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j
Energy Deposition in Microvolumes of Silicon <

From High Energy Proton Reactions j

1. INTRODUCTION

ii p r ' iii tij )It i t it 1(IpSotS in( log iC e t'r' 1S 1 . J ISSa ge Of higlyl ionizing A

Ia ir-c- suc ts-l . -nltc tak' or (it-lphat pa t'tic los thtrough omic roelect ronic ci rcuitrY

iis hecti uitlet r im -s tig a ti in for m tove thain five yers. T-0'he anal ~ses of these
e. nts a ve ha scd 'in the p rubablt of a par'ticle possessing sufficient energy and

stping po%%i aev, Lind the p robahilIit'. that the paticl t iIa s a tracik segment ( cho rdI
long thti in the collerctiion 'vltii e long enough to tie posit the requiredI eneorgv for upset.

lThe chiargres Iibe rated by the eergy deposition a to then col lected as a p~ulse or on

ai sto) age node to caiuse ai soft error. In titis report, thle ionizing particles are

aissinied to be creajted by the inelastic scatter aind reactions of p~rotons in the energy
28

range front 100 Meo to I (;e\ with Si nuclei. Much of the background for this

a iiik aind soitre results acre in tte 1litoerature aind a re not repeated he re.

2. FORMALISM FOR ENERGY DEPOSITI1ON FROM
NUCLEAR REACTION SECONDARIES

't% )en describing the energy deposition by nuclear reaction secondaries in a

I1 [('.('(lV~ 1*1 ILiublicratirin 25 kantiai vy 1984)

(D ue to the- Li;rge nU nibi r of refer inmos cited ab te e will not be listed he re.
SRlefer ences, urge 25.
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pea e r is feer'gy dtabendclt and is vartiable a long thle track; (2) thle range of the

patrticlc is finite; ()the i'< rticles are made2 locally", that is, * 'oduction occurs

both ins ide ind 'UtSide the coile r tion VOIl1u me. and both locations contribute. The

fo rrrhilisnl .ssuames that thle S'condarIies acre in bulk equilibrium ( the Spectrum is

sp tia liv independent).%

2.1 Secondaries Produced Outside the Collection Volume

rhe number of secondaries of a particular species p roduced bY incident primiaryv

ra diation for example, p rotons) inte rac ting xith the host nucleus th rough a cross

-. setI'U J.- is iven) 1w

0,4 o ( E) (1)

2
%%here 4- is the prirrarY flux in protons/cn r is the total cross section in

2
(cm /host atom -proton) for the particular species, N/A is the number of host

atonrs/gm. and o(L) is the frequency distribution (probability density) for second-0

aries of energy E, in secondaries /fleV. These dimensions result in W' being

give~n in units of (secmadaries/erm NMe\I

The bulk equilibrium flux that results is given by

L max
f oE )dL

.NIL) particles E (2)
cm Ale .(D (Ale% /cm)

p gm/cm 
3  T

where p is the host density' and 1. T (E) is the total Linear Energy Transfer (LET).
2

A\ convex surface of S cm that bounds a volume immersed in an isotropic flux

of N'(E) particles will intercept

.4NILE) S/4 particles (3)

The probability of these lying along a track (chord) length greater than or equal

to the length required to deposit AL trsldis g'ven by C~slE, LI). The function

(s) is described in detail in Reference 6.

Hence, the number of energy depositions greater than A[- frorm reactions
th

)urrin. outsidle the collection volume is given by:

mrax
nQ% E h) f N' LE) C- (s E~, A Eth] )dE

6



f. 
N

. .*

max N Sx
" '.. T W ,"2] o1. .; ,' w 0

and finally, using the ( Uc1ly VAlUe fo 1 i1e:11 l 'd letL!th, (- - "

I.
n t. t ) = f 1 1 1 N l dl 17)

STth

where N(F) is given 1v

f O(E)dE

Ni..N(E) (L

and has the nonialization

f N(E) dE u (mean range)

Thus, the n iximun value obtainable by l'q. (5 is

2.2 Secondaries Produced Inside the Collection Volume

File nuiihev of secondaries p'oduced in volune \ bY lhe saine incident flux

of priniaries is given by

2%') = a 2i p V o (L) particles/Me\ (8)

i anu the probability (,f lying (,n :n internal path segment s of sufficient length to

th=-•deposit. A;t ,r' greater is given hy ;Is! F, AEl 2).1lence, the nuuher of e.ne rg\

depositions greater thin A L due to re:to(tilns inside the coll ecti n volune is ic
th

by-

N

ilA 1< ) - - er ,T f' \  ( uiA~ 2, 1211 0i'12) dl. i p
* thAl

"-' " "" G~~C(s) is described in det;iil in lleferince Ii. J'hn r:cixrluu, o dii ll it, i t b h. li ', V q. "

is n(O) 4>c ,

=-°%

nI." 4", ") ~

4. ".-A -.

-7'U
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be -

2.3 Total Production

The total number of energy depositions greater thanA Eh is given by the sum
of Eqs. (5) and (9).

E ".

(AE) a pV IL f C(sjE, A EJ) N(E) dE
n = AE /g

6 E
Emax

- f G(s[EAEJ) O(E)dE] (10)
AE, 

-g
%thg

The chord length required to deposit A E is determined from

E--
s =f E*(l

E L-7 -.

where L(E*) is the electronic stopping power. 0
In the lower limit of the integrals in n7 a factor g has been introduced. This

function is required for ions other than protons because at low energies
(E < 10 keV/nucleon) the electronic stopping power begins to decline and atomic

scattering becomes the chief energy loss mode. Thus, if an amount of energy
6 E is required as ionizing energy deposition, an initial kinetic energy ofth
AEth/g is needed.

From the work of Sattler the g factor in silicon is taken as

I.~~ weeAith0.l1A -20AE/""g (-7 e 121,--

where A is the mass number of the particle.

2.4 Differential Energy Deposition Spectra: Event Spectra

The inelastic scatter of high energy protons from silicon causes reactions in
which several secondary particles arc emitted. 13y way of exzimple the reaction

Si28 (p 3p', 2n, 2) 06

involves eight outbound particles of which six are charged. E'ach of these hzis an
energy deposition spectrum. The particles are created simultaneously" and

therefore the total energy deposition is seen as a single event. Thus, to create the

correct total energy deposition spectrum one must first determine the individual

% V

0.;
.- ," :

4.'.

C, ' . - .. - . . - . . , .- . . . . . . . . - . .. - . . - . . . - . . . . . .. , : - , . . -/ .- . . . . , . . . . . . . - . ;



even spectra Lnd then combine thorn in un ppropriate . To do this one needs

the liffe rentia Iof the n T ( tA Eq. 10):

-d n t N I a f(s)N(E)dE
SA E/g e "'

a[E (A] E.,) dEm
-s C skA lIg) X(A L/g) + f C• L E-AE)

A E/g C-L e(L-A E) ".

G s(A E/g)~ o A E/g) a(.%r-E 0J(13)

who We We have used

as a )s
-- .'

and

Os
A"- L (E -,)t

The separate terms have been labeled bv Caswell as Crossers, Stoppers,

Starters, and Insiders. Crossers are particles born outside the collection volume

whih iransit ',)r pletelv thr')ugh the ,otian volumes. Crossers are the

dominant population wherever the T of the volume is small compared to the mean

range of the secondar.v.

Stoppers are particles born outside the collection volume whose residual track

length upon arrival at the surface is shorter than the chord length along which the

track lies. Ilence, the particle track terminates in the interior of the collection

volume and the energy dump equals the total kinetic energy.

Starters are particles born inside the collection volume whose range is greater

than the chord segment length to the surface. lence, they escape the collection

volume.

Insiders are particles born inside the collection volume whose range is shorter

than the chord segment to the surface. [fence, the particle's entire track is in the

interior and the energy dump equals the total kinetic energy. These four classes

of particles are shown in t"igure 1.

1 1. (aswell, H. S. , and Co ne, J. .1. 1975) Microdosimetric spectra and parameters
of fast neutrons, IFifth Symposium on Microdosinretrv, kerhania Pallanza,

, Italy, J. lBooz, 11. G. Ebert, and 13. (. R. Smith, Eds. , Commission of the
European Communities, luxembourg, LE R 5452 d-f-e, p. 97.

774
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'J INSIDER

~~~TRACKS OF LENGTH, U -. '

SEGMENTS OF LENGTH, S':::
~~I,'igure 1. The I-our (Classes of Seeonda ry N ;-
i Particles Identified by Their Origin and •.

Path..

,. ~3. SUMMATION OF THE INDIVIDUAL EVENT SPECTRA .- "

J. I Conw'olution .

' . ~ ~~The mathematical procedure for combining independent spectra is called-: ':::

Sconvolution. The independent event spectra are normalized to unity and represent

,, proper probability, densities or frequency functions. The formal rule for comibina-. -2
i ~tion is --

' ~(4i1 AE:2 -,
2 rax '.",n(6) j (AL) n2(b-AE) cA E (14)

where the n I are the independent spectra. Caution is necessary since different

spectra will usually have different ranges. Therefore Eq. 14) must be divided

into two parts

n(6) S T nO(E) n2VI-AE) dVE (15)PECTRA

0 O

0 < 6 < AE,.',3 max',..'.'
%% ,

tion, is

10 ", : 0AF~i
2 '-a-

n(6)= I (AL n (-AL)dAE 14)
.-..,-... -,-....-. -..: .:. .. 1 2::

. .0 : .. x .':-.-: ,-.-.,:, .;.-..,:.-,-,:: .- ,.,..:- ,:,:.::::.,. - . - - -,.:.:.- ::.



n(6) =1 (A Emx ) n.(6 - AIE) dA E

A E < 5 <(A E + Al' )(16i)
miax 1 2 max

Note that the spectrUml With thle least range takes the role (if n in thle integi-A.

If there is a third particle, a second convolution must be performed.

This is the procedure which is applied directly to the particles of inside Produc-

tion. The starters and insiders spectra from 1.Eq. 13) are added and convolved

with those fronm the second particle. An example of thle resulting spectrum is shown

in Figure 2.

0

... NEON RECOIL

0 *..0.0 ALPHA PARTICLE0

.. COINCIDENCE SPECTRUM

0 (CONVOLUTION)

0 0

44

0L TO 21 38

01 0
l~~~~~~~~igu ~ ~ ~ ~ ~ ~ ~ ~ ~ T re* 2.I;ecvleoiin pcr enadAph aeil -ait

1'rdcs1h4oniec pcrmobamdb ovlto sas hw

3. ightin 2.of g Dsto Spectra -f\o n lh atceR~(to

FThe iiiicroxitlu rie of the( c lctronTic, deVic-1 thlt col leCtS the e'1l-ge a etS yecrl,

mttuch like de(Itector. ( )ne catn tre flat th totlI eine rw event 51)etrt'uni as the suml o

. scvfraI input spee ta~i c~i caf titem Seuin 4 id(Intifie bY its (w igin. I )nc sucn is the

,1 

e

.. % %~
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spectrum that arises fr-on reaction,-; in tile interior; this spe;ctruni is obt'ink-d h n
the convolution process above. From reactions th it occur" outside tile rIi crovolIune, -"

several additional spectra are created.

1n• "In the example reaction abov-e, an 0 1 CeL'Oil is produced with three protons aind

S-two alpha particles. A spectrum arises from each of these, plus a spectrum for J

each coincidence, double coincidence and so forth. Th, procedure is to establi i

each of these energy deposition spectra by the convolution process and to assign a.

weighting factor y to each where the value of ) is determined by the relative prob-

ability of its occurrence.

To determine a general rule for assigning a value of ) one can proceed as follows:

3.2. 1 HEAVY PARTICLES

The total number of reactions that occur outside the voltume and whose heav..

recoils have range large enough to reach the collection volumlIe so as to deposit

some energy is given by

uA u o

for recoils of range u. and where V is the volume enclosed by a surface parallel

to V at distance u. For a spectrum of particles the probability of range u is
r(u) so --

. . t- X N max.. 
,

00"N"""on= max- p0 (V u-Vo) r(u)du . (18) -•

u 0

For each u value one must determine the probability of a recoil hitting the

collection volume. To do this exactly one would have to calculate the probabilities

from a Monte Carlo geometry program. However, since the results are to be

integrated twice over, it is reasonable and of sufficient accuracv to use mean values

and the following approximation.

Consider the collection volume V and around it the source volume \ - as
0 11 0

shown in Figure 3. Between \ and \ 0 create tile parallel surf lce at distance x.

The probability of a reaction secondarv originating in this shell is

Sx) dx

u 0

"2t. 2

O 12 0

0 %

• ..". , ,,-' -' ,'. _ "_'...€.. , .% '. ..- % ',,. 4, . q ' ,' . ,.$ % ,, ,.,%% € % ,, • ".€,"•: " " 
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U u igure 3. The Source Volume Vu
.for any Secondary is Bounded by a.'. | tParallel Surface Located at ...

C t l rall-lSrfae LcatdaDistance u = Range Outside thei~~ -- (-'ollection Volume, V

| 7
PARALLEL SURFACE -SOURCE VOLUME .

From geometric probability one knows that the probability of one of u random

infinite lines hitting V * if the line hits S(x), is given by the ratio of the surface

areas, S /S(x).
S 0

Here, the ranges are finite and oriented, which means one must modify this
* probability by multiplying by a function of (x, u) to account for the finite range and 0A

directedness. We obtain

.,e f(x, u) S /2S(x)
a. 0

where the factor of 2 accounts properly for the directedness of the track. \t- obtain

di by insertion into Eq. (18)

umax u S

n~~~~~ ~~~ (k or7 o ~)j o f(.U

0 u 0

The boundary conditions on f(x, u) are:

(1) f(x, u)VI atx= 0

4' (2) f(x, u) I as u " "

(3) To get Eq. (7) from Eq. (19) one must have S
u S 5(x) S u/4

f 0 f ( Uf x, xu) d x 
.

0 u 0 o

that is, o
AU

. f f(x, u) dx = u/2 .',I

O* 0

13

'-C - * . . ,.
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Solutions which obey this condition include

(1) f(x, u)= 1- / x.u

(2) ( xlu) + xu(l xu) (1 2x/u)

(3) Power series in (1 - x/u) x/u .

We have used Solutions 1 and 2 and chosen Solution 1 as sufficiently accurate.

Solution 3 yields nearly identical results to Solution 2. Insertion int) 1-(q. (19)

yields the numnber of recoils that are crossers and stoppers.

3. 2. 2 COINCIDENCE WITH LIGHT PARTICLES 0

Since the range of the light particles is so much greater than that of the recoils,

their range u can be treated as an infinite line. Hence the probability of light

particle intercept is

So

The coincidence probabilities of n particles scoring m hits are then binomially dis-

tributed in this factor:

(n om - •
(0) 00 1- 2 )nm (20)
m 2S~x-)'

Thus, insertion of Eq. (20) into Eq. (19) yields the number of coincidences.

The ratio of that number to the total number of particles gives the weighting factor.

Since the sum of all the coincidences (including 0 th ) equals the total number of

particles it is equivalent to normalize the weighting by dividing by their sum. We

obtain

mau u(S \mS n-rnn n-
Yn mx r 0u) u ' f Ix, u) m 1- 2 R(x)m dxdu

0 0 Sx
raw

(21) ( 2 l)5..--

N n mThe factor 4 a A p is dropped since it is common to all ym" The factor R(x) is

the range sum distribution and is the probability of the light particle range being

greater than x [this insures the possibility of coincidence]. 0
The mixing ratios of weighting factors for each spectrum are then determined

nby normalizing to the sum of the yn:

14

'V.
r P,,.-.

%~%

.M .5.s%

%0
•Jo -. o..-,.4 ","-.-% b . .".""° '-"" .•,. .. ' -'. . . . . *'-., °
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•



,. n
n Mraw

mr __ 
(22)0

Thus, in a reaction which produces n light particles and a heavy recoil, the coin-

th• n

cidence spectrum for mh order coincidence (convolution) is weighted by y n*

4. REACTION SPECTRA 4

% The secondary spectra from high energy proton reactions are generated by

.4."-o

codes developed by high energy physics groups. The code used to generate the

* spectra given tater in this report is the Medium Energy Collision Cascade Code-7

A".'

* at Oak Ridge National Laboratory. The work was performed under contract

RADC-2306J320. Other codes exist which are suitable, that is, they produce

reaction secondary energy spectra and cross sections. The most notable is prob-

* ably the RETC code of Chandler and Armstrong.

The output of the codes are differential spectra in energy and angle. The

formalism of chord length demands isotropic fluxes su we presume isotropic angular

distribution and the integrated spectra (a good approximation) over angles.
28

The output of a specific case, a 400 MeV proton on Si *is illuminating:

(1) There are 7 0 (AZ) products.0

(2) The total inelastic cross section is 420 mB.

(3) The individual (A, Z) cross sections range from 0. 01 mB (several) to
(27, 14) 54 mB.

(4) There are evaporation spectra for the light particle production,

p. n. d. N 3 , H4.
e e

(5) Thirteen of the (A. Z) secondaries contain 82 percent of the total cross

section. These may be combined by isotopes to yield eight spectra

sufficient to characterize all the spectra.

(6) The cross sections for incident protons with energies from 100 MeV

* to 1 GeV are slowly varying, making average calculations

meaningful for this whole energy domain. This domain constitutes

* the essence of the cosmic ray background flux.

The eight spectra that characterize this entire secondary population are listed

in Table 1.
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23.. 24.' 25. 26_ _ 12 24_ _114_2_p

I C.

Table 1. Spectra of Secondary Population 0

Aa .. : Z A a ml Convolution Products.-n

28. 27 14 27 73 I

' 25, 26, 27 13 26 114 lp -

S23, 24. 25. 26 12 24 114 2p.Q.

22, 23, 24 11 23 62 ap *

20, 21, 22 10 21 44 2p, a16 8 16 24 2ar, 2p

14 7 14 22 2a ,3p

12 6 12 12 3a. 2p

4W: 5. RESULTS AND DISCUSSION j
'Two features of the ionizinu energy deposition in microelectronics are worthy

of further mention. These are (1) the notion )f the collection volume and (2) the

charge collection mechanism that follows the deposition.

() In the mathematics of geometrica1 probability the collection volumes are

required to he convex and are taken to he right rectan ular volumes. The difficulty
' ['; arises in the determination of the size (dimensions) or tihe vo~lume since several

4 transport/collection processes are at w rk. These are: strong fieldl clle.tion

2 within the depletion zone, diffusion into the collection volume, and plasma (column .

or "funnel" effects. The chord len th-Ll PT mode of analysis does riot expli(citlv
5'

S.treat the second two of these processes and one (-an only adjust the dimensions of the

collection volume in an ad hoc way to correct for them. To (late the determination

.)f the collection volume dimensiows remains an imprecise factor but they are

generally taken as the lateral dimensions of the n, collector implant plus a diffusion

length and the depletion depth.

% (2) The connection between enertv deposition in the form of electron -hole pairs

and the charae (Q(, rit) required to represent an error is proviled through the

relation:

(4(rit((,outomhs) k%, (C-V ,-h1 p ir) .,'

threshold ' oulom h.s/"et rn is- pair) I
where W - 3. 6 eV in silicon and ; is the mean collection efficiencv for a chargei

P. created in the collection volume. IThis relationship represents a t)oint )f departure

between two possible modes of analysis:
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species. The difference in rate-s can he t raiedI Lirtge Iv to thle Ii ffe rent e in c ross

section for species pro lulction. T[he sutinto Vq . (10) tr the proton evaporation

spectrum is shown in 1iLgute 5. No curve is shown for thle largest volume since

the proton energy deposition is, t o small to he of cotsequt'toe. As these c irves*.

show, lar-fe numbers, of pro ton -Lgenerate I one rfv doeposit ions take place but are so

small in value as not to contribute to thle sift error rate (dashod line).

24
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2 - EVAPORATION PROTON SCAING

U t1'' 1 igure 5. l no rg! I )t' 5)5it ion
W 8 P'rofi los Fr~ In, the P'roton46 16K Seconda rh's- .Although Iat rge

U 4 -in tnumbher, the profiles, are
w onc'ent tate I at yerIv lo%%

A 2A H values- and] so (Io not
U) contribute greatly to single

z event upset until 256 K R1AMw
> 1612 64K ~Z'ary

8 iearv

6

4 (1 4MeV)

2 ' (350-
256K key)

''3a

2 ~4 6 81 2 4 6 810

A LE MeV

The solution to Eq. (13), the event spectrum or di fferential energy~ loss

spectrum, for neon is shown in Figure 6.' Thle two cases displayed, the largest

and smallest volumes treated, show the considerable rangie of probability for

energy deposition. In spite of this the mean .A F; for thle large volume is onlytv~=

4 3. 6 MeV, not enough to trigger electronic upset (A H') 5. 6 Ale\.
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Figure 6. Event Spectra From Neon Recoils for Two ,..

Volume Sizes. Arrows indicate threshold energy
' required for nominal device upset

As explained above, the particles and their energy deposition can be identified

by their origin: outside the volume or inside. The relative contribution from each

•) source for the neon recoil reactions can be seen in Figure 7 for the largest and

% smallest volume. In the large volume the contributions are dominated by inside

'a production. This occurs because the mean range u for neon is less than the mean

chord length T: UNe = 3. 6 u, TLarger = 5 u. In the limiting form the contributions

4- if outside to inside productions approach /T to 1. This effect shows clearly in

the small box where outside product n dominates. Here a= 1. 25 u.
a 

small
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NEON

4~- BIE BOXBo

X.1.

*~ .2..

* .14

08 ISD I

06 f 1%o
.041 I
.02 I INSIDE-OTID I

0 .2 .4 .6.81 2 3 4 5

4, :AE MeV

Figure 7. Event Spectra for "Outside Born" Neon Particles and for
"Inside Born" for Two Volume Sizes. Inside production dominates
large volumes, outside dominates small volumes

One ran see the impact of the coincidence ay particles in Figure 8 for those
129

reactions which produce C recoils. The weighted spectra show quite similar

shapes, each offset due to approximately the mean ay particle .1 E contribution. Not

shown in the figure is the long high encrgy tail that results in the 3 a case extending

to 33 MeV.
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6 WEIGHTED CONTRIBUTIONS TO C' 2 SPECTRUM

4 wam RECOIL C' 2 t3 = .34

aaa RECOIL C'2 + OC COINCIDENCE l .41

xxx RECOIL C' 2 + 20[ COINCIDENCE .21
id' '::000oRECOIL C'2 + 3C COINCIDENCE ..04

Q - x

a. x

0 o 0 x

6 0 C

W0> x
x x

4 0 0

o x0- 0

0
2

xI I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

12s igure 8. Weighted C and Coincider-:e tvent Spectra, With Weighting
Fractions Determined by the Procedure )etailed in the Text

Finally, the complete result ol this investigation is shown in Figure 9. This
,,- 40 is the grand summation )flli co)ntributions. Si inelastic rec'oils, At. and Mg

, J recoils, plus the evaporation partices (y, p are added to the coincidence-convolved

results f)r Na, Ne, , N, and C'. An event rate scaling curve is added to show the
expected to)tal upset rate. The ")rdinate has units of" upsets per proton per urn

per second per cell of volume indicated. The intercept value of 2. 6 X 10-12 for

a 5Ithe V (4K I)AM) case yields -9 events per year for a 10 )RAM. This repre-

sents about 5 percent of the observed event rate, the remainder duo to heavv cosmic

ray ionizing tracks. The plot shows that this event rate declines by a factor of

- . about 3 for the smallest volume. The importance of the scaling law is equally

clear. If the decrease in the threshold energy for upset does not follow a l/s2

3
(s is the dimension reduction factor) rule but a /s' rule then a dramatic increase

in the event rate would occur. Lastly, the resolution of these calculations is

0. 1 MeV. Thus, the ultimate domain of V LST, that with Ath' below 0. Me, is

not addressed.
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X\~ PROTON CONTRIBUTION
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CL EVENT RATE
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Figure 9. (;rand Summation for Events Greater Than A I-, for' Iigh IEnert. v
Proton ( 100 Mek to I G~eV ) Reaction P~roducts in Silicon. Scaling line_
inte rcepts viet1( event rates

6. VALIDITY - EXTENSION TO VERY SMALL SIZES
AND VERY LOW THRESHOLD ENERGIES

From the outset, this calt-Ulati on has been based on the notion that it would he S

sufficient to characterize the ene rgv deposition and thus upset rates hv treatingy )nlv

the major contributions to the variance or the energy deposition (list i'huitjIois. 'I heic

kosn, ic rav work was dom i nated. the refrore, by the cho rd le nLgthj -1.I..ont 1-i b)uti )n.

In this work, with lower energy parti des , it waS neCeSSaI- t') til01 (e tie Ctts of'

finite range and changing ILFT (linear ene rgv tr'ans fe r) a Iontg the path in a. lit irmi.

As one proceeds to even smaller dimenrs ions it will become necessa cv ti) in( lu Ic

two more contributions: (It delta ray production with a t rack Itii loiriiiir ripreserit -

able by a line but by a 3-1) futzzy cyvlinrl~( with large internal Lrradieoits; and

The Priti re domain of conrtribuitioni can lie s holwn in A single liaL~rt" . lIlliwh

rigr the cail of Kellerer and (Itmelevskv 12one can crveate a figure like liuiii 101.

12. Kellerer, A. NIl. . arid 1).eevkv l P) 175 ('riteria ror- thle iil:mltv'.*-\
LI'l ad. His. 6326
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.i . These diagrams have neat boundaries only for spherical shapes so I retain those.

-" - The ordinate is size (diameter) and the abscissa is energy/nucLeon. This diagram
. -" -" i for 16 in.The domain boundary ines are attempts to show where the effect

c'ontributes 10 percent to the variance of' the energy deposition.
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7. COMPUTER CODE EDPMON

'I tie indlividual k-ortputel' piograms u I- in these calculations; :1i ill

calculations if Hweferences 1. 6, arid 13' have been cornbitwd. intli urw pr,)ara- caiho

EI")IA10N. IThis more e ficient code was w itten I-v Air. Alark M wsn Be. tofri

Research unier LSA. ( nitract I-19!628-82-C-013!1. II)1'IM()N will .um u:,. on

input of the constants of' the problem (1) the chord length di,;tributinn !fri u rti s an,1

tirst and second mr)ments of the distributions t'or rectangular volumes, (provis in

s i made tn read in chord length tables based on other geometries), (2) thle event

rate of energy deposition from a sinile pariticle snei,,s is pruObLced in bulk

i,q.ilibrium (so called integ ral mode), (3) the differential erie rgv deposition spec trum

iii recoil and tight secondarv particles, (these calculations are performed

searatelv for particles born outside the 'ollection vo lume and particles born

inside the collection volume), (4) coinciderce spectra up to triple coinciderce (via

onvoluti on). and (5) first and second imrments of the final energv defposition
16

5 riectra. An example oh a single species run, 0 2 (Y. usirigT sinle and double

Soi rwidence. use(d 306 seconds of Central 11rocessor time.
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