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Abstract

A succinct model is proposed to describe non-ideal characteristics owing to
electric field penetration into the drift region in actual parallel plate energy
analyzers. A good agreermnent has been obtained between the theoretically
expected and experimentally observed focus properties of the 30° parallel

plate analyzer.
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I. Introduction

The 30° parallel plate energy analyzer'? has been used in many fields of
science and technology due to its simplicity of the concept and the structure.
In the plasma diagnostics, it has been traditionally utilized as the secondary
beam energy analyzer of heavy jon beam probes(HIBP) since its second or-
der focusing property is indispensable to minimize the error caused by the
difference of the probing beam incident angle®~%).

Although the parallel transformation symmetry of the parallel plate an-
alyzer allows to predict the approximate characteristics with a simple cal-
culation, the experimentally observed characteristics have been reported to
be deviated from the ideal one. This may be ascribed to the incompleteness
of the electric field between the parallel plates of the analyzer. In this ar-
ticle, we present a model to describe the focusing properties of the actual
energy analyzer on the base of the beam trajectory modification caused by
the electric field penetration™ into the drift region, and compare it with the
result of calibration of the 30° parallel plate energy analyzer which has been
constructed as a part of a 200keV heavy ion beam probe (HIBP) on the
Compact Helical System(CHS).

II. Brief Review of Parallel Plate Analyzer Theory

The parallel plate energy analyzer, whose schematic view is shown in
Fig. 1, consists of the drift and the uniform electric field regions. The beam
energy is determined by measuring the horizontal range of the beam from the

entrance slit to the detector position. The range is also dependent, however,



on the analyzer voltage and the beam incident angle. The dependence of the
range on the beam incident angle should be as weak as possible for accurate
measurements of beam energy.

The horizontal distance L between the entrance slit and the detector in

Fig. 1 is expressed as
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where d, V, and V,, are the distance between the parallel plates, the top
plate voltage and the accelerator voltage, respectively, and the parameter
G(= Va/V,) 1s called as gain factor. The first and the second terms in
Eq. (1) represent to the ranges in the drift and the electric field regions,
respectively.

Under the condition that the geometrical parameter ay is constant, slight
changes of the gain AG and the beam incident angle A§ produce the hori-

zontal displacement AL represented as
AL(AG, AG) = AL(A®) + AL(AG) , (4)
where the explicit form of the second term 1s
ALIAG) = %AGdsin 20 . (5}

As for the first term, to minimize the beam incident angle dependence, the
following condition is imposed on the geometrical parameters of the analyzer;
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where 6 is the standard beam incident angle. Then the second and third

order differential coefficients are
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respectively. In the form of the Taylor expansion, the displacement is given

by
200cos38y , ., 284 cos 28,
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AL(AD) = AP 4. (9)

The condition of L[908 = &*L /86 = 0 is realized when Fy = 4o, 0y = 30°.
The 30° paralle] plate energy analyzer, therefore, owns the desirable focusing
property of beam injection angle and a wide acceptance angle. It follows that
uncertainty in the beam incident angle gives a minimum error to accurate

beam energy measurements.

IIL. Experimental Derivation of Beam Incident Angle Dependence

of 30° Parallel Plate Analyzer

A. Split Plate Detector

The split plate detector in Fig. 1b has been used for the energy analyzer
of heavy ion beam probes since the detector has a sufficient sensitivity to a
small beam displacement. The beam displacement on the split plate detector
1s measured as the difference between the beam currents of the top and the

ground plates. If the beam current profile is uniform, the detected current



difference is related to the displacement Az as
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where i1, ip and w are the currents on the top, the ground plates, respec-
tively, the entrance slit width, and £ is called here as the beam displacement
parameter. Corresponding to Eq. (4), the beam displacement parameter is
divided into two parts;
E(A8, AG) = £{A8) + E(AG)
_ 2AL{Af)sinb 4 2AL(AG)sind -

w w

B. 30° Parallel Plate Energy Analyzer for CHS HIBP

A 30° parallel plate energy analyzer has been constructed for a 200keV
heavy ion beam probe on the Compact Helical System(CHS). The energy
analyzer’s geometrical parameters in Fig. 1 are d = 7dmm, by = hy =
5d/8 = 46.9mm, and the gain factor is designed to be 5 for secondary beams
(g = 2), hence B = 5. Figure 3 illustrates the top and the ground plates;
the ground plate has the beam entrance and exit holes, and the top plate
also has a larger hole to make UV light from the plasma go through to avoid
voltage break down. Wires of 0.Imm diameter are strained every 5mm on
these holes in order to diminish the electric field penetration into the field
free regions.

Before installing the analyzer on the CHS, the analyzer’s property was

examined using a Lit beam. The split plate detector of the analyzer is



movable along the line AA’ in Fig. la to be adjusted at the exact focus
point. In order to adjust the beam entrance angle, the energy analyzer has
a mechanism to rotate itself around the entrance slit to #-direction. This
system permits us to investigate the dependence of the beam displacement
parameter on the beam incident angle £(A#).

When the Lit beam is accelerated to 10.000keV, the necessary analyzer
voltage to obtain £ = 0 is 4.112keV within a precision of our voltage measure-
ment. Thus, the actual gain is 4.864 for secondary beam (q = 2), which is
2.7% smaller than the designed value of 5.0. Figure 3 indicates the experimen-
tal angle dependencies of £(A#) for three different detector positions. When
hy = 52.0mm, the dependence has a flat region around A = 0, which is con-
sistent with that it has no zero component proportional to A in the Taylor
series. This means that the focus point is extended by Ao = a—ap = 5.1mm.
The open squares and circles in Fig. 3 indicate the dependencies when the de-
tector is located around focus by about £ = 0.1 ~ 0.2 mm, —0.1 ~ —0.2mm,
respectively. The displacement of the detector by e/ap = 1.7 ~ 3.3% gives
a significant change of the focus property, thus, the detector location should

be carefuily determined.

IV. Model of Non-Ideal Parallel Plate Energy Analyzer

A. Modified Trajectory Model
In an actual parallel plate analyzer, a clear boundary does not exit be-

tween the drift and the electric field regions. The electric field should pen-



etrate into the drift region and should not be completely uniform between
the plates. After the beam passes through the entrance aperture, the beam
should suffer a small downward acceleration in the drift space due to the
leakage field which becomes stronger as closer to the boundary, and it results
in the gradual beam deflection in the drift space.

In our model, it is assumed that the deflection should occur at the bound-
aries between the drift and the electric field regions, and that the beam should
experience the same amount of deflection in the entrance and exit boundaries.

Then, the modified trajectory is written as

I = x

" tan

p + Bsin2(8 + 60) , (12)

where 68 is the deflection angle which should have a small negative value.
Owing to the field penetration, the electric field generated between the paral-
lel plates should be weaker than the ideal value of E{(= V,/d). By introducing
another parameter d.g to describe this effect, the net electric field is expressed

as Eog = V,/deg. The parameter 8 is reformed into

2
ﬂ = ‘q‘Gmoddeﬂ' s (13)

where Gea is the modified gain factor.

In the modified trajectory theory the focusing condition of first order is

aL o
= )y =0. 14
50 70 +28cos2(f + 60) =0 (14)

Since the detector is restricted on the line AA’ in Fig. 1, the horizontal range
of the beam in the electric field region should be the same as that of the ideal
case, hence,

Bsin 2(8, + 66) = Bosin 26, . (15)



It follows from Eqs. (14, 15) that the geometrical parameters « and /3 are

obtained as
Zﬁo sin2 60 sin 290 COs 2(90 + 50)
a= -
sin 2(6p + 66)
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 sin2(6p + 89)

(16)

(17)

Since a negative deflection angle (660 < 0) gives a longer a than ag, the
beam deflection should cause an extension of focus length. Insertion of our
analyzer’s experimental values of Gy = 4.864, o = 52.0mm into Eqgs. (16, 17)
yields the parameters 60 = —0.67°, deg = 78.2; dog/d = 1.042. The electric
field is actually 4.2% weaker than the ideal value.

This modified trajectory theory can predict the beam displacement pa-
rameter as a function of the beam incident angle, and here we generalize it
to the case with the detector located out of focus. Assuming a = ag+déa+¢,
where éa, € are the distance of focus point from the ideal one, the distance

from the focus point, respectively, the differential coefficients are given by
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where in the reduction we utilize the relation of Egs. (14,15). Thus, the
horizontal displacement is

(o3
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sin® 8, +

(21)
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When Af, = 30°, the above formula gives
AL(AB) = 468 — 4v/3(6a + €) A + 16aA8° + - ... (22)

Thus, a finite extension of the focus length should break the second order
focusing condition which will be achieved in the ideal 30° parallel plate ana-

lyzer.

B. Comparison with Experimental Results
Using Egs. (10, 21), the present model deduces the dependence of the

displacement parameter on the beam incident angle as

_ 2sind € 28cos3b; cosby 2
{A) = w {MAB - ( sin #g sin® g, (6o + 6)) Ad
a
AP+ - } , 23
* sin? fg T (23)

where § = 8,4+ Ad. Figure 4 shows the experimentally obtained angle depen-
dence of £,,(A#8), and the theoretical ones expected from the ideal Eigeat(AAD)
and the modified theory £mea(A8). The ideal and modified dependencies in

the form of polynomial expansion are
Eigeat( AB) = —1500A6° + - - -, (24)

Ermoa( A0) = 36A07 — 1521A6° + - | (25)

respectively, where ¢ = 2 and the slit width of our analyzer w =1mm are
substituted. On the other hand, using the least square fitting method the

experimental angle dependence is expressed as

Eexp( D) = 25A0% — 1522A6° +- - (26)



The predicted dependence, therefore, is quantitatively closer to the exper-
imental result than the ideal one. It should be notified that the relative
value of the beam incident angle is measured to an accuracy of 0.04°, how-
ever, the angle of f, = 30° is determined with an uncertainty of less than
0.25°(~ 0.004rad). Figure 5 demonstrates the comparison of the dependen-
cies predicted from our model with the experimental ones when the detec-
tor is located out of focus. In deriving the theoretical curves we assume
efd = +0.15/75 since the detector position was not measured in sufficient
precision. However, a qualitative agreement can be seen in the behavior of

the curves.

C. Gain Curve Derivation

For the practical use, the acceptance angle window is characterized by
the gain curve whose definition is to satisfy AL = AL(Af) + AL(AG) = 0.
By substituting ; = 30°, the combination of Eqs. (5-9) yields the explicit

form of the ideal gain curve as

AL
Gideal(A8) = Gigea(0) — qusinA;B (27)
= Gideat(0) + —=(20A6° 4 - ) . (28)

V3d

The flat region of this curve can be recognized as the acceptance angle win-
dow of the analyzer. On the other hand, since in our model the horizontal

displacement due to the change of gain is

AL(AG) = 2AGd.gsin2(0 + A) | (29)
q




the gain curve at 6 = 30° 1s written as

oot (A0) = Gnoa(0) g

+ 435000 + (20 + 1650)AF 4 - -
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(30)
where 8 = 6y, + Af, and ¢ = 0 is assumed. Compared with the ideal case, a
finite second coefficient of A§? owing to an extension of the focus makes the
acceptance angle window narrower.

The gain curves based on the ideal and our model can be related to the

displacement parameter £(Af) as

quw{(A9)

Gmad(A9) = Cmoa(0) — Ad.gsin2(0 + 866)sinf ’ (31)
, _ _qw(A8)
Giaeat( A0) = Giaea(0) = 4dsin20siné ’ (32)

respectively. Figure 6 shows the gain curves calculated with the above for-
mulae. The theoretical curves are derived with the condition of Gige(0) =
Gmoa(0) = 4.864. Note that the gain curves are calibrated for the secondary
ion beams (g = 2) for the heavy ion beam probe application. Both experi-
mentally derived curves do not have so much difference, while the modified
gain curve has, as similar to the case of the displacement parameter, a good

agreement with the experimental ones.

V. Concluding Remarks

The present model can describe successfully the experimental focus prop-
erties of the 30° parallel plate energy analyzer. The extension of the focus
length and the deviation of the focus properties from the ideal one should

be ascribed to the beam deflection near the boundaries between the electric



field and the field-free drift regions. A more complicated computer simnlia-
tion of the beam trajectories in the electric field calculated with the boundary
element or the finite element methods will also give a possible and more com-
plete explanation to the displacement of the focus position and the non-ideal
characteristics of the angle dependencies. However, our simple treatment is
sufficient to interpret the experimental results, and the conciseness of the

model is suitable for a practical use.
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Figure Captions

Fig.1: {a)Schematic view of the Proca and Green type analyzer. (b)Split

Plate detector.

Fig.2: Top and ground plates of the 30° parallel plate energy analyzer for
CHS HIBP. The length is measured in the unit of mm.

Fig.3: Experimentally obtained focus property of the 30° parallel plate en-
ergy analyzer. The close circles represent the beam displacement pa-
rameter £ as a function of the beam incident angle Af when the de-
tector is located at the focus point, and the open squares and circles
represent the ones when the detector is located around focus by about

€ =0.1~0.2 mm, —0.1 ~ —0.2mm, respectively.

Fig.4: Comparison of the experimental dependence of the beam displacement
parameter on the beam incident angle {(A#) with the ones predicted
from the ideal and the presented models. The open circles mean the

experimental values.

Fig.5: Comparison of the experimental focus properties with modified ones
when the detector is located out of focus. The open and close circles
represent the ones when the detector is located around focus by about
€ =01 ~ 0.2 mm, —0.1 ~ —0.2mm, respectively. In the theoretical

curves £/d = £0.15/75 is assumed.

Fig.6: Experimentally derived gain curves and theoretical ones based on the

ideal and the modified theory.
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Fig. 6
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