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ABSTRACT 

We report the use of an improved technique to measure the X-ray detection efficiency of a charge-coupled 
device (CCD) with a subpixel resolution. This technique makes use of a parallel X-ray beam and metal 
mesh placed closely on the CCD. The mesh has many circular holes spaced at distance of 4 times the CCD 
pixel size (multi-pitch mesh). \Ve could identify the interaction position of X-rays both for single events 
and for split pixel events. By using this method, we demonstrated how various types of X-ray events are 
formed inside the CCD. We have already shown that the two-pixel split events were formed near the pixel 
boundary. 'Ve clearly showed that the three-pixel events were formed when the interaction position was 
close to the pixel corner ,whereas the four-pixel split events were formed when the interaction position was 
much closer to the pixel corner. "Ve found that the cen tel' of gravity of split events could represent the 
interaction position with an uncertainty of 0.13 pixel size. 

KEY WORDS: charge-coupled device, X-ray event, split event. subpixel resolution 

1. Introduction us to study the X-ray response in detail. [4, 5] 
A charge-coupled device (CCD) is now widely The latest technique is to employ a mesh whose 
used as an X-ray photon count detector, partic hole spacing is a multiple of the CCD pixel size, 
ularly in astronomy. [1, 2] When we reduce the which we call a 'multi-pitch mesh'. This enables 
incident X-ray flux such that the primary elec us to restrict the interaction position of various 
tron clouds produced by the X-ray photon do not types of X-rays in detail. This paper describes 
overlap with each other, we can obtain the X-ray the advantageous points of this newer technique. 
energy spectrum as well as the X-ray image. 

Recently, vve introduced a new technique to ob 2. X-ray Event Grade 
tain the X-ray response of the CCD with a sub When the X-ray photon is photo-absorbed in the 
pixel resolution.[3] The new technique consists of CCD, a primary charge cloud is formed. If the 
a metal mesh closely placed on the CCD and a interaction occurs under the depletion region, it 
parallel X-ray beam. The mesh has a large num will diffuse out in all directions. Some of the 
ber of small holes with periodic spacing, equal to charges moving backward will be lost in the su b
that of the CCD pixel size. vVe call this a 'single strate of the device. Those moving forward will 
pitch mesh'. 'vVe could restrict the input X-ray be collected into the potential well when they 
position with a subpixel resolution which enables reach the depletion layer. Even in this case, the 
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detected signal is that of a widespread multipixel 
cloud. Furthermore, the total charge collected in 
the potential well is not proportional to the in
cident X-ray energy. 

If the interact ion occurs in the depletion layer, 
the entire charge cloud will be collected in the 
potential well which is formed by the gates. V..,Te 
can read out the entire charge through the read
out node. The output signal is proportional 
to the energy of the incident X-ray. The pri
mary cloud size is relatively small in the en
ergy range below 10keV.[6] However, the entire 
charge cloud is not always collected in one pixel. 
There are several patterns of how the charge 
splits into neighboring pixels. In the ASCA SIS 
(the CCD camera on board the fourth Japanese 
X-ray astronomy satellite[7]), they employed 8 
grades based on the patterns. When the primary 
charge is collected within one pixel (this is called 
a single event and 'grade 0'), the output of that 
pixel represents the incident X-ray energy. If the 
X-ray interaction position is close to the pixel 
boundary, the charge cloud will split into adja
cent pixels and form a 'split event'. When the 
charge splits into vertically adjacent pixels, it is 
called a vertically split event and 'grade 2'. 1fthe 
charge splits into horizontally adjacent pixels, it 
is called a horizontally split event and 'grade 3' 
or 'grade 4'. 1f the interaction position is close to 
the pixel corner, it will form 3- or 4-pixel event 
(called 'grade 6'). 

The new technique was invented[3] using a 
metal mesh placed just in front of the CCD 
which enabled us to confine the X-ray interac
tion position with a subpixel resolution. It was 
seen, for the first time, that the single events 
were formed only when the interaction position 
was well separated from the pixel boundary such 
that the whole primary charge was collected into 
one pixel. The following results were reported 
elsewhere. [4, 5] These results were obtained us
ing a 'single-pitch mesh' which had a hole spac
ing equal to the CCD pixel size. 

Figure l(a) shows a schematic view of the ex
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Fig.1. A schematic view of the experiment. The hole shadow is 
represented by the hatched area. (a) A single-pitch mesh: the 
mesh hole pitch is equal to that of the CCD pixel size. (b) A 
multi-pitch mesh: the mesh hole pitch is four times larger than 
that of the CCD pixel size. 

periment for a single-pitch mesh. The metal 
mesh with periodically spaced holes is placed on 
the CCD surface. The mesh is placed parallel 
to the CCD surface and tilted by a small an
gle, (), against the pixel axis. The parallel X
ray beam is irradiated normal to the CCD sur
face. The X-rays passing through mesh holes 
reach the CCD. The X-ray interaction position 
is restricted by the mesh hole. The X-ray event, 
whose interaction position is far away from the 
pixel boundary, should take place in the pixel 
where a mesh hole sits in the center. This situ
ation mainly generates single events. 'Whereas, 
the X-ray event, whose interaction position is 

-2



close to t hc pixel boundel.ry. takE's place in the 
pixel which has more than tv,'O hole shadovvs. 
This generates split e"cuts. This is inevitahle 
for the single-pitch mesh siuce the hole has a fi
nitf' size while its spacing is equal to the pixel 
size. Therefore. when we obtain the X-ray event 
pixel, we can uot always uniquely determine the 
hole through which the X-ray enters. 

To resolve the above prohlem, we introduced 
an improved mesh experiment using a 'multi 
pitch mesh' whose hole spacing was a multiple 
of the CCD pixel spacing. Figure 1(b) shows a 
schematic view of the experiment for a hole SpelL
iug four times the CCD pixel size. \Ve see that 
no pixel has more than 2 hole shadows because 
of a large spacing. We should note that there 
are many pixels which have no hole on them. 

3. Experimental Setup 

The copper metal mesh we used in the experi
ment is lO-pm-thick having holes of 3.4-pm di
ameter spaced at 48-/-lm. vVe designed the mesh 
holder such that it was placed 1 mm aboye the 
CCD surface. The mesh ,'vas tilted by about -1 ° 
from the pixel direction so that we could obtain 
a moire pattern. vVe employed the same 21-m 
long X-ray beam line as employed in the pre
vions experiment.[3] A 400-pm-thick beryllium 
window was replaced with a 15-pm-thick alu
minnm foil in order to improve the SIN of Al
I( X-rays (1.5keV). The applied voltage to the 
X-ray generator, the UltraX-18 (RIGAKU), was 
about 5 kV. The X-ray intensity was controlled 
such that the pileup did not introduce a seri
ous problem. Figure 2 shows the obtained X-ray 
spectrum. 

The transmission of 10-pm- thick copper foil is 
10-3 at 3 keV and lower at lower X-ray energies. 
'1'hercfore, we can say that the X-ray contin
uum above 3 keV penetrates the copper foil while 
all the AI-I< X-rays reach the CCD through the 
mesh hole. Therefore, ,;ve can pick up the X-ray 
events through the mesh hole by selecting the 
AI-I\: X-rays. 

.... Al-K0... 
x., ID .... ...l:: 

;:l 
0 ....(J 0...l:: 
0.... 
0..c: 0 
ll. 0 

0 
ID 

0 2 4 6 
Energy[keV] 

Fig. 2. The X-ray spectrum obtained with the CCD in the mesh 
experiment. The continuum above 3 keV comes from the X-rays 
penetrating the copper foil while AI-K X-rays come from those 
passing through the hole. 

\iVe employed a CCD chip, Nll-5-5AON-2, 
(Hamamatsu Photonics) of 12 pm2 pixel size. 
The CCD chip was cooled down to -60°C. The 
CCD camera system was equipped with a me
chanical shutter (60-pm-thick stainless steel) to 
block the AI-K X-rays. Our system can record 
images every 20 s (including the data transfer 
time to the hard disk of a computer). We se
lected an exposure time of about 5 s to maximize 
the number of isolated X-ray photons detected 
by the CCD. In this way, we operated the sys
tem for about 20 h; obtaining about 1>.< 105 single 
events of AI-K X-rays. 

4. Data Restoration Method
 

Figure 3 shows the distribution of the single
 
events of AI-K X-rays obtained using a mesh
 
with hole spacing of four times the pixel size.
 
This is quite different from that obtained us

ing the single-pitch mesh. Single events appear
 
roughly at every 4 x 4 pixels due to the multi 

pitch mesh.
 

In the single-pitch mesh experiment, a moire 
pattern itself is a direct expansion of the pixel 
image. Therefore, the pixel image with sub
pixel resolution can be obtained by analyzing the 
moire image[.J] if the moire pattern size is big 
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Fig. 3. A part of the raw image (250 X 250 pixels) obtained using 
single events is shown. Due to the multi-pitch mesh, most of the 
X-rays appear roughly at every 4 X 4 pixel. 

enough and the X-ray beam intensity is uniform 
over the moire pattern. We employed a universal 
method[3, 5] which would function well even if 
the moire pattern was too small to be noticed. 

In the present experimental setup, the moire 
pattern does not directly represent the pixel im
age. In the previous experiments using a single
pitch mesh, we assumed that the CCO pixel had 
a perfect square shape and that the distributed 
mesh holes were perfectly spaced. In this paper, 
the possible distortion effect of the mesh hole dis
tribution is taken into account. The restoration 
method is described in detail in the following. 

The ceo pixel coordinate, X, is expressed in 
eq. (1) as 

- sin () )
X = C ( 1 tal ~ b ) ( ~~~; cos () 

xx + Xoff,	 (1) 

where x denotes the mesh hole coordinate, C is a 
coefficient of the multi-pitch mesh (it is 4 in our 
experiment), a and b are expansion coefficients 
on the mesh hole coordinate, () is the tilt angle 
and Xoff is an offset. These are several reasons 

due to which the expansion coefficients to be in
troduced. There are the X-ray beam divergence, 
the difference between the thermal contraction 
of the mesh and that of the CCO, the produc
tion accuracy of the mesh and the alignment of 
the mesh holder. a and b (a O,b 0) are inrv rv 

troduced in order to take int.o account the possi
ble differences in mesh hole spacing on the ceo 
pixel coordinate. 

The output of the nth pixel of the CCO, D n , 

is expressed below as 

D n = r lH(x)E(X)dX, (2)Jnth	 pixel 

where Al(x) denotes the transmission of the 
mesh, and E(X) is the detection efficiency of the 
CCO. 

The transmission of the lllesh is expressed by 
eq. (3) as 

lvI(x) = JH(x')L(x - x')dx', (3) 

I ( Ixl < r) 
H(x) = rnetal a (4)

{ •. rv X > TtranSnllSSlOn ( I I ) 

where H(x) is the t.ypical hole shape of the mesh, 
L(x) denotes the hole position on the mesh and 
T is the radius of the effective hole size. In our 
experimental setup, T is about 211m taking into 
account the diffraction of AI-K X-rays. Since the 
hole is periodically spaced, we obtain 

L(x) =	 8(x - n) (5) 
n=integer la.ttice 

Once we assume some values for a, b, () and 
Xoff, we can restore a pixel image. The pre
cise values for these parameters can be obtained 
by searching a set of values which produce the 
largest variance in the restored image. [3] In the 
single-pitch mesh, Xoff does not play an impor
tant role since it only affects the simple offset in 
the restored image. This is due to the fact that 
each pixel has its corresponding mesh hole as 
shown in Fig. 1(a). In the multi-pitch mesh .. in 
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contrast, there are many pixels having no mesh 
hole on them as shown in Fig. 1(b). Therefore, 
eyen if we pick up the true values for a, band 
f), we have to identify the taw value for Xoff 
so that the restored inHge is ccnstructed using 
pixels corresponding to the mesh holes. 

From the practical point of view, it is a rather 
complicated problem to identify a set of true val
ues for the parameters. Furthermore, there are 
many alias v;:dues[8] producing a similar moire 
pattern. Next, vve describe how we can obtain a, 
b. e and Xoff from the image. 

vVe can precisely measure X whereas we can
not measure x. Yoshita et a1.[5] described a 
method for the single-pitch mesh with the as
sumption of a = b. Firstly. we estimate rough 
values for the parameters. Figure 3 shows a 
grid pattern; let ABCD represent one element 

~ 

of that moire pattern. Let AB be represented 
by X on the CCD coordinate and by x on the 
mesh coordinate, respectively. Then we obtain 
(1+0)2 = (X2+y2)/Cr2+y2) and tane = 

~ 

(1'.1' - Xy)/(X.r + 1'y). Since AB denotes one 
element of the moire pattern. we can expect the 
following to hold: 

(6) 

In total, given the assumptions 0, f} 0, which r-..J 

are true in our experiment, there are four possi
bilities. These are: 

(a. e) ~ C\"~~'2' xl~y2)' OT 

(-.E:..- ±X ) (7)X2+y" • X 2 +Y2 

Similarly, we llbtain the same relationship for 
-; 

(b, f)) by letting AD be represented by X and x. 
The values of a and b are unknown whereas the 

value of f} is known. Once we assumed some val
u('s for a, b, eand Xoff, we could restore the pixel 
image. The precise values for these parameters 
are obtained by searching for the values which 

produce the largest variance in the restored im
age. From the data shown in Fig. 3, we obtain 
as follows. 

X 50.9) d X ( -4.4 ) ( ) 
AB = ( -0.7 (/,n " AD = -50.3 . 8 

Vie set e at around -1 0. In the experimen
tal setup, the mesh temperature was expected 
to be almost equal to that of the CCD. There
fore, we expect a, b -1 X 10-3 , taking intor-..J 

accoun t both the beam di"ergence and the ther
mal contraction. Therefore, we searched a region 
in the a, b, f) values surrounding a. = -1 x 10-3 , 

b = -1 X 10-3 and e = -1° for the image with 
maximum variance. Even if we assume some val
ues for them, we have to identify the true value of 
Xoff (0:::; X off , Yoff :::; 4 in our case). We select 
Xoff such that we maximize the number of X-ray 
events contributing to the image restoration. In 
this way, the image variance was maximized at 
0.= -0.5 x 10-3 , b = -1.3 X 10-3 , e= -1.15°, 
X ojJ = 2.05 and YOff = 0.55. \Ve have adopted 
these values for the r0stored images presented in 
the remainder of this paper. \Ve notice that a is 
different from b. It implies that either the hole 
mesh spacing or the CCD pixel spacing along the 
x axis is longer by 0.8 x 10-3 than that along the 
y axis. Our results do not depend on the actual 
specific case. 

5. Data Analysis 

5.1. Restoration of images for various types of X- ray events 

So far, we employed the method to select the X
ray events which was used in the ASCA satellite. 
First of all, we pick up the pixel whose output 
is above the event threshold, Tevent. If the pixel 
output is above Tevent and is the local maximum 
(its output is larger than those of adjacent pix
els), the pixel is called the 'X-ray pixel'. The 
X-ray pixel is considered to be the interaction 
position of the X-ray. VVe selected X-ray events 
according to the number of pixels exceeding a 
particular 'split threshold', Tsplit. Some exam
ples are schematically shown in Fig. 4. 
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Fig. 4. Some examples of the X-ray event patterns produced on the 
CCD. Each small square represents the CCD pixel. The black 
pixels represent the 'event pixel' which is higher than Tevenl and 
is the local maximum. The hatched pixels represent the 'split 
pixel' which is higher than T. plit ' From left to right, these are 
'single event', 'bottom split', 'top split', 'left split', 'right split', 
'3-pixel event', '4-pixel event'. There are four types of 3- and 4
pixel events. Among them, we only display the events whose event 
pixels are in the left top part of the X-ray pattern. 

As shown in Fig. 5, we obtained a restored im
age of the 'representative pixel (RP)' using single 
events. \;Ve reproduced 3 x 3 RP in the figure. 
The pixel boundary is indicated by a dashed line. 
This clearly shows that the single events occur 
when the interaction position of the X-ray is well 
separated from the pixel boundary. [3, 4, 5] The 
dark region represents the convolution of the ef
fective hole size and the region where the X-rays 
form single events. The width of the boundary 
region where no single event occurs depends both 
on the primary charge size and on the mesh hole 
Size. 

Next, we divide two-pixel events according to 
their pattern. In two-pixel events, there are two 
adjacent pixels whose outputs are above Tsplil' 

We call the higher output pixel the event pixel, 
while the lower output pixel is the split pixel. 
Therefore, there are four shapes according to the 
position of the split pixel shown in Fig. 4: a left 
split event, a right split event, a top split event 
and a bottom split event. We restore the RP 
for them. Figure 6 show RPs for four types of 
two-pixel events. We can clearly see the differ
ence between them. The right split events occur 

Fig. 5. The X-ray intensity maps for single events with subpixel res
olution of 3 x 3 pixels are shown. Pixel boundary is shown as a 
dashed line. 

when the X-ray enters the right boundary por
tion of t he pixel where the primary charge easily 
splits onto the adjacent right pixel. \;Vhereas, 
the left split events occur when the X-ray enters 
the left boundary portion of the pixel. 'vVe also 
see similar results for vertically split t\vo-pixcl 
events. 

Similarly, we divide 3- or 4-pixel events accord
ing to their pattern in detail. As can be easily 
seen, the 3- or 4-pixel events occur when the X
rays enter the corner portion of the pixel. Fig
ures 7(a) and 7(b) show RP for 3-pixel events 
and for 4-pixel events, respectively. vVc observed 
four types of 3- or .J:-pixel events when we dis
played the evellts whose event pixel was in the 
left top part of the X-ray pattern. Other three 
types show quite similar images. This figme 
clearly shows that the primary charge splits into 
the diagonal pixel when the X-rays enter very 
close to the corner of the pixel. \;Ve should note 
that we can divide the events in more detail than 
in the previous works. [4, 5] This is one of the 
advantages of the multi-pitch mesh experiment 
which cannot be exhibited Ly a single-pitch mesh 
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Fig.6. Same as that for Fig.S but for split two-pixel events. 

experiment. 

5.2. Specification of the interaction position of X-rays 

Sincf' we use the multi-pitch mesh, we can un
ambiguously specify the interaction position of 
X-rays. So far, the local maximum pixel (event 
pixel) has been considered as the interaction po
sition of X-rays. We can measure the distance 
between the event pixel and the true interac
tion position (hole position). Figure 8 shows the 
evell t distri bu tion, D event, according to the dis
tance between the event pixel location and the 
true interaction position, by means of solid lines. 
This figure shows an uncertainty when we con
sider the event pixel location as the in tel'action 
position of the X-ray. 

For single events. the uncertainties of D event 

are smaller than 0.5 pixel size. This means that 
the single event must occur at the pixel ill which 
the X-ray enters. Whereas, the uncertainties of 
Devent for two-pixel split events have two peaks 
indicating larger uncertainties than those of sin
gle e\'ellts. \Nhen the X-ray enters near the pixel 
boundary, the charge will evenly split into two 

(a)three-pixel event (b)faur-pixel event 
r··.~- - -'-:'-' - - T,n"- - ..- I "",;-;;•. '- .. ""'."W"-C-'- ....:\~:":,. --: ..-;~ 

Fig. 7. Same as thatfor Fig.S but (a) for 3-pixel events and (b) for 
4-plxel events. This figure only shows the data for events displayed 
10 Ftg.4. 

pixels. Then, the event pixel does not show the 
X-ray interaction position precisely. Therefore, 
we can consider the event pixel representing the 
X-ray interaction position for single events while 
vve cannot for split events. 

\Ne introduced a center of gravity, Xc, of the 
event to determine the interaction position from 
the event pattern. \Ve can calculate the Xc 
weighting by means of the signal output of the 
pixels in eq. (9) as 

X _ L:DnXn (9)
c - L:D ' n 

where X n represents the nth pixel position. 
Figure 8 also shows the event distribution D .	 ' cg, 

accordll1g to the distance between the center of 
g.r~vity of the event and the true interaction po
sltlOn by means of dashed lines. vVe observe D 
to be identical to DEl'ent for single events while ~~ 
don't for split events. By taking into account the 
uncertainty of the interaction position for single 
events, we can say that the single event occurs 
at the pixel where the X-ray enters. In the two
pixel events, we see much finer distribution for 
D cg than that for Devent. \iVhen we fit it for 
D cg using a single Gaussian function, we obtain 
0.13 pixel size as 1 iJ. By using the split events, 
we can specify the interaction position of X-rays 
WIth a subpixel resolution. 

These results clearly show that the center of 
gravity gives a better interactioll position than 
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Fig. 8. Position uncertainties of single events are shewn along the X-axis (top left) and along the Y-axis (bottom left). Those of split events 
are shown along the X-axis (top right) and along the Y-axis (bottom right). The solid line represents the distribution of Do,en t while the 
dashed line represents the distribution of D cg . For single events, D even ' is identical to D cg . 

the event pixel. The uncertainty is always bet 6. Conclusion
 

ter than 0.5 pixel size for any gracle event by em We presented here an improved mesh experiment
 
ploying the center of gravity of the event as the using a multi-pitch mesh. This technique unam

interaction position while it is not by employing biguously determined the X-ray interaction po

the event pixel as the interaction position. In sition inside a CCD pixel. This enables us to
 
the single-pitch mesh experiment, the distance experimentally confirm that the event pixel co

to the nearest mesh hole from the event pixel incides with the interaction position. The pri

location is always smaller than 0.5 pixel size. mary charge splits into the adjacent pixel only
 

So far, the event pixel was taken as the when the interaction position is close enough to 
interaction position in the single-pitch mesh the pixel boundary. 
experiment. [4, 5] Therefore, the interaction po We introduced a new method to determine the 
sition could not be uniquely specified except for interaction position of X-rays employing the cen
the single events. As a result, the left split two ter of gravity of the event. This method im
pixel events (grade 3) and the right split two proved the determination accuracy of the inter
pixel events (grade 4) were combined. If the action position of split events. The uncertainty 
method to determine the interaction position of of this method is only about 0.13 times the pixel 
X-rays using the center of gravity is employed in size. Furthermore, we were able to determine the 
stead of the event pixel, the interaction position precise interaction position of the single event ei
can be uniquely determined. ther by the event pixel or by the center of gravity. 
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Therefore, our new method enables us to deter
mine the interaction position of X-rays not only 
for the multi-pitch mesh experiment but also for 
the single-pitch mesh experiment. 

From the practical point of view, the single
pitch mesh experiment has an advantage that a 
moire pattern is a direct expansion of RP. How
ever, it is impractical to fabricate various types 
of meshes to fit yarious kinds of CCD pixel sizes, 
since pixel sizes are different for different CCDs. 
If a mesh hole spacing is equal to or larger than 
the pixel size, we can unambiguously determine 
the interaction position of X-rays. Therefore, 
our mesh having holes spaced at 48-pm can be 
applied to any CCD whose pixel size is smaller 
than 48 pm. Even if we cannot obtain a moire 
pattern, we can restore RP by identifying true 
parameter values. 
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