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ABRSTRACT The measurement of a potential profile
in tokamak plasmas by heavy ion beam probe (HIBP} in a
single shot is usually difficult, because as primary beam
is swept through plasma cross—section, the secondary beam
hits the input slit of an energy analyzer with a large
variation in entrance angles{in-plane and out-of-plane).
In this paper, a new method{the application of fast
toroidal sweeps of the primary or the secondary beam at the
analyzer or at an entrance to an tokamak) is proposed to
eliminate the error due to the change in the entrance
angle. In addition, results of a new calibration method of
HIBP in tokamaks{electron stripping by neutral gas) are

presented.
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$1 Introduction

The heavy ion beam probe (HIBP) 1in a magnetic confinement
system is particularly useful for the measurement of local
electric potential and fluctuations of local plasma density
and potentiall). The first precise measurement of a
potential profile of the tokamak plasma, was performed in
ST tokamakZ). But its measurement was conducted at a very
low current of about 20kA where the deviation of the
secondary beam from one poleidal plane was very small. It
means that trajectories of the beam in the analyzer stay

nearly in the analyzer plane(plane of symmetry of the
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analyzer and perpendicular to the plane of analyzer
electrode) because of small deflection due to plasma
current. In this case, the error in the measurement of
total energy of the beam i1s insignificant, since beam
velocity perpendicular to the analyzer plane, is small. In
ISX-B tokamak, pctential profiles of ohmic plasmas and
those of plasmas with ¢o and counter neutral beam
injectlion, were measured by shot-tc-shot basis3) in order
to eliminate the error due to the change in entrance
angles, caused by the scanning of plasma cross-section.
Similar measurements were performed in TM-4 and TEXT
tokamaks?r3) .

The reason for the change in an in-plane entrance
angle to an analyzer is illustrated in Fig la. The
secondary beam generated in different places in the plasma,
has a shape similar to a sheet. The small portion of the
sheet, generated at a certain point in the plasma, goes
through the input slit of the analyzer and hits the
detector. If we sweep an injection angle of the beam at an
entrance to the tokamak, we can observe beams generated in
different places in the plasma, but the secondary beam goes
through the slit with different entrance angles to the
analyzer as shown in Fig. la.

As for an out-of-plane entrance angle, let's consider
a case of the injection ¢f heavy-ion probing beam intc an
axisymmetric confinement system, for simplicity. Because
of a change in charge state, the secondary beam carries the
information of a local plasma potential and a local stream
function, where it is ionized, as shown in Fig.1lb, through
the conservation of energy and cancnical angular momentum.
When the probing beam is initially injected perpendicularly
to the torcidal field and the local value of the stream
function at the analyzer is the same with that of the
stream function at the injection point because those points
are far away from the plasma, the changes in beam enerqgy

(AE) and angular momentum (mrvg+erA¢p) are simplified and

given by
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where, rx is the position where ionization of the primary
beam by the plasma occurs. Y(r) is a stream function (rig)

and ®(r) is an electric potential. Since vg/(vr24v2)0.5 -
2 , is an out-of-plane injection angle to the analyzer
where Q is an angle between the analyzer plane and the
injection plane of the beam, the change in the out-of-
plane entrance angle during scanning of plasma Cross-
section is inevitable and is significant when plasma
current is large.

The error due to the change in an in-plane entrance
angle to an analyzer, can be suppressed significantly if we
use an analyzer with focusing up to the second order. Up
to now, for scanning plasma cross—-section by HIBP, we have
to tune shot by shot, the direction of the analyzer so that
an out-of-plane entrance angle should be zero, at gach
spatial point of the measurement for the suppression of
the error. In order to get a precise profile of plasma
potential, we have to invent a new method to eliminate the
error instead of relying on shot by shot measurements.

Recently energy of the beam for HIBP in tokamaks has
been increased to 0.5MeV in TEXT/) and JIPP T-11U
tokamaks®) and the development of a new 2MeV HIBP for TEXT
is under wayl3). The energy of the injected beam itself
has the stability of the ripple less than a few volts out
of 500kV in JIPP T-11U HIBP, since the HIBP usually
utilizes a thermionic ion guns) and a highly stabilized
high voltage power supply. Accordingly, the error in a
potential measurement by HIBP may be determined by the
error in an energy analyzer. Since the error due to the
energy analyzer is proportional to the beam energy, a new
method for the calibration and elimination of the error in

an energy analyzer is urgently needed.
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The calibration and the check of the alignment of
HIBP system is so far done by an introduction of a primary
beam to an energy analyzer of the HIRP. The disadvantage
of the calibration and the check of the alignment using the
primary beam is that basic parameters of the tokamak and
HIBP, such as toroidal field, beam voltage, analyzer
voltage and the trajectory to the analyzer, under which the
primary beam is injected into the vacuum vessel and guided
into the energy analyzer, are entirely different from those
under which the secondary beam generated in the wvacuum
vessel is guided into the analyzer. Accordingly, the
calibration of the system is done with many assumptions,
the linearity of the voltage of the analyzer and, exact
adjustment to changes in both in-plane and out-of-plane
entrance angles to the analyzer. A very reliable
calibration in the routine measurement is almost
impossible.

Another error in a measurement of plasma potentials is
caused by difficulties of very accurate measurements of the
absolute value of an accelerating voltage of the beam(about
500kV) and an analyzer voltage (100kV) for the calibratiocn
of the absolute measurement of the plasma potential. The
relative change of the potentials has been measured up to
now. Accordingly, a new systematic way of the calibration
of zexo potential during scanning of plasma cross-section
is also required.

Recently at ATF HIRP experiment, gas icnization of
the beam is employved for the calibration of zero
potentialld) . 1t is a great improvement of HIBP in the
toroidal machine. It is particularly suited to helical
machines, where the beam trajectory does not change
appreciably by the presence of the lowp plasma. But as for
a tckamek, the secondary beam due to gas ionization has not
been detected since the analyzer is adjusted to the beam
with large deflection in the toroidal direction.

Here we are going to discuss the first experiment of a

calibration of HIBP by neutral gas and a new idea of fast



beam sweeping for the error elimination in a potential

profile measurement of tokamak discharges.
§ 2 Error Analysis in the Measurement

Figure 2 shows the total arrangement of HIBP system in
JIPP T-11U8)., The heavy ion beam from a 500keV
electrostatic accelerator is guided by an electrostatic
deflector into the tokamak. Two guadrupole electrostatic
lenses are installed for beam transport and focusing in the
center of tokamak plasmas. At the entrance to the tokamak,
toroidal and poloidal sweepers are installed. A poloidal
sweeper is used to scan plasma cross-section. A toroidal
sweeper is used to compensate the beam displacement in the
toroidal direction at an analyzer, which is induced by
plasma current. The analyzer used here 1s a parallel plate
electrostatic analyzer with entrance angle of 30 degrees
and focusing up to the second order.9)

Figure 3a shows a cross—sectional view of
trajectories, of primary beams and the secondary beam
generated in the plasma during scanning of plasma cross-
sections by sweeping the injected beam. The modelling of
the toroidal coil must be accurate, since the ripple of the
toroidal field affects the beam trajectory significantly.
Poleoidal fields are calculated using plasma equilibrium
code with real pcloidal coill parameters.

The secondary ions produced on the dotted line in Fig.
3a are allowed to enter the input slit of the energy
analyzer. Accordingly, along the dotted lines, a potential
profile is measured through a sweep of the beam at the
entrance into the tokamak. Inevitabiy, an entrance
angle (in-plane} to the analyzer changes noticeably by the
sweep of the beam for the scanning of plasma cross-section.
Figure 3b shows a plane view (x,y coordinates, if the
symmetry axis of tokamak is taken to be z axis) of
trajectories with the same parameters in Fig 3a.

It is clearly shown that during scanning of the cross-

section, an out-of-plane injection angle as well as a
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horizontal place on the input slit of the analyzer, changes
appreciably. In addition, the breaking of the conservation
of canonical angular momentum is clearly observed by
behaviours ¢f the primary beam in the region far from the
plasma. When axisymmetric toroidal coil is assumed in the
calculation, trajectories of the primary beam are lines
intersecting the axis of symmetry in Figure 3b in the field
free region, since the initial injection is radial(v¢=0) as
is observed in Figure 3b. 1In the real case, the ripple of
the toroidal field affects the radially injected beam
significantly and straight lines of trajectories far from
the plasma do not intersect the axis of symmetry as shown
in Figure 3b.

There are two types cf electrostatic analyzers which
have good focusing up to the second order, a plane mirror
energy analyzer (parallel plate analyzer) and a cylindrical
mirror energy analyzerlz). Because cf a large shift of
the entrance point on the input slit in the horizontal
direction, the cylindrical mirror analyzer is not used,
although the error due to the out-of-plane entrance angle
does not exist in it. By this reason, the energy analyzer
commonly used in HIBP 1s a parallel plate electrostatic

analyzer with 30 degree injection angle.
The plasma potentials (®(rx)) are reduced from the beam

energy (Vp) and the analyzer voltage(V,) by the following
equationslo)

v B -2
cbp(rx)—vb (ACK qp)G(B){coscob) ’ (3)

where 0, Qp are in-plane and out-of-plane entrance angles.
gs and gp are charge numbers of the secondary and primary
beams respectively. The gain function G(8) is the main
characteristics of the analyzer and is the ratio of the
beam energy in the analyzer plane to an analyzer voltage
when the beam is in the middle of the upper and lower

detector plates. It is theoretically given by
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where Lt is the distance between the slit and the detector,
and hg and h{ are distances between the parallel plate and
the detector or the slit respectively. Hl is a distance
between upper and lower electrode as is shown in Figure la.
The G(®)must be determined experimentally, since the
theoretical estimate(4) is a little different from the
experimental value because the accuracy of the physical
size of the analyzer, the separation of the parallel
electrodes for example, may not exceed 10”4, while the
accuracy of the G(B) is required up to 10~4 or more.

The error due to the change in in-plane and out-of-
plane entrance angles is obtained by equation(4) and (3)

and is given as follows,

e\ o 2 3
A0, ()~ Vg 2324 (26) | -

where A8 is the deviation of 6 from the second order focus

angle of 30 degrees.

As is shown in Fig. 3b, the v /vp can be about 0.1.
The error due to the out-of-plane entrance angle is
comparable to or larger than an expected plasma potential
of a few kV in the tokamak when the 500keV beam is used, if
an analyzer is set parallel to the injection plane into the
tokamak. In addition, the error due to the deviation of
in-plane angle from 30 degrees also becomes significant
when the deviation is not small, because of the cubic power
of AB and the large coefficient of 32. Accordingly, at
each measurement of one spatial point, the energy analyzer
has been adjusted in two directions, so as to keep an in-
plane entrance angle to be 30 degrees and an out-of-plane

entrance angle to be zero.

$3 Calibration by Neutral Gas
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The other error in the measurement of plasma
potentials is caused by difficulties of the accurate
measurement of the absolute value of the very high
accelerating voltage ¢f the beam(about 500kV) and the
analyzer voltage (about 100kV) in the equation{3). These
difficulties cause uncertainties in the experimental
determination of zero potential and the gain factor of the
analyzer in a very high voltage region. In order to
suppress these errors, a calibration of the total HIBP
system by the electron stripping by neutral gas is adopted.
The cross-section 01,2 of electron stripping for T1l* or

cslt ijon in the gas,

TH*+H, =T ¥ +H, +e

grows significantly in the energy range from 200keV to
500keV as shown in Table 112) . This means that as for the
generation of the secondary beam, the neutral gas behaves
similarly to the plasma.

The check of the alignment and calibration by neutral
particles is particularly useful, since the almost entire
condition is the same with the plasma experiment except the
difference in the plasma current. Also the energy loss of
the beam by the gas icnization can be estimated to be less
than a few volts. In addition, in tokamaks, motions of the
beam injected nearly perpendicularly to the tokamak, in the
X,z plane in Fig. 3, are mainly determined by the strongest
field of toroidal field. The trajectories of those beams
are almost same each other, as long as Vo /Vb is small.
This means that the in-plane entrance angle to the analyzer
is almost the same with one without the plasma current even
in case of large plasma current. Accordingly, the error
due to the change in an in-plane entrance angle during
scanning of the plasma cross-section, can be detected by
the gas icnization method as a shift of =zeroc peotential,
and can be compensated. Accordingly, the calibration by

neutral gas can be an important way of =zero potential




calibration for HIBP. The error due to an out-of-plane
entrance angle can be compensated by our new idea and is
discussed in the next sectiocn.

Figure 4a shows signals of the secondary beam in the
analyzer. This is the first observation of the secondary
beam generated by neutral gas in the tokamak since, in the
usual measurement, the energy analyzer 1s stationed with an
angle of a few degrees to the X-axis to detect the
deflected beam by plasma current. In that case it is
impossible to detect the secondary beam due to gas
ionization which has no toroidal deflection, unless the
detector plate is long enough to cover the beam without
deflection, as is shown 1in Fig 3{(b). D2 gas is introduced
into the vacuum vessel through a fast valve. Cross-sections
of ionization or recombination of Tl in D2 and Hz are
considered to be nearly equal because the mass number of Tl
is much larger than those of D2 and Hp K6 The injected 71t
current into the tokamazk is a few UHA. Since the shape of
the secondary beam, generated by neutral gas in the wvacuum
vessel, is similar to a sheet or a curtain, as is
discussed in the case of the plasma, we can observe the
secondary ions, in the different places such as the input
slit which is composed of split plates, electrically
insulated each other , and pair plates of the detector. In
Fig.4a, the structure of the split-imput-slit is shown.

The beam is swept torcidally in order to measure the beam
size at the slit. Fig.4b, the expanded view of the traces
of Fig.4a, clearly shows that the beam size at the analyzer
is much less than the horizontal opening of the slit (4cm)
of the anaiyzer and the signal at the detector is not
intercepted horizontally by the input slit.

The detected signals at the split slit and the signals
at the detectors of the analyzer show different
characteristics in time behaviors. Gas pressure starts to
rise linearly after the opening of the gas valve and
reaches the value of 1.2x1073 torr at 50msec after the
opening. After 120 msec when the valve is closed, the gas

pressure decays slowly, because the pumping time constant
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of the tokamak is about 1 second. The signals of the
currents of the split entrance slit are roughly
proportional to the gas pressure of the tokamak. Although
the primary beam can not arrive at the analyzer slit
without any ionization by neutral gas, as is shown in
Figure 3a, currents on the split slit can be a mixture of
singly ionized({recombined from doubly ionized beam) and
doubly ionized beams. Schematics of the trajectories of
singly ionized beam on the analyzer slit are shown in
Figure 5a. The currents of the detector in Fig 4a should
be doubly ionized beam because the voltage of the analyzer
is tuned to doubly ionized ions.

The decrease in signals at the detectors, while the
current on the slits is still increasing, may be due to the

recombination of doubly ionized ions, electron capture,

TR +H, =T+ 1+

The difference in time behaviours is alsc explained by the
fact that the recombination of doubly ionized beam may
reduce its contribution to the current on the slit roughly
to half, because the recombined singly iconized beam has a
shape of a sheet and some part of the sheet can go through
the slit. On the contrary, the recombined singly ionized
beam can not hit the detector because the analyzer is tuned
to doubly ionized particles.

Although the cross-section of the recombination of
doubly ionized thallium in the gas, ©2,1, is not
measuredld), the reasonable estimation is that 62,1 is a
little larger than ©1,0. At 40 msec after the start of
gas puff, the currents on the detector begin to decrease.
At this time, the mean free path for C1,0 is about 5 meters
and is comparable to the experimental dimensions. So it is
a reasonable assumption that the recombination of the
secondary beam is the reason for the decrease in the
detector current. This can also explain the temporal shift
of the peak current in the detector at different gas

puffing rates as shown in Figure 4c. The peak of the



detector signal occurs at the time when the pressure inside
the vessel is roughly the same. Since the signals at the
detector are determined by the competition of the ionizing
process of the primary beam and the recombination of the
doubly ionized beam, the pressure at the peak must be equal
and should be dependent only on geometric configuration.

As is mentioned, the time behavior of the signals is
explained roughly by the attenuation of the secondary beam.
As for quantitative analysis, Monte Carlo analysis of the
trajectory to describe effects of the change of state, must
be performed to understand fully signals on the input slit.
In this calculation, the expansion of the gas into the
sweepers, deflectors and lense system, must be taken into
consideration.

The currents on the detector plates, even tuned to
doubly ionized beams, are affected by complex changes of
charge state on trajectories. Some examples of changes are
shown in Figure 5b. One is recombination of singly ionized
particles and its subsequent ionization in gas. Because of
this effect, the injected primary beam itself forms a
current sheet as shown in Figure S5b. The other is
recombination and its subsequent ionization of the
secondary beam as shown in Fig.5b. The effects due to these
multiple processes are the broadening of entrance angles {
in-plane and out—of-plane) and the degradation of spatial
resolution of the measurement. For the quantitative
analysis of this effect, Monte Carlo analysis 1s necessary.
In the limit of low gas puffing, however, heavy ions on the
detector are only due to single ionization of the primary
beam and are free from the effect due to multiple
ionization and recombination processes. Accordingly,
currents on the detector at low gas density limit can be
ased for the calibration of a zero potential and the effect

of the change in an in-plane entrance angle.

$ 4 Elimination of Errors due to the Change of the

Qut-of-plane Entrance Angle



As 1is discused, the error due to this change 1is guite
significant in the case of large plasma current. It may be
a dominant error when we want to measure the potential
profile in a single shot by sweeping the beam through the
plasma cross—section. Here we are going to propose a new
idea for the automatic elimination of this effect.

We are going to install plates for fast sweeping of
the beam in the toroidal direction, in a space between an
input slit and a lower parallel plate electrode, where no
electric field is applied. The detectors are composed of
the 2 long plates( up and down). The change of beam energy
is detected by the displacement of the beam in the vertical
direction, that means, the ratioc of signals of two plates.
By the combination of this detector system and the parallel
electrode analyzer, the displacement of the beam in the
horizontal direction does not induce the error in the
measurement .

If we apply high voltage sine wave on the sweep plates
inside the analyzer, an out-of-plane angle inside the
analyzer changes sinusoidally and it crosses zero at some
time during one cycle of the sweep if the sweep angle is
larger than the entrance angle induced by plasma current.
Only when the beam inside the analyzer is parallel to the
analyzer plane, the ratio of the detector signals(up and
downs plates} indicates the total energy of the beam, the
maximum of the energy corresponding to the motion in the
analyzer plane. This maximum energy is free from the error
due tc an out-of-plane entrance angle.

If we trace local maxima, the error due to the non-
zero out-of-plane entrance angle, will be automatically
eliminated, although the time response of the total system
will be reduced by the introduction of a fast torecidal
sweep inside the analyzer. In principle, a change in the
energy of the beam induced by a fast sweep can be
determined by the ratio of swept time to transit time of

the beam in the sweeper and the voltage of the sweepers.



Since the transit time is small because the energy is high
and the sweeper is small, it is expected that this method
is applicable to about 100kHz.

An alternative method for the compensation of an out-
of-plane entrance angle is fast sweeping in the toroidal

direction at the entrance into the tokamak. Figure 6 shows
contours of ratio of toroidal velocity vp to the total

beam velocity, v /Vp as a function of torcidal and

poloidal sweep angles at the sweep point at the entrance to
the tokamak, as shown in Figure 3a. If we apply a fast
sweep in the toroidal direction while we scan plasma Cross-
section by a slow sweep of a poloidal injection angle as
shown in Fig.3a, the out-cf-plane angle can be zero at some

moment in the fast sweep since v¢ /vhb is a smooth and one

valued function of the horizontal sweep angle as shown in
Fig. 6. At the time v¢ /vpb =0, the measured energy becomes
locally maximum during single fast sweep and is free from
the error. The contcurs in figure 6 are dependent on
plasma current, position of the plasma center, current
profile, and the beam energy. Accordingly, the exact
programmed compensation of out-of-plane angle is difficult
and the above mentioned method will be the most basic

method. Figure 6 shows also the effect of the ripple of the
toroidal field. If we sweep the beam to positive v¢ at the

entrance to the tokamak, then v¢ at the analyzer slit is

negative due to the reflection of the beam by the ripple of
the toroidal field as shown in Fig.6

The basic disadvantage of this method is to rely on
axi-symmetry. If this symmetry is broken, for example due
to the drift wave turbulence or so, this method becomes
inapplicable. These two methods are, however, independent
ways and will form an important cross check for each other.

In these two methods we have to use a fairly wide
input slit and detector plates in the horizontal direction
in order to have signals due to the gas and plasma
ionization at the same shot, since if gas is introduced in
the vacuum vessel after the plasma is terminated and if the

input slit and detector plates are wide enocugh, the



calibration can be performed automatically in a single
shot. The gain function G(B) may change as the horizontal
entrance positicn of the beam on the slit changes, because
the horizontal length of the electrodes is finite and there
are meshes on the lower electrode to permit the entrance of
the beam into the region between upper and lower
electrodes. The change of the gain function will cause the
error in the measurement ¢of a plasma potential as is shown
in equation 3. Accordingly, the design of the analyzer
must be carefully performed in order to have the wvery
uniform characteristics on the horizontal entrance position
and the calibration of the dependence of the horizontal
position becomes essential for a precise measurement of the
potential profile. For this purpose, it is very important
to have two sweepers in the toroidal direction at the
entrance to the teokamak and at the analyzer in the gas
calibration experiment. By a sweeper at the entrance to
the tokamak, we can sweep a horizontal entrance point of
the analyzer and by a fast sweep at the analyzer we can
measure the beam energy, eliminating the error dur to the
effect of an out-of plane entrance angle. By this method we
can measure the dependence of zero potential on the
horizontal entrance point, i.e. the calibration of the
analyzer with large horizontal opening. In addition, the
sensitivity calibration becomes feasible if we slowly
change the accelerating voltage.

Since the slit width in the horizontal direction is
large, the horizontal sweeper should be an elaborate
deflector instead of a parallel plate sweeper. One of
appropriate deflectors is an octupole deflector or a
higher-order multipole deflectorl®) in order to have very
low aberrations in a narrow space. A multipole deflector
with electrodes on an ellipsoid instead of a conventicnal
circle, is under design. In addition, the modification of
the energy analyzer and its access port to the tokamak, is
now planned to provide a space for the installation of a

deflector at the analyzer.



$5 Summary

Errors in the measurement of a potential profile in
the tokamak plasma by a high voltage HIBP are analyzed. For
the elimination of the errors, neutral gas calibration and
fast sweep methods at the energy analyzer and at the
entrance to the tokamak are proposed. The neutral gas
calibration method is found to have more complex character
compared to the case with plasmas, because recombination
cross—-section is comparable to or larger than those of
ionization of the primary and secondary beams. We have to
be careful that the measurement is done at low density
limit. Fast sweeping of the beam in the toroidal direction
at the entrance to the tokamak and at the energy analyzer
is useful, although the time response deteriorates. It may
have the frequency limit roughly to 100kHz. 1In these
systems the beam itself crosses the slit at large distance
in the horizontal direction and the calibration of the
energy analyzer becomes very essential for the elimination
of the error. The design of the horizontal sweeper with
large horizontal opening width in a narrow space is itself,
a challenging task. We started the design of the
ellipsoidal multipole deflector. The modification of the
analyzer and its access to the tokamak is required in order
to have larger space for the installation of the sweepers.
The combination of these 2 sweepers will be very powerful
for the calibration of the analyzer itself and for
obtaining a precise one-shot measurement of a potential

profile in the tckamak.
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Figure Captions
Figure 1

Principles of heavy icn beam probe (HIBP). (a)
Schematics of beam trajectories and energy analyzer. (b)
Schematics of the change of beam energy on the
trajectories. X marks show places where the ionization of

the beam occurs.

Figure 2

Experimental setup of HIBP in JIPPT-11U tockamak.
Maximum beam energy is 500keV. The radius of a cylindrical
deflector is 40cm. An energy analyzer can be adjusted in
horizontal and vertical directions with fixed point at the
input slit. The voltage of upper electrode in the analyzer
is 100xV when beam energy is 500keV. The ripple of the

accelerating voltage is less than 2 volts.

Figure 3

The beam trajectory of HIBP in JIPPT-11U, Toroidal
field at r= 93cm is 3 Tesla. Beam Energy is 350keV.
Initial v¢ at the injection into tokamak is zero. ({(a)

Cross—-sectional view. {b) Horizontal view.

Figure 4

Signals of the secondary beam at the split-input slits
and at the detectoer by the D2 gas puffing. The analyzer
voltage is tuned to the doubly ionized particles. Beam
energy is 200keV. 2.5 Tesla. Injected T1™ beam current is a
few HA. (a) General characteristics of the signals at the
split slit( up, down, right and left) and at the detectors.
The slit structure of the analyzer is also shown. (b)

Expanded view of the time behaviours of the slit signals.



(c) Detector currents with different gas puff rate. The
upper figure corresponds to gas puff rate of 1.2x10~3
torr/50msec. In lower figure, the gas puff rate i1s 0.8x10~

3 torr/50msec.

Figure 5

schematics of the trajectories of the primary and
secondary beam affected by complex changes of charge state.
X mark shows the point where ionization or recombination of
the beam occurs. 5a, the trajectory cof a recombined
secondary beam to the analyzer slit. 5b, the expansion of
the primary beam due to recombination and ionization of
primary beam, and the trajectory of doubly ionized
particles with different entrance angles to the slit due to

multiple ionization and recombination process.

Figure 6
A contour of the ratio of torcidal velocity vg to

total beam velocity, v¢$ /vb at the analyzer in the plane of
poloidal and toroidal (horizontal) sweep angles at the
injection into the tokamak JIPP T-11U. The sweep point is
shown in Figure 3a and parameters are the same as those of

Figure 3.

Table 1

Cross-sections of thallium at 200keV and 400keV for
electron stripping and capture in the hydrogen gas from
I.,Alvarez and C.Cisneros, Phys.Rev.,13 1728 (1976).
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Energy (keV)

Reaction 2 O O 4 O O
O10 (i(l)’]/crg’l) 4.8 5.1
Oo1 {692y | 4.3 | 6.3
612 (ild]/csfﬁ 1.2 5.1

Table 1
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