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Comparison of methods to calculate the Dark CurrentNon

Uniformity
M.C. Ursule,Student Member, IEEE. Inguimbert, T. Nuns and J. Morio

Abstract — Analytical and Monte Carlo DCNU prediction repeated for each pixel, according to the number of
: \ . : P

methods are compared. The difference is studied amaling to interactions that have occurred in each pixel. Big Monte

the different assumptions used for the calculationsThe analysis Carlo algorithm [2-4] is CPU time consuming, andsth

is performed as a function of the incident proton fuence. The ~qnvolution can be performed [5-12] by a direct ®evical
convergence of the DCNU toward a Gaussian distribin o ration [13]. Such alternative way of calcwatihas been
predicted by the central limit theorem is also invetigated. developed first, and was very successful over tarsy This
Index terms - Space environment, Displacement damag, Method has the benefit to be very fast, if the poodof

DCNU, Image sensors, Monte Carlo. convolution leads to a known function, avoidingsthvay to
perform the convolution product itself. It is whgriginally,
I INTRODUCTION Gaussian functions [5-7] were used to describalifferential

damage distribution of the individual interactiofsdividual
he space environment is hostile for satellites teir PDF). But, Gamma functions have also been ado&eiD],
payload. They can suffer from significant degraufei because at low fluence level, they better repredéiet
leading potentially to critical failures. Cosmicysa differential interaction cross sections.
radiation belts, solar flare and solar wind arerees of Analytical and Monte Carlo calculation methods dheis
particles able to initiate various types of degtiurin the equivalent in the limit of the assumptions madsitoulate the
electronic components of satellites. Energetic iglag are differential interaction probabilities. The impauft the use of
able to reach and degrade solid state sensors (Ct),used different probability density functions, on the DON
in various applications such as star trackers, semsors orcalculation shall be investigated. This paper aitnevaluating
earth observation systems. By depositing enerdiiérsensorthis impact by comparing the full Monte Carlo cdétion with
arrays, space particles cause interactions witttreles of the some methods based on the use of approximated P,
medium (SEE, ionizing dose) or atomic displacemedifferences will be analyzed according to the iecidfluence.
(Displacement Damage Dose) [1]. Here, the creatdnin addition, at high fluence level, the DCNU corgetowards
atomic displacements is only considered. Thosdatismentsa Normal distribution having a known mean and siasd
lead to some specific degradation in image sersais as thedeviation. But this speed of convergence is closelgendent
increase of the dark current. This intrinsic paiasturrent on the chosen differential interaction probabilis will also
creates a reading noise affecting the images. ®Emeiion of be analyzed. However, it was noted that, all theséhods do
the dark current from pixel to pixel called the Raurrent not take into account some physical processes ascthe
Non Uniformity (DCNU) is known to be critical forome Electric Field Enhancement effect (EFE), or the atpof the
applications that require a low noise level such st Total lonizing Dose (TID) on the DCNU. These degttaah
trackers. The prediction of this degradation iseeal for mechanisms, that are neglected by the differenhoaist will,
space missions. therefore, not be discussed in this work.
The calculation of the DCNU consists in evaluatirpr this study, a method based on the same assnmgsithe
consecutively to an irradiation by incident paggl(protons, methods of references [6-8] have been developed and
electrons, neutrons), the dark current inducedngyamount compared to the full Monte Carlo calculations. The
of damage produced in each pixel of an array. Eoheixel experimental data of the Jade device [14] from wilivserve
the damage is the sum of the damage produced fBretit as reference for comparison.
interactions. Each interaction initiates a damagescade In the first part, both the analytical and Monterl@aDCNU
depending on the energy of the Primary Knock onmAtmodels will be presented. Then, the second part lngl
(PKA). The probability to get a given amount of dega is a devoted to the description of the method implendmbeour
combination of the probability to get a recoil atofma given toolkit. The third part shows a comparison of thdgéerent
energy, by the amount of atomic displacements mredilby methods of calculation. The limits beyond which DENU
this PKA. This probability is known as the indivaluconverge to a normal distribution having a knownameand
Probabiliy Density Function (individual PDF). Atettarray of standard deviation will also be established.
pixels level, the convolution of the damage produds
different PKAs can be solved by a Monte Carlo atpan. 1. DCNU METHODS OF PREDICTION
That means, randomly selecting the energy of thA PKthe
differential interaction cross section [2, 4], asadculating for A, Monte Carlo approach

each PKA the amount of produced damage. This aloulis o . .
A priori, the most straightforward way to predibetDCNU

1) M.C. Ursule (PHD student), C. Inguimbert, T. Sutand J. Morio are withconSIStS in a Monte Carlo algomhm_ [2'4] that difg
ONERA-DESP, 2 avenue E. Belin, 31055 Toulouse, Geaftel: 33- Feproduces the damage process. But historicallgause the
562252734, emaimarie-cecile.ursule @onerg.fr Monte Carlo method is CPU time consuming, fastterahte




ways were preferred [5-12]. The principle of thetseo number of displacements generated by a single actien
approaches is similar but the methods of calculatidfer (individual PDF). The individual PDF is a functiof both the
slightly [13]. The method of prediction based oe thlonte interaction cross section and the Lindhard energgtitipn
Carlo algorithm used in this study has been preskeaind function. The distribution of damage of a populataf pixels
compare to experimental data in detail in [3, 4]t for the undergoing A; interactions is the/; convolution of the
sake of clarity and the understanding of the stubg, key individual PDF. As the distribution of the poputatiof pixels
points are reminded briefly here (cf. Fig. 1, Mor@arlo undergoing; interactions is governed by a Poisson’s law, the
method). According to the incident fluence a défernumber final DCNU is simply the sum of the distributionsepiously
of interactions (Coulombic, nuclear elastic and leaK cajculated for differentl; values, weighted by this Poisson’s
inelastic) is produced in each pixel. The distibutof this |aw. Historically this way of calculation has beeaveloped
number of interactions follows a Poisson distribatat low first [5-7] and have been very successful alongyers [8-
fluence levels and then tends to a normal distidbufor 12]. A detailed description can be found in ref. (Fig. 1a &
higher fluences with an average 1b in [7]). The salient points of this method aeennded here.
— It differs from the Monte Carlo approach only byeth
A= chq)UV ixelR (1) . TN

assumption made on the shape of the individual fREnmma,
Wheren is the atomic density of the target materiadofn/ Gaussian) used to calculate the number of displantsm
cm?®), Vet the volume of the pixel cgn®) and R the generated by a single interaction. The analyticalvolution
proportion of interaction produced in the pixelattlead to aproduct also does not take into account the exjsiatistical
degradation of the depleted region. Each interactigll noise of this stochastic damage process. But, tneatution
produce a Primary Knock on Atom PKA of a given gyemproduct leads to an exact distribution neglecting statistical
[keV, MeV] that will initiate a damage cascade itéag in a noise, toward which the DCNU tends at very higheffice
given number of atomic displacements. The DCNU banlevel. In return, this method is significantly fastthan the
estimated by defining randomly for each pixel thenber of Monte Carlo one, explaining its success over tlasie
interactions4;, and then evaluating the number of atonfcthe number of interaction per pixék is big enough, the
displacements generated by each interaction wite@nd damage produced becomes proportional to the Noizithgn
random draw. The number of atomic displacementemgeéed Energy Loss (NIEL) of the incident particle. Theeeage
by each interaction is then evaluated randomly.nkhao the number of interactions in a pixel is given by theldwing
characteristics of the recoil nuclei of coulombnteractions formula:
(low energy ~keV, short range), the number of atomic Ny (2)
displacements can be deduced with the Lindhard ggner N=Uvsp¢VD7
partition function after estimation of the recoileggy of the
PKA [15]. For nuclear interactions, because of teeoil Whereo,, is the interaction cross sectiam{?), p the density
nuclei range, a GEANT4 application [16, 17] has rbe¥ silicon (g/cm?®), ® the incident fluencep@rticle/cm?),
developed to model the non-negligible number s the depletion volumectn®), N, Avogadro’s number
displacement cascades entering in the depletedneolafter (mol™") and A the atomic mass of the target materidl=
being initiated outside. This application models agcords in 28 g/mol for silicon).

a .d?tbabas_e |the dlts%IaLcetmhent cgsca:cd.e? thatltagprlead TRY mean and the standard deviation of the indafiRDF
gi(fllgn ;Lg'xfhz ?\rl?r?w?er 03; atglrjriin dizpola::ner?]r:r?téam]é vr\]/il? will be called respectivelyiy;s, andoay;s, in the rest of this
be random'Iy selected in this database. This metilmvs P2PE"- Each interaction (Coulor.nbic,. nuclggr elastiod
taking into account border crossing effects. Buevipus inelastic) are treated separately with differemtividual PDF.

works show that the border crossing effect is ilgé when In the case of elastic Rutherford scattering, aerang a high

the ranges of recoil ions are much smaller thanelp&umber of coulombic events per pixel, Marshall al

dimensions [4]. However, if the dimensions of thepléted approximated the ir_1dividua| PDF by a (_3aussian ibisﬁo_n of
volume are in the order of the micrometer, thigefheeds toM&aNHaisp aNd variancerg;,. As we will see further in the
be considered in the simulations [4]. Finally, thexk current Paper, this approximation is only valid when theerage
is estimated by assuming its proportionality to tiienber of NUmber of interactions per pixel is large enoughttsat the
atomic displacement thanks to the use of the Usalefinal DCNU tends also to a Normal law (appendix AB% In
Damage Factor (UDF¥K. [18]. Mechanisms such athat case where a large number of mteracuonsrcnsl_m;_ed,
Electric Field Enhancement effect (EFE), or theaTtnizing Marshall [6, 7] shows that the convoluted damag#ridution

Dose (TID) is not taken into account in this study. can tend to a Gaussian distribution defined by amwhich is
the product of the average number of interactiomsthe mean
B. “Analytical” method of this individual PDF K pg;5,), and a variance which is the

' . . . ~ product of the average number of interactions aedvariance
As described in the previous section, many randeawsl, in of this individual PDF o) (Demonstration in appendix A
both_the interaction cross sections anq the Possaw are ¢ B) [6, 7] (appendix A & B). But, before convergjriowards
required for the full Monte Carlo algorithm caldit®. But 5 Normal law the DCNU is driven by the shape of the

this convolution product can be performed thanka @irect g therford scattering density probability functi®obbins [8]
numerical integration [13]. The DCNU is the resaft the proposed to simulate the individual PDF with a gamm
convolution by itself of the probability densityrfction of the



distribution, which closer reproduce the Coulomtése. Thefluences, but also because of the existence dfi¢igative dark
individual PDF of Coulombic interactions has a veharp current with Gaussian distribution [8]. For its fp@&ermanicus
dissymmetric shape that converges very slowly tdwarreevaluated the parameters of the gamma distributid
Gaussian function. Robins [8] chose to describethig damage for a better fit of the prediction [10]. The
gamma function both inelastic and elastic intecadj in demonstration is provided in the appendix of thiper
order to increase the accuracy of the prediction Ifav (appendix A & B).

Monte Carlo method Method 1 Method 2

A; = Random draw in

the distribution D1 4; = Random draw in
| the distribution D1
j=0
X = Random drawin S =Random draw in
i the distribution D2 the distribution D3
J<4
I yes
= S=21*X
X; = Random draw of the §= k=it c
number of displacements
J=jaril |
A; = Number of interactions for the studied pixel D1 = Normal distribution (mean = A, standard deviation = ﬁ)
A = Mean number of interactions per pixel _ ST Gatsp
XJ = Number of displacements created by the interaction i 2= G Alsirng (‘1""’" YA )
X = Mean number of displacements created by interaction D3 = Gamma distribution (A#msp' ’}‘ajasp + l#(zmp)
S = Total number of displacements created in the pixel

Fig. 1: Flowchart of the different methods presertethis study. For each pixel, the degradatiozpimputed with one of the three presented methods.

interactions. The damage distribution produced Hgseé A
interactions will be denoteB®?2 in this paper. As mentioned
before, D2 can been chosen as a Gaussian or a Gamma

A similar method to the one of Marshall et al. f@s beenfunction [5, 7, 8-10]. The asymmetric tail of thengma
developed in this work (method 1 of Fig. 1). Thiedence of distribution has the advantage to better deschibeérutherford

this method with the Monte Carlo approach is thiatthe scattering cross section. In this work, the DCNUcwaiated

latter case, the convolution is performed by a camgrocess,2SSuming both Gaussian and Gamma distributions beea
while in the former case, the characteristics ef thnvoluted C0mpared. This method 1 developed here is bas¢deosame

distribution is determined according to the NIELdathe @SSumption as the analytical approaches proposédabshall
standard deviation of the NIEL. [5-7] apd Robbins [8] on the ba5|s of a cqnvolutlon
The convergence toward the normal distribution froet2) is calculation. These methods are equivalent, exaepfiat the
also investigated. The speed of convergence hae ftadied Method 1 described here, takes into account thensit
as a function of the fluence level, for the thregfecent Statistical noise of the stochastic damage proosbde the
interaction types (Coulombic, nuclear elastic andldstic). convolution” methods [5-12] provide the theoretica
Indeed, it is closely dependent on the shape oktiegetic distribution towards which the DCNU tends at verighh
spectra of the recoil nuclei which are quite difar from a fluence level. o

type of interaction to another. The method basedttun According to that simplification, compare to thdlfMont_e
approximated PDF (method 1 of Fig.1) is describedhie Carlo algorithm, the necessary num_ber of randoanr&
following section Ill-A The DCNU calculation for ige then reduced here to two per pixel (Fig. 1, methpdn brief,

fluence levels (method 2 of Fig. 1) is presenteddation I1l- @8 can be seen in Fig. 1, for each pixel, the nundje
B. interactions; is randomly drawn in the normal distribution

D1. The mean degradation per interaction is then awunhy
A. Method1, based on approximated PDF drawn in the gamma distributidd2 defined by its meapy;,

. - g: - Idisp
The population of pixels undergoinlg interactions is givenand its standard deviatio 'm' The total number of

by the Poisson’s lawD(1) governing the statistics df. A; displacementsS created in the pixeli, is obtained by
ranges from 0 up to a maximum value that can réasHor multiplying the number of interactiond; with the mean
nuclear reactions, but can overpass a thousandofdombic number of displacements created per interaction.

1. IMPLEMENTATION OF THE DIFFERENT DCNU
PREDICTION METHODS



The first and second moment of the individual PRE;s(,, | Energy Fluence 1 a1 '
o4isp) are proportional respectively to the mean depdsjt(MeV) (p*/cm?) inelastic | “elastic | “coulombic
energyE,,, to create atomic displacements and its standard, 4.23 % 108 0.00142 | 0.000734 0.551
deviation. For coulombic interactions, it has besluated - 4.23%10"” | - 142 | ->734 | -5510
thanks to the NIEL of NEMO code [19]. The number jof ., 7.28 * 108 0.00197 | 0.00128 | 0.482
atomic displacements is simply deduced knowing [the - 728102 | 19.7 | > 128 | 4820
threshold displacement energly according to the formula 1. 120 1.20 * 10° 0.00292 | 0.00117 | 0.408
For nuclear interactions, these momentums thatespand to - 12010 | 5292 | >117 | - 4080
the nuclear NIEL are estimated thanks to a databeskeiated 1.66 * 10° 0.00406 | 0.000899 0.376
with GEANT4 (DBG4, cf. equation 2). 185 | 166410 | 5406 | >898 | —3760
Haisp = Edep ﬂ and Oaisp = aEde” ﬂ (l) Table 1: Characteristics of the simulations redliz’a_ this stl_de. Eor an
no.W 2Ty, nosW 2Ty energy, the fluence, the mean number of nucle@rdotions (inelastic and
Haisp =< DBG4 > and Odisp = ODBG4 (2) elastic) and the mean number of coulombic intevasti per pixel are

: presented. For coulombic interactions the crossosexchave been calculated
WhereW is the depth of depleted volumen() andT, the according to the ZBL model [21]. Both nuclear etastnd inelastic cross

threshold energyMeV’). sections are extracted from GEANTA4 [16, 17].

As explained in the previous sections, the shaptheffinal
DCNU is a compromise between the individual PDFsemo
for the calculation and the speed of convergendbeoDCNU

One can show (appendix VI.B) that the result ofrtiethod 1 towards a Normal distribution. Two types of funaso

is a DCNU of a known meaN,qsp and standard deviatiohGaussian, Gamma) have been tested for individ# B
confirm the interest of gamma distribution raisgdRobbins

408y + Akgis, - BUL the shape of this distribution is not[8) The contributions of the three interactionsvénabeen
priori known. It is affected by the shape of bofie tthosenconsidered but the paper presents only the resofts
individual PDF and the Poison’s law. But, when theident Coulombic and inelastic interactions. Indeed, tresec of
fluence increases, or in a large geometry, the mundf§ nuclear elastic is quite identical to the degramataused by
interaction per pixel\; reaches a level for which someuclear inelastic interactions. Moreover, only DCNU
statistical simplifications can be applied. In toase, for eachgenerated by0 MeV protons are presented because the trend
pixel, according to the central limit theorem aedardless ofis the same for other irradiation energies. Allsta@rediction
the shape of the individual PDF, the damage digioh on methods have a completely different CPU time. Sifiepl
the pixel array tends to be normally distributeduad this methods 1 and 2 estimate the DCNU of a sensor afay
average valuedug,, and having a standard deviatidr)0 000 pixels in a few minutes regardless the fluencegwh
the Monte Carlo approach may need several houdays for
the most critical configurations (i.e. large fluescor large
distribution is noted3 in Fig. 1 (method 2). The method 2 igeometries). The Coulombic interactions are the tn@RU
simply a random draw within th@3 distribution, to take intotime consuming, as several thousand of interactimmsoccur
account the statistical noise which otherwise dumsappear per pixel. The results are presented accordingreetgroups:
in this theoretical distribution. large fluences generating in average thousandstefactions
For lower fluences, below the convergence leveéhefDCNU per pixel, intermediary fluences generating in agerbetween
towards a Gaussian distribution, the discrepandtwéen the 1 and 1000 interactions per pixel, and weak fluences

DCNU and a Gaussian distribution has been invesiijagenerating in average less than a single interagiéo pixel.
Thus, for the same reasons than in the alternatiethod 1,

both Gamma and Gaussian distributions have beelestun A. High fluence regime

the next section, both methods 1 & 2 will now benpared to

the Monte Carlo approach. Some measurements petoom For the largest fluences considered in this stutyMeV,

the Jade device will also serve as reference. 7.28 % 102 p +/cm?, Ainorastic = 197, Aeoutompic = 4820),
the three methods converge toward the same Gaussian
distribution (cf. Fig. 2). Those largest fluenceserav

V. COMPARISONS OF THE PREDICTION METHODs  considered in order to work with close to those used in the

literature with analytical methods. The use of arnmal

A comparison was made between the Monte Carlo rdeﬂ%stribution instead of a gamma distribution fottbonethods
and the two simplified approaches 1 and 2. Compasisvith (1 and 2) provides, at Iovy dggrgdation _Ievel, woesellts than
experimental measurements performed AADE (E2v) the use of a gamma distribution. This phenomenan w2
devices [20] are also made. The fluence has beapted to observed for both the Coulombic and nuclear inelast

vary the average number of interaction per piil the rangeinteractions (Fig. 3 & Fig. 4). Surprisingly, eviérihe average

: ber of nuclear interactions per pixel remainiatirely
0.381,5531]. Four energy and five fluences per ener &g . . N
'Ehen consid(]ered ?cf Tab?g 1) ve i P 9y Wsmall Qinetastic = 19.7), the final degradation distribution

tends to a Gaussian (Fig.4). The statistical naidew damage
level (Fig.4) is due to this relatively low valug dineastic

B. method 2, limit at high fluence level

/Aajisp+)1u§isp ([8] and proof in the appendix VI.A). Thi



Total & Method 2 (gamma) The convergence speed towards a Gaussian distributi
« Method 1 (normal) depends on the shape of the individual PDF. s different
« Method 2 (normal) for eacn type of interactions. This can be dematexﬂrk_)y t_he
inequality of Berry Esseen [21]. The Berry Essesgguality
allows the quantification of the discrepancy betwethe
distribution of the individual PDF and a normaltdisution:

1000

+ Monte Carlo
x Method 1 (gamma)

[y
(=]
o

3

§-2 Mdtsp E(x) 1 (3)

supx < x
\ﬁll(adlsp + Mdlsp /

]E|X1 | 3 (4)
1 3/2
('udlsp + dLsp)

Whereé(x) is the cumulative distribution function of a noima

' - random variable a constant (here equal @¥655 according

10 100 1000 to [22]) andE|X;|® the third order moment. The right-hand
Aldark (nA/cm?) term is an upper bound of the discrepancy betwéden t

Fig. 2: Total degradation generated by an inciflentof protons 60 Mev; ~ modelled distribution and the Gaussian distributiorhe

7.28 %102 p +/cm?). different convergence speeds have been evaluated by

o

Frequency

<

Coulombic interactions calculatlng 1 for differentA. The more this term tends to 0,

1000 the more the distribution tends to a Gaussian idigion
(0O=Gaussian). The calculation of this limit (cf.bl@2) proves
» Method 2 (gamma) that the nuclear inelastic and elastic interacticosiverge
faster than coulombic interactions towards a normal
= Method 1 (normal) . . Lo,
100 distribution. In order to obtain a coulombic lingiguivalent to
¢ Method 2 (normal) @ nuclear limitAqoy0mpic NEEAS to be a thousand time higher

= « Method 1 (gamma)  thanA,,c.qr- The speed of convergence is closely dependent
S | on the asymmetry of the individual PDF. The diffdral
g + B Laie Rutherford interaction cross section is a very stecreasing
E function while the energy distribution of inelast&coil nuclei
e — looks more like a Gaussian. That explains the ggekd of
eI+ - ; P : .
. convergence c_>f th_e_ inelastic interactions. F_or tlergel of
fluence, the simplified methods 1 and 2 give anueate
§ ——e — prediction of the DCNU faster than the Monte Caproach.
10 100 1000
Aldark (nA/cm?) B - -
. . . , - A Inelastic| Elastic| Coulombi¢
Fig. 3: Degradation caused by coulombic interagtifor an incident flux of
protons 60 MeV; 7.28 x 102 p +/cm?) With Agyiompic = 4 820. 0.001 | 444 38.1 1484
Nuclear elasticinteractions 0.01 14.0 12.0 469
0.1 4.44 3.81 148
1000 y
Method 1 (normal) 1 1.40 1.20 46.9
* Method 2 normal) 10 | 0444 | 0381 14.8
) M°":eca"° 100 | 0.140 | 0.120 4.69
100 Methoc? famme) 1000 | 0.0444 | 0.0381 | _1.48
¢ Method 2 (gamma) 10000 | 0.0140 | 0.0120 | 0.469
Table 2: Right-hand term of the Berry Esseen inktyudor the three
X interactions in function of the mean number ofriat¢ions per pixel}.
5‘10 o2 . .
s P B. Intermediary fluence regime
3 < L A
4 ¢ g}“ﬁm— E When the fluence and accordingly the number ofrauiions
e VIO — - per pixel decreasé {,.;qstic = 0.197 andA ,u1ompic = 48.2 at
1 oo emc— - 60 MeV, 7.28 * 10'° p +/cm?), the use of these two different

0001 001 04 1 10 100 1060 10000 PDF (Gaussian , Gamma) lead to different resultst, B

Aldark (nA/em?) methods 1 and 2 give results relatively close thedher (Fig.

Fig. 4: Degradation caused by nuclear interactifmnsan incident flux of
protons 60 MeV; 7.28 * 102 p +/cm?) With A;neiastic = 19.7.



& Method 2 (gamma)
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x Method 1 (normal)
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Fig. 5: Total degradation generated by an incidiemt of protons 60 MeV;
7.28 » 10'° p +/cm?). Experimental data are from ref. [20].

Coulombic interactions

1000000
¢ Method 2 (normal)
x Method 1 (gamma)
100000 - *
x % s Method 2 (gamma)
x t x Method 1 (normal)
10000 - 1
¥ ¥ + Monte Carlo
& 1000 -
c
)
=]
& 100 +
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1+ T T e —_—H-
0.001 0.01 0.1 1 10 100
Aldark (nA/cm?)

Fig. 6: Degradation caused by coulombic interastifor an incident flux of
protons 60 MeV; 7.28 x 10'° p +/cm?) With Acoyiompic = 48.2.

Nuclear elastic interactions

1000000 - 4 * Method 1 (gamma)
* s Method 2 (gamma)
100000 -
< Method 1 (normal)
A ¢ Method 2 (normal)
10000 - Ax
i App, + Monte Carlo
L 4 NP
31000 T x
s
Y]
& 100
v
L)
(s
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1 4 i : i - "
0.001 0.01 0.1 | 10 100
Aldark (nA/ecm?)

Fig. 7: Degradation caused by nuclear inelastierattions for an inciden

flux of protons 60 MeV; 7.28 * 10° p +/cm?) with ;01451 = 0.197.

These two methods experience difficulty to predixith
Coulombic and nuclear contributions (Fig. 6 & Fig. In
particular this is true for the low degradationineg @/ ;41 <
1nA/cm?). The methods based on normal distributions
underestimate the number of hot pixels in regaodhé other
methods. The sampling of simplified methods seentsettoo
small to predict the degradation at this level loefce. The
Kullback-Leibler (KL) divergence method [23] hasebeused
to compare these three estimations with experinhetda
(Fig. 5). The criterion of comparison chosen fore th
comparison and which highlight the dissimilaritytlseen the
different distributions is the distance between th&rence
caseP(x) (here the experimental results) and the modeled
distributionQ (x):

P(x)

D (PIIQ) = ) P()log g3

Two identical distributions will lead to a compamiscriterion
Dk (P|1Q) = 0. The smaller thdg, (P||Q) parameter is, the
closer the simulatedQ(x) distribution is close to the
experimental P(x) distribution. The Fig. 8 compares the
divergence for each prediction method proposedumstudy.
The four first points of the simulated distributiohave not
been considered for the calculation as they arg Wbedly
estimated (Fig. 5). At this damage level, the iomgzdose is
significant and affects the DCNU. The analysisdsulsed on
the tail of the DCNU. As can be seen in Fig. 8, Mente
Carlo approach with an average valueDgf, (P||Q) < 0.16
provides the results in best agreement with expartal data.
This is true whatever the incident energy for affice level of
7.28e10 p +/cm? that corresponds td~50. At this level of
fluence, the Monte Carlo approach gives the moktvamt
prediction.

®)

+ Monte Carlo
X Method 1 (gamma)

A Method 2 (gamma)
X Method 1 (normal)
© Method 2 (normal)

09 -
<&
0.8 <
P £
0.7 +
Q
g 0.6
o 0.5 +
—
2 04 *
8 X X X
2 0.3 + X
0.2 X X
s
0.1
+ +
0 50 100 150 200
Energy (MeV)

Fig. 8: Calculation of the Kullback-Leibler diveryee of the predicted results
with experimental data at four proton energi@d eV, 60 MeV, 120 MeV,
185 MeV) and for an incident flux d7.28 * 10'° p +/cm?.

C. Low fluence regime

For weak fluence (i.el < 1, cf. Fig. 9) and despite an average
number of interactions per pixel relatively small (,;ompic =
0.482 at 60 MeV, 7.28 x 108 p +/cm?), the Monte Carlo

tapproach and the simplified methods based on gamma

distribution give surprisingly quite similar DCNUgdictions.
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Fig. 9: Total degradation generated by an incidiemt of protons 60 MeV;
7.28 % 108 p +/cm?).
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At this low fluence level, wheni<1, the final DCNU tends
towards the individual PDF. For example, Whesuombic =
0.482, the number of nuclear interactions beconesy low
(ANuctear = 0.00197), and the shape of the DCNU is driven by
the shape of the Coulombic PDF (Fig. 9 & Fig. 1Bar
coulombic interactions the individual PDF can béculated
according to the ZBL interaction cross section [2bd the
Lindhard energy partition function [16]:

dozpr, dQ
— Y — 9
dQ dG(Q) ©

Where Q is the recoil energy of the PKAg.d /dQ the
differential ZBL cross section, and G(Q) the Lindh&nergy
partition function. The ZBL differential distribuin is a
strongly decreasing function comparable to a garfunetion.
That explains why using a gamma function in theldical
methods (1&2) gives results close to the full Moi@arlo
algorithm (Fig. 9, Fig. 10). For nuclear interaogo(Fig. 11),
the agreement is better when using a Gaussian R@Mbetter
represents the shape of the differential nuclestridution.
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Fig. 10: Degradation caused by coulombic interastifor an incident flux of Fig. 12: Comparison between DCNU and individual PDR&used by

protons 60 MeV; 7.28 * 108 p +/cm?) With Acouiompic = 0.482.
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Fig. 11: Degradation caused by nuclear inelastierattions for an incident

flux of protons 60 MeV; 7.28 = 108 p +/cm?) With ;0105 = 0.00197.

coulombic interactionsA(,,;ompic = 0.482). Those distributions have been
converted, normalized and integrated for the corapar
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Fig. 13: Comparison between DCNU and individual P&ised by nuclear

interactions 4,uciear = 0.00197). Those distributions have been converted,
normalized and integrated for the comparison.



In order to be compared, the individual PDF and tibtal VI. APPENDIX

degradations predicted by the three approaches heee

converted into integrated probabilities (cf. Fi®@ &nd Fig. A. Demonstration of the method 2

13). As we can see on the Fig. 12 and Fig. 13fitiaé DCNU

and individual PDF are superimposed on most ofdhgk This demonstration determines the shape, the malae and

current range. It shows the very good agreemente®et the the variance of the distributioP3 used in the alternative
full Monte Carlo algorithm and the simplified appohes method 2. The goal is to estimate the distributinthe

based on the use of a gamma function. On the SYnBiEE ;4om variables defined ass = L, X; where the random

use of a Gaussian distribution is not relevant .(Aig). In . T .
conclusion, the good agreement between the mettaod the variable; follows a normal distribution with meah andX;

Monte Carlo approach shows that a Gamma functiomei$ 2'€ independer_1t and identically disFribute;:i (i.dandom
suited to represent the individual PDF for Coulceni¥@riables ast with meanuq;s, and variancerg;s,. A andX;

scattering (Fig. 10). are also independent random variables for jallLet us
determine the mean and the variance Sofbut also the

V. CONCLUSION asymptotic form of the distribution ¢f wheni — +oo. If we

apply the law of total expectation, the meas gE(S) is given

Analytical DCNU calculation methods, that have beedely by
used in the past has the benefit to be faster Mamte Carlo

algorithm. But they make some assumptions on thed us Yoo

damage probability density function that impacte final E(S) = E(E(S|4)) = Z E(S|4; = n)P(4; = n) (6)
result. In other words, such kind of methods angivedent to n=0

the Monte Carlo approach in the limit of the maWéhereE(S|4;) is the mean of conditionally tod;. As we
assumption. In this work, the impact of the usedifferent have also

probability density functions on the DCNU calcuteti has n

been studied. The analysis has been performedrin oé E(S|A4; =n) =E ZX]- = nE(X) = nugsy (7
different incident fluence levels. =

It is demonstrated that the DCNU is a distributitaving a we can conclude that the expression of the medrisof
known mean and standard deviation (respygisp +o0

//la[fisp+/lu§isp). This distribution tends towards a Gaussian E(S) = Z NgispP(A; = 1) = Agisp (8)
function at  high  fluence level Afciastic~10, n=0

Acoutompic~ 1000). At low fluence regime XA puiompic < 1 sinced is the mean of;.

the shape of the DCNU is driven by the Coulomhine law of total variance states that the variasfcg, V(S) is
probability density function. In between the DCNEncbe equal to

well simulated using a Gamma function as a prolgbil V(S) = E(V(SIA)) + V(E(SIA)) 9)
density function. This explains in particular th‘?CCEaSingWhereW(SMi) is the variance of conditionally to;. The
exponential often observed experimentally on thledfathe first term[E(V(SI/Ii)) of equation 9 is easily derived Asare

DCNU. . .

A difference of convergence speed towards a Gaus's'%'a(lj' random variables, " "

distribution is observed as a function of the iat¢ion type. 5

The nuclear interactions needjavalue a thousand times ~VSlMi=n) =V in = ZV(XJ') =g (10)
smaller than the coulombic interactions to conveoyeards a j=1 j=1

Gaussian distribution. But when the fluence de@eage. and thus

1 < 1< 1000), some discrepancies between methods appear. IE(W(SIAi)) = ]E(Aiafisp) = Aajisp (11)
At this fluence Ievel,_ the Monte Carlo a_pproachvp'nles the The second component of equatioWQIE(SIAi)), is just

best results according to the calculation of thelbd€ck- V(E(S|A)) =V(lz#aisp) = My (12)

Leibler divergence. The simplified methods basedyamma
distribution underestimate the low degradation levand the . 2
simplified methods based on normal distributionregémate V() = A0disp + Attaisp (13)
the pixels lightly impacted and underestimate tbe gixels. Let us consider the random varialdle

It follows that

At weak fluences (i.ed < 1), the prediction made using a S = Mlgisp
gamma PDF are relatively close to the Monte Carlo B (14)
simulations showing that Gamma functions are wallesl to /Mfisp + A#éisp
represent Coulombic differential interaction praitities. and determine its moment-generation function (M®;)
M, (t) = E(exp(tZ)),t € R (15)

The MGF ofS is defined by
My(t) = E(exp(tS)) = E (E(exp(£(512)))),t R (16)
Conditionally tod; = n, we have



converges to a standard normal distribution &mdnverges to
E(exp(t(S|4;))) = E| exp tz X a normal distribution of meamug;,, variance Aog;, +
= Aoie-
i Jj=1 (17) Haisp
=E( [ [ewnex) | = My
j=1
asX; are i.i.d. random variables and whefg is the MGF of
the random variabl®. The MGF of S is then

Ms(©) = B(My(©}) = > Mx(©"P Qs =)

B. Relation between method 1 and 2

This demonstration proves that the method 1 and\ lthe

too "0 same mean and the same variance. In the methotiel, t
= ZeXp(_A) (Mx (D" (18) random variableS does not follow a usual law. But in the
~ n! method 2, the random variable follows a Gaussian Lzt us
= exp(AMy(t) —2),t €R determine the mean and the varianceSofas used in the
It follows that method 1, equal tal; X X where 4; follows a Poisson

distribution with meamt and the random variablé foIIows a

normal distribution with meam,;, and variance==* "“s” One

(e
My(t) =exp| AMy| ———— | — A
\ \ /Méisp + Aﬂﬁzsp / has with the law of total expectation:

(19)

At \ E(S) = E(E(S|A)) = E(E(A; x X|A;)) (25)
———E® lteR = E(4; x E(X|2))) = E(4; X taisp) = Aaisp
’Agjisp + ,mfusp whereE(S|4;) is the mean of conditionally tod;. The law of
total variance states that the variancé,d¥(S), is equal to

The series expansion &fy can be used here if the different

moments o can be defined

t2E(X? tEX
(X?) - X)) N

V(S) = E(V(SIA)) + V(E(SIA)) (26)

whereV(S|4;) is the variance df conditionally tod;. The first

Mx(t) =1+ tE(X) + 21 T - (20) termE(V(S]4;)) corresponds to
My(t) =1+t < DBG4 > V(S|A) = V(4 x X|A;) = FV(X|4) = 4,05 (27)
tz(o-t%isp + Mtziisp) tg[E(X3) (21) and thus
and thus The second component of varianB€E(S|4;)), is just
W([E(SML')) = W(Ai.udisp) = A.ucziisp (29)
1y Hase thaisp It follows that

My
V(S) = Aa3;,, + Au3; (30)
//10 +1 / /,10 +1 aisp + Maisp
\ disp + Waisp disp + Maisy In the method 1, the random variatslés defined bya; x X,

(22)  with 4; drawn in the distributionD1 and X drawn in the
distribution D2. We have shown here that the mean and the

3
\ 1 1 / E(X*) variance of the distribution of this random varaldre the
+ + Taisp T Midisp same as those of the distributibA.
When/’l - +00, we get VIIl. REFERENCES
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