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Abstract. The effect of field irregularity due to
meshes on tne ncies O a lower electrode in a parallel-
e a

tic analvzer for beam penetration, is

cnaracteristics are Ifound in cthe experiment. They are also
confirmed py numerical analysis. Criteria for the error
estimation are theoretically derived and found to be

e
consistent with the experiment,
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Since & pera’._el-plate elecrrostatic analyzerl) and a
cvlindrical mirvor aralyzer?) have the focus of the second

crcéer, their rescluiion c¢an be intrinsicaliy very high.
e effect of beam ceflection by the field irregularity due
e eiectrode for beam penetration, must be,

fully in order to get high resolution
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in ar energy analyzer. In order to reduce the effect of
s, the diameter of tne holes must be small or fine
meshes are usuaily placed on the holes. In the following
e entrance angle of the beam or a wide
input-siit is reguired, which means larger holes are
required, the effect of meshes is essential for a

measurement of particle energy with high resolution.



In order to detect a fine change of beam energy, the
effect of collisions of particles with a mesh on holes,
that is a shadow effect of the mesh, and the deflection of
a beam due to field irregularity at a mesh, must be
minimized. 1In a case of a fine mesh(20 wires/lmm for
example), it must be matrix-typed because of the mechanical
stability and rigidity. It has therefore, very low
Cransparency at an entrance angle of 30 degrees due to the
finite thickness of the mesh. In addition, local fields
near wires perpendicular to the axis ¢of the detector cause
small deflection in beam trajectories and induce errors in
the measurement of small changes of the energy.
Accordingly, a fine mesh may not be appropriate for a
measurement with very high resolution.

A& rather rough mesh wich wires parallel to the axis of
an analyzer does not suffer so much from the error due to
the deflection of & beam in the analyzer plane in a
measurement of the energy of particles and has very high
transparency. It is appropriate for the measurement of fine
change of the energy, but it has also a shadow effect if
wires are placed densely and the error due the deflection
of a beam into the direction perpendicular to the analyzer
plane. Accordingly, we have to make an appropriate choice
of a mesh. Data of analyzer characteristics of various
meshes are, therefore, very wvaluable.

Most of the previous discussions on the effect of
holes at the electrodes are limited to the effect of two-
dimensional slits, because the electric field in this case
can be rigorously solved by the confocal mapping3) or
expressed in the recursion formulas?). In case wide in-
plane and out-cf-plane injection angles are needed, we have
to use a number of fine wires as meshes on large holes
instead of simple rectangular holes for the entrance and
exit of the particles. In this case exact mathematical
formulas are difficult to obtain as a two-dimensional
problem.

The effect of circular heoles in a c¢ylindrical mirror

analyzer is theoretically discussed by L.Frank?®) . He found
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that a £focal point shifts due to the deflection of field
irregularities near the holes. In this experiment, a large
displacement of a focal point in a parallel-plate analyzer
and the disappearance of the second-order focus properties,
are observed even in the case of long wires on large holes.
These effects can not be explained in the 2-dimensional
analysis. In addition, three dimensional numerical analysis
is performed and qualitative agreement between the
numerical computation and the experiment is observed for
these effects. These results are very useful in the design
of meshes of a parallel plate analyzer for a precise
measurement of the energy of particles emitted from

extended source.
$ 2 Experimental setup

The analyzer used in this experiment is a parallel
plate analyzer with 30 degrees entrance anglel). Its
schematics and its physical size are shown in Fig. 10), 1t
ig designed to analyze a change of the energy of doubly
ionized thallium beam from the original energy of a singly
ionized beam injected intoc JIPP T-11U tokamak’’ as a part
of the heavy ion beam probe (HIBP). The injected thallium
beam has the energy up tc about 0.5 MeV. The amount of the
change of the energy corresponds to a local electric
potential in a plasma where ionization takes place8). The
doubly icnized thallium hits an entrance slit of the
analyzer at different positions and different entrance in-
plane and out-cf-plane angles as the place of the
ionization is swept across the plasma to get a potential
profile of the plasma.

It has a shaped upper electrode instead of guard rings
with a resistor chain in order to get very uniform electric
fiel1db, 2,10} Due to the photo-electron flow into the
guard rings under the intense irradiation of UV, VUV and
soft x-ray from hot plasmas, potentials of the guard rings
with a resistor chain changed considerably and a large

deformation of the electric field was observed in an
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analyzer of HIBP at TEXT tckamaklQ). Reduction of the
registance for reducing this effect causes, however, a
sericus problem of large heat generation in the resistors
which are placed at a very high potential in the vacuum. A
shaped electrode system is cne of the golutions to avoid
these problems. The vacuum vesgel serves as a boundary of
the electrostatic potential. The diameter of a coronal ring
1s numerically optimized for the maximum uniformity of the
field.

The detector is composed of two plates parallel to a
input slit. From a ratio of ion currents on the plates,
beam position and a small change of the energy is deduced.
In order to tune the detector to a focal point, it is
mounted on a precision slide-mount which slides in a plane
inclined by 30 degrees to the parallel plate. In addition,
the whole analyzer can be tilted in two directions in order
to scan in-plane and out-of-plane entrance angles of the
beam to the analyzer while the center of the input slit is
kept as a fixed point.

One of main characteristics of an analyzer is how a
beam position on the detector plates changes as a function
of an in-plane and an out-of-plane entrance angles of a
beam. It is conveniently described by a gain functicn of an
analyzerll). The gain is a ratio of the beam energy in the
unit of electron volt to the analyzer veoltage when a beam
hits just the middle between an upper and a lower detector
plates. The designed value of the gain of our analyzer for
doubly icnized particles ig 5 at the injection angle of 30
degrees. Theoretical gain curves with various distances (d)
of the detector plates from the center of the exit hole,
are simply described by a equation,

G(B,gg):Q_’-O Lt+(ci—hf /stO)cosQO —(hi+dcost90)cot9
2y sin26cos” ¢ »

where 0 is an in-plane entrance angle and 6 is the

entrance angle of 30 degrees, which is the angle of the
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2nd-order focussing. Qp 1s the charge number. @is an
entrance angle perpendicular £o the plane of analyzer.
Other quantities are shown in Fig. 1 and 2. The dependence
of gains on an in-plane entrance angle are shown in Fig. 3.
gince a fccal point is the point where the derivative of
gain with an entrance angle is zero, we can see in Fig. 3
that at a little smaller d(distance of detector), the
analyzer has two focal points of the first order. As d
becomes larger two focal points merge and become the
second-order focal point.

In this experiment, a 7 keV rubidium beam is injected
into the energy analyzer for the check of the performance
of the analyzer. Its trajectory lies almost on the symmetry
plane of the analyzer in order to check solely the effect
of the mesh. The size of the rectangular holes on the lower
plate is 4 cm wide and & c¢m long along the trajectory of
the beam for the entrance of the beam, and 10 cm wide and 8
cm long for the exit of the beam. In order to reduce the
irregularity of the field due to those holes and to avoid a
shadow effect of meshes, wires with diameter of 0.1 mm are
welded in the z direction(along the analyzer axis) every 2
cm apart (case 1), every 5 mm apart(case 2) and wires along
the x direction(perpendicular to the analyzer axis) with

every 3 mm digtance{case 3).
$3  Experimental results.

In the experiment, a injected beam is fixed and the
analyzer is rotated in order to scan an entrance angle of
the beam. During this scan the beam energy and the analyzer
voltage are fixed. The shift of a beam on the detector
plates is estimacted by a ratio of currents on the upper and
iower plates by the method discussed by Sclensten and
connorlili . The shift of the beam on the detector plates
agrees well with a simple theoretical estimate when an
analyzer voltage is changed by a small amount. The gain
function can be easily obtained as a function of an

entrance angle of the beam,
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The measured gain function in case 1{ wires 20mm
apart) is shown in Fig.4. The shift of a focal point is
found to be as large as about 4.8 cm in this case. Figure
5 shows the gain curves in the case 2 (5mm apart) . In
this case the shift is about 1.9 cm. It is clearly shown
that the shift of a focus point depends on the distance
between the wires. When the wires are closer together, a
focal point approaches to the theoretical one.

The deflection by field irregularities at the wires is
clearly cbserved, as is expected, when the direction of
wires is changed from parallel to the analyzer axis to
perpendicular to the axis of analyzer. In this case the
dominant deflection of a beam is in the plane of an
analyzer. Figure & shows beam currents of upper and lower
plates as functions of an in-plane entrance angle of the
rubidium beam in the case where wires are 3mm apart and
perpendicular to the analyzer plane(case 3). Since the
height of the input slit is 2 mm, the detector system(upper
and lower plates) is very sensitive to beam movement in the
analyzer plane. In Fig.6 we can clearly observe large and
rather regular ripples in the currents on the upper and
lower plates. Those fluctuate out of phase ag a function of
an in-plain entrance angle, meaning that it is due to the
deflection of the beam by the local fieid near the wires on
the entrance and exit holes. If it is simply due to shadows
of meshes, the ripples of the currents should be in-phase.

$4 3-dimensional numerical calculation

The 3-dimensional finite difference code with
rectangular grids and varicus grid distances, is used in
order to study the effect of field irregularity due to
wires. For simplicity the model analyzer is a rectangular
box with an upper high voltage plate and a middle earth
plate with holes and meshes and a bottom earth plate. As a
boundary condition, the electric field isg perpendicular to
the side plates. The error due to this simplification is
considered to be negligible and the effect of the wires
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will be clarified, since the beam trajectory in the
experiment is confined near the symmetry plane of the
analyzer and the diameters of the entrance and exit holes
are much smaller than the distance between the side plates.
Figure 7a, b show contours of the electric potential along
the x axis, at the middle of the entrance and exit holes in
case 1. Figure 7c shows the contours on the symmetry plane
of the energy analyzer in case 1. The concave
equipotential lines at the input and exit meshes in Fig. 7¢
induce a shift of a focus point, while concave lines in
Fig. 7a and 7b deflect a beam into the direction
perpendicular to the analyzer plane.

Trajectories of the beam is calculated by Runge-
Kutta-Gill method. The expanded view of the trajectories
near a focal point in case 1 is shown in Fig. 8. 2 very
large shift of a focal point is clearly observed in the
simulation, but the numerical computation gives nearly a
half of the shift observed in the experiment. The
difference in these shifts may be ascribed to the modelling
in a finite difference code. In the code, a wire ig
simulated only by fixing potentiale of a train of grid
points on the wire at the earth potential. Although the
distance between the grids around wires is reduced to as
gmall as 1 mm, it is much larger than the diameter of the
wireg. The wires used in the experiment have the diameter
of 0.1 mm in order to reduce shadow effect. Since a
potential changes considerably near the wires, this
modelling may induces errors and the difference in the
chift of a focus point. These errors may be reduced if we
reduce the distance of the grid points in the finite
difference method to about the radius of the wires.
However, because of the huge increase in the memory region
of the program, we could not run the program under this
condition.

The precise behavicur of the focussing properties is
obgerved in the gain curve of the analyzer. The calculated
gain curves for case 1 and 2 is shown in Fig. %a and 9b. In

fig. 9a we can also observe that the displacement of a
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focal point is about 2 cm in the numerical simulation. In
addition, when we compare gain curves in the ideal case(
Fig 3) to those of case 1, we can observe that the second-
order focus disappears . In the ideal case, this analvzer
has two focal points of the first corder at smaller
d({distance of detector) and they merge at certain d. These
trends disappear due to the effect of field irregularity at
the wires asg shown in Fig.9%a.

When we increase the diameter of the holes along the
analyzer axis on a lower electrode and increase the length
of wires keeping the distance between wires constant, the
amount of the shift of a focal point decreases. This means
that the shift of a focal point is due to the deflection of
the beam in the analyzer plane and is not due to weakening
the effective field intensity due to the holes.

Another feature in Fig. 9a,b is that the gain curves
merge at the same value at 30 degrees in the numerical
simulation, while in the experiment, gain curves do not
merge.at one entrance angle. In order to explain these
differences, the simulation code with more sophisticated
boundary may be required.

The dependence of the shift of a focal point on the
distance of wires of meshes is shown in Fig. 10. As the
distance becomes smaller, the focal point numerically

obtained approaches the theoretical focal point.

$5 Discussions

As is experimentally and computationally shown, the
distance between wires on the holes has a large effect on
the behaviocurs of a parallel plate analyzer. The distance
between wires parallel to the analyzer plane should be
determined by the error of the energy due to the deflection
of the beam by the wires into the plane perpendicular to
the analyzer plane. The wires perpendicular to the analyzer
plane induce large error as shown in Fig.6. Since the
precise evaluation of the optics of a mesh is rather

difficult, we want to derive the optics of a hole(circular
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and 2-dimensional) cr a slit with arbitrary injection angle
in order to get a rough estimate of the deflection angle of
a mesh.

The lens effect of a slit parallel te the analyzer
axis in the case of perpendicular injection is a standard
probleml2) and focal length can be described by

2.0v 2.0v

f=—2L =g b
QbE vaé (2%

where Qh, and Vp are the charge number and the energy of
the beam in the units of electron volt. E is an electric
field between parallel plates. In the case of the in-plane
entrance angle €, the focal length will be modified to

2.0v )
1———ilﬁn a
Q. .V
b 4 (3),

because the beam energy in the xy plane is Vbsin2(9).

In the case of the beam deflection into the out-of-
plane direction by a slit parallel to the axis of the
analyzer, the maximum deflection angle(Ag) of the beam due
to the elit or a hole is given by Ap=a/2f where a is the
opening of a slit or a hole. The error in a measurement of
an energy, Avp due to the deflection is given by

w2 2
A%—%fm(ﬁ@&), (4),

since the energy measured by an energy analyzer is from the
velocity aleong the analyzer plane.

A lens effect of a slit perpendicular to the analyzer
axis, is a little complex problem and may be obtained by
following the method discussed by L.Frank. It is found that
the focal length is the same for the case with a slit
parallel to the analyzer plane.

The error in a measurement of an energy induced by
this slit may be derived in the following way. The
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deviation of the cross point on the detector plates at the
ideal focus due to the lens effect of an exit slit, may be
given by hfcot (8)AD, where AB= sin(B)a/2f, if the
intrinsic deviation is assumed to be negligible because 8
is near 30 degrees and a parallel plate analyzer has good
focussing properties of the 2nd-order. The deviation due to
a lens effect of an input slit is hicot (8)A® by a similar
discussion. The maximum deviation may be the sum because we
want to simulate the case where there are actually many
small slits in exit and input holes and these effect are
random in phase. The error in the energy can be determined
by the total deviation on the detector plate and the energy

dispersion. The error in an energy may be given by

a(hi+hf)cot(9)
8H12 sin28

0V
AV =v (R2yZ
b Dby
(5).

Compared to the case with a slit parallel to the analyzer
plane, the effect of a slit perpendicular to the analyzer
plane is quite large as shown in Fig. 6, because AVp is
proportional to a/H] instead of (a/Hi)? in equation 4. We
have to use a very fine mesh to reduce this effect in spite
of the very low transparency at the entrance angle of 30
degrees, or wires parallel to the analyzer plane. The error
reduced by equation 5 and the one obtained in Fig. 6 agrees
within factor 2. Accordingly, these equation serves as
rough criteria for estimating errors in a parallel plate
analyzer with wires on the holes.

The eguation of focal length of a circular hole in the
parallel plate analyzer can be estimated from the
discussions at cylindrical mirror analyzerS) and can be

written in the form

4.0v
o] sin2 7]

b'a (6).
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The actual focal lengths derived by equation 3 and 6
are 1.25H] for a slit and 2.5H; for a circular hole in
case of the entrance angle of 30 degrees and the analyzer
gain of 5 for doubly ionized particles. Since these
distances are smaller than the total length of the
trajectory in the analyzer it can be easily understood that
a hole or a slit has a large effect on the focussing
properties of the analyzer. The main feature of these
equations is that a focal length is independent of the
opening distance of a slit or the diameter of a hole.
accordingly, the reduction of these effect may be obtained
by the use of a very small hole or a very fine mesh on a
large hole. Another solution is the use of wires parallel
to the axigs of the analyzer on a hole, taking into
consideration the error due to deflection into cut-of-plane
direction and a shift of a focal point. In this experiment,
a ratio of the distance of wires parallel to the axis to
the distance between wires is about 4 in case 1. It still
has large defocusssing properties. 1In case 2, the ratio is

16 and the change of analyzer characteristics is small.

$6 Summary

In order to reduce a lense effect due to holes in an
electrostatic parallel plate analyzer or a cylindrical
mirror analyzer, fine meshes may be commonly used for
input and exit holes of a lower electrode. Fine meshes are,
however, must be matrix-typed in structure and therefore
have very low transparency due to finite thickness in case
of an entrance angle of 30 degrees. In addition, it also
induces small energy ripple due to wires perpendicular to
the analyzer axis. Accordingly., & group of wires parallel
to the analyzer axis on the holes may be the best choice
for the extended source. In this case, the optimization
between the reduction of a shadow effect of the wires, a
displacement of the focal point, change of the analyzer

characteristics and the error induced by the deflection of
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a beam into out-of-plane direction, must be performed. In
this study, some data and design criteria for the selection
of distance between wires in a parallel plate analyzer,
which has a wide in-plane entrance angles and a slit with

large entrance width, are presented.
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Figure Captions

Fig. 1. Schematics of a parallel plate analyzer used for
this experiment. a) a cross-sectional view. Y axis is the
axis of symmetry and lies in an analyzer plane. b) a side
view of the analyzer. The detector moves along the dashed
line (30 degrees from the plane of electrode) on a
precision slide mount. ¥j = 10cm, Hp = 7.5cm, Ay = 25cm, S3

= 15cm. Ay = 1.675cm.

Figure 2.

Beam trajectory in a parallel plate energy analyzer.
Tt also shcws notations of various parameters of the
analyzer. (Lt,hf) is the ideal second-order focus point.
Lt = 64.95cm, hf = 7.5cm. hi = 10cm. A dashed line shows
the slope on which the detector slides on the precision
slide mount. The position of & detector is measured by the
distance{d) from the center of an exit hole on the detector

glide piane.

Fig. 3. Gain functions of an ideal parallel plate analyzer
at different positions of the detector plates (d). d= 10cm
is a theoretical focal point of the second order. d is
changed from 9.25cm to llcm by a step of 0.25cm.

Fig.4. Experimentally obtained gain functions with
different position of the detector plates. Wires are 2cm
apart ( case 1). The position is measured by the distance
from the center of an exit hole along 30 degrees slope to

the electrode.

Fig.5. gain functions with different position of detector

plates. Wires are 5 mm apart{case 2).
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Fig.6. Detector currents versus in-plane entrance angle in
the case where wires of meshesg on input and exit holes are
perpendicular to the analyzer plane and 3 mm apart (case
3). a) a current on the upper plate. b) a current on the

lower plate.

Fig.7. Equipotential lines calculated at various cross-
sections in case of wires 20 mm apart: a) contours cof
potentials in the plane perpendicular to the analyzer axis
at the middle of an input hole, b) contours at the middle
of a output hole perpendicular to the analyzer axisg, ¢)

centours in the analyzer plane.

Fig. 8. The expanded view of beam trajectories near a focal
point in case of wireg 20 mm apart. The ideal 2nd-order
focus focus point is (71.1, 5.0).

Fig. 9a,b. Calculated gain functiong with different
position of the detector plates. Wires are 20 mm apart for
fig. 9a and 10 mm apart for 9b. The position is measured by
the center of the exit hole along 30 degrees slope to the
electrode. The distance between wires in the input and

output meshes is the same.

Fig. 10. The dependence of the calculated shift of a focal

point on the distance between wires.
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