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Energy Deposition in Microvolumes of Silicon
From High Energy Proton Reactions

1. INTRODUCTION

The production of cireait upsets ind logic errors by passage of highly ionizing
prorticles such as cosmie ravs ae alpha particles through microelectronic circuitry
huas been under investigation for more than five vears. 1-10 The analyvses of these
ehvents are based on the probability of a particle possessing sufficient energyv und
stopping power, and the probability that the particle has a track segment (chord
lengthy in the collection volume long enough to deposit the required energy for upset,
The charges liberated by the energy deposition are then collected as a pulse or on
a storage node to cause a soft error, In this report, the ionizing particles are
assumed to be created by the inelustig: scatter and reactions of protons in the energy
range from 100 MeV to 1 Ge\ with 8128 nuclei. NMuch of the background for this

work and some results are in the literature and are not repeated here.

2. FORMALISM FOR ENERGY DEPOSITION FROM
NUCLEAR REACTION SECONDARIES

When describing the energy deposition by nuclear reaction secondaries in a

prescribed convex volume V', one must account for three features: (1) the stopping

tReceived for publication 23 January 19849

tDue to the large number of refercnces cited above, they will not be listed here.
See References, nage 25,)
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power 1s energy dependent und 1s variable along the track; (2) the runge of the
purticle 1s finite; (3) the particles are made locally, that is, production occurs
both inside and outside the coltection volume, and both locations contribute. The
tormalism assumes that the secondaries are in bulk equilibrium (the spectrum is

spuatially independent).

2.1 Secondaries Produced Qutside the Collection Volume

The number of secondaries of a purticular species produced by incident primary
radiation ifor example, protons) interucting with the host nucleus through a cross

sectinon J i3 given by
v N .
o'=¢0 x o(E) (1)

where ¢ is the primary flux in protons/cmz, 0 is the total cross section in
(cmz/host atom + proton) for the particular species, N/A is the number of host
atoms/gm, and o(L) is the frequency distribution (probability density) for second-
aries of energy L, in secondaries/DMe\. These dimensions result in o' being
given in units of (secondaries/gm « Ae\).

The bulk equilibrium flux that results is given by

kK
max
f o'(L1 VdE
N'(E) particles _ L .
2] = 1 (2)
cm” * MeV —_— LT(E)(Me\'/cm)
p gm/cm

where p is the host density and I,T (k) is the total Linear Energy Transfer (LET).
A convex surface of S sz that bounds a volume immersed in an isotropic flux

of N'(E) particles will intercept
N'(E) 5/4 particles . (3)

The probability of these lying along a track (chord) length greater than or equal
to the length required to deposit AEthr’eshold is given by C(s|E, E]). The function
C(s) is described in detail in Reference 6.

tHlence, the number of energy depositions greater than Ach from reactions

adecurring outside the collection volume is given by:

bmax . . 5 . .
= N'(E) 3 C(s(E, AE, ) dE

A I‘,' N

nd b th)
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2.2 Secondaries Produced Inside the Collection Volume
The number of secondaries produced in o volume v by the same incident flux

of primaries is given by

O' (k) = & 0% 0V o (E) particles/MeV ()

anu the probability of Iving on an internal puth segment s of sufficient length to

tlence, the number of energy

’: deposit A Eth or greater is given by GisfE, A LD,
A
:.:-'\'- depositions greater thana hth due to renctions inside the collection volunie is given
'.:::'n:' by
LSEN 1
SV max
DU A = Gits LoD ok dll . )
@ , n(.)},th o v\ j GsA L, B ok dl (n
ReH
. h
. Gts) is described in detadl in Reference 6. The maxtmum value obtanedile by g, o)
. N ,
: 1sn(0)>¢ox,)\.

R ACA AR IA T Bt 2 Seacad b 2 M bl o e B Al 1
L]
b e
tnax -
- e ey
Lmax . lf ot ydr
= f ¢ 0 T o Uil AL T . i) —
AL < Sk
Lth L
and finally, using the Cuuchy value for mean chord tength, € IR
“mux N v -
nak, )= f o= p = Csil, AL N L (5 ®
th . A T g
AL .
th
where N(F) is given bv ':
15 .
max .
o (kN dE ="
. | o
N(EY = T (6) _:1
I - '1
izati =
and has the normalization S
B L
L'mux _ ' P
f NEYdE = u (mean range) . :-'1
0 B
s':¢
- . . . ) B
Thus, the maximum value obtainable by liq. (5) is \.ﬁ
e
. 0) = NV - . =ad
n(.\l-.lh = 0 Y p? u . 17 _"
4
" 4
-.‘

Ty

P

[ 4
P T W)

.

s I

s .

" v'

o

A

RN 2
A A

e

VYRR

o

.
'

AL

’

T
Seaiotod i

> S,




e e T T T W AT R T ET WY kR T AT T 4T T e T e e W oa T T " g
kbt M S L e o S b SEAFLASE RGO ULEAMNE SR S SO AR ARG N A A
]

o

AL .4
.
. .
> ’,
e
2%
v
N, - d
N 2.3 Total Production Py
MR
The total number of energy depositions greuter thanAh‘th is given by the sum : i
of Eqs. (5) and (9). .
E e
@AE) = oo N pv(d ,rmax C(s[E, A E]D N(E) dE
n = -_— - stE, < N{ < S
. T A { AE lg s
th | ]
s
E -:'a.'
max o e
+ f G(slE, AE]) o(E)dE] . (10) e
AEth/g _'.;"«
e

The chord length required to depositA E is determined from

E-AE 1
S = Ef m dE=* (11)

where L(E*) is the electronic stopping power.
In the lower limit of the integrals in n_ 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
a Eth is required as ionizing energy deposition, an initial kinetic encrgy of
A Eth/g is needed.

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

g=(1-2:14 e 20AE/A, (121
o

where A is the mass number of the particle, ‘-:..;-'

2.4 DifTerential Energy Deposition Spectra: Event Spectra -'.'

The inelastic scatter of high energy protons from silicon causes reactions in ".“
which several secondary particles arc emitted. By way of example the reaction ;-_"_-:
N 2y
“» [
A 16 ST
~’;< Si28 (p, 3p', 2n, 2a) O o
n [N n
fﬂn \‘ \'-n
, NASL
;: involves eight outbound particles of which six are charged. IZach of these hus an ‘.“
) energy deposition spectrum. The particles are created "'simultaneouslv' and Tl

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

e DN Y

correct total energy deposition spectrum one must first determine the individual

8
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event spectra and then combine them in an appropriate way. To do this one needs

the differential of the n. WY, Eqg. (10

-0 n_ AL . max o R .
- f(s)D . .
7 - d 0 N p \,[1 f (b)\I(L)dl'J

b A T Ak/g Le -

1 3AL/g) “mux Ces(I, ALD o (B dE
- = (':&A[i/g)%.\(&li/g) Tlii’Lj L2

R AE/g CL(E-AL)

+ Glsanpl o (.\u,/gii%_lf/ﬁ-’] (13)

where we have used

os 0 Js
08 - 3s JAL
and
0 s 1

AL ISR )

The separate terms have been labeled by Caswollll as Crossers, bStoppers,
Starters, and Insiders., Crossers are particles born outside the collection volume
which transit completely through the eollection volumes. Crossers are the
dominant population wherever the T of the volume is small compared to the mean
range of the secondary.

Stoppers are particles born outside the coliection volume whose residual track
length upon arrival at the surface is shorter than the chord length along which the
track lies. lence, 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. llence, they escape the collection
volume.

Insiders are particles born inside the collection volume whose range is shorter
thun the chord segment to the surface. Hence, 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 Figure 1.

11. Caswell, R.>., and Coyvne, J..J. (1975} Microdosimetric spectra and parameters
of fast neutrons, Fifth Syvmposium on Microdosimetry, Verbania Pallanza,
[taly, J. Booz, H.G. Ebert, and B, G. R. Smith, Lds., Commission of the
European Communities, lL.uxembourg, LEUR 5452 d-f-e, p. 97.
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Figure 1. The Four Classes of Secondary
Particles Identified by Their Origin and
Path

3. SUMMATION OF THE INDIVIDUAL EVENT SPECTRA

3.} Coavolution

The mathematical procedure for combining independent spectra is called
convolution. The independent event spectra are normalized to unity and represent
proper probuability densities or frequency functions, The formal rule for combina-
tion is

(Ar, - A

1 [‘:Z)max
n(d) = nl(AE) n2(6-AE)dAE (14)

0

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

spectra will usually have different ranges. Therefore, Eq. (14) must be divided
into two parts
o

nd) = f nltAE)nZ(é -AbE) dAE (15}
0

0<6<AE
Imax

10
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4
;""‘
A ) . '.l‘
Al +AL - g
( 1 2 max "1
n(d) = J n (AE)n (6 -AL)YdAL
1 2 =
0 ®
4
"9
AL <O <AL, + ALY . (16) R
max 1 2 max ]
..l
"4
]
Note that the spectrum with the least runge takes the role of n in the integral, “.“i
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- '-:j:
tion. The starters and insiders spectra from liq. (13) are added and convolved .
with those from the second puarticle. An example of the resulting spectrum is shown :
in Figure 2. <
.
10p—vos
[ %0 -
[ ) ees  NEON RECOIL
-t . 000 ALPHA PARTICLE
I ., *xx  COINCIDENCE SPECTRUM
o { CONVOLUTION )
o1} . . x
- .
o a L] x
: 4 o
< H x
w o -
w
- L o L4 x
Q
= .
o H L]
: ° . TO 218
o1f-
10 169
3
I
00% ] 3 3 3 5 6 7 T
E MeVv

Figure 2. knergy Deposition spectra of Neon und Alpha Particle Reaction
Products. The coincidence spectrun obtained by convolution is also shown

3.2 Weighting of Spectra |-
@
The microvolume of the electronic device that collects the churge acts very S
! N
much like o detector.  One can treut the totsl energy event spectrum as the sum of SN
severul input spectra, cacn of these being identified by its origin,  One such is the e
NN
7Y
«u

11 °
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spectrum that arises from reactions in the interior; this spectrun is obtained by

the convolution process ubove. Prom reactions that occur outside the microvolume,
several additional spectra are creuted.

In the example reaction above, an Olb recoil is produced with three protons and
two alpha particles. A spectrum arises from each of these plus a spectrum for
each coincidence, double coincidence and so forth., The procedure is to establic
each of these energy deposition spectra by the convolution process and to assign a
weighting factor ¥y to each where the value of y is determined by the relutive 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 volume und whose heavy
recoils have range large enough to reach the collection volume so as to deposit

some energy is given by
_ N v -
n—d>0u§p[\u \O] (1

for recoils of range u, and where \'u is the volume enclosed by u surface parallel
to \'O at distance u. l'or a spectrum of particles the probability of range u is
r(u) so

N umax
n=¢0Fp [ (V -\ )rwda. (18)
! 0

For each u value one must determine the probability of u recoil hitting the
collection volume. To do this exactly one would have to calculate the probuabilities
from a Monte Carlo geometry program. tHowever, since the results are to be
integrated twice over, it is reasonable and of sufficient accuracy to use mean viulues
and the following approximation.

Consider the collection volume \'0 and around it the source volume \ u” \U us
shown in I'igure 3. Between \'u and Vo create the parallel surface at distance x.

The probability of a reaction secondary originating in this shell is

S(x) dx

T
u Q

LI
LI N

.
Al

PPy R

P

(LI 4

[

Y

g
A

4
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Y
X
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:.'- for any Secondary is Rounded by a

- Parallel Surface Located at a

- Distance u = Range Qutside the

(. Collection Volume, \'0 '

» o
oy A
_‘h - .
3 S
::4‘ PARALLEL SURFACE - SOURCE VOLUME

“ rd - -..4
\ )

-~ From geometric probability one knows that the probability of one of u random R
~ e
j:: infinite lines hitting VO, if the line hits S(x), is given by the ratio of the surface S
-\: areas, S_/S(x). 1
‘ '\ (o] o
M Here, the ranges are finite and oriented, which means one must modifyv this \j
) probability by multiplying by a function of (x, u) to account for the finite range and ®
AN directedness., We obtain
‘.\'
<. f(x, u) S_/25(x)

:r-.

{ where the factor of 2 accounts properly for the directedness of the truck. ¢ obtain

N by insertion into Eq. (18) :
-,‘j u o
~ max u S . -9

. N . . o S(x)dx du :
. = — - a =9
N n=%&0 5 p OI (V= V) riw of s W - (1M -]

] u O .
o~ ]

R
P The boundary conditions on f(x, u) are: .
4 2
.: (1) fix, uw*latx=20 oy
v (2) f(x, W?lasu=e '.;-_,'--;}
[ ¢ (3) To get Eq. (7) from Eq. (19) one must have ) _.1
~ . . S d
.‘, u ( bo . ) S(x) 4 - S, u/4 -]
R [ () e W g=Tx— A=
A 0 u o u 0 1
. L
8
® that is, -. .
'S el
u AOSRY
R [ flx, wdx=uf2. A
"'-' 0 "\-‘\-
;nq .-\.-\J
% RSAY
o, it '-'.\*
- 13
},\
)
Ny
oY

- - - - - - - - - - - . . . - - . - - N . -\ L]
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o
~'\
.(:
.
( Solutions which obey this condition include
;.
(1) f(x, w) = 1-x/u
O (2) = (1 -x/w+ x/ull - x/u) (1 - 2x/u)
RS o
1 (3) Power series in (1 - x/u) x/u .
t-: We have used Solutions 1 and 2 and chosen Solution 1 as sufficiently accurate.
;‘_.' Solution 3 yields nearly identical results to Solution 2, Insertion into Eq. (19)
: vields the number of recoils that are crossers and stoppers,
f‘ 3.2.2 COINCIDENCE WITH LIGHT PARTICLES
R &
-_‘ 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
f particle intercept is
Wy S
o
n'v‘: ZSIXW °
::-: The coincidence probabilities of n particles scoring m hits are then binomially dis-
:-’ tributed in this factor:
4
K" n So m SO n-m
_ (E) ‘2?65’ (1- m) . (20)
A%
8¢
.{ Thus, insertion of Eq. (20) into Eq. (19) yields the number of coincidences.
~t. The ratio of that number to the total number of particles gives the weighting factor.
" Since the sum of all the coincidences (including Oth) equals the total number of
2N particles it is equivalent to normalize the weighting by dividing by their sum. We
', obtain
o u m n-m
- max u S S S
o n_ (o] n [o] _ [o] m
' ‘yn 0] I‘(u) 6[ m fl (X;u) { o (m) (1 m) } R(x) dxdu
raw
o (21
- N . . - n m
.~ The factor & ¢ A Pis dropped since it is common to all Ym The factor R(x)
X the range sum distribution and is the probability of the light particle range being
o greater than x [this insures the possibility of coincidence].
::: The mixing ratios of weighting factors for each spectrum are then determined
., s n
. by normalizing to the sum of the Ym
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yn raw

n

m
Y, = ——
D D%

(22)

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

cidence spectrum for mth order coincidence (convolution) is weighted by y?n.

4. REACTION SPECTRA

The secondary spectra from high energy proton reactions are generated by
codes developed by high energy physics groups. The code used to generate the
spectra given later in this report is the Medium Energy Collision Cascade Code-7
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 HETC 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 suv we presume isotropic angular
distribution and the integrated spectra (a good approximation) over angles.

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

(1) There are 70 (A, Z) products.

(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, Ng. H:.

(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.

AP A e o b At T R AT ARV
- - - - - * R R - - -

&

’

.

o 2, 4

e ey
/'l

P

'V ¢
. "
L

PRI ]

)

, 0
.-,

AR
|
'-_'!.

e

A

o fa e 00




Table 1. Spectra of Secondary Population

A Z A omB Convolution Products
28, 27 14 27 73
25, 26, 27 13 26 114 1p
23, 24, 25, 26 12 24 114 2p
22, 23, 24 11 23 62 @, p
20, 21, 22 10 21 44 2p, &
16 8 16 24 2a, 2p
14 7 14 22 2a, 3p
12 6 12 12 3a, 2p

5. RESULTS AND DISCUSSION

Two features of the ionizing energyv deposition in microelectronics are worthy
of further mention. These are (1) the notion of the collection volume and (2) the
charge collection mechanism that follows the deposition.

(1) In the mathematics of geometrical probability the collection volumes are
required to be convex and are taken to be right rectangular volumes. The difficulty
arises in the determination of the size (dimensions) of the volume since several
transport/collection processes are at work, These are: strong field collection
within the depletion zone, diffusion into the collectinn volume, and plasma column
or "funnel” effects. The chord length-LET mode of analvsis does not explicitly
treat the second two of these processes and one can only adjust the dimensions of the
collection volume in an ad hoc wav to correct for them. To date the determination
af the collection volume dimensions remains an imprecise factor but thev are
generallv taken as the lateral dimensions of the n» collector implant plus a diffusion
length and the depletion depth.

(2) The connection between energv deposition in the form of electron-hole pairs
and the charge (Q('r‘it) required to represent an error is provided through the

relation:

Ql_[,n(v()ulr)mhs) W (e\V e-h pair)

Ar.’thr(-shr)l(l B (_w)lllr)nﬂ)s

felectron

where W - 3.6 e\ in silicon and ,i is the mean collection efficiency for a charge
created in the collection volume, This relationship represents a point of departure

between two possible modes of analvsis:
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species, The difference in rates can be traced largely to the Jdifference in cross
section for species production, The solution to Eq. (10) for the proton evaporation
spectrum is shown in Figure 5. No curve is shown for the largest volume since
the proton energy deposition is too small to be of consequence,  As these ¢ irves
show, large numbers of proton-generated energy depositions take place but are so

small in value as not to contribute to the soft error rate (Jdashed line).

EVAPORATION PROTON SCALING

Figure 5, EFnergyv Deposition
Profiles From the Proton
Secondaries.  Although large
in number, the profiles are
concentrated at verv low

A E values and so do not
contribute greatly to single
event upset until 256 K RAM
size arravs

EVENTS >AE/P.CM.2 SEC

{14 MeV)

The solution to Eq. (13), the event spectrum or differential energyv loss
spectrum, for neon is shown in Figure 6. The two cases displaved, the largest
and smallest volumes treated, show the considerable range of probability for
energy deposition. In spite of this the mean AFE for the large volume is only

3.6 MeV, not enough to trigger electronic upset (A Ht - 5.6 Me\),
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EVENT SPECTRUM FROM REACTIONS
INVOLVING Ne T = 44mb RECOILS
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AE
. Figure 6. Event Spectra From Neon Recoils for Two
:.j Volume Sizes. Arrows indicate threshold energy
L required for nominal device upset
>
o . .
3 As explained above, the particles and their energy deposition can be identified
B ~
~..: by their origin: outside the volume or inside. The relative contribution from each
o . : . s
! source for the neon recoil reactions can be seen in Figure 7 for the largest and
A5 g g
.::J smallest volume. In the large volume the contributions are dominated by inside
S — .
;- production. This occurs because the mean range u for neon is less than the mean
v chord length T: Uye = 3:6u, Tlar'ger = iu. In the limiting form the contributions
" »f outside to inside productions approach u/T to 1. This effect shows clearly in
;: ‘ the small box where outside producti '\n dominates. Here rsmall = 1.25 u.
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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 can see the impact of the coincidence @ particles in Figure 8 for those
reactions which produce Cl?’ recoils. The weighted spectra show quite similar
shapes, each offset due to approximately the mean @ particle AE contribution, Not
shown in the figure is the long high enecrgy tail that results in the 3 « case extending
to 33 MeV.
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.‘:\:’: Finally, the complete result of this investigation is shown in Figure 9, This :::

-':' is the grand summation of all contributions. Si inelastic recoils, Al, and \lg ‘:

:'::j recoils, plus the evaporation particles v, p are added to the coincidence -convolved :‘;

e results for Na, Ne, O, N, and C. An event rate scaling curve is added to show the iy
N expected total upset rate. The srdinate has units of upsets per proton per (-m2
'::f» per second per cell of volume indicated. The intercept value of 2.6 X 10—12 for

the \'O (4 K DRAM) case vields ~9 events per vear for a 105 DRAM. This repre-

sents about 5 percent of the observed event rate, the remainder dve to heavy cosmic
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ray ionizing tracks. The plot shows that this event rate declines by a factor of

"4

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 1/32
(s is the dimension reduction factor) rule but a l/s'5 rule then a dramatic increase

in the event rate would occur, l.astly, the resolution of these calculations is
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0.1 MeV. Thus, the ultimate domain of \V L.SI, that with Al‘,‘th below 0.1 MeV, is %
not addressed, -'.. 11
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Proton (100 Me\ to 1 GeV) Reaction Products in Silicon, Scaling line
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6. VALIDITY - EXTENSION TO VERY SMALL SIZES
AND VERY LOW THRESHOLD ENERGIES

From the outset, this calculation has been based on the notion that it would be

sufficient to characterize the cnergy deposition and thus upset rates bv treating only

the major contributions to the variance of the energy deposition distributions. The

cosmic rav work was dominated, therefore, bv the chord length—1.17T contribution,

In this work, with lower energy particles, it was necessary to include effects of

finite range and changing ILET (linear energy transtfer) along the path in addition,

As one proceeds to even smaller dimensions it will become necessarv to include

two more contributions:

(1) delta ray production with a track no longer represent -

able bv a line but bv a 3-1) fuzzv cylinder with large internal gradients; and

(2) energy straggling effects,

The entire domain of contribution can be shown on a single diagram. Iollow -

) - . 12 " . .
ing the lead of Kellerer and Chmelevsky one can create a figure like Figure 10,

12, Kellerer, A, M., and Chmelevsky, 1. (1975) Criteria for the applicability ot
LLET, Rad. Res.,

6.:22




These diagrams have neat boundaries only for spherical shapes so Il retain those,
The ordinate is size (diameter) and the abscissa is energy/nucleon. This diagram
. 16 . . , ; -

is for 07~ ions. The domain boundary lines are attempts to show where the effect

contributes 10 percent to the variance of the energy deposition,

FINITE RANGE
LET VARIATION

] — LS| 4K RAM
5 1.
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s 3 |
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DOMAN OF NUCLEAR RECOILS

SITE DIAMETER-MICRONS

—
x !
[

VALIDITY OF LET
GEOMETRIC LINE DEPOSITION

» ENERGY
STRAGGLING

R

01— 7 T T

60 100 200 800 1000

MeV/NUCLEON

Figure 10. Domain Diagram for Contributions to the V\'ariance of the Lvent
Spectra, Each "boundarv’' represents ~ 10 percent contribution compare:!
to linear energv transfer chord length contribution

The single event upsets began in a domain of relativelv large size and cosmic
ray energy, hencc -ipper right nn diagram. Scaling and size reduction proceed
downward verticallv, Inclusion of nuclear reaction secondaries of low energv and
finite range spanned domain II and into I. Further size reduction will carrv into
domain III and IV, deita rav and finite track cross section distribution and enevgv
straggling., This diagram shows that the formalism of this work does not need
modification for use in advanced VLSl size domains (< 1) but that the cosmic
interactions do require a modification to account for the 3-12 characteristics of
charge distributions around the axis of the track (delta ravs) and subsequently tn

reflect energv straggling.
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i 7. COMPUTER CODE EDPMON

:: The individual computer programs used in these calculations and in Yoregoing

{‘ caleulations »f References 1, 6, and 8 have been combined into one progran called

::: EDPAMON. This morve efficient code was written v Mr. Mark Moses of Bedford

N Research under USALE Contract F19628-82-C-013¢. EDPMON will compute on
input of the constants of the problem (1) the chord length distribution functions and
first and second moments of the distributions tor rectangular volumes, (provision

15 made to read in chord length tables based on other geometries), (2) the event

rate of energv deposition from a single particle species is produced in bulk
ecaquilibrium (so called integral mode), (3) the differential energv deposition spectrum
‘or recoil and light secondary particles, (these calculations are performed
separately for particles born outside the collection volume and particles born

inside the collection volume), (4) coincidence spectra up to triple coincidence (via
convolution), and (5) first and second moments of the final energyv deposition
spectra,  An example of a single species run, 016 - 2, using single and double

cotncidence, used 306 seconds of Central Processor time.
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