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SINGLE EVENT UPSET TEST AT THE CRYRINGHEAVY-ION ACCELERATOR �D. Novák, A. Kerek, W. Klamra, L.-O. NorlinRoyal Inst. of Te
hnology, Fres
ativägen 24, S-104 05 Sto
kholm, SwedenL. Bagge, A. Källberg, A. Paál, K.G. RensfeltManne Siegbahn Laboratory, Fres
ativägen 24, S-104 05 Sto
kholm, Swedenand J. MolnárATOMKI, P.O. Box 51., H-4001 Debre
en, Hungary(Re
eived July 4, 1998)The energy and parti
le intensity domain of the CRYRING heavy-iona

elerator is well suited for studies of Single Event Upset phenomena.This e�e
t o

urs when a 
harged parti
le hits a working ele
troni
 
ir
uitand the 
harge 
reated alters its state. The radiative environment is oneof the major problems for ele
troni
 
ir
uits in an orbiting satellite. Thesituation is similar for future dete
tors at the new high-energy physi
sfa
ilities, like the Large Hadron Collider (LHC) at CERN. The in
reasinguse of submi
ron te
hnology in 
ombination with a lowering of the 
ir
uitvoltage de
reases the 
riti
al 
harge for temporary upsets. In this arti
lethe SEU test setup at CRYRING is des
ribed, where memories are usedfor testing digital 
ir
uit te
hnologies. For these tests two types of parti
leextra
tion is used and two types of s
intillator beam monitors (BaF2 andYAP) are des
ribed. Temporary, soft errors were re
orded in stati
 RAMmemory 
ir
uits.PACS numbers: 29.20.Dh, 29.40.M
, 61.80.Jh, 61.82.Fk1. Introdu
tionThe radiative environment is one of the major problems for ele
troni

ir
uits in an orbiting satellite. The relatively large number of 
hargedparti
les, not only ele
trons and protons but also heavy ions either present in� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1603)



1604 D. Novák et al.spa
e or originating from the 
onstru
tion material, will a�e
t semi
ondu
tordevi
es. The situation is similar for the future dete
tors of the new high-energy physi
s fa
ilities, like the Large Hadron Collider (LHC) at CERN[1,2℄. Here, the extremely large number of light parti
les, i.e. protons andpions might initialize nu
lear rea
tions and re
oiling nu
lei 
ause damage tothe 
rystal stru
ture. The radiation environment thus will resemble to someextent that of the spa
e. Also at ground level the energeti
 light parti
lesmight 
ause unwanted e�e
ts on ele
troni
 devi
es.
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Fig. 1. The 
urrent measuring setup2. Radiation2.1. Radiation environmentsAt altitudes where satellites orbit 
osmi
 rays are of major 
on
ern. Theextremely energeti
 heavy ions, originating from the interstellar spa
e haveenergies up to 1020eV and atomi
 number up to Z = 26 (iron). Theseenergeti
 
osmi
 rays 
an 
ause some problems even at ground level. An-other sour
e of radiation for orbiting satellites is parti
les in the Van Allenbelt, whi
h 
ontain geomagneti
ally trapped ele
trons and protons and someheavier ions [3,4℄.Similar problems with radiative environment will arise in the future high-energy physi
s dete
tors with front-end ele
troni
s 
lose to the radiationsour
e. The energeti
 light parti
les originating from 
ollisions in the dete
-tors 
reate heavy re
oiling ions whi
h will irradiate the ele
troni
 
ir
uits[1,2℄.



Single Event Upset Test at the CRYRING Heavy-Ion A

elerator 16052.2. Ele
troni
s and radiationIt is possible to 
lassify the errors 
reated by radiation in di�erent ways[4℄. The radiation 
an 
ause temporary errors, i.e. the 
orre
t devi
e fun
-tion 
an be restored by rewriting the data or repowering the 
ir
uit. Per-manent errors disable the whole devi
e or a part of it forever. In some 
aseshowever annealing might help to eliminate permanent errors, but its usageis unlikely on satellites. However 
ertain self-annealing will always o

urbe
ause of the heat produ
ed during normal operation.The total a

umulated radiation damage gradually degrades the perfor-man
e of the devi
e. For example a parasiti
 transistor 
an be opened in thedevi
e, whi
h results in 
omplete stop of a fun
tion and in
reased power 
on-sumption (lat
h-up). Powering down and up the 
ir
uit 
an eliminate this,but the in
reased power 
onsumption 
an lead to a total devi
e burnout. Itis also possible to make a 
urrent sensing devi
e whi
h in advan
e powersdown the 
ir
uit avoiding the burnout.Single energeti
 ionizing parti
les 
an also 
ause errors, 
alled SingleEvent E�e
ts (SEE). The in
reasing use of submi
ron te
hnology in 
ombi-nation with lowering of the 
ir
uit voltage de
reases the 
riti
al 
harge forsu
h temporary upsets. The most 
ommon error of this type is the Sin-gle Event Upset (SEU). In this 
ase the 
harge 
reated by a parti
le passingthrough a transistor in the devi
e might be enough to 
hange the state of thenode, 
ausing a temporary upset. After 
orre
ting the data there remainsno e�e
t of the upset. Another type of error 
aused by a single ionizingparti
le is Single Event Lat
h-up (SEL), whi
h is a lo
al lat
h-up. SEL ismore di�
ult to dete
t than lat
h-up of a whole 
ir
uit sin
e the 
urrent
onsumption in
reases only slightly. SEL 
an lead to lo
al burnout or 
aneven es
alate to a full lat
h-up.2.3. Avoiding radiation damageTo avoid radiation damage shielding is a possible solution in some situa-tions. However on satellites the weight and spa
e is restri
ted and thereforeit is impossible to shield the ele
troni
s against the energeti
 heavy ions of
osmi
 origin [4℄. Similarly in high-energy physi
s dete
tors the availablespa
e is limited and shielding is often not possible be
ause of the lo
ation ofthe ele
troni
s. Furthermore, parti
les 
an not be stopped by the shielding,be
ause it would redu
e the sensitivity of the dete
tors pla
ed outwards fromthe ele
troni
s.In radiation hardened 
ir
uits spe
ial te
hnologies have been developedto avoid the 
onsequen
es of harmful radiation. Devi
e layout modi�
ationsare made to in
rease the 
riti
al 
harge and di�erent monitoring 
ir
uits areadded to avoid fatal errors.



1606 D. Novák et al.The major drawba
k of using rad-hard devi
es is their pri
e, be
ause ofthese modi�
ations of te
hnology and the low volume produ
tion the 
ost
an be ten or hundred times higher than for standard devi
es [6℄. In manyappli
ations, like 
ommer
ial tele
ommuni
ation satellites this is una�ord-able and also lower level of radiation hardness is a

eptable. In su
h a
ase radiation tolerant devi
es 
an be used. These are manufa
tured withstandard te
hnologies but with similar layout modi�
ations and additionalmonitoring 
ir
uits as the rad-hard devi
es.3. Rad-hard tests3.1. Test sour
esFor 
he
king the Integrated Cir
uit (IC) manufa
turing pro
esses forradiation hardness, test setups are needed where the di�erent radiation en-vironments 
an be simulated [4℄.The gamma irradiation 
an be produ
ed with di�erent gamma sour
es.To simulate extremely energeti
 
osmi
 rays parti
le a

elerators are used.Fission fragments from Californium-252 sour
es 
an be used for low-energyheavy ion irradiation. Laser beams 
an be used to transfer large amounts ofenergy to the devi
e. 3.2. Test devi
esMemory 
ir
uits, a major part of all ele
troni
 devi
es, are high-density
omponents and have a large number of identi
al 
ells. All these propertiesqualify them as good test devi
e for radiation hardness tests.Today CMOS is the most frequently used te
hnology for standard ele
-troni
 
ir
uits. The radiation tolerant devi
es are also manufa
tured withCMOS te
hnology where the a
tive part of the devi
e is built up on an iso-lating wafer su
h as sili
on-on-sapphire (SOS) or sili
on-on-isolator (SOI).4. Rad-hard tests at CRYRING4.1. The test setupThe energy and parti
le intensity of the CRYRING heavy-ion a

eleratoris well suited for studies of Single Event Upset (SEU) phenomena [7,4℄.During the SRAM irradiation the memory is powered and loaded withdi�erent bit patterns. After some time the data in the RAM is read ba
k,and 
ompared with the original set of values. If the irradiation has 
hangedthe data, the memory lo
ation and the bit patterns are saved for furtheranalysis.
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elerator 1607For the RAM irradiation tests a PC based test setup with operatingsoftware was developed. The software emulates the ne
essary signals for theRAMs to be tested, generates the test patterns, 
he
ks the read values andsaves the registered errors.A spe
ial 
hip manipulator was built for the tests and is pla
ed in one ofthe straight se
tions of CRYRING. It is possible to move the 
hip relativeto the beam and it is also possible to rotate it in order to vary the angle ofin
iden
e of the parti
les.The CRYRING storage ring is not equipped with beam extra
tion fa
il-ities and the ions used for irradiation purposes have to be deviated from thebeam orbit. Furthermore the multiturn a

eleration requires Extreme HighVa
uum (XHV). This is a
hieved by baking all parts of the ring to 250�300ÆC prior to the experiment. Therefore materials and 
omponents whi
h areintrodu
ed into the va
uum must tolerate that temperature. For instan
ea spe
ial so
ket had to be 
onstru
ted to hold the 
hip under test sin
e nostandard material 
an be used. The so
ket is made of MACOR 
erami
 withwire wrapped 
onne
tions. The 
erami
 pa
kaged 
hip is open for the heavyions. 4.2. Extra
tion and monitoringAs mentioned above the ne
essary prerequisite for this type of tests isthat ions are extra
ted from the a

elerator and guided to the irradiationposition.In the experiments performed so far the a

elerated ions are deviatedfrom the normal beam orbit to hit a gold foil perpendi
ular to the beamby in
reasing the �eld of the dipole magnets [8℄. The ions hitting the foilwill s
atter and 
reate a shower of parti
les on the memory 
hip and on themonitoring window. A �xed angular relation between the 
hip to be testedand the BaF2 s
intillator monitor allows normalizing the test [9℄.In the near future a mu
h more e�
ient extra
tion will be used. The
harge ex
hanged ions of the ele
tron 
ooler, i.e. ions with 
harge one unitless than the nominal beam, will hit the devi
e to be tested and by adjustingthe ele
tron 
ooler voltage the time of extra
tion 
an be regulated. In thisway a 
onsiderable number of parti
les will be guided to the measuringposition 
ontrary to the existing s
attering extra
tion where a large fra
tionof the ions are lost. The 
harge ex
hange method will be used for lowintensity �ex
lusive� ions.The monitoring is made with a YAP 
rystal whi
h is also an inorgani
s
intillator, radiation resistant, robust and has relatively high light output.It is pla
ed on a probe and 
an be manipulated and the s
intillation lightis proje
ted to a PM tube outside the ring va
uum by a mirror and lenssystem [10℄.



1608 D. Novák et al.5. ResultsAs mentioned above the temporary or permanent errors of the SRAM
ir
uit are registered on-line during irradiation. A typi
al error pattern isshown in Fig. 2 for an SRAM 
ir
uit when bombarded with 40Ar ions ofenergy 2.5 MeV/A.
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Memory map of a bulk CMOS 8x8K static RAM (IDT 7164).

Fig. 2. Virtual memory map. The bla
k areas are the memory 
ells, where tempo-rary errors of Single Event Upset type were dete
ted during irradiation.The in�uen
e of parti
le type and energy and the angle of in
iden
e ofparti
les are the parameters to be investigated for di�erent SRAM memoryte
hnologies. In Fig. 3 the angular dependen
e of the error rate is displayedfor a standard CMOS 
ir
uit. A memory 
ell is assembled by several tran-sistors, usually six, having asymmetri
 status for memory 
ontent 0 and 1.This asymmetry is re�e
ted by the di�erent error rates for logi
al 0 expe
ted1 observed or 1 expe
ted and 0 observed. In Fig. 4 this asymmetry is dis-played for the errors 
aused by 290 keV/A 40Ar high intensity irradiation ofthe 
ir
uit.
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Angular dependence
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Fig. 3. Number of SEUs as a fun
tion of the beam in
ident angle to the 
hip
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Fig. 4. Number of errors as a fun
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