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Abstract—

We report here experimental results relating X-ray
interaction location and event splitting. The X-ray
interaction location can be localized at subpixel scale
using the mesh technique. We found that the center of
gravity of the split event is well-correlated with the X-
ray interaction location. We analyzed the data using
two models for the charge cloud shape: one is the Rect-
angular model and the other is the Gaussian model.
Although we could not distinguish between these mod-
els, we measured a root-mean-square charge cloud size
of | ~ 2um for X-rays of Y-L (1.9 keV), Ag-L (3.0 keV)
and Ti-K (4.5keV). When the X-rays enter near the
pixel boundary, the charge splits into adjacent pixels,
allowing determination of the X-ray interaction loca-
tion with an accuracy of 1.5 ~ 2.2um. We, therefore,
expect that the X-ray CCD can function as an X-ray
imager with subpixel resolution, which will be espe-
cially useful in applications invelving very high spatial
resolution optics.

Keywords— charge-coupled-device, mesh
ment, sub-pixel resolution, charge cloud shape

experi-

I. INTRODUCTION

HE direct X-ray photon detection charge cou-

pled device (CCD) has become widely used in
X-ray astronomy [1]. It has medium energy resolu-
tion and good spatial resolution. The spatial res-
olution is primarily determined by the pixel size.
There are several satellite programs employing the
CCD as an X-ray photon count detector: ASCA [2],
AXAF [3], [4], XMM [5], [6], ASTRO-E [7], JET-
X [8], ABRIXAS [9], [10]. Table I summarizes the
CCD characteristics used for them. The image size
given by the product of the focal length and the half
power diameter is also listed.

When an X-ray photon enters the CCD, a number
of electrons are produced through the photoabsorp-
tion process. When the photoabsorption occurs inside
the depletion region, the entire charge cloud is pulled
to the potential well generated by the gates. The
charge cloud size expands through the diffusion pro-
cess. Although it is much smaller than the CCD pixel
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TABLE I
CCD CHARACTERISTICS FOR X-RAY ASTRONOMY

Pixel size Image size

(pm)  (um)

ASCA SIS 27 3000
AXAF ACIS 24 25
XMM EPIC 40 550
XMM PN-CCD 150 550

ASTRO-E XIS 24 2800
JET-X 27 340
ABRIXAS 150 470

size, the entire charge cloud is not always collected in
a single pixel. If the X-ray interaction position is well
away from the pixel boundary, the entire charge cloud
is collected into one pixel forming a single event. If
the X-ray interaction position is close enough to the
pixel boundary, a part of the charge cloud spills over
the boundary forming a split event. If it is near the
pixel corner, it will form a 3-4 pixel split event. Tak-
ing into account the charge cloud size in the X-ray
energy range of interest (below 10 keV), the X-rays
absorbed in the depletion region split into at most 4
pixels. In other words, the split event can be at most
4 pixels in size if the photon interacts in the depletion
region.

When the photoabsorption occurs in the electric
field free region below the depletion region, the charge
moving downward will be reflected in an epitaxial
structure and will be lost in a device constructed on
bulk silicon while the charge moving upward will en-
ter the depletion region collected in the potential well.
The collected charge will form a large cloud resulting
in a multi-pixel event, more than 4 pixel event in gen-
eral. Therefore, an event occupying many pixels does
not represent the incident X-ray energy.

In any case, one X-ray photon generates ‘an island’:
a series of some number of contiguous pixels having
some amount of charge. Practically, we consider the
pixel as having signal if its output is larger than the



split threshold, Tyy1;. So far. the pixel having the
maximum charge within the island is called ‘the event
pixel’. This pixel is considered to be the X-ray inter-
action position. Therefore, positional accuracy is no
better than the size of the pixel.

Recently, a new technique has been introduced to
obtain the X-ray response of the CCD with sub-pixel
resolution [11]. The new technique employs a parallel
X-ray beam and a metal mesh placed just above the
CCD. The mesh is a metal film containing small holes
with periodic spacing. The hole size, which is smaller
than the CCD pixel size, determines the attainable
spatial resolution. The mutual relation between the
CCD and the mesh hole can be determined by refer-
ring to the moire pattern obtained in this experiment.
There are two types of experiments: a single-pitch
mesh and a multi-pitch mesh [12]. The single-pitch
mesh experiment employs a mesh whose hole spacing
is equal to that of the CCD pixel size. The multi-pitch
mesh experiment employs a mesh whose hole spacing
is a multiple of that of the CCD pixel size. The single-
pitch mesh experiment clearly showed that the X-rays
entering away from the pixel boundary formed single
events. The X-rays entering near the pixel bound-
ary formed split events. Using the single-pitch mesh
experiment, we can unambiguously determine the in-
teraction position of single events. However, we can
not always determine the interaction position of split
events.

The single event has only the information that the
X-ray entered somewhere in the pixel. The accuracy
of the position information is limited by the pixel size.
However, the split event has more detailed informa-
tion on the interaction position. Since we know the
shape of the charge cloud from the multi-pitch mesh
experiment [12], we can improve the position infor-
mation of the X-ray interaction position, particularly
for the split events. This paper describes the exper-
imental results to improve the X-ray interaction po-
sition using the backup CCD [13] camera system of
the ASCA satellite.

II. EXPERIMENTAL SETUP

We performed the single-pitch mesh experiment de-
scribed in detail by Yoshita et al. [14]. It consisted
of the pseudo-parallel X-ray beam and a metal mesh
placed just above the CCD chip. The X-ray beam
divergence is 250urad. The CCD is a backup system
for the ASCA SIS [13]. It consists of 422 x 420 pix-
els with 27pum square. The mesh is made of copper
of 10 um thickness and has small holes with periodic
spacing of 27um. We measured the hole size using a
SEM and found it to be about 5.6um in diameter.

We used characteristic X-rays of: Y-L (1.9 keV),
Ag-L (3.0 keV) and Ti-K (4.5 keV). The higher energy
X-rays can penetrate the copper foil, which made it
difficult to localize the interaction position for them.
We obtained the X-ray responsivity of the CCD with

subpixel resolution [14]. Tspiit, the split threshold.
was set to 120eV” through this paper unless otherwise
specified.

We obtained the precise spatial relation between
the CCD and the metal mesh and reconstructed the
pixel image. Figure 1 shows the distribution of vari-
ous types of X-ray events inside the pixel. It clearly
shows that the single events occur when the X-ray
interaction position is well within the pixel boundary
while the split events occur when the X-ray interac-
tion position is close to the pixel boundary such that
the charge spills over the adjacent pixel. Based on
this figure, we can easily understand that the inter-
action position of the X-ray event can be determined
to better than the pixel size. Pivovaroff et al. [15]
proposed a similar idea using the mesh experiment
for the AXAF CCD (24pm square pixel): that the
CCD pixel could be divided into mini-pixels each of
which corresponded to the individual pattern of the
island.

III. DATA ANALYSIS

Since the experiment we performed is a single-pitch
mesh experiment, we can not uniquely determine the
interaction position for all the X-ray events. The
nearest mesh hole location to any position on the
CCD is surely less than half the pixel size. When
we detect the X-ray event, we specify the event pixel
which has the biggest signal out of the pixels in the
island. If we assume that the center of the event pixel
is the X-ray interaction position, we always see that
the nearest hole position is within the half pixel size.
In some cases, the second nearest hole is almost the
same distance to the center of the event as the first
nearest hole. There are many cases in which we can
not determine the true hole through which the X-ray
entered.

When we employ the multi-pitch mesh, we can de-
termine the X-ray interaction position both for single
events and for split events. Tsunemi et al. [16] pro-
posed a method to obtain the charge cloud shape us-
ing all the X-ray events based on the multi-pitch mesh
experiment. However, we can not use their method,
since we used a single-pitch mesh. Therefore, we look
for another method to determine the charge cloud
shape.

A. Pizel outputs of the split event

We estimate the size of the charge cloud shape from
the effective width of the region where the two-pixel
split events are formed [14]. By using the multi-
pitch mesh experiment, Tsunemi et al. [16] deter-
mined the charge cloud shape. These results show
that the charge cloud shape can be well represented
by a Gaussian function with different width along X
and Y axes. The charge cloud size is a few pm in
size which is smaller than the pixel size we used. It is
also confirmed that there are substantial fraction of



Pig. 1.

The mesh experiment reveals the X-ray interaction position with subpixel resolution:

(a) for single events, (b) for

vertically split events, (¢) for horizontally split events and (d) for 3-4 pixel split events. These are the results of Y-L X-rays

(1.9 keV). The dashed lines represent the pixel boundary.

the X-ray photons forming single events, which show
that the charge cloud size is much smaller than the
pixel size. Therefore, we can safely assume that the
charge will split into at most four pixels.

We represent the charge cloud shape by the func-
tion of f(X — X;,,Y — Y},) given in eq.(1) where
{Xin, Yin) is the X-ray interaction position.

F(X,Y) = S(ox, X)S(oy.Y) (1)

where S denotes the charge cloud shape in one dimen-
sion, oy and oy are the standard deviation of the
shape along X and Y axes when the photoabsorp-
tion occurs at the characteristic interaction depth.
We assume that S(o, X) is normalized such that
J 5(0,X)dX becomes unity.

The output from the nth pixel, Pizel,(X:n, Yin),
is given in eq.(2)

Pizel(Xin. Y )
where (Y,L_l,Y,L. Xo1 ,Xn) denotes the boundary of
the nth pixel. Since the cloud shape is assumed to

X =Xin, Y =Y )dXdY (2)

be a product of the function of X and that of Y, we
can independently treat X and Y. Therefore, we will
focus on the one dimensional case.

The outputs of the (n+1)th and nth pixel are given
below.

Xu
Dn+1(Xm) = / S(O’)\', X - _X—in)d_X (3)

Xn
Dn()(in) = A 5(0‘)(., X — /\'in)dX (4)
An—1

We should note D,,;1 + D, = 1. If X, is the nearest
pixel boundary to Xy, the entire primary charge will
be collected either in the nth or the (n+1)th pixel. If
Xin i1s far away from X, it will form a single event.
If X, is close enough to X,,, the charge will split into
two pixels.

B. Center of gravity of the split event

Tsunemi et al. [12] showed that the center of grav-
ity of the split event denoted much finer interaction
position than the pixel size while that of the single
event denoted it with the pixel size. Since they em-
ployed the CCD with 12um pixel size, the center of
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Fig. 2. The upper panel shows the relation of X-ray events for Y-L X-rays between X;, and CG(X;,). The lower panel shows
the residual between the data and the best fit models. The solid line represents the best fit Gaussian model while the dotted
line represents the best fit Rectangular model.
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Fig. 3. Same as that for Fig. 2 but for Ag-L X-rays.

so accurate an interpolation.

In principle, the mesh technique can determine the
X-ray interaction position with subpixel resolution if

we can determine which hole each X-ray really enters.
In practice, however, the mesh technique can not, in
general, determine which hole the X-ray actually en-
ters. If we regard the event pixel as the X-ray inter-
action position, the position accuracy will be equal
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Fig. 4.
substantially high.

to the pixel size. This accuracy is not enough to un-
equivocally identify the hole in the single-pitch mesh
experiment. However, the center of gravity of split
events can determine the interaction position to bet-
ter than the pixel size. Therefore, we can uniquely de-
termine the interaction position only for split events.

We calculate the center of gravity, CG(X,,,), of the
X-ray event weighted by the charge in each pixel given
below.

CVG(‘X—in)
Xn— +Xn Xn+Xn
= Dn(Xin) =75 + Dnss (Xin) =
— }(n o Dn—H (Xin)z_ Dn(AXin)L
T —~Xin
- L/ S(o, X)dX (5)
2 —o0

where L denotes the pixel size. In the last expression,
we change coordinates such that X,, becomes zero.
Figures 2, 3, 4 show the relation of X-ray events
with various energies between X;, and CG(X;,)
where we assume that the center of the nearest mesh
hole is the X-ray interaction position, X;,. In the
figures, Y axis is parallel to the charge transfer direc-
tion, which we call vertical direction. We employed
the copper foil of 10um thickness which blocked X-
ray photons of Y-L and Ag-L from penetrating the
foil. X-rays at these energies could enter only through
the mesh hole, these X-rays form steep parallelogram-
matic regions in the figures. The width of the region
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Same as that for Fig. 2 but for Ti-K X-rays. Due to the penetration power of X-rays, the background level becomes

1s determined by the mesh hole size while the height is
determined by the split threshold level. However, the
copper foil is partly transparent against the X-rays
of Ti-K. Those passing through the mesh hole form
a rectangular region while those penetrating the foil
uniformly scatter and become background. The dis-
tribution of X-ray events shown in Figures 2, 3, 4
is not uniform along vertical direction. The top
and bottom regions are dense, which shows that the
charge distribution inside the cloud is concentrated
n its center.

C. Charge cloud shape

We found that there was a good correlation be-
tween X, and CG(X;,) both for X and Y coor-
dinates. We fitted the data using two models for
S(0,X) as below: eq(6) is for the Rectangular model
and eq(7) is for the Gaussian model.

Rectangular model

= (1X] < V30)

0 (|X|> V30) (©)

S(e, X) = {

Gaussian model
1 X?
—\/5—7?;&771’(—?
Table II shows the results we obtained. In Table IT,
we also list the mean absorption length in Si, A. The

curves for the best fit models are superposed on Fig-
ures 2, 3, 4 by the solid lines for the Gaussian model

5(e. X) = ) (7)



TABLE I1
MODEL FIT FOR THE SPLIT EVENTS

Y-L Ag-L Ti-K
Energy (keV) 1.9 3.0 4.5
A (pm) 1.3 4.2 13.4
Direction X Y X ¥ X Y
Rectangular model
o (pm) 0.8+0.2 1.6%+0.2 0.9£0.3 1.5+0.2 1.54+0.3 1.840.2
Ores(pm) 2.0 1.9 2.2 2.1 3.0 2.6
elongation (oy /ox) 2.0+0.5 1.6+0.5 1.24+0.3
Gaussian model
o (pm) 0.9+0.3 1.8+£0.2 1.0+0.2 1.6+0.2 1.6+0.3 1.9£0.2
Ores(pm) 2.0 1.9 2.2 2.1 3.0 2.5
elongation (ay/ox) - 2.0+0.6 1.6+0.4 1.24-0.2

and by the dotted line for the Rectangular model.
We calculated the standard deviation of the residu-
als, 0,.s, between the data and the best fit model.
Judging from o,.5, we found that there was no pref-
erence for either model. We should note that o,
becomes large for Ti-K X-rays in both models. It
may be due to the fact that Ti-K X-rays partly pen-
etrate the copper foil resulting in the increase of the
background while Y-L and Ag-L do not.

0res consists both of the random error and of the
finite size of the mesh hole. Since the mesh hole size
is about 5.6pm in diameter, we can calculate the ran-
dom error which will eventually determine the ac-
curacy of the interaction location. The effective di-
ameter of the mesh hole is about 6pm due to the
diffraction of X-rays. The expected standard devia-
tion due to the finite size of the mesh hole will be
1.5um. Therefore, we obtain the random error of
1.5 ~ 2.2pum which represents the position accuracy
of the X-ray interaction location by using our method.

IV. DiscussioN

Our results may depend on Tgp;;. Therefore, we
measured the distribution for various Ty, as shown
in Figure 5. The result is summarized in Table IIL
We confirmed that the charge cloud size we measured
is independent of Tp;; and that there is almost no
difference between the Rectangular model and the
Gaussian model.

Figure 6 shows the relation between the charge
cloud size, o, and the mean absorption length, A, of
X-rays in Si. There is a good positional correlation
along the horizontal direction: the longer is A, the
bigger is 0. However, there is no strong correlation
along the vertical direction. Charge splitting occurs
due to the electric potential created below the gates.
The channel stop separates the charge in the horizon-
tal direction while the charge transfer gates separate
it in the vertical direction.

We should note that the charge cloud size of the

two lowest energies seems to be bigger in the vertical
direction than that in the horizontal direction. This
indicates that the charge isolation is worse for inter-
phase isolation than doping-induced isolation. The
elongation ratio between oy /o x is listed in Table II.
These values suggest that the charge cloud shape is
elongated along the vertical direction, particularly for
the X-rays with short A. Due to the relatively large
hole size in this experiment, we do not obtain clear
evidence of the elongation. It should be noted that
the smaller mesh hole is needed in near future ex-
periment which will reveal the shapes in detail. The
charge cloud shape measured in the multi-pitch mesh
experiment shows the elongation [16], but in that case
it is elongated along the horizontal direction. Our re-
sults are statistically different from theirs. This dif-
ference is probably due to the difference in the chip
characteristics we used. The charge cloud shape for
Ti-K is almost circular. Since the elongation of the
charge cloud shape is bigger for X-rays with shorter
A, the elongation is very likely due to the complex,
non-uniform field near the charge collection gates and
around the channel stops. The result indicates that
for Ti-K the majority of the charge diffusion occurs
before confinement to the pixel level, as would be ex-
pected.

Let’s consider the diffusion in a very simple model.

TABLE III
DEPENDENCE ON T p1i¢ FOR Y-L Y-DIRECTION

Toptir (eV) 120 90 60
Rectangular model

o (pum) 1.6+0.2 1.7+0.2 1.7+0.2

Ores(pm) 1.9 1.9 1.9
Gaussian model

o (pm) 1.8+0.2 1.9+0.2 1.840.2

Ores(pm) 1.8 1.9 1.8
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Fig. 5. The relation of Y-L X-ray events with various split threshold level between X;, and CG(X;,).

The characteristic diffusion size of the charge cloud,

Lp. is proportional to Vf ~ where t is the

-/f\E’
travel time, g is the electron mobility in Si and F is
the mean electric field strength inside the depletion
region. Therefore, L is roughly proportional to v/
At the energies used in our experiments, the diffu-
sion is the dominant factor determining the charge
cloud size and we can consider Lp as ¢. Based on
our result, we can expect that o will be 2.4pum for
5.9 keV and 3pm for 8.04 keV, respectively. When the
charge cloud size becomes large, the fraction of the
split events increases meaning that the region gener-
ating the split events expands. Since we show that we
can improve the X-ray interaction position for split
events, we can obtain much finer position for rela-
tively high energy X-rays if they are photoabsorbed
in the depletion region. Those photoabsorbed in the
field free region will form wide spread events can be
excluded from the event pattern recognition.

The various X-ray events are produced in specific
areas inside the pixel [11], [14], [15]. Single events are
confined in a central region of the pixel while split
events occur in a boundary region of the pixel. Fig-
ure 7 shows the mini-pixel regions [15] in which the
X-rays become single and split events. The width
of the split region will increase as the X-ray energy
increases. As given in eq.(6), the width of the split
region is about 2v/3a. There are four types of mini-
pixels in the CCD pixel which corresponds to event
types shown in Figure 1. The mini-pixel correspond-
ing to the single events is the region in which we can

——— 1 —— T ———— —r———
Horizontal (Rectangler)
Vertical (Rectangler)

Horizontal (Gaussian) 1

o D e b q

Vertical (Gaussian)

o(um)
==
\
\
1
\
\
\
X
A
\
\
\
\
FEATS

/
1
{7 O S S N S S TN O S S S
0 5 10 15
A(um) -

Fig. 6. The relation of the charge cloud size (o) is plotted
against A in Si. Dashed line shows the relation of o ~ V/X.

not determine the interaction position better than the
mini-pixel size. The mini-pixel corresponding to the
horizontal (vertical) split events is the region in which
we can determine the interaction position along the
horizontal (vertical) direction better than the mini-
pixel size. The region corresponding to the 3-4 pixel
events is the region in which we can specify the inter-
action position both along the horizontal and the ver-
tical directions better than the mini-pixel size. The
actual charge cloud size will depend on the CCD chip
and its operating conditions. However, our result is
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Fig. 7. A schematic view of 3 3 pixels is shown with mini-pixel
boundaries. The mini-pixel in the pixel center generates
the single event while surrounding mini-pixels generate the
split events. Pixel boundary is drawn with thick lines.

applicable to different types of CCD as a first approx-
imation.

Based on the calibration of AXAF CCD whose
pixel size is 24um, the fraction of single events is
about 25% at 7.5 keV [17] and decreases at higher
X-ray energy. The split event width is about 12um
at 7.5 keV. In this case, we will obtain the position
accuracy of £6um for single events and a few pm ac-
curacy for split events. In the photon counting CCD,
pileup can be serious problem which prevents us to
improve the determination of the X-ray interaction
position. Therefore, our method is valid only when
the X-ray intensity is weak enough that the pileup
does not become serious.

V. CONCLUSION

We performed a single-pitch mesh experiment us-
ing the CCD with a pixel size of 27pum square. There
are two types of X-ray events: single events and split
events. We performed the mesh experiment and de-
termined the interaction location for each X-ray pho-
ton. We found that the center of gravity of the split
event was well correlated with the interaction location
with subpixel resolution. Accurate X-ray interaction
position can be obtained by calculating the center
of gravity of the event weighted by the charge. The
charge cloud shape determines the conversion formula
from the center of gravity to the actual interaction
position. We can not distinguish between Gaussian
models and Rectangular models of the charge cloud
shape. We analyzed the data using the both models
and found that the charge cloud size is 1 ~ 2um for
the X-rays we used.

The accuracy of the X-ray interaction location that
can be achieved is about 1.5 ~ 2.2pm for split events.
The corresponding accuracy for single events is the
size of the mini-pixel region showed in Figure 1. It
is also less than the pixel size. Therefore, we can
achieve the subpixel spatial resolution for any X-ray
events.
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