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ABSTRACT 
CCDs are regularly used as imaging and spectroscopic devices on space telescopes at X-ray energies due to their 
high quantum efficiency and linearity across the energy range.  The International X-ray Observatory’s X-ray 
Grating Spectrometer will also look to make use of these devices across the energy band of 0.3 keV to 1 keV.  
At these energies, when photon counting, the charge generated in the silicon is close to the noise of the system.  
In order to be able to detect these low energy X-ray events, the system noise of the detector has to be minimised 
to have a sufficient signal-to-noise-ratio.  By using an EM-CCD instead of a conventional CCD, any charge that 
is collected in the device can be multiplied before it is read out and as long as the EM-CCD is cool enough to 
adequately suppress the dark current, the signal-to-noise ratio of the device can be significantly increased, 
allowing soft X-ray events to be more easily detected. 

This paper will look into the use of EM-CCDs for the detection of low energy X-rays, in particular the effect 
that using these devices will have on the signal to noise ratio as well as any degradation in resolution and 
FWHM that may occur due to the additional shot noise on the signal caused by the charge packet amplification 
process.  

Keywords:  IXO, OP-XGS, CCD, EM-CCD, L3, X-ray, FWHM, Excess noise factor. 

1. INTRODUCTION 

1.1  The International X-ray Observatory 
The International X-ray Observatory (IXO) is a collaboration between ESA, NASA and JAXA and is a large 
scale mission under review in the ESA Cosmic Vision and NASA decadal survey.  The telescope will be made 
up of a ~3 m2 optic and have a focal length of 20 m with the main instrument focal plane sitting at the end of a 
deployable structure that is ~13 m in length.  The telescope is due for launch in ~2022 and will be sent to a L2 
halo orbit. 

The Off-Plane X-ray Grating Spectrometer (OP-XGS) is a proposed instrument on IXO.  It is planned to be a 
spectrometer that will cover the 0.3 keV to 1 keV energy range, have an effective area >1,000 cm2 over this 
range and a resolution >3,000 (λ/Δλ).  It will use a series of modules of off-plane gratings (grating grooves 
parallel to the direction of incoming radiation) to disperse ‘soft’ X-rays away from the main focus of the 
telescope onto a dedicated CCD camera array arranged in a conical pattern.  The gratings will be housed on a 
tower and will extend 5.12 m from the focal plane creating a throw that is long enough to allow the X-rays to 
disperse over a large enough distance from the zero order to achieve the required resolution[1][2]. 
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2.3  Order separation requirement 
As discussed, the OP-XGS is planned to have a resolution of >3,000 across the energy range 0.3 keV – 1 kev.  
In order to achieve this, the OP-XGS will have to use several orders of dispersion[8].  The different orders of 
dispersed light are superimposed on the CCD array creating individual arcs per grating module.  The minimum 
size of energetic separation between photons incident at the same physical location on the detector will be ~200 
eV, as shown in Figure 7.  Due to this effect, the CCD must be able to discriminate between photo-peaks of 200 
eV separations across the instrument bandpass 0.3 keV to 1.0 keV. 

 

Figure 7.  Photon energy vs. displacement on the focal plane array for 2nd – 5th order reflection.  It shows the minimum 
energy separation between the orders occurring at the same position and so sets an order separation requirement on the 
detector. 

For a conventional CCD, if the readout noise of the device is optimised, this separation is easily achievable and 
has been demonstrated.  For an EM-CCD, an extra component of shot noise is introduced by the charge 
avalanche multiplication process and may cause degradation in the FWHM of the device and so it is possible 
that the requirement will be harder to achieve.  If at low gain the total shot noise found with the device follows 
the same trend as found with optical detection then it should be possible to minimise the FWHM by running the 
EM-CCD at low gain.  The gain will still need to be high enough to bring the X-ray events out of the noise, but 
low enough to work in the low combined shot noise regime. 

3. EXPERIMENT

An uncoated, back-illuminated, e2v CCD97 shown in Figure 8 was taken to the BESSY II synchrotron for 
testing at a variety of X-ray energies in the range 0.2 to 1.2 keV.  This facility was able to provide 
monochromatic photons with a controllable flux so that the device could be tested at a variety of energies and 
gains to look into the SNR improvement at different gains for a given energy.  Spectra could be created so that 
the FWHM of the data could be assessed and the modified Fano factor at different low gains could be probed.  
The device was operated at -120 °C in non-inverted mode and the output was readout at 41 kHz.  Images were 
acquired in full-frame, so that X-ray photons were incident during readout, reducing photon pileup and 
maximising the data collected per image. 

Figure 8.  Uncoated, back-illuminated e2v CCD97 

100 120 140 160 180 200 220 240
200

400

600

800

1000

1200

1400

1600

Displacement (mm)

Ph
ot

on
 e

ne
rg

y 
(e

V
)

 

 

2nd order
3rd order
4th order
5th order

Proc. of SPIE Vol. 7742  774205-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/14/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

The EM-C
X-rays o
left on th
range to b

Energy 

Gain 

This data
possible 

Analysis 
have bee
from iso
sensitivit
but the n
considere
order to c

A norma
positions
events an
backgrou
still conta

One fina
subtractin
produced

4.1.  Pix

Low ener
was not d
and this l
to be poo
considere

When th
increased
in noise l
an EM-C
amplifica
be a very
summatio

CCD was place
f a specified e

he chip due to 
be analysed la

1,200 

1 & 
7.76 

1

Table 1.  

a allowed the
in SNR and o

of the results
en theoreticall
olated events 
ty study was c
umber of isol
ed as part of t
counter this ef

al threshold of
s as a frame o
nd any signa

und value was
ained enough 

al data analys
ng the approp
d by the X-ray

xel summati

rgy photons i
deep-depleted
lead to splittin
or at collectin
ed. 

he signals of 
d level of appa
leads to a wid
CCD has gain
ation, the addi
y powerful da
on is describe

F

d in a vacuum c
energy were t
the readout o

ater.  The data

1,000 

, 1.02, 1.3, 1.9
7.76, 14.69, 

Gains and ener

e modified ex
rder separatio

s showed that
ly achieved, w
have been c

completed and
ated events id
the X-ray eve
ffect a second

f 5 sigma was 
of reference, a
al that was a
s subtracted.  
events to be s

is tool was a
priate number

y events even w

ion 

ncident on th
d and so the ch
ng of the charg
g all of the el

two pixels a
arent readout 

der FWHM wh
n that can be
ition of extra 

ata analysis to
ed below. 

Figure 9.  Pixel

chamber and pu
targeted onto 
of the device.  
a taken was: 

80

99, 4.77, 
36.56 

1 
7.

rgies used at the

xcess noise fa
on and so the p

4

, across all en
with discrepan
onsidered at 
d this showed
dentified fell.  
ent.  Events th
d threshold pro

applied to the
a second thre
above this thr
This produce

statistically sig

applied throug
r of average 
when the elec

e detector inte
harge created 
ge packet betw
lectrons gener

are added tog
noise.  This c

hich makes it h
e increased to

readout noise
ol for low ele

l summation ov

umped down to
the chip using
100 frames o

00 600 

& 
76 

1 & 
7.76 7

e BESSY synch

actor to be in
potential for th

4. RESULT

nergies tested,
ncy particularl
this time.  I

d that with a l
The lower th

hat were isola
ogram was int

e data and thi
shold, just ab
reshold was 
d a data set th
gnificant. 

gh the summa
background e

ctron productio

eracted close 
by the X-ray 

ween neighbou
rated by the X

gether off-chi
can be problem
harder to achi

o reduce the e
e has negligib
ectron level so

ver 1, 5, 9 and 2

o a pressure of ~
g a pin-hole c
of 1 second int

400 

1 & 
7.76 

1, 1
7.76, 

hrotron to evalu

nvestigated as
he use of EM-

S 

, the FWHM 
ly obvious at 
In order to in
ower threshol

hreshold cause
ated appeared 
roduced. 

s identified th
bove the noise
added into th
hat was much

ation of all pi
events in an 
on was only ju

to the back-su
event was ab
uring pixels (s

X-ray interacti

p (an examp
matic for a con
ieve the order 
equivalent rea

ble impact and
oft X-ray pho

21 pixels about 

~2E-6 mbar and
causing a ‘trai
tegration were

280 

1.99, 4.77, 
14.69, 36.56 

uated EM-CCD 

s well as show
-CCDs on IXO

of the data va
low energies

nvestigate thi
ld the FWHM

ed some high l
to be split an

he isolated eve
e, was applied
he isolated e

h closer to the

ixels around 
attempt to fin
ust above the n

urface of the 
le to drift in a
section 4.3).  A
ion a pixel sum

le of off-chip
nventional CC
separation re

adout noise t
d so pixel sum
ton detection.

the central pixe

d then cooled to
il’ of electrons
e taken for ea

200 

1 & 
7.76 

behaviour. 

wing the imp
O could be ev

aried from wh
s.  Only data 
is error a thr

M of the data i
level noise ev
nd so were ign

ents.  Then, u
d around thes
event and one
e theoretical v

an isolated e
nd all of the 
noise.   

EM-CCD.  T
a large field-fr
As thresholdin
mmation appr

p binning) th
CD because an
quirement, ho
o unity throu

mmation could
.  This metho

 

el. 

o -120 °C.  
s to be on 

ach energy 

150 

1 & 7.76 

provement 
aluated. 

hat should 
that came 

resholding 
improved, 

vents to be 
nored.  In 

sing these 
se isolated 
e average 

values, but 

vents and 
electrons 

The device 
ree region 
ng proved 
roach was 

here is an 
n increase 
owever, as 
ugh signal 
d prove to 
d of pixel 

Proc. of SPIE Vol. 7742  774205-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/14/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Using a 
summed 
were ana
that a ver
@ 1.2 ke
the X-ray
ray event

The imp
splitting 
causing a
from elec
the electr

The succ
onto the 
high ener
X-ray ev

4.2.  Sig
The first 
a gain of
photons (
shot nois
ray photo

Figure 10
gain of 1, 
the top im

Figure 10
incident X
7 they are
energies.
the charg
X-ray ev
the noise
above the
number o
so much 
detect as 

thresholding 
into the isolat

alysed, as show
ry good FWH
eV).  Splitting
y to be lost th
ts was used. 

rovement at 
was over a gr
a loss of charg
ctron losses in
rons could dri

cess of higher 
device.  By s
rgy tail in the 
ent and none o

gnal-to-nois
thing that wa

f 1 and a gain
(>1,000).  Usi
se on both the
o-peak. 

0.  Data taken a
the bottom left

mage having an e

0 clearly show
X-ray photons
e immediately
  At 300 eV, 

ge packet abov
ents will be lo

e.  There is a 
e noise and ea
of events that 
of a problem 
many of the X

program, iso
ted events afte
wn by Figure 

HM that was cl
g of events oc
hrough thresho

lower energie
reater distance
ge.  As the ef
n the back-sur
ft through. 

levels of sum
summing over

photo-peak a
of another wa

e ratio 
s noticed in th

n of 7.  This is
ing a small ga

e detected sign

at BESSY with 
t image has an 
energy of 1.2 k

ws the effect 
s are clearly v
y amplified an
as only 82 ele
ve the backgr
ost.  Again, by
large improve
asier to detect
interact in the
at high energ

X-rays as poss

olated events 
er an average 
9, to see how
lose to the Fan
ccurred at a le
olding and so

es (< 600 eV
e than the leve
ffect is promin
rface of the d

mmation over 
r larger numb
and so degradi
as found to be 

he data was th
s a small amo
ain on the sign
nal and multip

two different g
energy of 0.3 k

keV and the bott

of using gain
visible above t
nd so become 
ectrons are pr
round noise, th
y introducing 
ement in the s
t.  This helps 
e active silicon
gies, but at the
sible. 

were identif
background v

w close the data
no limited the
evel that was 
 pixel summa

V) was more 
el of summatio
nent at lower 

device as well 

more than 21
ers of pixels t
ing the FWHM
at the 5 or 9 p

he difference in
ount of gain c
nal allows the
plication proc

gains and energ
keV and a gain 
tom image and 

n on the sign
the backgroun
even more vis

roduced by the
he results hav
a gain of 7, th
signal to nois
to improve th
n that can be d
e lower energi

fied and then 
value was subt
a would come

eory could be 
small causing

ation regardles

modest howe
on that was an
energies, it is
as splitting d

 pixels was li
the potential o
M.  An optima
pixel summati

n the SNR wh
compared to th
e modified Fan
cess has less o

gies.  The top le
of 1.  Both righ
energy of 0.3 k

al to noise ra
nd noise of the
sible.  This eff
e incident pho
ve a poor sign
he X-ray even
e ratio and th

he Detection Q
detected abov
ies, maximisin

the pixels su
tracted.  Sever
e to the theory
achieved for h

g some of the 
ss of threshol

ever and so s
nalysed, or tha
s believed to b
due to the larg

imited due to 
of event pile-u
al point betwe
ion level for th

hen looking at
hat traditional
no factor to b
of an effect on

 

eft image has an
ht hand images 
keV. 

atio.  With a g
e device, but b
ffect becomes 
oton, it is muc
nal to noise ra
nts now becom
he events beco
QE (DQE) wh
ve the noise in 
ng your SNR 

urrounding th
ral levels of su
y.  This proces
high energies 
electrons gen

ld ensured all 

suggests that 
at some other 
be due to part
ge free field re

the flux of th
up increases, 

een collecting 
he experiment

t the data colle
lly applied wi
e minimised a
n the FWHM 

n energy of 1.2 
have a gain of

gain of 1 at 1
by introducing
more apparen

ch harder to d
atio and so ma
me clearly visi
ome much mo
hich is a meas

the device.  T
is important i

hem were 
ummation 
ss showed 
(~160 eV 

nerated by 
of the X-

either the 
process is 
tial events 
egion that 

he photons 
causing a 
the entire 

tal flux. 

ected with 
ith optical 
and so the 
of the X-

keV and a 
f ~7.7, with 

1 keV the 
g a gain of 
nt at lower 
distinguish 
any of the 
ible above 
ore visible 
ure of the 

This is not 
n order to 

Proc. of SPIE Vol. 7742  774205-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/14/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

4.3.  Spl

On a bac
the silico
then swe
photon w
back-surf
charge p
electrons
some of t

A higher
will gene
electrons
is smalle
depleted 
Figure 11

Partial ev
CCDs.  I
detected 
active sil

At 300 eV
photons 
surface o
sites at th
partial ev
energy X
position c

 

lit and part

ck-illuminated
on. The gener
ept into a pot
with the silicon
face of the de
acket to drift 

s in the charge
the generated 

Fig

r energy photo
erate a larger n
s).  As the inte
r than for low
silicon, and s

1.   

vents occur in
If the inciden
by the device

licon for the en

V, 75 % of ph
are undetecte

of the device, 
he silicon-sili
vents.  These w
X-ray peak is 
can be found 

ial events 

d EM-CCD th
rated electron
ential well un
n will generat

evice and will 
under neighb

e packet is sm
electrons into

gure 11.  Show

on will not on
number of ele

eraction occur
wer energies, o
so a larger cha

n the data du
nt photons do
e.  Figure 12 s
nergy range re

hotons transm
ed.  As the in

some of the 
icon dioxide i
will manifest 

compared w
and so the red

he incident X-
s drift in the 
nderneath the 
te an average 
have a large 

bouring poten
mall and the sp
o the noise thr

wing how split e

nly penetrate 
ectrons in the 
rs deeper into 
or non-existen
arge packet is

ue to the nativ
o not have en
shows the tran
equired for th

mit through the
nteraction betw

generated ele
interface.  Th
as a shift in th

with a calibrat
duction in ener

 

-rays penetrate
field-free sili
electrode str
of 82 electron
thickness of f

ntial wells and
plitting betwee
ough the thres

events occur in 

further into t
associated ch
the device, th

nt if the X-ray
s shared betwe

ve oxide and 
nough energy 
nsmission of X
e OP-XGS. 

e un-responsiv
ween the X-ra
ectrons will re
his will lead to
he peak positi
tion achieved 
rgy calculated

e the back sur
icon until they
ructure.  At 3
ns.  These ele
field-free silic
d to be ‘split’
en the adjacen
sholding of ev

silicon at varyin

the device bef
harge packet (
he lateral drift 
y charge packe
een fewer pix

‘dead’ layer 
to pass throu

X-ray photons

ve parts of the
ay and the sil
ecombine wit
o incomplete 
ion of the X-ra

with a high 
d.  This will gi

rface of the d
y reach the d
00 eV, the in

ectrons will be
con to drift thr
 between pix
nt pixels is hig
vents. 

ng X-ray energ

fore it interac
(1,000 eV pho
in the field-fr

et is generated
els.  An exam

that are prese
ugh this layer
s through this 

e device and s
licon occurs v
th the silicon 
charge collec
ay event.  By 
energy event

ive the partial

device and inte
depleted silico
nteraction of 
e produced cl
rough.  This c
els.  As the n
gh it is possib

 

gies. 

cts with the si
oton will gene
ree region of t
d entirely in a 

mple of this is 

ent in back-ill
r then they w
dead layer an

so 25 % of th
very close to 
through recom

ction and henc
looking at wh
t, the new X
l event fraction

eract with 
on and are 
the X-ray 
ose to the 
causes the 
number of 
ble to lose 

ilicon, but 
erate ~274 
the device 
region of 
shown in 

luminated 
will not be 
nd into the 

e incident 
the back-
mbination 
ce lead to 
here a low 

X-ray peak 
n. 

Proc. of SPIE Vol. 7742  774205-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/14/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 

Figure 12.  Modeled QE vs. against X-ray photon energy across the OPXGS energy band for an uncoated back-illuminated 
CCD. 

4.4.  The modified Fano-factor 
The modified Fano factor is a measure of how much extra noise the shot noise on the multiplication register 
adds to the system.  It is predicted to tend to 1.115, (1 + Fano factor) at high gain, but be smaller at lower gain 
(<10) following the behaviour of the excess noise factor with optical photons.  It can be found by taking the 
equation to calculate the FWHM of a Gaussian distribution,  ܯܪܹܨ ൌ ߪ2݈݊2√2 ൌ ߪ ߪ2.355 ൌ ටߪ௥௘௔ௗ௢௨௧ଶ ൅ ܶሺߪ௦௛௢௧ଶ ሻ ൅ ௗ௔௥௞ଶߪ  

and re-arranging to make the modified Fano factor, T, the subject of this equation the values can be calculated, 
where σreadout is the readout noise, σshot is the shot noise and σdark is the dark current in the device.  The results of 
this calculation are shown in Figure 13.   

 

Figure 13.  A plot comparing the modified Fano factor calculated from the data collected at BESSY (points) and the 
theoretical model developed from the EM-CCD Monte Carlo model (line) 

Using the FWHM taken from the noise peak (this is the readout noise of the system) and the FWHM from the 
X-ray photo-peak to calculate the combined shot noise of the system the modified Fano factor of the system was 
calculated.  The charge splitting of the X-ray events caused the data points to not be close enough to the line to 
verify the theory.  However, it does show that the modified Fano factor tends to a value lower than 2 at high 
gain and so shows the effect that the Fano factor has on the total shot noise of an EM-CCD system and the 
possible improvement expected in terms of FWHM. 

The greater distance seen between the theory and measured results at lower gain is expected, because the 
multiplied/amplified signal has a higher SNR, it is then easier to threshold the background noise out of the X-ray 
signal and collect a complete event more easily. Therefore the results achieved are closer to theory. 
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The values for the modified Fano factor still need to be verified, but these results clearly show that there is a 
definite dependence on gain with this signal in the low gain domain. 

4.5.  Order separation requirement results 

The distance in energy needed to be resolved between adjacent orders for the OP-XGS is a minimum of 200 eV.  
By looking at the data for 400 eV and 600 eV X-rays shown in Figure 14, it is possible to see if this separation 
requirement is achieved. 

 

Figure 14.  Histogram comparing position of 400 eV and 600 eV X-ray peaks.  These peaks are fitted with Gaussians 
(dotted lines) and also with what the Gaussian would look like if the device performed as well as was theoretically possible 
(solid lines). 

The 400 eV data show clear evidence of splitting and so a broadening of the peak, however, in the fitting of the 
Gaussian it is possible to ignore the extended effects of the split events.  The 600 eV events are very closely 
fitted to the Gaussian (dotted line) which indicates a lower level of splitting.  The dashed line Gaussians show 
that, while the peaks of the X-ray events are separate from each other, there is still a fair amount of cross-over 
that will confuse the data. 

To see if the modified Fano factor would help with the order separation, secondary Gaussians were created and 
superimposed on the plot (solid lines).  These show that the 400 eV X-ray peak has a lot of broadening away 
from theory, as would be expected for a low energy event in a device that wasn’t fully depleted.  The 600 eV 
theoretical Gaussian is much closer to the fitted Gaussian peak and so suggests that there is a lower level of 
splitting.  Some of the split events have been programmed out of the data as the plots were created using pixel 
summation over 5 pixels.  

The solid lines are clearly separated from each other and so achieve the order separation requirement that is 
needed in order to use EM-CCDs on the OP-XGS.  This will only be possible, however, with the use of a deep 
depletion device. 

5. CONCLUSIONS 

Preliminary exploration of the use of EM-CCDs to detect X-rays and their applicability for use as the readout 
devices for the OP-XGS on IXO has been completed.  A model has been presented for the excess noise of an 
EM-CCDs with soft X-rays at low gain and this has been tested with a campaign at BESSY.  The increase in the 
modified Fano factor with increasing gain was a specific target of this test campaign in order to analyse how the 
FWHM of the X-ray peaks could be minimised.  This is important in order for the EM-CCDs to be able to 
achieve the grating camera readout array order separation requirement. 

Due to the large number of split events and partial events, pixel summation had to be used in order to collect as 
much of each X-ray event as possible.  As pixels are added together the noise from each pixel is also added in 
quadrature.  This leads to a degradation of the FWHM due to an increase in noise and so this has to be taken into 
account when looking at what is theoretically possible.  When using a higher gain than 1 on the signal, the 
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equivalent readout noise is suppressed and so the addition of extra readout noise, due to running at readout rates 
up to 5 MHz, may have minimal effect. 

The pixel summation code had the desired effect at high energies where only a modest amount of pixel 
combination was necessary, however, at the lower energies the split events occurred over a much larger number 
of pixels due to absorption on the back surface and so larger summation schemes were necessary.  Event pile-up 
meant that it was not possible to sum over as large an area as would have been necessary to collect the entire 
split event.  Adjacent events would start to be included into the summation of the targeted event, leading to 
event confusion and a broadening to the X-ray peak towards higher energies. 

Based on the theoretically model, using a deep depletion EM-CCD that is back-illuminated and has no AR 
coating would allow X-ray peaks with more signal in single peaks to be produced that have the necessary 200 
eV separation and so meet the OP-XGS order separation requirement.  This could be further enhanced through 
on-chip binning.  EM-CCDs clearly make it possible to detect smaller signals with high detection efficiency, 
even with small gains and so should be considered for further the use on the OP-XGS on IXO. 
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