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In this work, the partition noise and the electronic noise of the Vernier anode are thoroughly analyzed based on the
theory of statistical variation and error analysis. A new method calculating the inter-electrode capacitance of the
Vernier anode is proposed, and the electronic noise’s effect is discussed in detail, which is useful for the optimal
design of a Vernier anode in the induced charge mode. The calculated results of the inter-electrode capacitance for a

0.891 mm period Vernier anode are in good agreement with the measured results.
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1. INTRODUCTION

Photon-counting imaging detectors with a microchannel plate
(MCP) and a position-sensitive anode have been widely used
in low-light-level image fields such as UV astronomy [1] and
far-UV ionosphere remote sensing [2] due to their capability
of detecting an extremely faint light signal. These detectors
employ photocathodes and MCPs to convert a photon into
a charge cloud. The charge cloud’s centroid position, which
corresponds to the coordinates of the incident event position,
can be measured by the readout electronics. The position-
sensitive anodes can be classified into two kinds: one is the
discrete anode [3], which identifies the event position digitally
with a high count rate but with a low spatial resolution, and the
other is the continuous anode [4,5], which gets the event po-
sition in analog mean with a high spatial resolution. The charge
divided anode, as a kind of continuous anode, though, is rate-
limited compared with highly parallel systems, but can achieve
a very high position resolution [6,7].

The Vernier anode, as a kind of charge divided anode, has
been proved to be able to achieve a spatial resolution of better
than 0.01 mm in the induced charge mode [8]. It is well known
that the spatial resolution of the charge divided anode is totally
determined by its partition noise and electronic noise [9,10].
The partition noise is caused by the statistical variation of the
charge cloud due to the divided electrodes and therefore is re-
lated to the anode’s structure and the charge cloud’s distribu-
tion. The electronic noise arises due to the charge sensitive
amplifier (CSA), which influences the measurement of the sig-
nal and hence the event position. It is related to the capacitive
load, which corresponds to the inter-electrode capacitances [9]
of the anode. There have been numerous publications to
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discuss the noises [10,11] and the capacitance of the WSA
[9,12,13]. However, so far there has been no public report to
discuss the noise and the inter-electrode capacitance of the
Vernier anode. In addition, all previous work regarding the
inter-electrode capacitances [12] only discusses the case in
which the electrode strips have the same width, which leads
to inaccuracy in calculating the inter-electrode capacitance.

In this work, the partition noise and the electronic noise of
the Vernier anode are derived in theory, and the optimal charge
cloud’s width is proposed by simulating the effect of the charge
cloud width on the decode algorithm. At the same time, an
approach is proposed to calculate the inter-electrode capaci-
tance of the anode. The results are helpful for those who want
to design a Vernier anode with high spatial resolution.

2. PARTITION NOISE OF THE VERNIER ANODE

Figure 1 shows the structure of a Vernier anode with nine elec-
trodes that constitute two pitches on a plane. A pitch is grouped
into three triplets, A, B, and C. Each triplet with the same
width is divided into three electrodes by two sine insulated
gaps. The nine electrodes in each pitch are connected to their
corresponding pads by bonding wires. The widths of the three
electrodes A, A, and Aj in a triplet can be expressed by

a = g ~+ m sin(6,),

2
a, =§+ m sin(@A —371),

4
a3=§+msin(9A—g7r), (1)


http://dx.doi.org/10.1364/AO.54.006904

Research Article

Vol. 54, No. 22 / August 1 2015 / Applied Optics 6905

A pitch - =

S —
a triple
YI r
W
EA?RZ B; C, C, G
0] X

Fig. 1. Schematic of the Vernier anode with two pitches.

where p is the width of a pitch, 7 is the sinusoidal amplitude,
and 04 is the A triple phase along the horizontal axis.
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2 cos 0,6Q 4, + <\/§ sin 84 - cos 9A)5QA2 - (cos 0,4+ /3 sin HA)(sQA3

By using MATLAB 7.5 software, a program is edited to
simulate the effect of the charge cloud width on the decoding
algorithm (2). In the program, the charge cloud distribution
shown in Eq. (3) is used, and the charges deposited on nine
electrodes are computed by the numerical integration.
Therefore, the only decoding phase 0,4, 05, and 0, can be
calculated by Eq. (2) to determine the only corresponding de-
coding coordinates for any given position. Figure 2(a) shows a
group of the calculated decoding positions for a group of given
positions when the charge cloud covers one and two pitches,
respectively. Figure 2(b) also shows a group of calculated de-
coding positions for a group of given positions when the
charge cloud covers three, four, and six pitches. It is shown
that when the charge cloud covers no fewer than three pitches,
the calculated decoding positions agree well with the given
ones.

B. Partition Noise of Vernier Anode

Here the triple A is taken as an instance to calculate the par-
tition noise. Differentiating Eq. (2) and combining it with
Eq. (1), one can get the following expression:

(4)

For the Vernier anode, the charges deposited on all elec-
trodes are proportional to the electrode’s area covered by the
charge cloud. Assuming that Qg4;, Qg4,, and Q43 are the
charges collected on electrodes A, A,, and A3, the triple phase
04 can be expressed as follows:

2Qu - Qu2 - Qus
V3(Qu3- Q) |

)

6, = arctan

03 and 0, which represent the phase of triple B and C, can
be expressed in the same form as 04, respectively. With 6 4, 63,
and 6 together, one can get the charge cloud’s centroid posi-
tion. Because the width of the charge cloud falling on the anode
can influence the charges collected on the electrodes, it is nec-
essary to optimize the width of the charge cloud for the Vernier
anode in order to get high spatial resolution.

A. Optimal Charge Cloud’s Width for Vernier Anode
So far, many models [14,15] for the charge footprint distribu-
tion have been proposed. It is shown that the real charge dis-
tribution is in the Gaussian form [6] and can be given by the
following formula:

QX — Qtotal exp |- (X - XO)Z + ()/ _.)/0)2
7 o2 202 ’ @)
o =r/[2.75,

where Q. is the gain of the MCP stack, (xg, y,) is the charge
cloud’s centroid coordinate on the anode, and 7 is the radius of

the charge cloud.

3 Q(oral %

Because the collected charge on the electrodes is a random
partition noise process governed by statistical variations, the
parameters Q 41, Q 4, and Q43 in Eq. (4) represent the stan-
dard deviation of the charges falling on electrodes 4,, 4,, and
As. According to the definition of the standard deviation, the
electrons falling on electrode 4, make no contribution to 4,
variance and the electrons falling on electrodes A, and A3 or
other electrodes make contributions to A; variance.

Assuming that the charges deposited on electrodes A, 4,,
and A3 have a Gaussian distribution as in Eq. (3), the proba-
bility density function g(x, y) can be expressed as

_ 1 (x-x0)” + (o -3)°
g(x:)’) - Gm exp |- 262 ) (5)

o =r/2.75.

Based on the conclusion in Section 2.A, the charge cloud
should cover no fewer than three pitches in order to obtain
the exact decoding positions. So Q 4y, Q4,, and Q43 are the
sums of the standard deviations of the charges falling on elec-
trodes Ay, A,, and Aj for every pitch that the charge cloud
covers. Q 41, Quz, and Q43 can be expressed as

0Qq = ZéQAIJ"
i=1

Q= ZfsQAz_p
i=1

0Q 5 = Z(SQ/B_;‘) (6)
i=1
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where Q41 ;> Q4o ;> and Q43 ; are the standard deviations of
the charges falling on electrodes A}, A,, and A5 in the ith pitch.

Figure 3 gives a schematic of the charge cloud covering 7
pitches. In Fig. 3, the red circle represents the charge cloud,
and (x, y,) are the centroid coordinates of the charge cloud.
Ay 1, Ay 15 A5 15, Ay, Ay, and A; |, represent the electrodes
that are covered by the charge cloud. And y, 1,7, 1,75 1> 4 1>
V1w V2w 3 and y4 , represent the coordinates of the insu-
lated gaps in the y direction.

The standard deviation of the charges collected on the elec-
trodes A,, A,, and A3 from the first pitch to the nth one shown
in Fig. 3 can be expressed by the following equations:

5QA1_1 =

different charge cloud’s width, and d for different Q when
» = 0.891 mm, p/m = 18. It can be seen that the value of 664
is dependent on the pitch width, the ratio of p to m, the gain of
MCP stacks, and the charge cloud’s width.

3. ELECTRONIC NOISE OF THE VERNIER
ANODE

The electronic noise from CSA is the other factor affecting the
spatial resolution of the charge divided anode, which influences
the event decoding position. The electron noise level is mainly
determined by the capacitive load, which corresponds to the

—r4p [¥oT A/ 7=(-55)
Q[otal J;’o “Ja1

1/2

0 -9,1)°g(e pdxdy|

%04/ 7 =(20)?

0 Y21 [Xot A/ 7] 1/2
50, 0 });-;11 fo JT;;Z (- 1.1)°g(x y)dxdy
21— total Yo-r+p ]‘XO"F»\/ ‘(}’ J’o)z ()/—)/3 1)2g(x,y)dxd), >
JYor3 xo_m _
131 X0t AL7-0-70 T 1/2
50 0 H L oo y)z (y-73.1)°g (% y)dxdy
A3_1 = total 5
N 07+ 5ot/ 7= 00) 2
I K’f e 0212 )dedy |
(7)
r X0+ A/ 7= 1/2
6QA1_71 = | Quoual ;:?—;—Lr—yz ,f \/% ()’ -Ja n)2 (x, )dxdy ,
[ otr 2n X0t A/ 2-(y 7] 1/2
50, Q y]ﬁrfyyl o fo \/Tyy)oz (- y1_)7g(x y)dxdy
2n = total >
- o+7 x0+\/’" (7
yyoJrryanfxO_\/Ty)z 0 -3 g(x»)’)d-xdy
+r-y3 , xo+ A/ -0 T 1/2
50, 0 yyfw SN \/77;}— (7 - 73.,)g (0 y)dxdy
3 = total
B +7 xo+ /7~y
yyoOJrryz. fO\/Tyy;z 0 -y4 n)zg(x)}’)dXd)/

Combining Eqs. (4)-(6) with Eq. (7), one can get the phase
change due to the partition noise:

00, = 3—m thalf (04), @)
where
f(@4) =2 cos 0,6Q,4, + (\/?; sin 6, - cos HA)éQAz
- (cos 0, + /3 sin 6’,4)5(2,43. (9)

Combining Egs. (7), (8), and (9), one can see that the par-
tition noise of a triple phase is determined by the gain of the
MCP stack Q> the ratio of p to 7, and the value of £(6,),
where f(6,) is related to the anode’s structure and the charge
cloud’s radius.

Figure 4(a) shows 664 as a function of 8, for different p/m
when p = 0.891 mm, 4 for different p with p/m = 18, ¢ for

inter-electrode capacitance of the anode [9]. It can be repre-
sented by

N =Ny+N,C, (10)
where NV is the equivalent noise charge (ENC) of a CSA with
zero capacitive loading, IV, is its ENC slope (the root mean
square charge per unit capacitance), and C is the capacitive
load. In the following, a method to calculate the inter-electrode
capacitance and the influence of the electronic noise on event
decoding position will be given.

A. Method to Calculate the Inter-Electrode
Capacitance

The Vernier anode is manufactured by using a laser micro-
machining method to ablate the metal film (Cu or Al) with
a thickness of 0.002 mm sputtered on an insulating substrate
(quartz or ceramics). Thus there is capacitance between the
neighboring electrodes due to the insulation gap. A section of
the two neighboring electrodes A; and A, in a triplet is shown
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Fig. 2. Calculated decoding position when charge cloud covers
(a) one to two pitches and (b) no fewer than three pitches for a group

of given positions.

in Fig. 5, where ¢ is the width of the insulation gap, and #; and
a, are the widths of electrodes A; and A,, respectively. A
Vernier anode with 7 periods has 7 triplets, and all of them
are connected by bonding wires. Hence the total inter-electrode
capacitance between electrodes A, and A, is 7 times the capaci-
tance between electrodes A and A, in a triplet, which is shown
in Fig. 5.

Normally, compared to the electrode width and the insula-
tion gap width, the thickness of the metal film can be ignored.
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Fig. 3. Standard deviation for triple A.
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X
Fig. 5. Section of the neighboring electrodes, 4, and 4,.

By using the Schwarz—Christoffel transformation [16], the unit
length of the inter-electrode capacitance between electrodes A;
and A, in a triplet can be obtained as follows:

Co = 2eK (k) /K (k) (11)

where K is the complete elliptic integral of the first kind.
Parameters 4, and £, are defined by

[ @+ a-g9g 1172
k= [(ﬂl +a; - 2g)4j ’ (12)

k= /1-# (13)

where e.¢ is the effective permittivity and can be expressed by
e = €(1 +€)/2, (14)

where € is the relative permittivity of the substrate.
The total capacitance between the neighboring electrodes
Ay and A, can be given by

L
C = 2em / KD /K (k) (15)
0

where L is the length of the Vernier anode along the x direction.

Figure 6(a) shows the total inter-electrode capacitance C
varying with the ratio of p to 7 for a Vernier anode with param-
eters L = 38.313 mm, » = 43, € = 3.6, and g = 0.025 mm.
Figure 6(b) shows the relationship between the insulation gap ¢
and the capacitance C. As can be seen, the capacitance is
insensitive to the value of p/m but sensitive to the gap width
and the pitch width. The larger the gap width, the smaller the
total inter-electrode capacitance and the charge effective area.
The smaller the pitch width, the smaller the capacitance.
However, the manufacturing of the anode becomes more chal-
lenging. The use of a substrate with low permittivity such as
quartz and the reduction of the period number also help to
reduce the inter-electrode capacitance effectively.

By using Eq. (15), one can also get the capacitance value
between the other two neighboring electrodes. To prove the
validity of the above method, a Vernier anode was fabricated
by using a femtosecond pulse laser to inscribe the 0.002 mm
thick Cu film on a quartz substrate, which is shown in Fig. 7.
The parameters of the fabricated anode are shown in Table 1.
Table 2 shows the measured inter-electrode capacitances and
the calculated values. The calculated values in Table 2 contain
the capacitance between bonding wire pads, which is about
2.17 pF, and the influence of bonding wires is ignored. The
average deviation between the calculated and measured values
is less than 6%, which is much smaller than that of 17% by
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Fig. 6. Calculated inter-electrode capacitance between electrodes

Ay and A, (a) with different pitch width and (b) with different insu-
lation gap.

employing the previously reported method, which only consid-
ers the strips with equal width in WSA [12].

B. Electronic Noise
Assuming all the ENCs of electrodes A;—A4; from their inter-
electrode capacitances are N4, Ny, and Ny;, the total

Fig. 7. Photograph of a 38 mm x 38 mm Vernier anode made in
copper film on a quartz substrate.
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Table 1. Design Parameters of the Vernier Anode

Width of period (p) 0.891 mm
Number of period () 43

Length in x direction (L) 38.313 mm
Width of insulation gap (g) 0.025 mm
Sinusoidal amplitude () 0.05 mm

Substrate relative permittivity (€) 3.6
Wavelength in x direction (4,) 5.47 mm

Table 2. Comparison of the Calculated Values with the
Measured Ones for All the Inter-Electrode Capacitances

Electrode Calculated (pF) Measured Value (pF)
Ay, A 84.8 85.8
Ay, A, 82.6 87.2
A;, B, 84.9 88.8
B, B, 84.7 88.3
B,, B, 80.0 84.2
By, C, 84.8 89.1
C, C, 84.7 86.8
C,, C, 82.7 87.8
Cs A 81.8 84.6

charges fed to the CSA for the three electrodes are Q 4; + NV 41,
Qu + N 4, and Q43 + N 43. Then based on Eq. (2), one can
get the triple phase 6 4; of the charge cloud’s centroid position
due to electronic noise as follows:

tan 04, = 2(Qu1 + Na) - (Qua + Np) - (Quz + Na3)
Al \/g(QA3+NA3—QA2_NA2) '

(16)

The ideal triple phase 04, of the charge cloud’s centroid
position can be represented by

2Q41 - Qw2 - Qs
V3(Qu3-Qn)

Then the deviation of triple phase 6 4; to 8 49 can be given by

tan 64, = (17)

tan 64, - tan 64,

do, ~ do,) =
e & tan(d0.) 1 + tan 04, tan O

o Pl
ETO

= V/3(N 43 = N 4) sin 0,4]. (18)
Combining Eq. (18) with Eqgs. (1) and (10), one can get

p/m
do,~
3Qt0tal
~V3(Cus 51~ Cay_ap)siny]. (19)

Here Ccs 41> Ca1 42> Caz 43> and Cyz gy represent the
capacitance between Cj, Ay, Ay, A;, and By, respectively.

Figure 8 gives the deviation of the triple phase for different
p/m, MCP gain, and ENC slope.

According to Eq. (19) and Fig. 8, one can see that the
deviation of triple phase 46, is proportional to the value of
p/m and the ENC slope, and is inversely proportional to the
gain of MCP stacks. At the same time, it is relative to the differ-
ence of inter-electrode capacitances.

[N 41 = N 45 = N 43) cos 0,

NJ[Q2Ce3m+Chioaa-2Cup_a3-Cas_p1)costy
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Fig. 8. Deviation of triple phase (a) for different p/m, (b) for differ-
ent MCP gain, and () for different ENC slope.

4. SPATIAL RESOLUTION OF THE VERNIER
ANODE

Generally, the factors that mainly determine the Vernier anode
resolution include the partition noise and the electron noise.
The position coordinates [17] of the charge cloud’s centroid
can be expressed as
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=l As
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9}’
y =yt md, (20)

Here 4, and 4, are the resultant phases of x and y wavelength,

respectively, 0, and 0, are the resultant phases corresponding to

a wavelength cycle, and 7, and m, are the whole numbers of
wavelength corresponding to the x and y positions, respectively.
Figure 9 shows a sketch of the event coordinates in the
x—y plane.

The relationship between ¢, and m,, ¢, and m, can be

expressed by
2nm, + 6, = 0, + Op,
2zm, + 0, = O + Oc. (21)

Here 64, 03, and 6 are the phases of triplets A, B, and C,
respectively.

The extremely tiny change of 64, 0, and 6. strongly
influences 0, and 6, but has nearly no effect on m, and m,.
Therefore 7, and m, can be considered as constants in this case.

By differendating Eq. (21), one can get the following expressions:

dx = A—xdl?x = e (d8, + dbp),
2 2r
d —A—ydﬁ —A—y(dﬂ +do.) (22)
r= 270 7T 2; B ¢
According to Egs. (8) and (19), one can get the FWHM
resolution due to partition noise and electronic noise in the

x—y plane, respectively. The total resolution of the Vernier
anode in the x—y plane can be expressed as

R = \/R(PN)*> + R(EN)~ (23)

5. OPTIMIZATION OF THE VERNIER ANODE
AND DETECTOR CONFIGURATION

We have developed models to investigate the essential factors
influencing the spatial resolution of the Vernier anode. The op-
timal anode configuration and detector operating parameters are
predicted as follows in order to achieve better spatial resolution.

A. Maximize the gain of MCP stacks.

The partition noise is inversely proportional to the value of
+/ Q.owl> and the electronic noise is inversely proportional to
the value of Q. Increase in the gain of MCP stacks can
strongly improve the spatial resolution.

B. Minimize the pitch.
Both the partition noise and the electron noise are proportional
to the pitch width. At the same time, decrease in the pitch can
reduce the capacitance of the Vernier anode. Hence the width
of the pitch should be decreased as much as possible.
Because there are nine insulted gaps included in a pitch,
mechanical errors in the pattern fabrication increase propor-
tionately as the pitch is reduced. And the wire bonding tech-
niques that can make electrical interconnections limit the
average electrode width to ~0.075 mm.

C. Maximize the ratio of the pitch to the electrode
sinusoidal amplitude.

Similatly, the partition noise, the electron noise, and the capaci-
tance of the Vernier anode are proportional to the ratio of the
pitch to the electrode sinusoidal. Hence the ratio of p to m
should be decreased. When the pitch width is fixed, an increase
in the electrode sinusoidal amplitude can maximize the ratio.
But the minimum electrode width between two insulted gaps
should not be smaller than 0.03 mm in order to prevent the
connection between the neighboring electrodes.

D. Generate suitable charge cloud width.

Increasing the charge cloud width can increase the partition
noise. But a too-small charge cloud width can lead to severe
imaging distortion. The simulation of the charge cloud width
on the decoding algorithm of the Vernier anode gives the small-
est charge cloud width, no fewer than three pitches of the
Vernier anode.

6. CONCLUSION

In summary, this paper presents a theoretical method to deter-
mine the partition noise, the electronic noise, and the inter-
electrode capacitance of the Vernier anode. It is apparent that
both the partition noise and the electronic noise are related to
the MCP stacK’s gain, the pitch width, and the ratio of the pitch
width to the electrode sinusoidal amplitude. Increasing the
MCP stack’s gain and the p/m ratio can raise both the partition
noise and the electronic noise. Meanwhile, the partition noise is
related to the charge cloud’s width. The larger the charge cloud,
the greater the partition noise. Based on the simulation of the
charge cloud width on the decoding algorithm of the Vernier
anode, the optimal charge cloud’s width should be three pitches
of the Vernier anode to avoid modulation effects for smaller
width and more partition noise for larger width. Because of
the structure and the decoding method of the Vernier anode,
the effect of electronic noise on the resolution mainly depends
on the differential of electronic noise among three electrodes in
a triple. The calculated inter-electrode capacitance by using the
Schwarz—Christoffel transformation is in reasonable agreement
with the experimental one. Low capacitance can be achieved by
reducing the pitch width and increasing the inter-electrode
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width. These results are preferable for one to design the
Vernier anode.
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