accuracy and reproducibility for the simplification of
hardware.36 A disadvantage of cold-cathode discharge is that the
discharge current is not a linear function of the pressure. The
sensitivity changes depending on the electrode geometry, applied
fields, and pressure range. In spite of this disadvantage, this
type of gauge recently has been used in an attempt to measure
pressures in high magnetic fields.ll’37

The present generation of capacitance-diaphragm manometers
has been tested in fusion devices.38 It was found that the sensor

heads are insensitive to magnetic fields up to 0.6 T. However,

the electronics package is quite sensitive toc magnetic fields.

__94.
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Thus the package would require magnetic shielding. For the
application of the capacitance-diaphragm gauge in fusion devices,
the vibration must be isolated almost completely because the
sensor heads are microphonic. This would limit the use of this
type of gauge.

Quadrupole-type mass filters have been used for partial
pressure measurements.39 However, thelr use is almost restricted
to the diagnosis of discharge cleaning effectiveness. The most
troublesome problems are the effects of magnetic fields and
plasma-induced spurious signals. In general, magnetic fields
produce severer effects on the mass filters than on the hot-
filament ionization gauges. Usually, the mass filters are
empleoyed only witﬁ magnetic shielding.

The above discussion shows that the pressure measurement
near the plasma will be more important in future fusion devices
and that the application of commercial pressure gauges will be

restricted mainly because of the effects of high magnetic fields

and plasma-induced spurious signals.

1.3 OQOutline of the present work

As mentioned above, the pressure measurement near the plasma
will be more important for next-step fusion research. Thus we
have developed new pressure measurement methods in a high
magnetic field. They are suitable for any type of magnetically

confined fusion devices.
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First, in chapter 2, a new type of hot filament ionization
gauge is described for the measurement of neutral gas density in
a high magnetic field. A notable feature of the gauge is its
spherical symmetry. The ion current varies linearly with the
pressure from 10“4 to 1 Pa for N, and Ar. The sensitivity changes
by no more than + 20% in a magnetic field of up to 1.2 T. The
main reasons for this small change in sensitivity are as follows:
(1) the probability of icnization of gas molecules is almost
independent of a high magnetic field because the spherical
symmetry causes electrons to be emitted from the filament to the
region in which the electric field is almost parallel to the
magnetic field; (2) the probability of the ion collection is

independent of the ‘magnetic field.

In chapter 3, we propose and demonstrate a new type of
partial pressure gauge for use in a high magnetic field. It is a
type of Penning configuration gauge. A Penning discharge in the
cell is sustained by the magnetic field which confines the
plasma. The light emitted from the Penning discharge is analyzed.
This gauge enables us to measure He and D2 independently. First,
the principle of the gauge is described. Then the new type of
gauge is experimentally demonstrated. The experiment is divided
into two parts; one deals with hydrogen pressure measurement in a
high magnetic field, and the other with the gas mixture of H, and

He.

The newly developed gauges are used to measure the pressure
near a plasma in JT-60. The gauges are controlled by a perscnal

computer. The main features of the gauges are as follows: (a) the
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response time is fast (510 ms), and (b) the structure is so
simple that the gauges are reliable for use in the severe
conditions of JT-60. In chapter 4, the details of this fast
pressure monitoring system are described. The performance of the

gauges 1is shown.

In chapter 5, an épplication of the fast response pressure
measurement is shown. The outgassing from the first wall made of
graphite has been investigated. The pressure near hydrogen
plasmas is measured in a fast response time (<10 ms). Large
amounts of gases are found to be abruptly released in two stages
during a disruption of the plasma. The first gas release occurs
at the same time as the soft x-ray crash. This is ascribed to the
heat flux due to the loss of the plasma thermal energy (thermal
quench). The second appears during the current decay phase. This
is caused by the heat flux due to the loss of the plasma magnetic
energy. The disruption of a 1 MA plasma ocutgases a surface area

3 of gases

of ~10 m2. The typical disruption releases 30-80 Pa m
in ~30 ms. Then three gquarters of them return to the wall. In the
case of a normal discharge, the cutgassing occurs after the end

of the plasma.

Finally, we summarize the concluding remarks of these

studies.

712_._



JAERI-M 81007

References

'L. A. Artsimovich, Nucl. Fusion 12, 215 (1972).

*7. bp. Lawson, Proc. Phys. Soc. (London) B70, 6 (1957).

3J. Sinnis, Proc. 10th Symp. on Fusion Engrg., Philadelphia
(1983) p. 2096.

4M. Huguet, Proc. 10th Symp. on Fusicn Engrg., Philadelphia
(1983) p. 834.

*JIT-60 team (presented by M. Yoshikawa), Plasma Physics and

Controlled Fusion 28, 165 (1986).

°B. J. Green, Nucl. Fusion 19, 515 (1979).

7P. R. Thomas for the JET Team, in Proc. 9th International
Conference on Plasma Surface Interactions in Controlled Fusion
Devices, Bounemouth, 1990.

8FER Design Team, JAERI-M 88-090 (1988).

®NET Design Group, EUR-FU/XII-361/85/34 (1985).

10 .
ITER Concept Definition vol.l and vol.2, Vienna, IAEA, 13989.

11H. F. Dylla, J. Vac. Sci. Technol. 20, 1135 (1982).

'2p. S. calder, vacuum 24, 437 (1974).

'3L. Oren and R. J. Taylor, Nucl. Fusion 17, 1143 (1977).

14
Y. Sakamoto, Proc. IX Inter. Vac. Congress & Inter. Conf. on

Solid Surface, Madrid, p. 716 (Asociacion Espanola del Vacioy Sus
Aplicaciones, Madrid, 1983).

'®*H. Eubank et al., Proc. 7th Inter. Conf. Plasma Physics and
Controlled Nuclear Fusion Research (1979) p. 167.

'8k, L. Wwilson and W. L. Hsu, J. Nucl. Mater. 145/147, 121
{1987).

17

W. R. Blanchard, R. B. EKrawchuk, and H. F. Dylla, J. Vac.

Sci. Technol. 20, 1162 (1982).



JAERI=M 91-007

18T. Winkel and J. L. Hemmerich, J. Vac. Sci. Technecl. A5, 2637

(1987).

'®1FR Group, J. Nucl. Mater. 93 & 94, 272 (1980).

20 .
G. M. McCracken, Proc. of an IAEA Workshop on Fusion Reactor

Design Problems, p. 471.

ZIA. Miyahara, Kakuyugo-kenkyu 55, 7 (1986).

?2D. Duchs et al., J. Nucl. Mater. 53, 102 (1974).

i M. McCracken and P. E. Stott, Nucl. Fusion 19, 889 {1979).

G
®A. E. Pontau et al., J. vac. Sci. Technol. A4, 1193 (1986).

207, Ehrenberg et al., IPP-JET Report No. 29 (1985).

21, Arai et al., J. Nucl. Mater. 162/164, 743 (1989).

?7y. seki et al., Nucl. Fusion 20, 1213 (1980).

2®M. Sugihara and T. ‘Abe, Nucl. Fusion 21, 1024 (1981).

29 .
J. Jacquinot, C. Deck, and J. Godarert, Rev. Sci. Instrum.

43, 905 (1972).

°°G. Lewin and G. Martin, Rev. Sci. Instrum. 33, 447 (1962).

TG, Schilling et al., Proc. 1llth Symp. on Fusion Technol.,

Oxford, Sept. 1980 (Pergamon, Oxford) p.967.

*2y. Tuzi, Kakuyugo-kenkyu 55, 461 (1986).

33 . , .
G. D. Martin Jr., in 1561 Transactions of 8th Vacuum

Symposium and 2nd International Congress of the American

Vacuum Society (Pergamon, New York, 1962), p. 476.

**a. Berman, J. Vac. Sci. Technol. 18, 1017 (1981).

35 , .
P. K. Mioduszewski and P. H. Edmonds, presented at 2nd Annual

Symposium of the Tenn-Valley Chapter of the Vacuum Society,
Knoxville, Oct. 1981, (unpublished).
*%u. Schuurman, Physica 36, 136 (1967).

37

*%p. 0. Overski, Phys. Rev. Lett. 46, 177 {1981).

7}4u_

S. R. Thomas Jr. et al., J. Vac. Sci. Technol. A4, 1736 (1586).



JAERI—-M 91007

3%¢. Matsuzaki et al., J. Nucl. Mater. 145/147, 704 (1987).



JAERI-M 81-007

Table 1.1 ITER parameters and performance

Ncminal fusion power
Pulse length
Energy multiplication

Plasma major radius

Plasma half-width at midplane

Maximum plasma current

Toroidal field cn axis

Toroidal coil cuter radius

v oo
Q)
o =
o
0]

o 0O
v
(6

[\

.15m
22 MA
4.85 T

11.5 m

Table 1.2 Pressure measurements in fusion device

Measurement

Object

Plasma performance

pressure near a plasma

Supporting diagnostics
NBI transition duct pressure

CX diagnostic duct pressure

Vacuum system operation
base pressure
total gas flow

leak rate

particle balance

reionization efficiency

ion temperature measurenent

vacuum system performance
fuel gas retention (tritium)

He 1in D2
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Table 1.3 Pressure measurement related to plasma performance.

To be measured To be examined Technology

fuel gas particle confinement density control

light impurity origin of

impurity Impurity control

He partial He accumulation He ash exhaust

pressure

Table 1.4 Application problems associated with the use of

various types of gauges.

Type of gauge

Problem

Hot-filament ionization gauges
triode
Bayard-Alpert

Schulz-Phelps

Cold-cathode gauges
Penning
magnetron

inverted magnetron

Capacitance-diaphragm gauge

Quadrupole mass filters

effects of magnetic fields and

plasma-induced spurious signal

nonlinearities

erratic

effect of vibration (senscr head)
quite sensitive to magnetic

fields {(electronics package)

effects of magnetic fields and

plasma-induced spurious signals
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2. A spherical ionization gauge
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2.1 Introduction

The assessment of the neutral gas density in the vicinity of
a plasma is important for fundamental considerations of particle
balance.l_3 The various forms of ionization gauges are most
commonly applied for pressure measurement in fusion devices
because of their linearity over a very broad range. Customary
gauge heads of the Bayard-Alpert (B-A), Schultz-Phelps, and cold
magnetron type have been utilized by making certain
provisions.4_7 Several workers used specially designed ionization
gauges.2'3’8’9 with the use of ionization gauges, the most
troublesome problems are the effects of magnetic field and

6,10 Several techniques

spurious currents induced by the plasma.
have been used to reduce the value of the spurious currents.
There have been many works on the behavior of a B-A gauge in a
magnetic field,s"7’11—13 but there have been few approaches to
the development of a gauge insensitive to a magnetic field.14

We have developed a new type of hot-filament ionization
gauge, which is a kind of triocde-type gauge. The ncotable feature
of the gauge is its spherical symmetry. This spherical icnization
(S1} gauge was found to have small changes in the sensitivity

(+ 20% for N in a magnetic field of up to 1.2 T. The gauge is

2)
also insensitive to the direction of the magnetic field.

In the first section, the motion of electrons is analyzed to
show how it affects the sensitivity. Then the description of the

gauge is presented. Next the gauge characteristics in a magnetic

field are given. Finally the experimental results are discussed.
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5.2 Description of the gauge

2.2.1 Simulation of the electron trajectories

In this part we simulate the electron trajectories for the
gauge head with the spherical symmetry in magnetic fields. Both
the average path length of electrons and their kinetic energy
then are shown to be almost independent of a high magnetic field
for this type of gauge.

First the gualitative picture is given of the motion of
electrons in a magnetic field based on Berman’slO and Martin's1
analyses. The following picture is useful for all types of hot
filament ionization gauges. The motion of electrons can be
considered as the resultant of two components: a drift along the
cathode due to E X B and a translation parallel to the lines of
the electric field due to EZ. Here, En and EZ refer to the
components of an electric field E perpendicular and parallel to
B. In the region with a high En/EZ ratio, no electrons can move
away from the filament. Notwithstanding the long path length that
the electrons travel in spiraling, the ionization yield is
reduced by the lack of the kinetic energy. Electrons starting
from the filament with a low En/EZ ratio are accelerated along
the electric field lines, and they gain enough kinetic energy to
yield efficient jonization. Thus, both the average path length
and the kinetic energy depend on the electrode geometry of the
gauge head as well as the magnetic field strength. Martinll
applied this picture to evaluation of the sensitivity of gauge
heads with planar and cylindrical symmetry. Practically,
electrons are emitted in space from the hot filament at different

angles. Therefore, we nave to consider how all the electrons with
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different En/Ez ratios contribute to the ionization yield.

Next, the gauge head with the spherical symmetry is dealt
with by simulating the electron trajectories in a magnetic field.
it is a triode-gauge head with spherical symmetry as shown in
Fig. 2.1. The diameters of the elements are as follows: the
filament (F), 10 mm; the anode grid (G), 30 mm; the collector
(C), 60 mm. This gauge is assumed to be operated with F at ground
potential, G at + 100 Vv, and C at - 20 V. The origin of the
coordinates is placed in the center of the gauge head. The
magnetic field B is assumed to be parallel to the =z axis because
the gauge characteristics are in principle independent of the
direction of B. Figure 2.1 shows the electron trajectories for
magnetic fields of 0.005, 0.01, and 0.05 T. They are seen from
the direction of the x axis. Here, we assume that electrons with
a thermal energy of 0.2 eV are emitted to the normal direction of
the spherical filament. The effect of the space charge is also
neglected. The electron trajectories for 0.005 T are complicated
because of E, X B drift as shown in Fig. 2.1(a). In the field of
0.01 T the electrons are forced to move parallel to the magnetic
field, although the trajectories are still in a spiral. We find,
however, the paths of the electrons at B = 0.05 T are almost
parallel to the magnetic field. As a result, electron
trajectories become almost straight lines as the strength of B is
increased. Thus the average path length of electrons becomes
almost equal to that in zero magnetic field. Moreover, the
electrons are found to move in the ion-collection regicn with a
low En/Ez ratio. Therefore, they have almost same kinetic energy
in the ion-collection region as that in zero magnetic field.

Where, the "ion-collection region" is defined as the one both in
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which electrons gain enough energy by E to ionize molecules and
in which.the produced ions are gathered by the collector in zero
magnetic field.

We also simulated the trajectories of electrons with a
thermal energy of 10 ev. The results are almost equal to those
for the electrons with a thermal energy of 0.2 eV. Although space
charge may work to divert the electron trajectories, a higher
magnetic field compensates for this effect. These simple
simulations show.that the electrons have almost the same average
path length and kinetic energy in a high magnetic field as those

in zero magnetic field.

5.2.2 Description of the S5I gauge

The SI gauge, which is of the triode-type, is composed of
five concentric spherical grids with a round-shaped filament in
the center. The cross-sectional view of the SI gauge is shown 1n
Fig. 2.2. Main parts of the SI gauge are the filament, the grids
for extracting electrons and for giving them enough kinetic
energy, and the grid for jon collection. In order to study the
ion collection probability two potential configurations of the
electrodes as given in Table 2.1 are examined. We use G4 and G5
as the electron repeller and the ion collector for the
configuration 1. For configuration 2, G4 and G5 serve as the ion
collector and the ion repeller, respectively. In both cases, Gl
extracts electrons from the hot filament and G2 controls the

average energy of the electrons.

Each grid is made of type 304 stainless steel mesh with a

transparency of 90%. Each spherical grid is made of a pair of
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semispherical grids. All the semispherical grids are attached to
the same four quartz plates 6 mm wide and 30 mm long as shown in
Fig. 2.2. Lead wires are guided out through the small guartz
tubes. In order to avoid the electro-magnetic force, the tungsten
filament, 0.2 mm in diameter and 50 mm in total length, is heated
by 1 kHz ac, which value has been adopted from the estimation of
the resconant frequency. The measured resonant frequency was
several hundred Hz at B = 0.1 T and was in good agreement with
the estimation. The ~ 1000 hr operating life time of the filament
with 1 kHz ac heating in the magnetic field was equal to the one
in zero magnetic field. The SI gauge is bakable up to 250°C and

is degassed by electron bombardment.

2.3 Performance of the gauge

2.3.1 Experimental procedure

The experimental apparatus is schematically shown in Fig.
2.3. The experiments were carried cut in a chamber of 150 mm
diameter, which was evacuated through an orifice of 1 mm diameter

(0.09 1/s for N, ) by a 200 1/s turbomolecular pump. The SI gauge

2
was monitored with a Bayard-Alpert (B-A) gauge. The pressure
difference between them was less than 1% because of the large
conductance (13.5 1/s for N,) of the chamber. After the chamber
was baked ocut for 10 hr at 25OOC, a pressure of 3 x 10—5 Pa was
obtained. Before each run of the measurements, the SI gauge was
degassed until the chamber was evacuated below 5 x 10"5 Pa. The
currents of all the electrecdes were measured as functions of both

the working gas pressure and the magnetic field strength. An

emission current was controlled at the filament so as to be 3 mA.
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The magnetic field B was produced by a pair of
electromagnets. The direction and magnitude of B at the SI gauge
head were monitored by a Hall effect gaussmeter. The uniformity
of the magnetic field was within ¢ 5% over the volume occupied by
the SI gauge head. The stray magnetic field at the B-A gauge was
less than 0.015 T, while a magnetic field of up to 1.2 T was
generated at the SI gauge.

The procedure of the pressure measurements was as follows:
(1) The B-A gauge was calibrated by a standard ionization gauge
(VS--l)15 in a calibration stand without the magnetic field; (2)
The B-A gauge when mounted in the chamber was calibrated against
the stray magnetic field (< 0.015 T); (3) Total calibration

factors were given by the product of above two calibration ones.

The experimental error is maiﬁly due to the uncertainty of the
pressure measurement. Neglecting the error of the sensitivity of
the VS-1 gauge, the uncertainty of the pressure measurement was
estimated to be less than 15% for pressures above 5 x 10-4 Pa. At
1 x 10_4 Pa it increased to 25% because of the residual gases.
Moreover, the uncertainty around 0.1 - 0.2 T increased to 20%
because the changes in the sensitivity of the B-A gauge were the
largest with the stray magnetic fields.

Preliminary experiments were carried out in order to apply
proper potentials to the electrodes. The values for all the
electrodes are chosen as shown in Table 2.1. The ion current is
unaffected by small variations of the electrode potentials around

the values given in Table 2.1. This feature is almost independent

of the magnetic field strength.
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2.3.2 Results

Figure 2.4 shows the typical variations of the ion current
Ii with the pressure P of N, and Ar for the configuration 1. The
solid lines refer to the linear relation calculated by the least-
squares method for all the data obtained below 1.2 T. Almost all
the data are found to be included within + 10% deviation from the
relation shown by the sclid line for N2’ and within £ 12.5%
deviation for Ar. The linear relation between Ii and P is well
established over the pressure range less than 1 Pa. Deviations
from the linear relation below 1 x 10—4 Pa were observed for
these gases despite the large experimental error (+ 25% at

4

1 x 107" Pa). This is due to residual currents of ~ 1 nA at the

collector. Although the linearity persisted above 1 Pa in zero

magnetic field, the gauge characteristics became unstable above 1
Pa with B: (1) The emission current was erratic; (2) Sometimes a
discharge occurred.

The sensitivity factors S for the configuration 1 are
summarized in Table 2.2 over the pressure and field ranges of
less than 1 Pa and below 1.2 T. The factors S are given by
Ii/(IeP). Where, I. and I, are the collector and emission
currents, respectively. Pressure P was measured directly for N2
by the calibrated B-A gauge. For Ar the relative ionization
efficiency to N2 was selected to be 1.31.16

Figure 2.5 shows the normalized sensitivity SB/SO plotted as
a function of the magnetic field strength for the configuration
1. Here, SB and SO are the sensitivity factors in the magnetic

field B and in zero magnetic field, respectively. The value of

SB/SO has a maximum arocund 0.1 T and gradually decreases with B.
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Then this value increases again with B to a saturated one. The
changes of the normalized sensitivity on the magnetic field are
similar for N2 and Ar.

The typical variations of Ii on P of N2 and Ar are shown in
Fig. 2.6 for the configuration 2. The solid lines have the same
meaning as that in Fig. 2.4. Almost all the data are included
within ¢+ 20% deviation for N, and within % 13% for Ar. The linear
relation between Ii and P is maintained up to 1 Pa. Deviations

5 Pa was observed.

from the the linear relation below ~ 5 x 10”
The gauge characteristics became unstable above 1 Pa in the
magnetic field. These features are similar to those for the
configuration 1. Figure 2.7 shows the changes in the normalized
sensitivity SB/SO on the magnetic field strength. They also
change in a similar way to those for the configuration 1. The
sensitivity factors S change as shown in Table 2.2.

The effect of the field direction on the changes in the
sensitivity was also studied. The relation between the ion
current and the pressure was the same within the experimental
errors for the two directions shown in Fig. 2.2. The same
emission current in the magnetic field needed more heating power
for the direction of {a) in Fig. 2.2 than that for the direction
of (b). In addition, the heating power with B increased by ~ 12%
for the direction of (a) and by ~ 6% for the direction of (b).
The dependence of the heating power on the field direction shows

that the number of electrons starting with a high En/EZ ratio

decreases with B.
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2.4 Discussion

2.4.1 Sensitivity changes with the magnetic field

We are able to measure the gas pressure by the SI gauge, if
the gauge is once calibrated in zero magnetic field. In this
section we examine the effect of the magnetic field on the
sensitivity of this gauge. The sensitivity depends mainly on two
factors: (1} The probability of ionization of gas molecules by
the emitted electrons within the ion-collection region; (2) The
probability of the collection of these ions.

First, the ion collection is discussed. Martin11 analyzed
gualitatively the motion of ions in a magnetic field and showed
that they are relatively free to reach any part of the gauge

allowed by the electric field. Hsueh13

also showed by experiment
that the changes in the collection of ions are negligible‘for a
B-A gauge in a weak field less than 0.01 T. Let us now lcook into
the result of the SI gauge. There is a difference only in the ion
collection between the two configurations shown in Table 2.1: the
conditions for the electrons are all the same. Moreover, the
ion~collection region is the same for both the configurations.
All the ions are ccllected for the configuration 2. On the other
hand, some of them run through the collector grid for the
configuration 1. Experimental results show little change with B
of the normalized sensitivity between the two configurations (see
Figs. 2.5 and 2.7). On the basis of these facts, the probability
0f ion collection is independent of B. As a result, the motion of

electrons in the ion-collection region is mainly responsible for

the change in sensitivity with the magnetic field.
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Next, the probability of the ionization of gas molecules is
discussed. When the emission current is controclled to be
constant, the ionization of gas molecules by the emitted
electrons in the ion-collection region.is determined by the
product of the average path length of electrons and the average
ionizing probability per electron.

A local maximum at ~ 0.1 T in the normalized sensitivity is
probably due to increase of the path length of electrons. In a
weak field the electron trajectories are complicated as shown in
Fig. 2.1(a) and (b). The average path length in the weak field is
larger than that in zero magnetic field. On the other hand, the
average kinetic energy appears not to change so drastically. Thus
the electrons have more efficient ionization probability of gas
molecules.

As the magnetic field increases, the electron trajectories
become straight and the electrons have a low En/EZ ratio in the
jon-collection region: Both the average path length and the
kinetic energy of the electrons in the jon-cocllection region are
almost equal to those in zero magnetic field. Thus the
sensitivity decreases gradually to that in zero magnetic field.

Above discussion is useful in a magnetic field of up to 0.4
T. However, the normalized sensitivity above ~ 0.4 T becomes
larger than unity and then appears to reach saturation (B >
1.0 T). This is probably due to the decrease of the capture rate
of electrons by the grids, although we have implicitly assumed
that each emitted electron has a constant life time until it is
captured by the grids. 1f the life time of electrons is longer
than that in zero magnetic field, the average path length becomes

larger and then the sensitivity increases. Following observation
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implies the decrease of the capture rate of electrons in magnetic
fields above ~ 0.4 T:
(1) All the ions made in the ion-collection region increased with
increasing magnetic field above ~ 0.4 T, because both the
currents at the collector (- 40 V) and at the grid G3 {grounded)
increased for the configuration 2.
(2) In magnetic fields from 0 tc 0.4 T, the emission current
flowed into Gi and G2 at a constant ratio. Above 0.4 T, the
current at Gl increased and decreased at G2. The changes of the
ratio were similar to those in the normalized sensitivity.

The effects of a magnetic field on the sensitivity have been

5:7011-13 e pon gauges have

widely studied for B-A gauges.
rather large changes in the sensitivity. The difference of the
sensitivity changes between the S8I gauge and B-A gauges shows

that symmetry plays an important role for the sensitivity changes

in a magnetic field.

2.4.2 Pressure range

The SI gauge has a linear relation to within x 5% between
the pressure and the ion current over the ranges of 10—4 to 1 Pa
and 0 up to 1.2 T. The lower and upper pressure limits are well
explained by the "x-ray limit" and the collective moticn of ions,
respactively.

At first, the lower pressure limit PX is estimated in
accordance with the equation P_ = Y_ Y G/S8, where Y_ denotes
the number of x rays emitted from the grids except the collector,

YC is the number of electrons released from the collector per

absorbed x ray, and G is a geometric factor.17 The value of Px is
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estimated to be 1 x 10#4 ra for the configuration 1 and 3= 10-5

pa for the configuration 2. Here, the values of Y, and Y, are

-3 13 respectively,

10 X ray/electron18 and ~0.1 electron/x ray,
and the factor G is evaluated to be ~0.2. The estimated values of
P are in good agreement with the cnes which are determined from
residual currents of ~ 1 nA at the collector. Although the x-ray
jimit for the SI gauge is rather larger than that for the B-A
gauge, it is principally unaffected by a magnetic field because
the factor G is always unity.

Next, we discuss the upper l1imit of the pressure at which
the linearity between the pressure and the ion current breaks
down. This limit is evaluated from the pressure where the
collective motion of ions is prevalent. The collective motion of
ions is probably accelerated in a magnetic field if the mean free
path for the collisions of ions is smaller than the distance
between the grids. Then the discharge likely occurs. While the
jons collide with both other lons and neutral molecules, the mean
free path for these collisions is simply assumed to be egqual to
that of the neutral particles. The upper pressure limit is
evaluated to be ~ 1 Pa for N, from the pressure at which the mean
free path of nitrogen molecules is equal to the distance between
the grids. This value of ~ 1 Pa for N2 is well agreed with the
observations.

Negative values and oscillatory components in the collector
current have been observed by Filippelli12 for a B-A gauge in a
magnetic field, but no negative currents were observed in the SI

gauge. This 1is probably due to the short distance between the

grids in the SI gauge.
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2.4.3 On the use in a fusion device
In order to use the SI gauge in a fusion device, we consider

6,10

the noise level due to various effects. The following

phencmena produce the noise signal:
--radiation from a plasma
--a fast particle which has escaped from a plasma
--f radiation from tritium
--the high power facility for NBI and RF heating

Soft x-ray from a plasma hits the collector and then
produces the spurious collector current. The effect of the scoft
x-ray is well recognized in the field of pressure measurement
with the hot filament gauge.20 When the photon with energy of
greater than ~20 eV hits the collector, electrons are produced at
the rate of ~0.1 electron/x-ray. Fast particles escape from the
plasma. If they hit the surroundings of the gauge, they sputter
the gases and/or particles which are absorbed on the surface. In
the D-T burning experiment, we must use a large amount of
tritium. Tritium on the surface emits electrons due to the B-
decay mechanism. Therefore these electrons act as the noise
source on the gauge. High power facilities for NBI and RF heating
produce the electromagnetic pulse.

Various kinds of blinds (e.g. Venetian) are very useful for
eliminating the effect of fast particles. Even when fast
particles hit the metal surface several times, the effect is
almost completely suppressed. In addition, the blind is useful to
reduce the effect of soft x-ray radiation. If the photon hits the
metal surface once, the effect becomes ~100 times smaller because
of the small reflectivity of the soft x—ray.2O Assuming that the

radiation loss of the plasma is 10 MW over the whole volume of



JAERI-M  81—007

the plasma (100 m3), we can easily measure the pressure of 10"'4

Pa. The tritium effect has been examined by Dylla.6 From his
estimation, the effect of B radiation from tritium is negligible.
As shown in Fig. 2.2, we have five grids in the SI gauge. By
modulating the electrical potential of the second grid, we can
eliminate the noise with the modulation technique.2 In this case,
the third grid will cut the capacitance coupling between the
second grid and the ion collector. If we measure the collector
current with the modulation frequency, we will easily detect the
true signal in a ~103 times larger spurious signal.

Thus we hope that we can measure the pressure near a plasma.

2.5 Conclusions

We have developed a new type of hot cathode ionization gauge
with spherical symmetry to measure the neutral gas pressure in a
high magnetic field. I[ts performance is summarized as follows:
(1) The gauge has a linear relation between the ion current and
the pressure ranging from 10-4 to 1 Pa for N, and Ar.
(2) The changes in the sensitivity are small; within + 20% in the
field of 0 - 1.2 T. The main reasons are that the collection
probability of ions is unaffected by the magnetic field, and that
the emitted electrons have almost the same probability of
ionizing gas molecules as in zero magnetic field, owing to the
spherical symmetry.
(3) The lower pressure limit is ascribed to the x-ray limit. On
the other hand, the collective motion of ions explains the upper

pressure limit.
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(4) With the aid of the blind and the modulation technique we can
eliminate the spurious signals from the collector current and

then use the gauge in a fusion device.
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Table 2.2 Sensitivity factors § of the SI gauge over
the pressure and field ranges of less than 1 Pa and

below 1.2 T.

S(N,) S{Ar)
(1073 pa™¥) (1073 pa~h)
Configuration 1 1.9 - 2.3 2.3 - 2.8
Configuraticn 2 5.7 - 8.5 6.8 - 8.8

N 38_
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(a) 0.005 T

Fig. 2.1 Electron trajectories in the magnetic fields of 0.005
T (a), 0.01 T (b), and 0.05 T (c). The diameters of the filament
(F)y, the grid (G} and the collector {C) are 10 mm, 30mm, and 60
mm, respectively. Three electrodes are biased as follows: F, 0 v;
G, + 100 v; C, - 2CG V. Electrons with a thermal energy of 0.2 eV
are assumed to be emitted normally to the filament sphere at

intervals of 15o from the z axis.
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(a) (b)

Quartz
plate

tube

5¢m

Fig. 2.2 Cross sectional view of the spherical icnization
gauge. There are five grids (Gl - G5) with radii of 18 mm, 23.5
mm, 34.5 mm, and 40 mm. The potentials are given In Table 2.1.

The directions of the magnetic field are also shown.
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No, Ar

Electromagnets

Fig. 2.3 Schematic of experimental apparatus. The SI gauge is
placed in the center of the electromagnets. Pressure is measured
by the calibrated B-A gauge. Purity of gases is monitored by a

gquadrupole mass spectrometer (QMS).
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3. Penning-type partial pressure gauge
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3.1 Introduction

Direct pressure measurements close to a plasma are rarely
made because of the presence of the high magnetic field regquired
to confine the plasma. As for the total pressure measurement, we
have developed the new type of ionization gauge described in
chapter 2.1 However, partial pressure is more difficult to
measure because disturbance of the trajectories of the ions
should be avoided. Matsuzaki et al. have examined the performance
of a quadrupole mass spectrometer (QMS) in a magnetic field.
They showed that without the magnetic shield, the QMS (Balzers,
QMA-112) could measure the partial pressure with a sensitivity
change of less than +20% only below a magnetic field of 0.C1 T.

3,4

Recently, Akaishi et al. developed a new type of partial

pressure gauge for He and D, in a pump-limiter experiment in
TEXTOR.5 However, it is difficult to measure the partial pressure
with a short response time because their gauge must be operated
far from the magnetic field in order to avoid disturbance of the
ion trajectories.

Tn this chapter, we propose and demonstrate a new method of
measuring partial pressures.s’7 Its features are as follows:
(1) This gauge has Penning-type configuration which utilizes the
plasma-confining magnetic field.
(2) The light from the plasma glow in the Penning discharge is
analyzed. The wavelength of the spectral lines reveals the gas
species, and their intensity tells us the partial pressures.

In the first section, the principle of this gauge is

described. Then two types of experiments are shown. Finally, the

experimental results are discussed.

J— 507
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3.2 Principle of the gauge

We use a Penning discharge sustained by a high magnetic
field such as a toroidal field for tokamaks. A schematic
configuration of the Penning discharge is shown in Fig. 3.1.8 A
high voltage between the cathode plates and anode cylinder
provides an electric field with radial and axial components.
Electrons trying to escape towards the anode are restricted to
the magnetic field lines. Thus electrons move in trochoidal paths
superimposed on the oscillation in the axial potential well.
Because of the lengthened path, the discharge can be self-
sustaining at pressures far below the operating pressures of a
normal glow discharge. The discovery of the Penning discharge by
Phillip59 dates back to 1898, but the experimental development
began in 1936 with the construction of an ionization gauge by
Penning.lo In the field of plasma reseafch, the Penning
configuration gauge has long been used to measure pressure near a
]:_)lasma.ll_13

Although previous researchers used the discharge current as
a measure of the pressure, we analyze the light emitted from the
plasma glow which exists in the Penning discharge near an axis of
the Penning cell. In the Penning discharge, the electrons have
enough energy and density to ionize the gas molecules and to
excite neutral atoms. In the collision of electrons with gas
molecules, various particles are produced. Those are electrons,
ions, and neutrals at electronically excited states. Elementary
processes are shown in Fig. 3.2. The excited neutrals and the

ions will emit the spectral lines. The processes which emit the

lines are spontaneous radiation and radiative recombination. The
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spectral lines are emitted through the spontaneous radiation
process. On the other hand, the radiative recombination emits the
continuous radiation. Thus by analyzing the spectral lines, the
partial pressure will be obtained.

The emitted light intensity is a function of electron
density, electron energy, molecule density, and ion density.l4 If
the electron density and the potential configuration are
unchangeable, the light intensity of the spectral lines is
thought to increase linearly with the gas pressure. Only if the
ratio between the spectral line intensities for each gas species
is almost constant for various conditions can we achieve the
partial pressure with a combination of the spherical ionization
gauge1 described previously. However, a disadvantage of the
Penning discharge is that the discharge current is not
necessarily a linear function of the pressure, depending also on
the electrode geometry, applied fields, and pressure range.15’16
Therefore, the characteristics of the emitted light from the
Penning discharge must be examined theoretically and
experimentally.

Here we consider the relation of the discharge current and
the emitted light intensity.

First the cathode current is dealt with. There are two
mefhods of evaluation. One is to evaluate the electron (anode)
current through electron diffusion across the magnetic field.17
The other is to calculate the ion (cathode) current.18 Here, we
estimate the cathode current because we are interested in the
relation between the ions and the excited neutrals. In the

Penning cell, there is an electron cloud, as schematically shown

in Fig. 3.1. Electrons are confined by the electric field and the
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magnetic field. Ions and excited neutrals are produced by the
collision of gas molecules with electrons. Because the
confinement time of the ions in the Penning cell is short, all
of the ions produced in it are justifiably assumed to be
collected completely to the cathodes. That is, the electron
recombination process is negligible for evaluating the cathode
current. Here, the ionization process in the small volume dv is
examined. The number of ions Jdv produced in it is expressed by
the equation

, (3)

where ng is the electron density, fc is the collision freguency

Jdv = n_ dv £_ P,
e c 1

of electrons with gas molecules, and Pi is the ionization
probability per collision. The value of fc is expressed by the
equation

f.= Ve/Ae. (4)
Here, v, and Ao are the average velocity and the mean free path
of electrons, respectively. Moreover, the mean free path g is

related to that of the gas molecules Ag by the following

equation:19

Ao = W2 Ay = /(i) =), (5)

where n(1l) and rg are the density (at ground state) and effective
radius of gas molecules, respectively. From equations (3)=(5),
the number of ions produced in the small volume dv is

Jdv = dv n(l) n_ [V, P.(ve)/A], (6)

e 1

2
A =4/ r
T Tg

Since the ionization cross section . on is expressed by the

equation g; . = Pi(ve)/A, the equation (6) is reformed as the
following equation:
Jdv = v_ 4. n_n(l) dv. (7)

e ion e
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Next the spectral line intensity emitted from the Penning
discharge is evaluated. Elementary processes including radiation
are spontaneous radiative transition and radiative recombination.
These two processes are illustrated in Fig. 3.2. Because we are
interested in the spectral lines, the population of excited
states should be calculated. For simplicity, we consider
hydrogenic ions with nuclear charge z. The temporal variation of

the population density of a level with the principal guantum

number p is described by a set of rate equations:zo
d = C
gen(P) =¢E,C(a,p) ng n(a)
- H{gEpF (Pra)+ 5 0P a) Y S(P)) ng
o Ep (s} ] n(P)
+Bp{F(arp) ng + A(a,P)} n(q)
+ {a(p) n, * B(P)} n, N, forp=1, 2, ---,(8)

where C{p,q) and F(qg,p) are the excitation rate coefficient by
electron collisions from level p to g and its reverse de-
excitation rate coefficient, respectively. A(p,q) is the
spontaneous transition probability from p to g. S(p) and «(p) are
the icnization rate coefficient and the three-body recombination
rate coefficient for level p, respectively. R(p) is the radiative
recombination rate coefficient, and n, is the particle density of
the fully stripped ion. The solution of the set of equatiocns (8)
gives us exact populations n{(p) for all p with given n, and
average kinetic energy Te' However, it is difficult to solve the
equations and many assumptions are needed.

In the case of the Penning discharge, the corona
approximation21 is valid, because the plasma is almost equal to

the ionizing plasma and the electron density n, is low.
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The ionizing plasma is defined as that with the ion density
of n, = 0. The ions in the Penning discharge can easily escape to
the cathodes. Even if the parallel velocity of the ions would be

a thermal one, the mean lifetime r, . 1is ~10"° s. The discharge

current I is roughly expressed by the linear relation of T = C P
with C § 0.1 A/Pa (see section 4.4). Thus the ion density is

estimated as fellows:

n, o~ (L/V)( I/e) Tion
s 10%%2 p en”d (P:Pa), (9)
where the volume of the discharge is less than ~10 cm3. On the
other hand, the neutral gas density n(l) is ~3x107% P cm”3
(P:Pa). Therefore, the density n, is negligible and the
population density n{p) is independent of n, .

By solving the set of equations (8), Fujimoto has examined
the population density n{p} in the ionizing plasma as a function
of the electron density ne.zl It is found that the density n(p)
(p s 5) is proportional to the electron density ng if the value

of n, is less than 1011 crn'—3 and the electron temperature is high

(2105 K). In the Penning discharge, Knauer and Lut222 found

the electron density to be less than ~1.6x10%0 en™3,

Thus the corona approximation is valid for dealing with the
Penning discharge. In corona equilibrium, the population density
n{p) is written by the simple equation:2l

n(p) = n(1) C(1,p) ng / EA(P/A). (10)
The rate coefficient C(l,p) is given by the product of the

average velocity Ve and the excitation cross section Ulap' That

v . The rate coefficient A(p,qg) is constant for

is, C(1,p) = 0,; Ve

given values of p and qg.
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From equation (10), the intensity L(p»g) of the spectral
line for the transition from p to g is described by the

following:

L{p~q) A(p,q) n(p)

n(il) n
A(p/9) op,ve S0 Te (1D
A{p,q).
qu (p.q)}
Therefore, the ratio of the spectral line intensity L(p-=g)dv to

the ions produced in the small volume dv is approximated as

follows:
L dv _ A{p.q) Olepve n(l) N,
J dv Oonve (1) qEpP(Pra)
qEp2 (P d) Oion ° (12)

From this equation, the spectral line intensity is thought to
increase linearly with the increasing discharge current if the
ratio of the excitation cross section to the ionization cross
section is constant. Figure 3.3 shows excitation and ionization
cross sections from the ground ls state as a function of kinetic
energy of electrons reduced by the square of nuclear charge z. At
the reduced kinetic energy higher than ~60/z2 eV, the ratio is
nearly constant.

In conclusion, the spectral line intensity is assumed to be
nearly proportional to the discharge current with the Penning

discharge. This should be confirmed by experiments.
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3.3 Experiment (TI)

Hydrogen pressure measurement using the intensity of the

light emitted from a Penning discharge

3.3.1 Introduction

In this part, we examine the dependence of the emitted
spectral line on the magnetic field strength, the electrode
geometry, and the pressure. The experiments are carried out in a
hydrogen atmosphere. The intensity of the Ha and HB Balmer lines
emitted from a Penning discharge is a function only of the
discharge iecn current: their intensity is independent of the
anode voltage and magnetic fields from C.1 to 2.0 T. The light
intensity is proportiocnal to the ion cﬁrrent below ~ 0.1 Pa. The
ratio of the light intensity to the lon current increases by 40%
for pressures above ~ 0.1 Pa because of a change in the type of
discharge. The higher pressure discharge probably has a lower

electron temperature.
3.3.2 Experimental procedure

Penning discharge occurs in a hydrogen atmosphere at a
pressure below 0.5 Pa. The light emitted from the discharge and
the ion current are measured as functions of the ancde voltage V,
the magnetic field strength B, and the pressure P. Various sizes
of Penning cells are used (see Table 3.1). The cathode and anode
of the cells are made of Mo (99.9%) and type 304 stainless steel,
respectively. The hydrogen pressure 1is measured with a Bayard-

Alpert gauge, which is calibrated by a standard ionization gauge
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(VS—l).23 The accuracy of the pressure measurement is within
15%. The uniformity of B is within + 5% over the volume occupied
by the Penning cell. A high dc voltage up to 5 kV is supplied to
the anode through a 50 kR resistor to stabilize the Penning
discharge (see Fig. 3.4). The light from the Penning discharge is
viewed through a 16 mm diameter viewing port by a monochromator
(Nikon, G500-II). The light is detected by a photomultiplier. It
is placed far from the light source (i.e., the Penning cell) to
avoid the stray magnetic field: the solid angle of the light is 1
X lO_5 sr. This sets a lower limit of the pressure for which the
light can be measured to be -~ 1073 Pa. The relative light
intensity is measured within # 30% error. The HOc (656.3 nm) and

HB (486.1 nm) lines of Balmer serles are examined in this

experiment.
3.3.3 Results

3.3.3.1 The light intensity as functions of discharge current,

anode voltage, and magnetic field strength

The light intensity emitted from the Penning discharge was
investigated as a function of the discharge current. The anode
voltage V varied from 3 to 5 kV, and the magnetic field B from
0.1 to 1.4 T. Figure 3.5 shows a typical variation of the

intensity of the H_ line with the discharge current for the cell

R

of type I. The intensity of the H, line is proportional to the

g
discharge current within the accuracy of the experiment. The
light intensity reduced by the discharge current is more useful

to examine the dependence of the light intensity on the anode
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voltage and the magnetic field strength. Figure 3.6 shows the
reduced light intensity for the data shown in Fig. 3.5. As shown
in Fig. 3.6(a), the light intensity is independent of anode
voltages from 3 to 5 kV. Figure 3.6(b) shows that the light
intensity is also independent of magnetic fields from 0.1 to 1.4

T. The light intensity of the H, line is a function only of the

B
discharge current. The ratio of the light intensity to the
current is almost constant below a current of ~ 2 mA. The
intensity of the Ha line varies in a way similar to that of the
HB line as shown in Fig. 3.7. These features were also observed
for all the other cells shown in Table 3.1.

A glow with a diameter less than that of the anode appears
along the discharge axis. Its diameter increases with the current
(i.e., the pressure). At a current of -~ 2 mA, which correspends
to a pressure of ~ 0.1 Pa, the region of light emission suddenly
fills the entire volume of the cell. This is ascribed to a mode
transition to the glowlike discharge.17

The intensity of the Ha line was measured for the cell of
type IX in a fusion device JT—60.24 The accuracy of the
measurement of the light intensity increased to within t 10%. The
magnetic field and the anode voltage were 1.3 to 2.0 T and 5 kV,
respectively. Figure 3.8 shows clearly that a mode transition
occurs at 1.8 mA. In the glowlike discharge, the ratic of the
intensity of the Ha line to the ion current increases to ~ 1.4
times that before the transition. Below 1.8 mA, the ratio is
almost constant within the accuracy of the experiment.

In the glowlike discharge above ~ 0.1 Pa, the enhancement of

the light intensity to the ion current is explained by a decrease

in the electron temperature. The reason is that the electric
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field in the glowlike discharge is almost zero over the whole

volume except the vicinity of the anode.25

3.3.3.2 The discharge current as a function of pressure in a high

magnetic field

Next the variation of the Penning-discharge current with the
magnetic field was investigated for all the sizes of the cells at
pressures below 0.5 Pa. Figure 3.9 shows a typical variation of
discharge current with B at the same pressure for the cell of
type I. The discharge current is almost independentrof the
magnetic field above 0.6 T, and it increases with increasing the
anode voltage. All the cells have the similar variation of the
discharge current with the magnetic field. Moreover, the relation
between the discharge current I and the pressure P is
approximated well by the equation I = APY, where both A and vy are
constant. This is efficient over the pressure and field ranges of
less than 0.5 Pa and above 0.6 T. All the cells have the value of
y between 1.0 and 1.5. These features of the discharge current
are consistent with the works for a sputter ion pump by many

researchers.lS"l?

3.4 Experiment (II)

Partial pressure measurement in the gas mixture of H2 and He
3.4.1 Introductiocn

As shown in previous section, the pressure of H2 can be

measured by the light emitted from the Penning discharge. In this
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section, the gas mixture is studied. In the future, the He ash
exhaust is one of the inevitable problems.26 In order to develop
the means for exhausting the He ash efficiently, the partial
pressure of He in the D2 atmosphere must first be known. The
simulation of detection of He in D, has been carried out in the
gas mixture of He and H, because the light emitted from deuterium
is almost equal to that of hydrogen as shown in Table 3.2. The
experiment shows that the spectral line intensity increases
linearly with the partial pressure and that is independent of the

other gas pressure.
3.4.2 Experimental procedure

The setup of the experiment is shown schematically in Fig.
3.10. The Penning discharge is operated under the conditions as
shown in Fig. 3.11. Light emitted from the discharge is viewed by
a monochromator through a quartz window, quartz lenses, and a
bundle of quartz fibers. Then the light is detected by a
photomultiplier. An analog lock-in technique is employed for
increasing the signal-to-noise ratio. Pressure measurement is
made by a Bayard-Alpert gauge (BAG), a spinning rotor gauge
(SRG), and a quadrupole mass spectrometer (QMS) surrounded by a
77 K trap. An anode of the cell, which is made of SUS 304, is a
cylinder 10 mm long and 20 mm in diameter. Cathodes are Mo
squares which are 50 mm long and 1 mm thick. A dc voltage of 3 to
5 kV is supplied to the anode through a stabilizing 50 k@
resistor. The discharge current is measured by an electrometer
between the cathodes and the earth. The sustaining magnetic field

of 0.11 T is supplied to the Penning cell by a pair of permanent
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magnets. The variation of the magnetic field is less than 20.005
T within the whole volume of the cell. A test chamber of ~ 10 1
is evacuated through an orifice (0.5 mm in diameter) by a 350 1/s
turbomolecular pump. A base pressure of ~ 1 x 10_? Pa is obtained
after baking at 250°C for 10 hr. Residual gases are mainly H, and
CO. Hydrogen at 7-9 degree and helium at 6.5-9 degree are used in
this experiment. Before the experiment, the cell is cleaned by

2 Pa until the ratio of the peak height of

the discharge at ~ 10
the working gas to that of the other gases becomes larger than
1000 with the QMS.

Both the intensity of the spectral lines and the discharge
current are measured as a function of the pressure. Here the
pressure is controlled so as to be constant with time within the
variation of + 10%. Then the pressure is changed. The above
procedure is routinely repeated.

Pressure in a gas of monospecies was measured with the SRG

3 3

above 10~ ° Pa and with the BAG below 10 ~ Pa. The stray magnetic

field is perhaps the reason that the spurious pressure of the SRG

is so high (-~ 1074 Pa). The BAG was calibrated by the SRG above

lO_3 Pa before each run of the experiment. Partial pressure was
measured with the QMS in combination with the BAG. The ratic of
the partial pressure was determined with the QMS. The partial
pressure was then obtained from the BAG measurement using the
relative sensitivity determined in the experiment in the mono-
species gas.

The experimental error is caused mainly by the uncertainty
of the pressure control. Error of the data for the pressure and

the discharge current is less than + 10%. Residual current of the

photomultiplier limits the lower level of the light intensity
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measurement. Data with a larger than = 10% error are exhibited

with the error bar.

3.4.3 Results

3.4.3.1 Cathode current as a function of pressure

The cathode current was measured as a function of the
pressure. A typical change of the cathode current in the pressure
is shown in Fig. 3.12. In this case, the anode voltage is 4 XV.
The linearity between the current and the pressure is well
established for hydrogen and helium. With a constant anode
voltage (3-5 kV) this linearity is obtained. This means that the
distribution of the electron cloud is rather constant over a wide

range of pressure with a constant anode voltage.

3.4.3.2 Spectral line intensity as a function of the pressure

(in the gas of monospecies)

In this experiment, the light from 350 nm to 800 nm is
analyzed. The lines shown in Table 3.3 are detected for hydrogen
and helium Penning discharges. For hydrogen, the lines originate
from the state of the principal quantum number n=4 and 3. For
helium, the spectral lines originate from n=5,4, and 3 to n=2.
The lines from n=5 are rather weak, however. In addition, the
lines from He' cannot be detected. This is probably because the
kinetic energy of the electrons in the cell is rather low.

The line intensities as a function of the pressure are shown

in Figs. 3.13 and 3.14 for H, and He, respectively. In all cases,

2



JAERI-M 91007

the anode voltages are 4 kV. For helium, the lines of 388.9 nm,
667.8 nm, and 706.5 nm are shown. All the lines are obtained
assuming the linear relation between the line intensities and the
pressure. The real lines refer to the region where the
measurement was carried out. Figures 3.13 and 3.14 clearly show
that the line intensities increase with the pressure for H2 and
He. In addition, the intensity of all the other lines was

revealed to be proportional to the pressure for He.

3.4.3.3 The line intensities as a function of the pressure

(in the gas mixture of H, and He)

The gas mixture of H, and He was studied. The spectral line
intensities were measured as a function of each partial pressure.

5 1

The hydrogen pressure ranged from ~10 ~ Pa tc 10~ Pa. Here, the

helium pressure was less than 10"4 Pa. Figure 3.15 shows the line
intensities of Ha and 667.8 nm of helium. The intensity of Ha is
shown as a function of the hydrogen pressure. The intensity of Ha
increases with the hydrogen pressure in the same manner as shown
in Fig. 3.13. The intensity of 667.8 nm, which is normalized as
the helium pressure, is also plotted as a function of the
hydrogen pressure. Its intensity keeps constant; nevertheless,
the hydrogen pressure ranges over 4 orders. From this
observation, the line from the helium is not modified by the

hydrogen. These characteristics are suitable to measure the

partial pressure.
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3.5 Discussion

3.5.1 Enhancement of the light intensity due to the transition to

the glowlike discharge

The ion current is dependent on the density ng and the
average kinetic energy Te of the electrons. The density n, and/or
the kinetic energy Te are not necessarily constant for a wide
range of the Penning discharge because the discharge current is
not always proportional to the pressure and the discharge current
increases with the anode voltage. The experimental results in
which the spectral line intensity increases linearly with the
discharge current shows thqt the density n, is less than lOll
cm_3 and the energy Te is greater than ~60 eV under the corona
approximation. The enhancement of the spectral line intensity can
be explained by the reduction of the kinetic energy Te cf the
electrons (see section 3.2).

We can evaluate the average kinetic energy Te with the
electric field E and the magnetic field B in the Penning cell.
The electrons in the cell move cycloidally. The guide center of
the cycloidal rotation is determined by the ExB drift. This is
analyzed in detail by Asamaki.27 The guide center is well
approximated as a circle around the axis of the cell. Here, we
assume that electrons lose the kinetic energy every cycloidal
rotation. The cycloidal height D is related in MKS units to E and
B through

D = (2m/e) E/B?, (13)
where m and e refer to the mass and the charge of the electron.

Thus the value of Te is estimated as follows:
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T =2eED (J)
e

= 2 m E* (eV). (14)
e B

Dow has observed the change in the potential in the cell
through the transition to the glowlike discharge.25 The potential
configuration changes from parabolic to flat. This is a
qualitative explanation of the light enhancement. Before the
transition to the glowlike discharge, the value of T is
estimated from the observation of Knauer and Lutz. They have
shown that the electric field strength E at B = 0.015 T is to be
~ 5.5x105 v/m. The value of T is calculated to be ~ 75 eV. This
is consistent with the condition for the kinetic energy of
electrons. In addition, on the basis of the calculation by

28 we deduce the average kinetic energy of ~

Johnson and Hinnov,
10 eV in the glowlike discharge from the light enhancement factor
of 1.4. Nevertheless, the above discussion would need to be

confirmed by a detailed investigation of the density and the

kinetic energy of electrons.

3.5.2 How can the spectral lines from He II (He+) not be
detected?

The spectral lines from He II cannot be detected although
the electron temperature is sufficiently high.

The reason is that the confining time of ions is very short.
Since the ground state for He II is He+(ls 281/2)’ the population
of the ground state for He II will be much lower than that of the
ground state for He I (He (1s? 150))‘ As a result, the spectral

lines from He II will be difficult to detect. Only the excited

neutrals are likely to emit the spectral line from the Penning

discharge.
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3.6 Conclusions

We have demonstrated a new partial pressure measurement
method by analyzing the light from the Penning discharge.
(1) The intensity of Ha and HB Balmer lines from the Penning
discharge in H, is a function only of the discharge ion current.
Their intensity is independent of the anode voltage and magnetic
fields from 0.1 to 2.0 T.
(2) The light intensity of the Ha and HB lines is proporticnal to
the ion current below ~0.1 Pa. The ratio of the light intensity
to the ion current increases by 40% for pressures above ~0.1 Pa
because of a change in the type of discharge.
(3) The possibility of the partial pressure measurement by
analyzing the light is demonstrated in the gas mixture of H2 and
He. The spectral line from He is a function only of the He
partial pressure and independent of the H2 pressure.
(4) Only the spectral line from the excited neutrals is
measurable. That is, the spectral lines from the ions are
difficult to detect because the confining time of ions is very
short.
(5) Characteristics of the light intensity are rather well
evaluated from the corona approximation.

As a result, this method is applicable to measure partial
pressure near a plasma. Since the use of the quartz fibers and
lenses increases the solid angle for the collection of the light,

5 to ~ 0.5 Pa can be

it is anticipated that a pressure from 10~
measured in the vicinity of a magnetically confined plasma of

JT-60.
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Table 3.1 Twelve sizes of Penning cells.

Diameter d of the anodes is 20 mm.

Distance L Anode length 1 (mm)

between the

cathodes (mm) 40 20 10 5
45 I II IIIL Iv
35 v VI VII
25 VIIT IX X
15 XI XIT

Table 3.2 Spectral lines between 400 nm and 700 nm

of H, D, and T.

Transition Wavelength (nm)
H b T

270 2

2p 2p%- 3d *p (H ) 656.3 (D) 656.1 () 656.
20 2

2p 2p°- 44 *D (Hg) 486.1 {(Dg} 486.0 (Tg) 486,
250 _ 2

2p *p°- 5d *D (H ) 434.0 (D) 433.9 (T,) 433.

2p 2P°- 6d *D (Hg) 410.2 (D} 410.1 (Tg) 410.
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Table 3.3 Spectral lines between 350 nm and B00 nm detected
in a Penning discharge. Intensity of the lines 402.6 nm and

412.1 nm from the He discharge is rather weaker than that of

other lines.

Gas Wavelength (nm) Transition’
Hy H_ 656.3 2p P’ - 3d “D
H, 486.1 2p 7p° - 4d *p
He 388.9 28 °s - 3p °p°
396.5 2s 's - 4p 'p°
402.6 2p °P° - 5d °D
412.1 2p °p° - 55 s
447.1 2p °P° - 4d °p
471.3 2p ’p° - 4s °s
492.2 2p 'P® - ad 'p
501.6 2s 's - 3p 'B°
504.8 2p 'p” - 4s 's
587.6 2p °p° - 3d °p
667.8 2p 'p® - 3@ ‘D
706.5 2p % - 38 %s
728.1 op 'p° - 35 's

*
The symbol ls is omitted for He. For example, 3d refers to

(1s}(3d).
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Fig. 3.1 Schematic configuration of the Penning discharge.
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Fig. 3.2 Elementary processes in the Penning discharge.
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Fig. 3.3 Excitation and ionizaticon cross sections for hydrogenic
ions with nuclear charge z from the ground ls state as a function

of electron kinetic energy reduced by the square of nuclear

charge.
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Fig. 3.4 Schematic diagram of the essential parts of the
experimental apparatus. The cells are classified as shown in
Table 3.1 by the distance L between the cathodes and the length 1

of the anode. biameter d of the ancde is 20 mm.
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Fig. 3.5 Typical variaticn of the intensity of HB Balmer line

(486.1 nm) with the discharge current. The cell is type I.
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type I. (a) dependence con the anode voltage; (b) dependence on
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Fig. 3.8 Ratio of the intensity of the Ha line to the discharge

current. These data are taken for the cell of type IX in a fusion

device JT-60.
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Fig. 3.10 Schematic view of the experimental apparatus. Pressure
is measured by a Bayard-Alpert gauge (BAG}, a spinning rotor
gauge (SRG), and a quadrupole mass spectrometer (QMS). The
introduced gases (H, and He} have the purity of highexr than
99.99%. Light from a Penning discharge is guided to a
monochromator through a gquartz window, guartz lenses, and a
bundle of quartz fibers. Standard leak of helium (He S.L.) is
mainly used for the calibration of the QMS. A liquid-nitrogen
trap to remove impurities in a main chamber is omitted from this

figure.
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Fig. 3.11 Dimensions of the Penning cell and the discharge

conditions.
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Fig. 3.12 Typical variation of the cathode current with the

pressure of H, and He. The anode voltage V is 4 kV.
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pressure. The anode voltage V is 4 kV.
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4. The fast pressure monitoring system on JT~60
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4.1 Introduction

Pressure measurement near a plasma is necessary to control
the plasma density, especially in current build-up phase.
Recently, the build-up of the plasma on JT-60 has been found to
be successful only in a fixed range of the fuel gas pressure.l In
a large tokamak such as JT-60, the response time of the pressure
measurement for density contrcl must be less than 10 ms.2

Several researchers have utilized the confining magnetic
field of the fusion device to measure pressure near a plasma. -4
We have also developed a new type of gauge for use in a fusion

>-7 It is a type of Penning configuration gauge,

device JT-60.
which utilizes the magnetic field for confining the plasma.
Merits of this Penning configuration gauge are as follows:
(a) The response time is very short. Since the sustaining
magnetic field is mainly the toroidal magnetic fields, the gauge
head can be installed inside the toroidal magnetic field coils.
Thus we can measure the pressure with a response time of less
than 10 ms.
{(b) The structure is very simple. Only two electrodes are
necessary: an anode tube and two cathode plates. Therefore, the
mechanical reliability is large.
(c) The partial pressure can be measured.
On the other hand, the disadvantage is that it is a little noisy
and erratic.

The gauges are successfully used to monitor the pressure
near the plasma over a year. Some of the gauge characteristics
have been described previously (in chapter 3). In this part, the

details of this fast pressure monitoring system are described and
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the performance of the gauge is shown.

4.2 Outline of the JT-60 tokamak

First we show the outline of the JT-60 tokamak. JT-60 is one
of the three large tokamaks now in operation in the world. Its
main objectives are as follows:8
(1) achieving and investigating Q~1 hydrogen plasma,

(2) making an integrated test of fusion technologies to develop
scientific and technical basis for the next stage of advancement.
Figure 4.1 shows a bird’s-eye view of the JT-60 tokamak,

which is composed Qf a vacuum vessel, toroidal field coils,
poloidal field coils, supplementary heating devices (neutral beam
injectors and RF heating equipment), and other additional
components. The main device parameters are listed in Table 4.1.
The vacuum vessel is a toroidal chamber to confine the 60 m3
plasma. It is made of Inconel 625 alloy and its volume is ~160
m3. Inside the vacuum vessel attached are a number of first walls
such as limiters, liners, and magnetic limiter plates. It has a
maximum baking temperature of 500°C and contains discharges at
temperatures of up to 400°C. The vacuum vessel is evacuated to
less than 1X10"6 Pa by a pumping system. Eighteen toroidal field
coils are located around a torus axis at a regular interval of 20
degrees, and produce a magnetic field intensity of 4.5 T at a
plasma axis of 3 m. The poloidal field coils, which are placed
inside the toroidal field coils, consist of five kinds of coils,
each with a separate function: the current transformer, the

vertical, the horizontal, the quadrupole, and the divertor coils.

.__89_
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The neutral beam injectors, fourteen in total, are paired into a
vertical stack and placed at seven azimuthal positions. RF waves
are introduced through four units (three for lower hybrid wave
and one for ion cyclotron wave).

Figure 4.2 shows the ports where the gauge heads are placed.
In order to measure the pressure with a fast response time, the
gauge heads are installed inside the toroidal magnetic field
coils. The pressure is measured at three points in the same
poloidal section because the pressure around the plasma is not
necessarily uniform. At the IN2LS port, the pressure near an open
divertor is measured. The changes in the pressure far from the

divertor are studied at the ports of S4U and S4L.

4.3 Description of the gauge

4.3.1 Constitution of the system

The whole system of these gauges is schematically shown in
Fig. 4.3. All the gauges shown in Fig. 4.2 are controlled by a
personal computer. They are independent of JT-60’s host computer,
"ZENKEI". The operational sequence is shown in Fig. 4.4. The
whole system is first waiting in the mode of "standby". The
toroidal magnetic field, which is a main compcnent of the
magnetic fields, is always monitored by a Hall effect gaussmeter.
If the magnetic field strength becomes greater than the threshold
value (usually 0.5-0.7 T), the power supplies are switched on.
Thus the Penning discharge is fired. At the same time, the data

are acquired. After the time T, (usually 60 s), the power
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. supplies are turned off and the data are then stored in the
memory. The gauges are reset in the standby mode after the time
T, {(~5 min). The data of the discharge current are acquired with

2
four kinds of linear amplifiers in order to cover a wide range of

pressure (100—10_4 Pa). Here, the time constant of the amplifiers
is a total of less than 100 us. Thus the time constant of the
electric circuit is confirmed to be less than 1 ms. On the other
hand, the light emitted from the Penning discharge is guided to a
monochromator in a diagnestic room through 300-m quartz fibers
and then analyzed. The data about the light are stored in a
micro-computer in the diagnostic room. The time constant of the
electric circuit for analyzing the light is also designed and
confirmed to be less than 1 ms.

The origin of the time is set at the time of the "marker"
signal, which is sent from the host computer through an optical
fiber. Usually, the time of the build-up of the plasma current is
used as the marker signal. The data of the discharge current are
individually sent to the host computer "ZENKEI" at time intervals
of 20 ms through a CAMAC system. The data are visually shown on
the display after every discharge.

As the high dc voltage is supplied, current leak is very
dangerous. Therefore the system is designed to stop in the case
of even a small leak of current. The current leak is monitored

not only by the personal computer but also by an electrometer

between the power supply and the earth line.

4.3.2 Gauge head

The schematic configuration of the head is shown in Fig.
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4.5. An anode is a 20 mm diameter ring with a length of 10 mm. It
is made of SUS 304, and is supported by an electrical
feedthrough. Cathodes are made of Mo plates with a depth of 1 mm
and are mounted on a frame made of SUS 304. The frame is also
supported by the feedthroughs. Bias potentials of the anode and
cathode are individually introduced by the electrical
feedthroughs which also work as supports. A Venetian blind is
placed between the plasma and the Penning cell to prevent the
fast particles from impinging into the cell. The flange on which
the feedthroughs are mounted will be differentially pumped out in
the case of an unexpected vacuum trouble. In addition, the gauge
head has a viewing port through which the light emitted from the
Penning discharge is guided out to the monochromator. The viewing
port will be also differentially pumped out. The response time of
the gauge head is designed to be less than 1 ms.

The gauge head is supported by the suppert arm. Figure 4.6
shows the support structure for the heads at S4U and S4L. The
gauge head is electrically isclated from the support by the
insulator. The vibrations of the vacuum vessel are broken by the
bellows, which are placed between the head and the flange.

The center axis of the anode is set to be parallel to the
direction of the toroidal magnetic field. The influence of the

direction of the magnetic field is described later.

4.3.3 Response time vs. magnetic field

The gauge heads must be placed in or very near the vacuum
vessel in order to measure the pressure with a fast response

time. Figure 4.7 shows the rough relation of the response time to
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the magnetic field strength (mainly the toroidal magnetic field).
Here, the connecting pipe is a 100 mm diameter tube and the gas
is hydrogen. Point "A" is a place where the flange is fixed for
an IN2LS port. When we measure the pressure with a response time
of less than 10 ms, we cannot place the gauge heads far from the
flanges. More precise estimation of the response time is carried

out. The response time is estimated to be ~8 ms.

4.3.4 Vibration of the port due to plasma disruption

The port is excessively vibrated by the impulsive force due
to the plasma disruption.9 We have measured the vibration at the
three connecting flanges for a month before the installation of
the gauges. Figure 4.8 shows the typical acceleration and
frequency components in the vibration of IN2LS port just after
the disruption of the 2 MA plasma. The maximum acceleration in
all the disruptions was 40 G at IN2LS port and 25 G at S4U and
S4L ports. The main component of the oscillation frequencies is
400 Hz for IN2LS and 200 Hz for S4U and S4L ports.

We have vibrated the prototype gauge head with an
acceleration of 40 G. The electrodes can withstand more than ten
thousand vibrations. However, the welded part of the housing
was destroyed after several thousand oscillations. Since
extensive research and development are needed in order to
increase the toughness of the housing against the vibration, we
have installed a bellows between the gauge head and the flange.
As the bellows have a spring coefficient of 0.88 kgf/mm, the
force due to the vibration of 200 and 400 Hz with the

acceleration of 40 G is weakened to less than 0.5 kgf, which is
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negligibly small. However, it is doubtful whether the bellows
have sufficient strength and fatigue may necessitate their

exchange after a certain period of operation.

4.4 Performance
4.4.1 Calibration

The gauge is calibrated at JT-60 for H2. The procedure is as
follows:
(a) The pressure in the vacuum vessel is held at a constant flow
of hydrogen. The flow rate for gas-supply equipment is previously
calibrated. Moreover, the rate is doubly checked with the
pressure measurement and the pumping speed in a pumping duct.
(b) The pressure in the vacuum vessel is calculated by the
equation P = g/S.
Here, q and S refer to the flow rate and the pumping speed for
hydrogen at the pumping port.
(c) Then the magnetic field is supplied without plasma
discharge. Thus the Penning discharge current is measured as a
function of magnetic field strength with a fixed hydrogen
pressure,
(d) For various values of flow rate, the above procedures from
(a) to (c¢) are repeated.

Figure 4.9 shows the typical variation of the Penning
discharge current I with the strength of the toroidal magnetic

field BT' The discharge current reaches a steady value with the

increasing magnetic field strength. The current is almost
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independent of magnetic fields above 0.7 T. Figure 4.10 shows the
relation of the discharge current I above 0.7 T to the hydrogen
pressure P(Hz). The current I is approximated by the following
equation:

P(H,) = CI. (15)
Here, the constant C is 21.5 Pa/A. The deviation of the data is
within %20 % from equation (15).

The discharge current is also investigated at a test stand
and is found to be almost independent of the small angle (less
than 8 degrees) between the anode axis and the magnetic field.
The Penning cell is set to be parallel to the toroidal direction.
The ratio of the poloidal magnetic field Bp to the toroidal field
BT is estimated from the safety value g at the plasma surface.
The safety factor q at the plasma surface is written by the
equation:

q = (B/Bp) (a/r). (16)
Here, a and r refer to the minor and major radius, respectively.
From equation (16), the ratio BP/BT is less than 1/7.5 because we
operate the plasma at g22.5. Since the angle is less than 7.5

degrees, the influence of the angle is negligible.
4.4.2 Performance

Figure 4.11 shows a typical change in pressure for 30 s
including the plasma discharge. The top and bottom of the figure
are the changes in the pressure measured by a BA gauge with a
magnetic shield and by the Penning configuration gauge,

respectively. The BA gauge is placed ~5 m from the plasma. The

response time is ~300 ms.10 The following features are made clear
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only with the Penning configuration gauge.

(a) The gas fueled before burning of the plasma is exhausted by
the plasma at the same time of the burn-up of the plasma.

(b) The abrupt rise of the pressure is observed at almost the
same time of the disruption of plasma current.11

(c) The pressure becomes lower after the mode of the plasma
changes from the L- to the H-mode12 {(not shown in Fig. 4.11).

Time response was estimated using the abrupt change in the
pressure due to the plasma-wall interaction. Figure 4.12 shows
the change in the discharge current just after 1 ms contact of a
plasma with the inner wall near the gauge at the IN2LS port. From
this data, the time response of the gauge is evaluated to be less
than 10 ms.

JT-60 is usually operated with hydrogen. Figure 4.13
illustrates the equivalence of the Ha line intensity to the
discharge current for pressure measurement with the Penning
configuration gauge. The details are discussed in the previous
chapter. The pressure can be measured by either the discharge
current or the spectral line intensity.

When the plasma current is disrupted at the rate of ~200
MA/s, the large spurious voltage and current are induced. Figure
4.14 shows the noise level of the Penning configuration gauge.
The change in the current for the two gauges is measured. The
gauge at S4U is operated at the anode voltage of 5 kV. The other
at INZLS is not ignited. Thus it measures the spurious current,
The plasma disruption occurs at t= ~5.5 s for the discharge shown
in Fig. 4.14. It is found that the spurious current is less than

~1072 mA, the value of which corresponds to the pressure of ~1074

Pa.
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4.5 Conclusions

We have developed and installed the fast response gauge in
JT-60. The gauges are used to monitor the pressure near the
plasma. The main features of the gauges are as follows:

(1) The response time is fast (less than 10 ms) because of the
Penning discharge which is sustained by the confining magnetic
field of the plasma.

(2) The gauges cover a wide range of pressure from 1 to l()-4 Pa.
The accuracy of the measurement is within 220% although the
plasma disruption induces the spurious signal corresponding to
~10"% pa.

(3) The gauges are controlled by the personal computer. The

measurement is carried out for ~60 s including a plasma

discharge.
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Table 4.1 Main device parameters of .the JT-60 tokamak

machine

Parameter Design wvalue
Major radius 3.03 m
Minor radius 0.9 m

Plasma current 3.2 MA
Toroidal field at plasma axis 4,5 T

Plasma current duration 10 s
Repetition time 600 s

Additional heating power
Neutral beam injection 20 Mw

Radio frequency heating 10 MW
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5. Outgassing mechanism after current decaying phase

in disruptive and normal discharges in a tokamak
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5.1 Introducticn

Tokamak device components are known to retain particles.
Recycling properties are largely affected by the gas release from
the wall. Too high a plasma density can give rise to density~
1,2

limit plasma disruption. The inventory of tritium will be one

of the most important problems in future deuterium-tritium (DT)
burning experiments in fusion devices.3

Many attempts are being made to reduce the hydrogen or its
isotope retention level in the first wall. Recently, He glow and
He discharge cleaning were successfully used to reduce recycling
and edge neutral pressure.4'5 It would be desirable to develop a
simple method for exhausting the gases from the wall.

In order to develop a new method for inventory control, we
have studied the outgassing from the graphite first wall during
and just after the discharge in the JT-60 fusion device. It is
widely known that large amounts of gases are released when the
plasma is disrupted.6 Recently "disruptive discharge cleaning"
was employed in TFTR especially to achieve super shots.7 However,
the details of the outgassing mechanism have been little studied.
Therefore we paid attention to the mechanism after the plasma
disruption. The mechanism of the cutgassing after the disruption
differs considerably from that after the gradual ending of the
plasma. In this paper, we demonstrate the differences between the
outgassing mechanisms..

In section 5.2, the experimental apparatus is described. A
newly developed pressure gauge is mentioned. Results and
discussion are given in section 5.3. A new method for reducing

the hydrogen content is proposed. Finally we summarize the

experiments.
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5.2 Experimental apparatus

5.2.1 The first wall and the vacuum system of JT-60

The JT-60 plasma device is a large tokamak which can be
operated with the plasma boundary defined by either material
limiters or a magnetic separatrix (Fig. 5.1(a)). The plasma major
and minor radii are 3.0 m and 0.9 m, respectively. The top view
of the experimental apparatus related to this experiment is shown
in Fig. 5.1(b). Details of the machine parameters are described
elsewhere.8 The Inconel wall of the vacuum vessel is covered with
the first wall, which is composed of torcidal limiters, liner
plates,rand divertor plates. The limiters and the divertor plates
are made of graphite (ETP-10 fabricated by Ibiden and HCB-18S by
Hitachi—Chemical).9 The liner plates are made of TiC-coated
Inconel because they hardly come into contact with the plasma.
The distance between the graphite limiters and the plasma center
is 930 mm at the inner side and 940 mm at the outer side,
respectively. The 3500 kg of graphite is composed of 13000

pieces. The total surface area of the graphite is about 200 m2.

The area facing the plasma is about 70 m2. The vacuum vessel is

held at a temperature of 200-350°C to protect the first wall from
2

absorbing water vapor.9 The area above 200°C is ~2000 m The

pumping manifold (which is made of type 304 stainless steel) is
held at rcom temperature (RT). Its area is ~150 m2.

The vacuum vessel with a volume of 160 m3 is evacuated by
four identical pumping units as shown in Fig. 5.1(a).10 Each set
has a manifold and four turbomolecular pumps with a ligquid-

nitrogen trap. Total pumping speed for H2 is 29.0 m3/s at the

pumping port of the vacuum vessel and 43.5 m3/s at the manifold
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where the turbomolecular pumps are connected. This pumping speed

! to 107> Pa. The ultimate pressure at the

vacuum vessel is below lxlO_6 Pa. The base pressure in this

is maintained from 10~

experiment was --5}{10_5 Pa because of the outgassing from the hot

wall.

5.2.2 A fast-response gauge and the pressure measurement

The outgassing from the first wall has been investigated
with a newly developed gauge. This gauge can measure the pressure
P, in the vacuum vessel in a short response time (<10 ms). We
have also accurately measured the pressure Pm in the manifold for
evaluating the gas quantity exhausted by the vacuum pumping
system. Two types of gauges have been employed. One is a newly
developed gauge (Gl) (Fig. 5.1) with a short response time, and
the other is a calibrated Bayard-Alpert gauge (G2) with a
magnetic shield. Gauge G1 is directly connected with the vacuum
vessel far from the pumping port. Gauge G2 is located in the
pumping manifold. The accuracy of the measurement with gauge G2
is within £5%.

The newly developed gauge Gl is a type of Penning
configuration gauge. The schematic of the gauge is shown in Fig.
5.2. The dimensions of the Penning ceil are as follows: (a} the
anode (made of SUS 304) is a tube 20 mm in diameter and 10 mm in
length; (b) cathode plates are made of a square Mo sheet of 250
mm2 area, and the distance between the cathodes is 25 mm. A
Penning discharge in the cell is sustained by the magnetic field
(toroidal magnetic field) which confines the tokamak plasma. A
Venetian blind is placed in front of the cell to prevent the fast

particles from impinging into the cell. The Penning cell is
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located in a diagnostic box between the toroidal magnetic field
coils, as schematically shown in Fig. 5.1(a). Since the cell is
~1 m from the first wall, we measure the pressure of the
thermalized gases in the diagnostic box. As shown in Fig. 5.1(b),
gauge G, is far from the puffing valves and the pumping ports. In
addition, there is a rather large clearance between the plasma
and the outer first wall especially during the plasma-current
decaying phase, because the plasma is connected to the inner
board of the first wall (limiter configuration) or to the
divertor plates (divertor configuration). The conductance between
the neighboring diagnostic boxes is evaluated to be greater than
~30 m3/s. Thus we assume torcidal uniformity of the pressure
around the plasma and that the pressure is measured with gauge
Gl' The gauge was calibrated at a test stand over a wide range of
pressures from 0.5 to 10_4 Pa. The influence of the magnetic
field strength was also investigated as reported previously.11
The gauge is calibrated again with JT-60 for H2. The relationship
between the pressure P(H,) and the discharge current I is

approximately expressed by the following equation:
P(H,) = C I, (17)

where the constant C is 21.5 (Pa/A). The deviation of the data is
within ¢ 20% of equation (17). This gauge is controlled by a
personal computer, which acquires the pressure and magnetic field
data. The gauge is switched on above 0.7 T. Thus the pressure Pv
in the vacuum vessel is measured for ~50 s including the duration
of the discharge. The response time of the pressure measurement

is simulated to be 8 ms.
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The evacuated quantity Q_ . is estimated from the pressure
P and the effective pumping speed Seff by the following

equation:

rT
Qout ~ Joseff(Pm)

Pm(t)dt. (18)

Here, we set the origin of the time at the start of the build up
of the plasma current. After a large quantity of gases is
evacuated routinely, the effective pumping speed may be reduced
perhaps owing to the outgassing from the pumps themselves. When
all the high-vacuum valves (HVV) shown in Fig. 5.1 were closed,
the inlet pressure of the TMP became less than 1){10_6 Pa within 1
min. Thus the outgassing from the pumps is found to be negligible
for calculating Q_ .- However, as we ignore the outgassing from
the vacuum vessel at the base pressure Pb (~5X10'5 Pa), we assume
to express the effective pumping speed Seff by the following
equation,

=S 1 - P/P). (19)

Seff nom(

Here, the notations Snom and P refer to the nominal pumping speed
and measured pressure, respectively. The accuracy of Qout is
estimated to be within £20 %. This is mainly due to the
inaccuracy of the effective pumping speed.

In this paper, both the pressures P and P are described as
those at room temperature. The gas input and the evacuated
quantity are also expressed by the unit of Pam3 at room

temperature.

5.2.3 OQutgassing rate
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The variation of the total fuel atom number N in the vacuum

vessel (excluding ones in the wall} is expressed by

dv _ dNy L, d{P(Vg - V)
dt dt dt

= 2Q,+2q-(1- B)NP/TP - 2 PS, (20)

where Np = total number of protons in the plasma volume,

P = gas pressure around the plasma case,

VT = volume of the vacuum vessel,

Vp = plasma volume (50-60 m3),

Qin= total gas input (molecules),

g = outgassing rate, i.e., number of thermalized
molecules coming into the vacuum per unit time from
the wall,

R = recycling ccefficient, i.e., the ratioc of the
(energetic) atoms directly entering from the wall
into the plasma to the number of neutral particles
incident ﬁpon the wall,

o = gross particle confinement time in the plasma,

S = pumping speed.
Here, we introduce an effective outgassing rate deff because
in this experiment we cannot discriminate the particles which are
released from the wall with enough energy to go directly into the
plasma from those with thermal energy. The definition of the
effective outgassing rate deff is given by
Aoee= 9 - (1 - B) Np /(2Tp ). (21)

0Of course, the rate Ao becomes the outgassing rate g without

the plasma. The value of q is, in general, greater than that of
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e P because R is less than 1. From equations (20) and (21), we

explicitly describe the effective outgassing rate g g7

1 dNy | d{P(Vp - V)b _ g+ ps. (22)
2 dt dat

deff™

The value of Np is calculated by the relation Np = ng Vp / Zeff’
where, ﬁe and Z_¢¢ refer to the average electron density and the
effective nuclear charge, respectively. The other parameters are
directly measured. We cannot measure the plasma volume only
during ~10 ms just before the end of the plasma. Therefore we
assume that the plasma volume becomes zero at 10 ms just before
the end of the plasma with the normal discharge and at the time
of the start of the current quench with the disruptive discharge.
For this short period of time, we underestimate the effective
outgassing rate. The error is within 30%.

Hereafter, we use the term “outgassing rate" as the
effective outgassing defined by eguation (21). Moreover, the

outgassing rate is expressed by the units of'Pam3/s at room

temperature instead of molecules/s.

5.3 Results and discussion
We show the results for the hydrogen plasma. Virtually the
same results were obtained for both plasma configurations

(limiter configuration and divertor configuration).

5.3.1 Changes in the evacuated gas quantity with discharges
Retention of the fuel gases has been studied extensively.

Here all 29 discharges (shots) in a day are examined as an
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example. All the shots are carried out with the limiter
configuration. The plasma current Ip ranges from 1 to 2.5 MA.
Typical time behaviors of the pressure P at Ip=2.5 MA are shown
in Fig. 5.3. The dotted and solid lines in the figure show the
pressures in the disruptive and normal discharges, respectively.
For a period of 0-30 s the pressure is higher in the disruptive
discharge than in the normal discharge. The two pressures
decrease in a similar manner at t>30 s. Thus the difference of
the evacuated quantity (output) between the disruptive and normal
discharges is mainly that of the first 30-s output, which is
defined as equation (18) with T=30 s,

The total gas input Qin is a sum of gas input by gas
puffing, neutral beam injection and pellet injection. The output
QOut is evaluated using equation (18) with T=7 min. The changes
in Qin and Q,yt With the shots are shown in Fig. 5.4(a). The
first 30-s output is shown by the filled output bar. QOut is
nearly equal to or greater than Qin in all the disruptive
discharges, which are expressed by the notation D. Qout in the
disruptive shots is likely to increase with Ip' On the other
hand, QOut in the normal discharges, except the third shot
(#E9197), is smaller than Qin' This is because the first 30-s
output is rather small in the normal discharges. The ratio of the
first 30-s output to Qoue 18 20.5 in all the disruptive shots and
<0.4 in all the normal shots including the conditioning ones. The
conditioning discharge, which is shown by the notation C in Fig.
5.4(a), is employed for the wall conditioning. It is a type of
ohmic heating plasma with a current of 1 MA and gas puffings of

0.4-1 Pam3. The conditioning discharges have outputs of 3-5 Pam3.
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The summation of the difference between Qin and Qout gives
the relative change in the hydrogen content in the wall with the
discharges (Fig. 5.4(b)). The hydrogen content decreases or does
not change with disruptive shots. On the other hand, the content
increases with normal discharges. Hydrogen of ~30 Pam3 is stored
in the wall after the 29 shots. The conditioning discharges also
reduce the amount of retained hydrogen because of the small input
(0.4-1 Pam3).

1f the input is as small as that of shot #E9203 in Fig.
5.4(b), the disruptive discharge is most likely to reduce the

hydrogen content.

5.3.2 Differences between the outgassing mechanisms after the
disruptive and normal discharges

The pressure Pm in the manifold always changes in a similar
way at t>30 s, as shown in Fig. 5.3. Therefore, the outgassing
mechanism at t>30 s is strongly suggested to be the same for all
the discharges. On the other hand, the mechanism just after the
disruptive discharges is quite different from that after the
normal discharges.

The change in P has been examined just after the
discharges. Figure 5.5 shows the typical evolution of the
discharge and the change in P_ for the disruptive shot (#E9220).
Figure 5.6 shows them for the normal discharge (#E9219). The
sampling time of gauge G, is set at 10 ms. The disruptive
discharge has a current decay of 2.5 MA/15 ms at t=6.9 s. The
normal discharge has a decay of 1.3 MA/1.2 s. Other conditions
are as follows: the maximum of the plasma current is 2.5 MA for

the two discharges. The neutral beam auxiliary heating of 16 MW
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supplies a gas input of 12.9 Pam> for the normal shot (#E%219)

and 8.3 pam> for the disruptive shot (#E9%9220). The gas input by

3

pellet injection is 5.5 Pam3 for shot #E9219 and 5.8 Pam™ for

shot #E9220.

The time behaviors of p, are shown in Figs. 5.5(b) and
5.6(b) for a period of 0-25 s. The pressure in the disruptive
shot rises abruptly at the same time as the disruption (t=6.9 s).
It then decays from 7 to 8 s with a time constant t=0.6 s. At
t>10 s the pressure decays with ¢=7.0 s, which is nearly equal to
the value of 6.95 s obtained from the simulation of the vacuum
pumping characteristics. On the other hand, the pressure in the
normal shot rises after the end of the plasma and its peak
appears at t=13 s. It then decays with t=11 s.

These observations are explained well in terms of the
outgassing rate, as shown in Figs. 5.5(c) and 5.6(c). As a
negative rate of outgassing indicates that the gases in the
vicinity of the wall are pumped out by the wall and/or the
plasma, the outgassing behavior is as follows for the disruptive
discharge (Fig. 5.5(c)):

(a) The abrupt gas release occurs at the disruption owing to the
abrupt heat flux (see section 5.3.3). In the disruptive shot
(#E9220), 40 Pam3 of gases are released within ~50 ms.

(b) About three qguarters of all the released gases return to the
wall for ~1 s after the disruption because of the adsorption on
the wall. A possible mechanism is that the outgassed wall pumps
the gases with decreasing temperature. The rest (~10 Pam3) of the
released gases are evacuated for 0-30 s by the pumping system.
(c) Then, no more large amounts of gases are released. However,

outgassing continues with rates less than ~1 Pam3/s. The rates
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gradually decrease to become less than 0.1 Pam3/s at t>30 s. This
is probably due to gas release from two parts. The first is that
from the graphite surface which did not suffer the abrupt heat
load during the disruption. The saecond is that from the RT area
(~150 m2). The latter is likely to be prevalent at t>2 min
because of a large time constant (1=450 s).

In the case of the normal discharge (#E9219), negative
outgassing is observed from 7 to 10 s in Fig. 5.6(c). This
indicates that the wall pumps out the particles which come from
the plasma because the electron density decreases during the
current decaying phase (Fig. 5.6(a)). The energetic particles
from the plasma to the wall are believed to penetrate into the
bulk. The gases are released after the end of the plasma.
Therefore it takes ~1 s or more until the particles are desorbed
from the surface after impinging into the wall. The following
summarizes these results:

(a’) The particles from the plasma impinge into the wall while
the plasma current decays. In this phase, the wall works as a
pump.

(b’) The gases are then slowly and continuously released as shown
in Fig. 5.6(c). The gases from the bulk of the graphite are
probably dominant at t<30 s, and the ones from the RT area are

prevalent at t>2 min.

5.3.3 Details of the outgassing mechanism just after the
disruption

The heat flux leading to the abrupt gas release during the
disruption is examined. Figure 5.7(a) shows the typical time

behaviors of the near-central chord integrated soft X-ray
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emissivity SXR and the plasma current IP during the disruption.
The scoft X-ray emissivity decreases rapidly from 7.820 to 7.833
8. This crash indicates the heat flux due to the loss of the

12,13 After the soft X-ray

plasma thermal energy (thermal quench).
crash, the plasma current decays from 7.836 to 7.850 s. The heat
flux to the wall in this current decay phase is well recognized

to be due to the release of the plasma magnetic energy.14’15
Large amounts of gases will be released in two stages during the
disruption if the two kinds of heat fluxes to the wall are high

enough. This is because hydrogen atoms are desorbed very rapidly
from the graphite wall when the temperature increases above

16-19 Figures 5.7(b) and 5.7(c) show the time behaviors

~1000°C.
of the pressure P, and the ocutgassing rate in the vacuum vessel,
respectively. Here, the pressure Pv has been measured in the
short response time (<10 ms). Two peaks clearly appear in the
outgassing rate. The gas release occurs two times within 30 ms
during the disruption. The first gas release corresponds to the
soft X-ray crash, and the second occurs during the plasma current
decay phase. Thus we clearly observe the abrupt gas release due
to both the thermal quench and the release of the plasma magnetic
energy.

The heat flux leading to the abrupt gas release is unlikely
to be ascribed to radiation loss and runaway electrons for the
following reasons:

(a) Even if the whole plasma energy of ~7 MJ is dumped as
radiation loss onto the entire wall area for 10 ms, the
temperature rise is only 40 degrees.

(b) The runaway electrons have large enough energy to desorb the

gases by direct collision with the particles. However, most of
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their energy is given to the wall as thermal energy. Therefore,
the runaway electrons could hardly desorb such large amounts of
gases as 1021 molecules (see Table 5.1), because the total energy

of the runaway electrons is evaluated to be ~200 kJ from the

expressionl3 by Jarvis et al.

5.3.4 Gas release after the normal discharge

The graphite first wall pumps out the fuel gases during the
plasma current decay phase, as shown in Fig. 5.6(c). We discuss
the small but continuous gas release after the normal discharge.
If the temperature of the graphite was above ~1500°C during the
constant current phase and then decreased rapidly during and
after the current decay phase, the change in the permissible
retention20 of hydrogen might give an explanation of the gas-
release behavior. However, the maximum temperature was less than
450°C in the normal discharges. Thus a probable mechanism is bulk
diffusion, since above BOOOC, the hydrogen atoms migrate on the
graphite surface too rapidly to explain the outgassing
behavior.2l

Making use of a disruption with a residual plasma current,
we estimate the activation energy of bulk diffusion. The plasma
disruption is controlled so as to terminate with a residual
plasma current having a duration of several hundred milliseconds
(Fig. 5.8(a)). The pressure P_ rises abruptly and then decays
with the plasma current Ip' as shown in Fig. 5.8(a). In the
current decay phase, the graphite wall exhausts the particles
from the plasma, as described in Sec.III.B. Most of the particles
from the plasma are believed to impinge into the wall with the

average implant depths of 20-50 3-22 The maximum density of
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hydrogen atoms in the graphite is probably located at the implant
depth at the time of the most rapid decrease of the pressure.
Figure 5.8(b) shows that it takes 0.8 s from the start of the
diffusion to the maximum outgassing rate. Thus we can estimate
the diffusion coefficient. Since the diffusion coefficient D is

22

taken to be Doexp(—ED/kT), the activation energy is evaluated

to be less than 1.5 eV. Here, the maximum value of the

2

preexponential factor D, is adopted to be 5%x10"2 cm?/s from the

23,24

reported values for isotropic pyrolytic carbon. The wall

temperature was ~350°C from the thermocouple measurements.

5.3.5 Controlled disruption

We discuss a new method for using the disruption to reduce
the hydrogen retention level in the first wall. If we terminate
the plasma current in a disruption, the hydrogen content is
smaller than that after the quiet ending of the plasma.
Conditioning discharges with disruptions will be more useful
because of the small gas input.

There are two concerns about the use of the disruptive
discharge. The first is the damage to the vacuum vessel and other
components. This is induced by the electromagnetic forces due to
the rapid current decay.25 The design criteria of JT-60 allow the
elements, except those made of graphite, more than 10000
disruptions. The first wall made of graphite has been strong
enough for more than 500-1000 disruptions of the plasma with
currents of 1-2.5 MA, although it is difficult to estimate the
strength of the graphite components against the electromagnetic

forces. We have also observed the abrupt gas release during the

disruption of the plasma with a current of 0.5 MA. Since the
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electromagnetic force decreases with the plasma current when the
current decays during a constant time, we can select a lower
current disruption which produces large amounts of released
gases.

The second is concerned with the outgassed area. To reduce
the hydrogen content, it is necessary to outgas a large area. Let
us survey the area of the graphite wall which releases the gases
during the disruption. The rapid decrease of pressure is observed
just after the disruption, as shown in Fig. 5.7(b). The wall
outgassed by the disruption absorbs gases on its surface. The
outgassed area is estimated from the rate of the pressure decay,
assuming that the sticking probability of the hydrogen molecules
is unity. The evaluated value, which is a lower limit of the area
outgassed by the disruption, is shown in Table 5.1 for the
disruptions of 1 MA plasmas. An area of ~10 m2 is found to be
outgassed. The areal density of the atoms ejected in the
disruptions is also evaluated to be 1—3x1021 atoms/mz, which is
comparable to the near-surface areal density of the hydrogen
isotope from the TFTR and PDX limiter.26 Although the surface
area outgassed by a disruption is smaller than the whole area, we
can outgas most of the first wall by controlling the position of
the plasma. If we force the plasma to move toward a certain
direction of the wall, then the plasma will disrupt, and the
gases will be released from the area approached by the plasma.

The choice of the gas species is important for making the
controlled disruption more effective for inventory control. This
is because the cleaning efficiency of various kinds of techniqgues

5,27

is affected by the gas species. Helium is perhaps preferable

to hydrogen from the viewpoints of solubility, sticking
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probability and chemical reactivity.
Thus the contreclled disruption, which is defined as the one
that is permissible for the damage against the electromagnetic

forces and whose position is controllable, will be useful to

suppress and reduce the inventory of the fuel gases.

5.4 Conclusions

We have developed a new gauge with a fast response time (<
10 ms) to study the outgassing mechanisms. The following were
found.
(1) The evacuated gas quantity after a typical disruption is
almost equal to or greater than the input. On the other hand, the
evacuated quantity after a gradual ending of the plasma is less
than the input.
(2) Large amounts of gases are abruptly released in two stages
during the disruption of the plasma. The first gas release occurs
at the time of the soft X-ray crash. This is ascribed to the
abrupt heat flux due to the loss of the plasma thermal energy
(thermal quench). The second appears during the decay of the
plasma current. The heat flux due to the loss of the plasma
magnetic energy causes the second gas release.
(3) The disruptions of 1 MA plasmas outgas a surface area of ~10
m2. Gases of 30-80 Pam3 are released within 30 ms. Three quarters
of them then return to the wall. This return of the gases to the
wall will have to be examined in order to efficiently use the
disruption for the reduction of hydrogen content.
(4) The gases are released after the end of the plasma current in

the normal discharges. The hydrogen atoms probably diffuse in the

bulk to the surface. The activation energy is estimated to be

—129—



JAER1I-M 91007

less than 1.5 eV.

Finally, we discussed the use of the contrelled disruption
for reducing the content of fuel particles in the first wall. We
hope that the controlled disruption will be one of the useful

techniques for inventory control.
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SIS
| |

Vacuum vessel _F
G, (Penning cell) TMP @ @

{a)

Fig. 5.1 (a) Schematic diagram of the first wall and the vacuum
system of JT-60. The first wall is made up of the torocidal
limiters, divertor plates, and the liner plates. The limiters and
the divertor plates are made of graphite, and the liner plates
are TiC-coated Inconel. The total pressure Pv in the vacuum
vessel is measured with a type of Penning configuration gauge Gl’
and the pressure P in the manifold is measured with a
magnetically shielded Bayard-Alpert gauge G2. The vacuum vessel
is pumped out by four identical systems. Each has a manifold and
four turbomolecular pumps (TMP) with a liguid-nitrogen trap
(omitted in this figure). TMPs are connected Dby high wvacuum
valves (HVV). Two types of plasma configuration are alsc shown in
this figure: (right) limiter configuration; (left) divertor
configuration.

{b) Top view of the experimental apparatus. Gas input is
summation of input by gas puffing (Gas), neutral beam injection
(NB) and pellet injecticn (Pellet). Gauges G, and G, are

explained in {a).
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Fig. 5.1 (Continued)
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Fig. 5.2 Schematic diagram of gauge Gl. This is a type of
Penning configuration gauge. A Penning discharge is sustained by
the magnetic field (BT) which is used for confining the tokamak
plasma. This gauge is controlled by a personal computer. If the

value of B, is greater than 0.7 T, the gauge is switched on.

T
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Fig. 5.3 Typical changes in the pressure P for normal (#EJ213)
and disruptive (#E9220) discharges. The hatched portion refers to
the evacuated gases for 0-30 s in the case of the normal
discharge (#E9%219). The time evolution of the plasma is shown in
Figs. 5.5(a) and 5.6(a) for the disruptive (#E9220} and normal
(#E9219) discharges, respectively. Both the discharges have the

limiter configuration.
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Fig. 5.4 (a) Bar chart of the gas input Qin and the evacuated
quantity QOut with the discharges. The input is a sum of the one
by gas puffing, neutral beam injection and pellet injection. The
output is estimated by the pressure in the manifold and the
effective pumping speed. The filled bar refers to the output for
0-30 s. Notations C and D refer to the conditioning and
disruptive discharges, respectively. The conditioning discharges
are ohmic heating plasmas with a current of 1 MA and small
amounts of gases (0.4-1 Pam3).

(b} Change in the accumulated gas quantity in the wall with the

discharges. All the discharges shown in this figure have the

limiter configuration.
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Fig. 5.5 Typical changes in the pressure and the outgassing rate
after the disruptive discharge: (a) the evolution of the plasma;
(b) the pressure P in the vacuwum vessel just after the
disruption; and (c) the outgassing rate near and after the end of

the plasma. This discharge has the limiter configuration.
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Fig. 5.6 Typical changes in the pressure and the outgassing rate
after the normal discharge: (a) the evolution of the plasma; (h)
the pressure PV in the vacuum vessel after the gradual ending of
the plasma; and (c) the outgassing rate near and after the end of

the normal plasma. This discharge has the limiter configuration.
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Fig. 5.7 Plasma features and the pressure change neay and during
the typical disruption: (a) changes in the plasma current Ip and
the soft X-ray emissivity SXR; (b) change in the pressure P.i and
(c) outgassing rate. The pressure P is measured in a short
response time (t<10 ms). This discharge has the divertor

configuration.
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Fig. 5.8 Typical changes in the pressure and the outgassing rate
after the disruptive discharge with a residual current for 0.6 s:
{a) changes in the pressure P, and the plasma current Ip; and (b)
outgassing rate. The disruption cccurs at t=2.0 s. Then the
plasma current is successfully ceontrelled to decrease gradually

to zero. This discharge has the divertor configuration.
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6. Conclusions
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6.1 Summary of the present work

This report has described the studies on development of the
pressure measurement methods, which are necessary to develop and
confirm the particle control method for a long-pulse break-even
plasma.

We first developed a new type of hot cathode icnization
gauge with spherical symmetry to measure the neutral gas pressure
in a high magnetic field. Its performance is summarized as
follows:

(1) The gauge has a linear relation between the ion current and
the pressure ranging from 10°% to 1 pa for N, and Ar.

(2) The changes in the sensitivity are.small; within + 20% in a
field of 0 - 1.2 T. The main reasons are that the collection
probability of ions is unaffected by the magnetic field, and that
the emitted electrons have almost the same probability of
ionizing gas molecules as in zero magnetic field, owing to the
spherical symmetry.

(3) The lower pressure limit is ascribed to the x-ray limit. On
the other hand, the collective motion of ions gives an
explanation to the upper pressure limit.

Then we describe a new method for using a Penning gauge to
measure pressure in high magnetic fields. The intensity of the Ha
and HB Balmer lines emitted from a Penning discharge is a
function only of the discharge ion current: their intensity is
independent of anode veoltage and magnetic fields from 0.1 to 2.0
T. The light intensity is proporticonal to the ion current below -~
0.1 Pa. The ratio of the light intensity to the ion current

increases by 40% for pressures above ~ (0.1 Pa because of a change
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in the type of discharge. The higher pressure discharge probably
has a lower electron temperature. In addition, we demonstrated
the possibility of the partial pressure measurement with the
light emitted from the Penning discharge. The following results
are obtained:

(1) The spectral line intensity is proportional to the pressure
if the cathode current increases with the pressure.

(2) The line intensities are individually linear to the partial
pressure in the gas mixture of H2 and He.

Next we have constructed the fast pressure monitoring system
with the newly developed gauges. The gauges are used to monitor
the pressure near the JT-60 plasma. The main features of the
gauges are as follows:

a) The response time is fast (less than 10 ms) because of the
Penning discharge which is sustained by the confining magnetic
field of the plasma.

b) The structure is very simple; the necessary electrodes are an
anode and cathode (two plates). Therefore the gauges are reliable
for use in severe conditions in a fusion device.

Finally, the usefulness of the fast response gauge 1is
demonstrated. The outgassing mechanisms are studied in the JT-60
tokamak. The following points are noted:

(1) The evacuated gas quantity after a typical disruption is
almost equal to or greater than the input. On the other hand, the
evacuated quantity after a quiet ending of the plasma is less
than the input.

(2) Large amounts of gases are abruptly released in two stages
during the disruption of the plasma. The first gas release occurs

at the time of the soft x-ray crash. This is ascribed to the
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abrupt heat flux due to the loss of the plasma thermal energy
(thermal quench). The second appears during the decay of the
plasma current. The heat flux due to the loss of the plasma
magnétic energy causes the second gas release. The energetic
particles are most likely to focus on the limited area of the

first wall.

(3) The disruptions of 1 MA plasmas outgas a surface area of ~10
m2. The gases of 30-80 Pam3 are released within 30 ms; three
quarters of them return to the wall. This return of the gases to
the wall must be examined in order to efficiently use the
disruption for the reduction of hydrogen content.

(4) The gases are released after the end of the plasma current in
the normal discharges. The hydrogen atoms probably diffuse in the
bulk to the surface. The activation energy is estimated to be
less than 1.5 eV.

(5) Finally, we discuss the use of the controlled disruption for
reducing the content of fuel particles in the first wall. We hope

that the controlled disruption will be one of the useful

techniques for the inventory control.

6.2 Future investigation

In order to realize a quasi-steady-state fusion reactor, we
must develop and confirm a technique for fueling and particle
control. Fuel particles will be injected by a newly developed
pellet injector. The speed of the pellet will be ~10 km/s for
reaching the plasma center. Because we have a density limit due

to the limitation of B value, we must operate the plasma in the
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fixed region of the electron density. Therefore, we have to
evacuate the particles (fuel particles and He ash particles) from
the plasma boundary in order to maintain the plasma. We can
measure the particle density at any plasma boundary with the
newly developed methods, therefore we will examine the particle
flow from the plasma to the ordinary pumping system to develop
and perfect the fuel control technique. First, we must study the
pump limiter and divertor (open and closed) with JT-60 upgrade to
determine whether they have the ability to evacuate the particles
during a long-pulse break-even plasma. In addition, we will
examine the He ash exhaust in order not to dilute the fuel and
not to degrade the fusion reactivity.

We hope that these new methods will prove of fundamental use

in the operation of the fusion reactor.
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