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Tech no log i cally-en hanced elec tronic im age sen sors are used in var i ous fields as di ag nos tic
tech niques in med i cine or space ap pli ca tions. In the lat ter case the de vices can be ex posed to
in tense ra di a tion fluxes over time which may im pair the func tion ing of the same equip ment.
In this pa per we re port the re sults of gamma-ray ir ra di a tion tests on CMOS im age sen sors
sim u lat ing the space ra di a tion over a long time pe riod.
Gamma-ray ir ra di a tion tests were car ried out by means of  IGS-3 gamma ir ra di a tion fa cil ity
of Palermo Uni ver sity, based on 60Co sources with dif fer ent ac tiv i ties. To re duce the dose rate
and re al ize a nar row gamma-ray beam, a lead-collimation sys tem was pur posely built. It per -
mits to have dose rate val ues less than 10 mGy/s and to ir ra di ate CMOS Im age Sen sors dur ing 
op er a tion. The to tal ion iz ing dose to CMOS im age sen sors was mon i tored in-situ, dur ing ir -
ra di a tion, up to 1000 Gy  and im ages were ac quired ev ery 25 Gy.
At the end of the tests, the sen sors con tin ued to op er ate de spite a back ground noise and some
pix els were com pletely sat u rated. These ef fects, how ever, in volve iso lated pix els and there -
fore, should not af fect the im age qual ity.
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IN TRO DUC TION 

Tech no log i cally-en hanced elec tronic im age sen -
sors are used in var i ous ra di a tion-sen si tive fields and
equipments like ac cel er a tor based fa cil i ties, nu clear
power plants, so lar sys tem ex plo ra tion and tele com mu -
ni ca tions sat el lites, high al ti tude flight (avi on ics), high
en ergy phys ics ex per i ments, med i cal di ag nos tic im ag -
ing and ther apy, in dus trial im ag ing, and so on.

The de vices can be ex posed to in tense ra di a tion
over time, which may im pair the func tion ing of the
same equipments. It is very im por tant to test the elec -
tronic de vices sim u lat ing the ra di a tion con di tions to
which may be sub jected over a long time pe riod. Ef -
fects of ra di a tion may widely change de pend ing on the 
par tic u lar op er at ing prin ci ple of the con sid ered elec -
tronic de vice.

De spite the com plex ity of the in ter ac tion pro -
cesses and their de pend ence on the prop er ties of the
in ci dent par ti cles and of the tar get ma te ri als, two are
the ba sic ra di a tion dam age mech a nisms af fect ing

semi con duc tor de vices: ion iza tion dam age (ID)
and/or dis place ment dam age (DD) [1]. ID takes place
when en ergy de pos ited in semi con duc tor or in su lat ing
lay ers (mainly SiO2) pro duces charge car ri ers (elec -
tron-hole pairs) which dif fuse or drift to other lo ca -
tions where they may get trapped, lead ing to un in -
tended con cen tra tions of charge and par a sitic fields.
This kind of dam age is the pri mary ef fect of an ex po -
sure to X-rays,  g-rays, and charged par ti cles and it af -
fects mainly de vices based on sur face con duc tion (e.
g., MOSFET) [2].

Dis place ment Dam age oc curs when in ci dent ra -
di a tion moves at oms from their lat tice site and the re -
sult ing de fects mod ify the elec tronic prop er ties of the
crys tal. This is the pri mary mech a nism of de vice deg -
ra da tion for high en ergy neu tron ir ra di a tion, al though
a cer tain amount of atomic dis place ment may be de ter -
mined by charged par ti cles (in clud ing Compton sec -
ond ary elec trons). DD mainly af fects de vices based on 
bulk con duc tion (e. g., BJT, di odes, JFET) [3].

Ef fects of ra di a tion in semi con duc tor de vices
can be in cluded in one of two broad classes: to tal ion -
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iz ing dose (TID) and  sin gle event (SE) ef fects. TID ef -
fects are due to the pro gres sive build-up of trapped
charge in in su lat ing lay ers or at the Si/SiO in ter face (as 
a con se quence of  ion iza tion phe nom ena) or to de fects
in the bulk of the de vices (orig i nat ing from ac cu mu la -
tion of dis place ment events). TID uni formly af fects
the whole de vice, be cause it re sults from the ef fect of
sev eral par ti cles ran domly hit ting the de vice and also
is usu ally re lated to long term re sponse of de vices [4].
SE ef fects are due to charge de po si tion in duced by a
sin gle par ti cle that crosses a sen si tive de vice re gion
and the dam age may re sult in a de struc tion of the elec -
tronic com po nent. SE ef fects oc cur stochastically and
only a tiny part of the de vice, cor re spond ing to the po -
si tion of the par ti cle strike, is af fected [5].

Pre vi ous stud ies on non-vol a tile mem o ries dem -
on strated the ef fec tive ness of in-situ bi as ing and mon i -
tor ing of com plex in te grated cir cuits in or der to col lect 
use ful data about their ef fec tive ra di a tion tol er ance
[6-8].

In this work, CMOS im age sen sors (CIS) based
on metal ox ide semi con duc tor (MOS) tech nol ogy, 
which are widely used for con sumer elec tron ics in te -
grated cir cuits man u fac tur ing, are taken into con sid er -
ation. The CIS is a 640 ´ 480 pix els ma trix in dus trial
test ve hi cle, pur posely de signed for the tech no log i cal
de vel op ment of new pixel so lu tions. The sin gle pixel
has a 4 um ´ 4 um ac tive area and is of the 4-T type.
The CIS is in ter faced through a USB cam era board,
pro vided with PC frame-grab bing soft ware.

Gamma-ray ir ra di a tion tests were car ried out by
means of the  IGS-3 gamma ir ra di a tion fa cil ity of
Palermo Uni ver sity [9]. To re duce dose-rate and re al -
ize a nar row gamma-ray beam, a lead-collimation sys -
tem was pur posely built. It al lows to have dose rate
val ues less than 10 mGy/s and to ir ra di ate only the CIS
to test the elec tronic char ac ter is tics deg ra da tion un der
ir ra di a tion, with out ap pre cia ble dam age of  the cam era 
board cir cuits.

MA TE RI ALS AND METH ODS

The CIS de vices are sup plied by TowerJazz Ltd.
(Is rael), a com pany spe cial ized in de sign, de vel op -
ment and man u fac ture of CIS for X-ray Im ag ing.

Gamma-ray ir ra di a tion tests were per formed at
IGS-3 ir ra di a tion fa cil ity of Palermo Uni ver sity, an
ex per i men tal gamma irradiator, with 60Co sources, de -
signed for gen eral pur pose sci en tific ap pli ca tions. It
can be charged to achieve an over all ac tiv ity up to
about 100 TBq. The com plex con sists of a con crete
shield ing, ir ra di a tion con trol, and safety sys tems [10].

The IGS-3 cell type ir ra di a tion sys tem, with a
pan oramic ir ra di a tion cav ity (fig. 1) is de signed to
con tain 12 cy lin dri cal 60Co sources. The source driv -
ing sys tem con sists of 12 tubes of stain less steel, each

of which can ac com mo date a dou bly-en cap su lated
stain less steel cy lin dri cal 60Co source, 110 mm in
height and 6.3 mm di am e ter. The pipes are driven into
or out of the lead shield ing through an elec tro-me -
chanic source-holder sys tem. In the in ner po si tion it
can ir ra di ate small vol umes (up to about 0.5 li ters) at
high dose rate. Larger vol umes at lower dose-rate can
be ir ra di ated out side the cav ity.

The com plex is lo cated in side a con crete shield -
ing, and all the sys tems for ir ra di a tion con trol and
safety mon i tor ing are placed in an ex ter nal pro tected
room. A thick iron door equiv a lent to 5 mm of lead
sep a rates the cell from the rest of the lab o ra tory. A ven -
ti la tion sys tem pro vides for the air ex change within the 
cell.

At this time, the ir ra di a tion fa cil ity is equipped
with a to tal 8.9·1012 Bq, com posed of twelve 60Co
gamma-ray sources of dif fer ent ac tiv ity: 6 sources of
1.17·1011 Bq each, 3 sources of 3.2·1011 Bq each and 3
sources of 1.65·1012 Bq each. The source dis po si tion
on the work place and re lated isodose pro files are
shown  in fig. 2. The fa cil ity is fully equipped with do -
sim e ters to en sure safe op er a tion and cer ti fied ir ra di a -
tion lev els.

To re duce the dose-rate and to re al ize a nar row
gamma-ray beam  hit ting only the sen sor and shield ing 
the cam era board, a lead-collimation sys tem (see fig.
3) was pur posely re al ized. Its main char ac ter is tics are:
– in ner wall of the lead shield at 25 cm from the cen -

ter of  the sources,
– thick ness of the lead shield: 8 cm,
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Fig ure 1. The IGS-3 gamma irradiator



– di am e ter of collimation hole: 30 mm, and
– height of collimation hole: 80 mm.

To ver ify the at ten u a tion level at the in ner side of
the shield, re mote mea sure ments of dose and dose-rate 
were per formed us ing PTW UNIDOS electrometers
con nected via shielded ca bles (about 30 me ters) to
some suit able ion iza tion cham bers with var i ous sen si -
tive vol umes. Among them, ion iza tion cham bers
mainly used are: TM23361-0561,  sen si tive  vol ume
30 cm3;  TM30015-0011, 1 cm3; and TM30013-3256,
0.6 cm3. The electrometers mea sure both the ion iza -
tion cur rent (dose rate) and the charge (in te grated
dose).

Fig ure 4 shows the mea sur ing points se lected on
the in ner side of the collimation sys tem and fig. 5
shows the plot of cor re spond ing mea sured dose-rate
val ues. This con firms us the at ten u a tion of the shield -
ing sys tem (with a re duc tion fac tor of about 100) and
the collimation of the beam. A fur ther test on the uni -
for mity of the shield ing at ten u a tion for  pro tect ing  the
elec tronic cir cuits board was also per formed: we
placed a glass plate be hind the shield to ver ify both the
collimation and the shield ing uni for mity real ef fect.

The re sults of ir ra di a tion are shown in fig. 6. A com -
par i son of figs. 5 and 6 high lighted the good
collimation and uni for mity ob tained with the
lead-collimation sys tem.

To carry out  the ir ra di a tion test, the elec tronic
board is placed so that the collimated beam is cen tred
on the sen sor, with the ac tive area fac ing the sources
(fig. 7). The ir ra di a tion has been re al ized with the cam -
era board op er at ing in video mode, so ob tain ing a very
re al is tic test con di tion. Con trol in stru men ta tion and a
PC were lo cated out side the shield ing, in the
pre-cham ber where a very low dose-rate en vi ron men -
tal con di tions are re al ized. The PC was in ter faced to
the cam era through a 3 m  USB ca ble, con nected to the
LAN and re motely con trolled us ing the soft ware
TeamViewerTM. The test was per formed fol low ing the
rules con tained in ESCC Ba sic Spec i fi ca tions No.
22900 [10].
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Fig ure 2. Source con fig u ra tion and  isodose pro file on the 
work-plane (colours scale is not rep re sen ta tive of the
dose rate val ues)

Fig ure 3. The lead collimation sys tem

Fig ure 4. Mea sur ing points on the in ner side of the shield
to ver ify its at ten u a tion level

Fig ure 5.  Plot of dose rate val ues in the mea sur ing points
(in mGys–1)



RE SULTS AND DIS CUS SION

With the above ex per i men tal set-up, the ac -
tive-mode TID re sponse of the CIS was mon i tored
in-situ, dur ing ir ra di a tion, up to 100 Gy, and im ages
were ac quired ev ery 25 Gy.

The im ages ac quired at the be gin ning, at dif fer -
ent stages dur ing the ir ra di a tion, and end of the test,
have been an a lyzed to eval u ate the ef fects of the ra di a -
tion on sev eral de vices. A qual i ta tive anal y sis of the
im ages at the end of ir ra di a tion, com pared to the start -

ing ones, shows dam age re lated to weak back ground
noise. The bright ness of many pix els is more than the
ex pected value, and some even are com pletely sat u -
rated. These ef fects, how ever, in volve iso lated pix els
and there fore should not af fect the im age qual ity, since 
it can be fil tered by us ing pre-pro cess ing soft ware so
that these pix els can be la beled as “not-op er at ing”.
The im ages ac quired dur ing ir ra di a tion, in stead, have
a noise level more per sis tent and ex tended, with many
more pix els in sat u ra tion (dis played in white). This is
due to the in ter ac tion of gamma pho tons with the pho -
to sen si tive el e ments of the sen sors and, of course,
these ef fects should not be taken into con sid er ation for
real ap pli ca tions. In fact, when the 60Co sources are re -
moved, the level of noise is dras ti cally re duced. Fig ure 
8 re ports an im age taken dur ing ir ra di a tion, ev i denc -
ing the ef fects not only as sat u rated in ten sity pix els,
but also as sec ond ary par ti cle (elec trons) tracks. Fig -
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Fig ure 6. Ex per i men tal ex po sure of a glass plate placed
be hind the shield

Fig ure 7. Pho to graph of the board placed in side the
shield

Fig ure 8 . Ac quired im age from the CMOS cam era, in
dark con di tions, dur ing  ir ra di a tion. Pri mary (sin gle
white pix els) and sec ond ary elec trons in ter ac tions
(tracks) are clearly ev i denced at short ex po sure times

Fig ure 9. Com par i son be tween the dark im age of the new 
CIS (left) and the dark im age af ter 300 Gy dose (right).
Main deg ra da tion, at this dose level, is due to dark
cur rent noise in creas ing



ure 9 shows a post-ir ra di a tion com par i son be tween the 
dark im age of a new CIS (left) and the dark im age af ter
300 Gy dose (right). Main deg ra da tion, at this dose
level, is due to dark cur rent noise in creas ing.

CON CLU SIONS

At the end of the tests, the im ages pro duced by
the sen sors have been ver i fied and high lighted a  back -
ground noise. The bright ness of many pix els re sulted
higher than the ex pected value, and some pix els were
com pletely sat u rated.

These ef fects, how ever, in volve iso lated pix els
and there fore, in prin ci ple, should not af fect the im age
qual ity be cause the dig i tal im age could be fil tered by a
pre-pro cess ing soft ware. How ever, the use of these
sen sors in space ap pli ca tions, as in med i cal im ag ing
di ag nos tics, must be done care fully be cause of likely
ar ti facts due to high TID. The im ages ac quired dur ing
ir ra di a tion show a wide spread and per sis tent noise,
with many pix els in sat u ra tion. Al though it is not re al -
is tic the use of such sen sors in high dose-rate en vi ron -
men tal con di tions, it must be taken into ac count that
many pix els can be in flu enced  by ir ra di a tion in ter ac -
tion with de vice sen si tive re gions.
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Salvatore RICO, Elio TOMARKIO

TESTIRAWE  CMOS  SENZORA  KOJI  SE  KORISTE  U  IMIXING
TEHNIKAMA  OZRA^IVAWEM  GAMA  ZRACIMA

Tehnolo{ki poboq{ani elektronski senzori slika koriste se u raznim oblastima kao
{to su dijagnosti~ke metode u medicini, ili svemirske primene. U ovom drugom slu~aju ure|aji
mogu biti izlo`eni jakom zra~ewu tokom vremena {to mo`e dovesti do poreme}aja u radu opreme. U 
ovom radu prikazujemo rezultate testova ozra~ivawa CMOS senzora gama zra~ewem simuliraju}i
zra~ewe u svemiru u toku dugog vremenskog perioda. Testovi ozra~ivawa sprovedeni su sredstvima
IGS-3 postrojewa Univerziteta u Palermu, koji su zasnovani na izvorima 60Co razli~itih
aktivnosti. Kako bi se smawila ja~ina doze i ostvario uzak snop gama zraka, napravqen je poseban
kolimatorski sistem od olova koji dozvoqava ja~inu doze mawu od 10 mGy/s i ozra~ivawe samo
senzora slike tokom testa. Ukupna jonizuju}a doza CMOS senzora pra}ena je in situ do vrednosti od
1000 Gy, a slike su pribavqane na svakih 25 Gy. Na kraju testa, senzori su nastavili da rade bez
obzira na pozadinski {um i potpunu zasi}enost nekih piksela. Ovi efekti, me|utim, obuhvataju
izolovane piksele i stoga nemaju uticaj na kvalitet slike.

Kqu~ne re~i: imixing tehnika, CMOS senzor slike, gama ozra~ivawe


