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Numerical results of the track lengths of photons and charged
particles and the energy deposition as a function of depth out to 10
radiation lengths in copper are presented for the case of electron-
initiated electron-photon cascade showers. The incident cnergy varied

from 50 to 15,000 Mev in these cases.

Monte Carlo methods werc used to calculate the longitudinal déveloﬁ—
ment of the showers in order to obtain the data that are presented. The
Bethe-Heitler cross sections which include screening and the correct
energy dependence were used for bremsstrahlung and pair production
events. The Klein-Nishina formula was used for Compton scattering.
Energy losses by ionization collisions were treated as a continuous

energy degradation process.
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I. Introduction

In the theory of high-energy electron-photon cascade showers it is
convenient to separate the lateral spread of the shower and its longitudi-
nal. development into two separate problems. This can be done most easily
at high energies where the angular deflections of the radiation caused by
the various interactions that can take place are predominantly small. In
this case the longitudinal development can be approximated very well by
ignoring the angular deflections and assuming that the shower develops
along the direction of the initiating particle. This approximation has
been the usual one in the treatment of the longitudinal development of
showers and is used in every case that is referred to in this paper.

The lateral spread of the radiation is not discussed here.

The analytic treatments of the longitudinel development of showers
have been sumarized by Rossi.! The most complete analysis has been
achieved using "approximation A" (Ref. 1). Under this approximation the
asymptotic forms of the bremsstrahlung and pair production cross sec-
tions are used and all other interactions are ignored, including energy

degradation by ionization collisions.

Monte Carlo calculations of the longitudinal development of electron-
and photon-initiated showers in lead for source energies from 20 to 500'
Mev have been reported by Wilson?*' In his calculations the correct
energy dependence for bremsstrahlung and pair production interactions was
used and energy degradation by Compton scattering and ionization colli-
cions was included. Wilson also investigated the effects of multiplc

Coulomb scattering on the longitudinal development of the shower.

Butcher and Messel® have also reported Monte Carlo calculations of
the longitudinal development of electron-photon cascade showers in
aluminum and.air for source energies from 50 to 50,000 Mev. These data
were generated using the correct energy dependence for the elementary
interactions. Although both photon- and electron~initiated showcrs were

calculated, only information on the electrons in the shower was presented.

The present calculation also uses the Monte Carlo method for

estimating the longitudinal development of elec¢tron-photon cascade

¥See the discussion of this work in Section V.



showers. The purpose of constructing the calculation was to provide a
versatile tool for studying the details of showers developed in media of
any elemental composition. In particular, the details of the photon
spectra and track lengths can be generated by the calculation for use in

determining photonuclear source strengths in various materials.

In Section II the physical processes that were included in the
calculation are discussed. This is followed by a description of the
Monte Carlo calculation in Section III and a description of the result-
ing. computer program in Section IV. Comparisons of the results of the
present calculation with the results of previous calculations and an
-experiment are given in Section V. The data from a comprehensive set of
calculations for electron-initiated showers in copper are presented in
Section VI;V The initial electron energy varied from 50 to hS,OOO Mev

in thesé étudies.



IT. Physical Processes

Relatively few physical processes have to be considered to calculate
accurately the longitudinal -development of high-energy electron-photon
cascade showers. For the energy degradation and transport of the photons
it is adequate to consider only pair production and Compton events. For
the energy degradation and transport of the electrons and positrons only
radiative and ionization collisiorsneed be considered. Of the remaining
interactions that can take place, most of them can be neglected because
of their small cross sections relative to the cross sections t'or the inter-
actions that are retained. Hence, photonuclear events and nonelastic
events of charged particles with nuclei can be excluded from the calcula-
tion. Direct pair production by positrons and electrons and annihilation
in flight of the positrons can be neglected for the same reason. Nuclear
Coulomb scattering, on the other hand, has a relatively large cross sec-
tion, Dbut it also can be neglected because the scattered radiation is
concentrated in the forward direction with negligible energy degradation
and does not seriously affect the longitudinal development of high-energy

cascade showers.

In the remainder of this section each process that was retained in

the calculation is described.

Pair Production

The differential cross section for the production of a positron-
electron pair which includes the effects of screening and is applicable
at high photon energy (@ >> 1) and high positron and electron energies

(E+ >> 1, E_ > 1) is given by*

do_ = a 1> z(z+1)E-E—+-{(E2 EZ) [sé() EV(z)}
p o€ S T R

a5 [kt -Lva ]}, (1)

where the quantity Op is the fine structure constant, re is the classical

electron radius, and Z is the nuclear charge. The energies are expressed

2

in mc® units. The functions #1(y) and éo(y) are tabulated* as a function
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of the argument 5= 100 a/E+E_ Zl/3 for y <10. For y > 10 they are

represented by #1(y) = do(y) = 4 £n (200/y) - 2. The function V(Z) is
given by

v(z). = &n Z + 3£(2) <1 - 6.'3%—02 > B (2)

-1
£(z) = a2 [(1 - a®)  + 0.20206 - 0.0369a% + 0.0083a* - 0.00221,6}

and a = ZOg. This expression for V(z) differs from the form derived
‘originally by Bethe and Heitler® using the Born approximation. The

factor 3f(Z) in the second term on the right of Eq. 2 is a correction
term to account for Coulomb forces and was suggested by Davis, Bethe,

and Maximon.®

The quantity in parentheses in Eq. 2 is an empirical cor-
rection term which was also suggested by Davis, Bethe, and Maximon. €

Its form was selected so that the cofrection would be near unity at high
photon energy and zero at 6 Mev where the Born approximation cross

section agrees with the experimental values.

The usual factor of ZZ in the cross secfion for pair production in
the presence of electrostatic field of the nucleus has been replaced by
7Z(Z + 1) in Eq. 1 to account approximately for production in.the field of
the atomic electrons. If we writé the factor in question as 72(Z + v),
then we note that Bethe and Ashkin® quote values of v from 1.1k to 1.40
which depend on the atomic charge and which are applicable at very high
energies. On the other hand, Heitler’ quotes a value of 0.8 for v which
is applicable at moderately high energies. The compromise of v = 1 which
was used in this calculation was chosen becagse it represented an ap-

proximate average value.

Equation 1 can be put in better form by changing the independent
variable to x = E+/Ot so that



g, = az) ax {¢1<7> [1 - gxu - x>] - £x(1 - %) ¢3<7>}

- %[K(Z) - E__Z_).} ’—]_ - %X(l - X):I » (5)

a
where
K(Z) = % [znz + Bf(Z)}, (Ba_)
28 x 6£(Z)
P(z) = m" B (Bb)
#3(7) = 41(7) - é2(9), (3c)

R (3d)

7, = E , (3e)
o(z) = oora 2(Z + 1). (3£)"

The total croes section for pair production is then given by

o, = o(z) F(y1) - o(z) k(z) + o(2) %—Zl ; (%)

where

F(71) = k/“l {?1(7) [l - % x(1 - X)] - % x(1 - x) ﬁ3(7)}'dX- (5)
0

It should be noted that F depends only on y; and is therefore valid for

all elements.*

*The fact that part of the pair production cross section could be
represented in the form given in Eq. 5 was suggested by Bethe and
Ashkin.*
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For a medium with an elemental composition of Ni nuclei per cm® of

nuclei with charge Zj, i = 1,2,3..., the macroscbpic differential cross

section is obtained from Eq. 3 as

o, s e T [1 - -0 ] - Bx -0 B}
- P 4
gfe-E -t 0], (6)
vhere
K= ZNi c1>~(zi) 'K(zi), (6a)
i .
F o)W, o(z,) B(z,), (60)
- |
Tolra) = ) W, 0(2,) hal), (6c)
i .
Folra) = ) W, 0(2,) dol), (64)
72 = 70/x(1 = %), | (6e)
and
Yo = lOO/Oﬁ. (6f)

The total cross section for a mixture is given by

Q)| ,

ZP = F(’)’o) - K-i" » (7)

where



Fyo) = ) W, ¥z,) F(7).

i

At photon energies below 100 Mev the pair production cross section
for individual elements was taken from the data presented by Grodstein®
and tabulated for use in the calculation. A cross-section table for any

particular mixture of elements is easily generated from these data.

At energies below 30 Mev use was made of the form of the differential
cross section for pair production reported by Hough.9 This form is an ap-
proximation to the Bethe-Heitler equation at low energies. It can be

written in the form of the distribution function

1
1+ M

h(x) = hy(x) + T ff i ho(x), 0<x <1, (8)

1
vhere x = (E - 1)(@ - 2) . The quantities E and @ are the electron and

2

photon energies in me* units, respectively,

1/2 /2

8 1
h(x) = —x (1-x) (8a)
hp(x) = 30x(1 - x)(1 - 2x)%, (8b)
P
M= 13.91n
P=q - 6.52 for o > 4.2 : (8c)
=0 for 2 <a < k.2,

and

Q= (1-2a"%) [% (L-a?®)(L-1) - @@ FF -1) -160* KL - F)} ,

(84d)
with



L=20%(c® - W) tn (%) ; (8e)
i} . 1/2
F=a(e® -4 l/azn[<%)+<%2—-1 ] (8f)

Compton Scattering

The differential cross section for Compton scattering of unpolarized
incident photons is given by the Klein-Nishina expression*

2

_ 2 /o o at 2 |
w, =« % () [a"fa—-l*“Jd“’ (9)

‘where u is the cosine of the polar angle of scattering. The initial
energy of the photon, @, is related to the final energy, @', by the
Compton relation Q' = a/[l + a(l - u)]. The total cross section for

Compton scattering is given by

_ 2 [1+a [20(l + @)
g =2xr {n3 v[1+2a —Zn(l+2a)_l

+ = in(1 + 2a) - L } (10)

20 (1 + 20)2

This function was tabulated for use in the calculation.

Bremsstrahlung

The differential cross section for bremsstrahlung events which in-
cludes the effects of screening and is applicable for high incident
energies (Eo >> 1) and high photon and final energies (a >> 1, E>>1)

is given by*

do, = aurs z(z + 1) gg{<l + g—Z) [951(7) - % zhz}
0

ll?:l

- [942(7) . % znz} } , (1)

]
W
=



where again the energies are given in mc® wnits. It should be noted that

a correction term for the Coulomb forces is not required in the brems-

strahlung expression as it is in the one for pair production.®

The functions ¢,(7) and @-(y) are the same as those used in the expres-
sion for pair production but the argument of the function is now given by
y = lOQ:‘t/EoEZI/ 3., Again in Eq. 11 the factor Z® has been replaced by
72(z + 1) for the samc reasons that were given in regard to the pair

production cross section.

The differential cross section for bremsstrahlung given in Eqg. 11 has
a singularity at &¢ = O. This singularity is most easily avoided by cut-
ting off the low photon energy part of the cross section. By letting the
cross section be zero for production of photons below an energy O = €Eg,
the average fractional energy loss neglected in an individual radiative
collision 1s €. In the calculation it was convenient to choose

€ =2 x 10 %, so that the crror introduced is small,

2

Following the development of the total pair.production cross section,

we put Eg. 11 in the form

- g=(7)
do, = 0(z) ax { 2(1}{_—x) 9241(.7) - ; J + xp1(7)
%[%. Q;;_ﬁm} znz}, (12)

where x = a/Eo, v = 71x/1 - X, and 71 = lOO/EoZl/S. Since the singularity

at @ = O has been removed the total cross section becomes
o, = 8(2) G(r1,e) -2(2) I(e) £nz, (13)
where

I(e) = (13a)

o[-
'
Pl
S|

L L
[—gﬁne—g(l—€)+

W[+
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and

6(r2y€) = fl{g—(—l;—"l 60 - ¢§(7) |+ s Am} & (1)
€ .

The function G(71,€) depends only on y; and € and is valid for all elements.

For a medium with a mixture of elements the macroscopic differential

cross section is

az, = dx{e(l'x [31(7.._ -Tz—;f)—]

b b ez 5}, o

where yz = yox/(1 - x), $2(72) = #1(72) - Fa(72), and Fi(y2) and g3(y2)are
given by Eqs. 6¢c and 6d, respectively. The new function Q is defined by

5=ZNi ®(z,) 4n Z.. ' (1ka)
i

The total cross section for the bremsstrahlung in a medium with a

mixture of elements is given by

2, = Glro,€) - @ 1(e), (15)
where
Br0,e) = ) 1, 0(z,): Glra,c). C (15w)
i

Tonization Collisions

Since there gare a large number of collisions made by charged particles
with the bound atomic electrons, it is most economical to treat energy
degradation by lonization collisions as a continuous process. The stop-

ping power equations for this process are given asl®
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2
2 r NZ 2 —
_%=___._§__{zn_§__(§____l.)___<2/l_52 —l+B2> in 2

212(1 - £3)
2
+l-62+%<1-4/l—62> j| ' (16)

for electrons and

on ¥° NZ
e

_ T e ™ [znzf&—_n_@i
ta 12(1 - p2)

&

1k 10 4 ‘
23 }-} (17)
'{ eIt e (y + 1)3

for positrons. In Egs. 16 and 17 the quantity E is the total energy of
the charged particle, B = v/c, and 7 = (1 = 62)—1/2. I, which depends
on Z, is the average ionization potential that can be obtained from the
tabulation of Bethe and Ashkin* and N is the nuclear density of nuclei
with charge Z. Equations 16 and 17 do not include the shielding effect
of the polarization of the medium, but this is not likely to introducé
a serious error since the density effect does not alter the stopping
power formula cxcept at high energies where losses by radiative colli-

sions dominate the energy degradation problem,

For higher energies, E >> 1, Egs. 16 and 17 reduce to

S(E) = - = 2n 12 NZ [an—e—Jr bi| s (18)

o212

&6

where b = 1/8 for electrons and b = £n 4 - (23/12) for positrons. For

mixtures the stopping power equation can be represented as

S(E) = A 4n E + B, (19)
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A= 612 z N, Zg, (192)
i

B = 2T('I‘§ Z N, Zi(b - 4n 21?). | (19b)
i

The range, R(E) of the charged particles is calculated from

E
RFE) = f aﬁ%—:y . (20)

e}

If the stopping power formula given in Eg. 19 is used in this equation,
then the ranges will be inaccurate; however, the ditterence R(E;) - R(Ep)
should be very accurate if E; > Ep >> 1. Since the difference will be all

that is required, we insert Eq. 19 into 20 and obtain

R(R) = 2 70, (21)

where
q=ﬂnE+f¥\, (21a)
f(q) = % E,(a), (21b)

r\m'
] mx
&

E, (q) (21c)

The quantity B/A has values ranging from approximately 4 to 7; hence at
high energies g >> 1 the asymptotic form of Ei(qh,

l' 1
Ei(q_)fveq <—é—+ l‘—+g—‘-+2=-+...>, (22)
2 &

can be used.
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IIT. The Monte Carlo Procedure

In the first part of this section several selection techniques are
described which were constructed especially for this problem. In the
latter part of the section a description of the method of performing the
complete Monte Carlo calculation is presented. A description of how the

individual selection techniques were used is also included.

Selection Technigues

Basic to all the selection techniques is the use of pseudo-random
numbers that are uniformly distributed on the interval (O,l). These
numbers, which are designated as Ri’ were generated as needed by the

congruence method. 1t

A diagram of the technique used for selecting the energies of the
electron and positron in a pair production event is shown in Fig. 1.
This technique is based on Eq. 6 and is applicable at high photon energy
(¢ > 1). 1In the routine a value of x is selécted from the correct dis-
tribution by first selecting a value from the distribution for the
asymptotic form of the pair production cross section and then rejecting or

accepting it with the appropriate probability.

At energies below 30 Mev the selection technique for the pair
production interaction presented in Fig. 1 has a low efficiency and one
must turn to an alternate technique for economy. Below 30 Mev the
téchnique that was used is based on Eq. 8 and is shown in Tig. 2.

The values of E given at the "yes" exit of some of the decision boxes
are the elliciencies of the decision or, in other words, the probability
that a yes exit will be achieved in a single test. The function Q shown

in Fig. 2 is given in Eq. 8d and was tabulated for use in the routine.

The routine used for Compton scattering, which is based on Eg. 9,
is shown in Fig. 3. It 1s assumed that the yalue of 0 = GC required in
the routine has been obtained from a tabulation of Eq. 10 prior to enter-
ing the routine. This selection technique for Compton scattering is valid

only for a > 2.733.
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Fig. 1. A Method of Selecting the Energies of the Electron and
Positron Created in Palr Production by Photons with Energies Above 30 Mev.
The selection technique is based on Eq. 6 in the text.




15

UNCLASSIFIED
@ ORNL-LR-DWG. 72041

Test Yes P=qQ - 0.52

fl

a > 4,2 M=

13.91n

no

Select R; and Ro

No Test
s
M
x = Re RS
yes
no Test Select Ry and Ra
2 N ‘ -
R, <k x(1 - x) X = Ra
yes E = ff
1 .
E.=x(a -2 +1 ves Test no
Ey = 0 - E. -8 Re <16 x(1 = x)(1 - 2x)®
= 15 '

Fig. 2. A Method of Selecting the Energies of the Electron and
Positron Created in Pair Production by Photons with Energies Below 30 Mev.
The selection is based on Eq. 8 in the text.
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Fig. 3. A Method of Selecting the Cosine of the Polar Angle of
Scattering, p, with the Energy After Scattering, @', of a Compton-
Scattered Photon. This method is valid only for & > 2,733.
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The technique for selecting the energies of the photon and charged
particle after a bremsstrahlung event is shown in Fig. 4. This technique
is based on Eq. 14. The principle of the method is to select the energy
of the photon from the distribution for the asymptotic form of the brems-
strahlung cross section and then to reject or accept the selection with
the proper probability so that the final energy distribution conforms to

the desired one.

The Complete Problem

The Monte Carlo calculation was carried out in a straightforward
manner. For a photon that appeared in the cascade, the total interaction
cross section, 27, which is the sum of the pair production cross section
and Compton cross section, was calculated first. The macroscopic cross
section for pair production for photon energies above 100 Mev was ob~-
tained from Eq. T7; for energies below 100 Mev the cross section was
obtained from tables us described above. The macroscopic Compton cross
section was always obtained from tables which were constructed with the

1use of Eq. 10,

Once the total cross section was obtained for the photon, a distance
to the next interaction point, x, was selected from the exponential dis-
tribution 27 exp(—Zyx). At the point of interaction the choice between
a Compton event and a pair production event was made by selecting a
pseudo-random'number R and .letting a pair production event take place if

R < zp/zy. If R > ZP/Z7 a Compton event takes place.

If a pair production event takes place the energies of the created
pair are selected using the technique presented in Fig. 1 or Fig. 2
depending on the energy of the incident photon. For Compton events the
energy of the scattered photon was selected using the technique presented
in Fig. 3, and, since it presented no inconvenience, fhe photon was al-
lowed to change direction. Compton scattering was the only physical
process in which a direction change was allowed. The change oi direction
was carried out by using the polar angle of scattering from the selection
technique shown in Fig. 3. A random azimuth angle was selected next and

the coordinates of the collision were rotated to a fixed system. 'I'hc
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Particle with Initial Energy Eeo. The selection technique is based on Eq.
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recoil electron was then added to the cascade after its energy and

momentum had been calculated from the kinematics of the collision.

The treatment of the charged particies in the cascade is in fact
only slightly more complicated than the treatment of the photons in spite
of the fact they lose energy by ionization collisions. This is so because
the macroscopic bremsstrahlung cross section, Z (see Eq. 15), with the
low-energy photon cutoff is almost constant with respect to energy. Hence,
with very little error, the distance between bremsstrahlug collisions, X,

can be selected from the exponential distribution Zb exp(-be).

If the distance to the next bremsstrahlung collision by a charged
particle was greater than the distance y required to degrade its energy
below 11 mcz, then the particle was assumed to stop after traveling a

‘distance y and 11 me?

of energy was deposited at that point. The distance
y was determined from y = R(Ei) - R(Ef), vhere E, corresponds to the
initial energy of the charged particle and E, = 11.0. The ranges R(E)
were obtained from Eq. 21. If x <y the energy of the charged particle

at the collision point was determined from the relation

R(E) - x = qf)E /A with qp = 4n Eg + B/A, which was solved for E, by

an iteration process. At the point of collision a photon Was added to

the cascade and the charged particle was degraded in energy. The parti-
tion of energy between the palr was selected using the technique presented

in Fig. b4.
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IV. The Computer Program

The present version of the computer program, which was written for
fhe IBM-7090, will develop cascades in slabs of a homogeneous material
with mixtures of up to 20 elements. The composition is specified by
input to the program and the cross sections are set up automatically.

The slab can be infinitely thick or have a finite thickness. The cascades
can be initiated by normally incident positrons, electrons, or photons at

any incident energy up to 50 Gev.

Another feature of the program is the variable nature of “the energy
bounds for spectral ‘data. It is possible to arbitrarily select up to
15 such bounds other than the source energy which automatically divides

the.spectral data into the corresponding number of intervals.

The results of a cascade calculation include information on the
track length¥* in each energy intervalfor each half radiation length! of
thickness for photons and for charged particles. The radiation length,

Xo, 1s calculated for mixtures from

-1
Xo = <’+5,an85-%§> ’ (23)
where Q is defined in Eq. 1ba and @ = }: Ny @(Zi).
i

The track length is calculated in the following way: If a particle
makes a collision in the spatial interval of interest with energy in the
. energy interval of interest, then the value l/E,II is recorded (ZT is the
macroscopic total cross section). The total of all the values l/ZT in
the interval divided by the number of particles incident on the slab is

an estimate of the track length for the particular interval of interest.

In addition to the track length, the flux of particles for each

energy interval integrated over the entire plane at each half radiation

*Track length is equivalent to the flux which has been normalized to one
source particle per second and integrated over a volume element. The
-units of track length are, for example, cm per Mev per source particle.
Track length times the macroscopic cross section (cm 1) gives the total
number of reactions in the volume element per Mev.
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length depth is obtained for photons and for charged particles. The flux
is normalized to one incident particle per second; hence, the units are
particles per incident particle. This quantity is calculated by storing
Lhe value 1/7 whenever a particle crosses the plane of interest in the
energy interval of interest. The quantity 7 is the direction cosine of
the particle with respect to the normal to the slab. The total of all
values of 1/y divided by the number of particles incident on the slab is
the estimate of the desired quantity. If the photons were not allowed to
deviate from the incident direction, then the flux, as described here,
would correspond to the particles crossing the plane. of interest in the
energy interval of interest per source particle. This is true because

7 would always be equal to unity.

The method of calculating the flux just described provides an in-
dependent check of the track length since the average of the flux at two
succeeding depths times the distance between the planes should correspond

to the track length in that interval.

Another set of data that is calculated is the probability of find-
ing exactly n (n = 0,1,....,9) particles with energy above each of the
energy bounds at each half radiation length depth out to a maximum of
10 radiation lengths. These data are calculated for photons and charged

particles,

The last set of data obtained from the calculationr is the energy
deposited in the slab as a function of depth for charged particles and
for photons. The set of data for the charged particles is calculated by
storing the energy deposited in each spatial interval by ionization col-
lisione before the particles are degraded below some selected lower
energy bound. Since the charged particles are not followed when their
energy degrades below the lower energy bound, the kinetic energy of each
electron or the total energy of each positron plus one rest mass unit

.of energy to account for annihilation is deposited at the position where
the particle is no longer followed. The energy deposited by the photons
is calculated by assuming that photons degraded below the lower energy
bound or created in that energy range as bremsstrahlung are totally ab-

sorbed at the position of the event.
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V. Comparisons With Other Calculations and With Experiment

Several cases were calculated for comparison with the data reported
by Butcher and Messel.® It was found that the results of the two calcu-
lations agreed very well in every case and in every detail. Three
examples of the comparison are shown in Figs. 5, 6, and 7. The data
presented in Fig. 5 are for 200-Mev electrons incident on a slab of air.
Presented in the figure is the number of charged particles with energies
gbove 10 Mev which cross planes at various depths in the slab. The depths
are given in radiation lengths (see Eq. 23). The solid curve is a it to
the statistical data presented by Butcher and Messel and the data points
are from the present calculation. It can be seen that the agreement of
the two sets of statistical data is very good. Similar data for aluminum
glabs are shown in Fig. 6 for several different source energies; again
the agreement of the two calculations is very good. TFigure T shows a
comparison for the case of photons of various energies incident on slabs
of aluminum. The agreement here is also very good except near the maxi-
mums of the curves for energies above 50 Mev. On the whole, however, the
agreement is good.

In contrast to the good agreement with the calculation of Butcher

2 e

and Messel is the disagreement with the calculation of Wilson, .
2 S~

figures from Wilson's paperl are reproduced in Figs. 8 and 9 and data

points from the present calculation are superimposed for comparison. \\\\\\\\\
Figure 8 shows the. charged particles crossing planes at various depths

in a lead slab for the case of incident électrons,'and Fig. 9 shows

similar data for the case of incident photons. These two sets of data

from Wilson‘sApaper were selected for comparison because they were not

altered to take into account multiple Coulomb scattering.

Wilson's data is for charged particles above 8 Mev but he found
little difference between these data and the number of charged particlés
above 10 Mev.™® TFor this reason, the results of the present calculation
for charged particles above 10 Mev are compared with his data. When it
is noticed that the incident energies for Wilson's data and the incident
energies of the apparently matching data from this calculation are quite

different, it will be recognized that there is considerable difference
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in the results from the two calculations. The data from this calculation

are considerably below Wilson's data.

The data shown in Figs. 8 and 9 can be compared with analytic re-
sults. The area under the curves should correspond to the integral of
the track length. From approximation A we have the track length for
charged particles given byt

T(E) = 0.437 (Eo/E3), (24)

where Eq is the source energy and T(E) has units of radiation lengths
per Mev if E is in Mev units. The integral of T(E) from E = 10 Mev to
Eo is the "integrated track length" for charged particles given by

E
T = 0.437 (i% - 1) ' (25)

and should be comparable with the area under the curves shown in Figs. 8

and 9 when thev are extended o infinity.

To make a positive comparison of the analytic and Monte Carlo re-
sults we will consider the case of source photons shown in Fig. 9. In
this case the Monte Carlo results should be below the approximation A
results for three reasons: (l) the area under the Monte Carlo result
can only be obtained to ten radiation lengths; (2) the Monte Carlo
results include energy loss by ionization collisions so that the track
length at low energies (~ 10 Mev) should be belOW'approximatioﬁ A results
which do not include this loss; and (3) at the higher energies (~ Eg)
the true charged-particle track length should be lower than that indicated
in Eg. 24 because the latter gives a finite track length at E'= Eg,
although it should be zero for photon-initiated showers using Born approxi-
mation cross sections. The area under Wilson's curve for Eg = 500 Mev
on Fig. 9 is 27.8 radiation lengths, whereas Eq. 25 gives T = 21.4., This
overestimate by Wilson's data in comparison with Eq. 25 persists at
other energies and indicates his data is a considerable overestimate of

the correct answer.
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Although the argument is not as cpnclusive in the case of incident
electrons since the true electron track length at E ~ Eg should be above
approximation A results,* it is not very likely that this will be suf-
ficient to change the fact that the integral under the curves in Fig. 8
should be below the values given by Eq. 25. Hence, again, one must

conclude that Wilson's data is an overestimate for source electrons.

The experimental results of Kantz and Hofstadter'* on energy deposi-
tion by a 185-Mev electron beam incident on various materials affords
another check of the calculation.' In this case the agreement is not very
satisfactory, as is apparent from the comparison shown in Fig. 10 for
lead. For this comparison the experimental data was arbitrarily normalized

to the calculated data.

In the calculation the shower was normally cut off at 10 Mev so that
particles which degraded below that energy were assumed to be totally ab-
sorbed. This case is ghown as curve A in Fig. 10. Because the agreement
with experiment was so poor, the cutoff energy was lowered in three suc-
cessive steps to 6, !, and 2 Mev as shown in curves B, C, and D, respec-
tively. Although the agreement improved at each step, there still remains

a serious discrepancy.

As the cutéff energy was lowered in the calculation the lower energy
photons migrated to greater depths. Hence there was a transport of
energy to greater depths with the result that the magnitude of the energy
deposition decreased near the source and increased at large depths. This
also resulted in a shift of the peak in the energy deposition curve to

greater depths as seen in Fig. 10.

The energy deposition by ionization collisions (Eq. 18) at 185 Mev is
indicated as a point at zero depth for comparison with the cases computed
with cutoff energies. All the curves should actually terminate at this
point. The reason they do not is because the curves represent a smooth fit
to data which was obtalned in histogram form where the interval width was
one-half radiation length. This interval width was too large to indicate
the correct shape of the curves near zero depth and, therefore, the curves

are not shown in this regiomn.

*See Figs. 13 and 14 in Section VI.
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It is @ifficult to estimate which of the computed curves is the best
since the angular defieéfions‘of the charged particles in the cascade
were neglected. (The photon deflections were included as discussed in
Section III.) For this reason it is most likely that the shift in the
energy deposition to greater depths will not be as great as indicated in
the case of the 2-Mev lower energy bound. In any case it is not likely
that consideration of the angular deflections will significantly improve

the comparison with experiment and the reason for the discrepancy remains

unknown.
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VI. Electrons Incident on Copper

A.series of caléulations were run to study the development of
electron-initiated cascades in an infinitely thick slab of copper.
Incident energies of 50, 100, 200, 400, and 700 Mev and 1.4, 3, 5, 10,
2b, and 45 Gev were selected. The 20- and 45-Gev cases were run with
400 source electrons each, and the remaining cases were run with 1,000

source electrons each. The total running time on the IBM-7090 was 60 hr.

The track lengths* for photons and charged particles in the entire
volume of the slab are presented in Figs. 11* through 14. The dashed
line in each case represents the analytic results under approximation A

which are independent of the type of radiation initiating the shower.

They were obtained from*
Eo Xo
“T(E) = 0.437 (26)
E2
for charged particles and
Bo Xo
T(E) = 0.572 - (27)
E2

for photons. In these equations Eg 1s the source energy, B fhe degraded
energy, and Xo the radiation length (for copper Xo = 1.4% cm). These
equations are expected to hold when E, K E K Ep, where E, is the critical
energy' (for copper Eq = 21.8 Mev). Indeed, Figs. 11 and 12 show that the
approximate analytic results do fit the Monte Carlo data rather well for
photons in the energy fange below approximately 0.6Eo and above the
critical energy. The fit of the approximate analytic results to the

Monte Carlo solutions is not nearly so good for the charged particles, as
is shown in Figs. 13 and 1%. In this case the discrepancies at low
energies are due to the fact that the energy loss by ionization collisions

is becoming important in comparison with bremsstrahlung energy loss.

*See the footnote at the bottom of page 20.
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Near the source energy the discrepancy is due to the fact that the Monte
Carlo calculation is sensitively dependent on the initiating particle and
when the showers are initiated by electrons the charged particle track
length lies above the analytic result. In contrast, it can be seen in
Figs. 11 and 12 that the photon track length of the electron-initiated

showers is below the analytic result near the source energy.

In Figs. 13 and 14 the charged-particle track length at the source

energy for the electron-initiated showers was calculated analytically from

T(Eo) = —ST%-T (28)

where S(Eg) is given by Eq. 19. The derivation of this equation¥* is based
on the fact that the bremsstrahlung cross section, Zb’ is finite and the
flux of charged particles, ¢(E,x), at depth x near the source plane is

related to the incident flux ¢(E',O) by the expressionl

]

e ¥ @
Uo) - BB gsn,0) we | - [ Do | (282)
‘ E
where x, E, and E' are related through
El
S (260)

E

For the case at hand a monoenergetic incident beam at energy Ep with unit

intensity the incident flux is represented by
#(E',0) = 8(E' ~ Eo). (28c)

The track length at energy E is obtained from®

(o8]
T(E) = f #(E,x) dx
(o]

*We are indebted to F. S. Alsmiller for many helpful discussions on this
subject and for the method of derivation presented here.
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with the use of Egs. 28a and 28c yielding

o0 - 1
- —_— Ell)
S(E' Zb(
T(E) = f éY(E)_ 3(E' - Eo) exp ,. - f ?E—"T dE" _] dx
-0 E )
which can be integrated by transforming to the integration variable E'.
This is done with the use of Eq. 28b yielding
EO "
E) - 1 exp - Zb(E ) ag"
s(E) S(EM) :

E

(284a)

Equation 283 is valid only for energy E near the source energy Eg.
When E is set equal to Eog, Eq. 28 results. Equation 28 is the same as
that deduced in connection with the analysis of showers as discussed by

Rossi.t®

The derivative of the track length at the source energy is easily ob-

tained from Eq. 284 as a 8(Eo)

(Eo)
Lim aT(B) o

_ . . (29
EEo  dE [5(Eo) 12

Equation 29 was used to verify the slope of the curves near the source

energy shown in Figs. 13 and 1k.

‘ The track length for photons in Figs. 11 and 12 has been fitted with
an empirical formula over a limited range. For showers initiated in'copper
by electrons with energies above 200 Mev, the photon track length is given

by

T(E) = 29 [ D212 _ 0.272(E/Eo - o.ozs)} for E/Eq > 0.025 (30)
: Eo (E/Eo)?

Eg > 200 Mev,

The detailed track length data in various depth intervals for both photons

and charged partlcles have been included in the Appendix.

The calculated energy deposited in the copper by the electron-initiated
showers 1s shown in Figs. 15 and 16. These data represent the sum of the
energy deposited by charged particles and photons using a low-energy bound

of 10 Mev as discussed at the end of Section IV. These data should be



UNCLASSIFIED
CRNL-LR-DWG 62318

100
_— O
5 \'j
§
L /D/
a .
(]
E 107" i /'A/ W i — ;
o 7! N P ~ I~ ] \KELECTRON SOURCE ENERGY
o Z Sl ~ N el .
w 7 \ S S B "\“400 Mev
o ~d |
- 5 pd Q, N ~A S~
o x ~Noa N Lo 700
: L T e TR
]
§ 2 / \o\ o \\\D\Q%\\‘\ \\.\‘k
o] A \
2 ®
@ \\\\\ \\\\\1OOA \*k\\ , \\Q\\
(LS 1072 \ A o A
O | 5 '\ e N—
S [¢) O 50 O ‘1\ "\ 2
5 ] (o] B ﬁ
é 5 O \‘\
" 4
\\O
~
N
2 o]
Ov
10°° _
0 ! 2 3 4 5 6 7 8 9 10 1" 12 13 14
DEPTH {cm)

Fig. 15. Energy Deposition in a Copper Slab by Photon-Electron Cascades Initiated by Normally
Incident 50- to 1400-Mev Electrons :

6€



UNCLASSIFIED
ORNL-LR-DWG 62319

2x10~"

£
;’ 10~ L— ELECTRON SOURCE ENERGY -

W 3 Gev A 0 ——

Q _” P Sl I |
o y A 145
5 s A e ‘ N S N
o ,/u w A \A\:CMSO
(@]

L / o ,/, 3
o

o A/

2

e 2 I / v

>

E -2 //// /‘/45

O 10 V4 / /[

@ 7

3 717

) / / Jof

(' 5 / / /

5 77

3 / 1/

o o]

S 1L/

& 2 |+

-3
10
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
DEPTH (cm)

Fig. 16. Energy Deposition in a Copper Slab by Phcton-Electron Cascades Initiated by Normally
Incident 3- to L45-Gev Electrons

on




41

considered as approximate because of the relatively high low-energy bound.
The possible modification of the curves by including the transport of the

low-energyrparticlés is suggested byAthe data presented in Fig. 10.
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Appendix

Tables 1 through 22'pfesent the detailed track length data for
photons and charged particles calculated froﬁ electron~initiated showers
in copper. The track lengths are given in each half-radiation length of
depth out to 10 radiation lengths and from 10 radiation lengths to
infinity at various energies. The track length is given in units of
cm/Mev and the energy in units of Mev. Actually the integral track
length was determined in an enefgy interval and then divided by the
interval width to obtain the date presented in the tables. The midpoint

of the energy interval is the energy that is recorded.

The total track length which is the sum of all the track length
entries at each energy 1s also recorded. The total track lengths were

the values used to construct Figs. 11 through 1k.

It should be remembered in using these data that they are not ab-
solute values but represent statistical estimates. Hence fluctuations
in the estimates will be noticed when comparing entries in adjoining
intervals when the intervals are small. In most cases it is beneficial
to plot the data over several intervals to get a good indication of the
trends and a reasonable method of deducing the best estimate of the

absolute wvalue.

An index to the tables is given on the following page.
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Table 1. Photon Track Lengtk for Electron-Initiated Showers in Copper

Electron Source Energy: 5C Mev Radiaticn Length: 1.432 cm

Track Length Per Incident Farticle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-%2.5 2.5-3.0 3.0-3.5 3.5-L.C h.0-k.5 4.,5-5.0 5.0-5.5
12 1.46x102  3,10x10™2 2.28x102 2.73x10™2 1.82x10 2.09x10™2 1.16x10™® 1.64x1072  1.18x1072 0.11x10™® 2.73x1073
17 1;Ohx10-2 1.73x102  1.85x10™2 1.61x102 1.10x10 2 1.10x10°2 8,cEx1073 5.22x10™3  7.51x1073  2.36x10™°  2,92x10 >
2c 4.20x1072  9.06x1072  T.75x107™3  6.49x10° 2  6.20x10° 2  1.94x10°3  2.24x1073  1.62x10™3  2.26x10°°  6.45x107%  2.24x1073
31.25 8.61x10™3 . 2,03x102 8.63x10 >  1.30x10 2 9.24x10™% 4.30x10"2  4.96x107%  5.54x1073 - 1.24x107%  3,71x107%  6.17x107%
38.75 5.80x107%  4,14x107%  5.25x1073 2.94x107%  2.37x10™°  5.94x107%  1.76x1073 5.82#10—4 5.92x10°%  1.16x10°2 0
4€.25 0 1.71x10™3  1.70x10™®  1.13x10°%  5.64x107% 0 0 ) 5.74x1074 0 5.67x1074
Table 1 (continued)
Track Length Per Incident Farticle in the Indicated Depth Intsrval {cm/Mev)
Depth Interval (Fadiation Lengths)
Erergy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-5.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-c Totels
12 3.65x10°2  5.48x107°  6.40x10™2  7.33x107°  L4.56x107F  1.81x10™3  9.17x10°% 0 2.74x10™2  5,48x10™® 2,25x107%
17 2.92x1073  2.92x10™2 2.84x107° 2.30x10™°  1.17x10°°  1.17x10®  1.186x107°3 0 0 ' 4.61x1072  1.2%0x107*
25 9.87x10™%  9.78x107% 9.45x107%*  9.63x107% 0 3.13x10 % 9.80x107% ) ) 1.62x1073  5,1h4x1072
31.25 2.47x107%  1.23x10™3  6.06x10° % 6.17x10°% 0 6.07x107% 0 o. 0 0 8.56x10°2
38.75 1.19x1073%  5.98x10™*  1.18x1073® 6.00x10"%*  5.99x107% 0 0 5.98x107% 0 0 3.01x1072
W&, 25 0 0 0 0 0 0 0 2 0 0 0

L



Teble 2.
Electron Source Energy:

Charged Particle Track Length for Electron-Initiated Showers in Copper
50 Mev Radiation Length: 1..432 cm

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

P(:ﬁ:xrfy 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4,0 4,0-k.5 4.5-5.0 5.0-5.5
12 6.3411073  1.88x1072  1.46x1072  2.50x10°2  2.32x10°2  1L.84x107°  9.84x107%*  1.16x1073  1.20x10°2  6.69x10°*  L.2kx10 %
17 6.18x107®  1.95x102 8.20x10°2  1.22x107°  1.06x10™3  4.92x107% 2.81x107* 5.86x10°%* 2.57x10°%  1.6hx107%  2.34x10°¢
25 9.24x107%  1.65x10°2  1.32x10°2° 2.37x10 %  8.36x10°°  5.57x107°  1.67x10 %  2.64x107*  3.96x10™°  2,78x107%  1.25x107 4
31.25 1.21x1072  1.21x10™@  9,24x107°  9.25x107°  L4.62x107°  4.62x107°  9.23x10°©  2.77x10™°  2.77x107°  9.24x107® 0
| 38.75 2.34x1072  1.72x1073 0 0 0 0 0 9.20x10°®  9.20x10°8 0 0
46,25 3, 70x10°2 0 0 0 0 0 ¢ 0 0 0 0
Table 2 {contirued)
Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)
Depth Interval (Radiation Lengths)

Energy

{Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0- Totals
12 L,57x107%  3.51x107%  6.38x107%  3.80x107% 2.13x107% 2.13x107%* 1.77x107%*  3.57x10™°  3.54x10°° 8.49x107%*  5.41x1072
17 2.57x10°%  L.70x10™°  1.41x107%  1.64x1074 0 0 7.04x1075  1.40x107%  2.35x10 °  3.75x10°%  3.94x1072
25 2.79x107> 0 €.97x10°°  1.40x10°° o 0 1.395107°  2.79x107°  6.96x10 °  1.40x107>  2.84x1072
31.25 3.69x10°° 0 2.77x1073 0 9.25x10 © 0 o Y 0 A 0 2.47x1072
38.75 9.20x10 © 0 0 0 0 0 b 0 0 0 2.51x10 2
u6,25 0 0 0 0 0 0 o) o} 0 0 3.70x1072
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Table 3.

Electron Source Energy: 100 Mev

Photon Track Length for Electron-Initiated Showers in Cooper

Radiation Length:

1.432 cm

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval {Radiation Lengths)

Energy g
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 h,0-k.5 k. 5.5.0 5.0-5.5
12 1.46x1072 3,91x1072  5.37x1072  5,11x10™2  5.28x10°2  L4,38x1072  2.55x10° 2  3.55x10 ¢ 2.19x102  2.92x102  1.73x10°2
17 1.51x10°2  2,19x10 2  3.01x10™2 3.71x10°% 2,89x10°% 2.37x10°2 1.84x102 1.39x10¢ 1.62x102  8,71x102®  1.16x10°2
25 8.45x1073  1.56x1072 1.85x102 .1.36x10 2 1.h6x1072 1,07x1072 1.17x1072 8.h9x107%  6.16x1073  6.82x1073  1.94x1073
35 1.79x1073  7.76x1073  1.05x1072 8.99x10™2  6.27x107%  5.41x107®  5.00x107°  4.49x107F  L.56x1073  2.12x1073  1.20x10723
L5 3.71x1073  6.55x1072 4,26x107% 3.72x107% 2.28x10°3  3.12x107°%  2.86x10™°  1.98x10™F  1.71x102  8.49x107%¢  8.48x107¢
62.5 1.94x107%  3,00x107%  3,46x107%  1.77x107°  1.h2x1573 . 1.51x107° 1.h1x1073  6.20x107*  2.66x10°4  L4,Lhux107¢  5.30x10° %
77.5 7.66x107%  1.45x1073 1.27x1073  1.10x1073  7.7IxI07*  3.79x107%  7.72x107¢  2.55x10°%  3.4ox107%  2.54x107%  3.L42x107*
92.5 6.62x107%  L4,11x107%  3,30x107¢  1.66x107%  14.98x1074 0 8.27x107° C 8.%33x10™°  8.26x107° 0
Tasle 3 (continued)
Track Length Per Incident Particle in the Indicated Depth Interval (om/Mev)
Depth Interval {Radiation Lengths)
Energy
(Mev) 5.5-6.0 - 6.0-5.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 "8.5-3.0 9.0-9.5 9.5~10.0 10.0~m Totals
12 2.09x1072  8.19x107%  1.63x10™2 1.82x1072 :,00x1G2  T7.28x1073 5.45x1073  2.73x10™3 5.48x1073 2.82x1072 5,07x107%
17 8.65x10™2  6.83x10™3 5.77x1073  2.33x10™3  4.02x1C™3  2.87x10  1.14x1073  2.31x1073 2.51x10_é 1.04x1072  2,72x107%
25 2.93x1073  2,92x10™2  2,24x1072  6.53x107%  1.6Lx16%  1.94x1072  6.59x107%  1.62x1072%  1.29x1073  2.91x10™3  1.35x10*
35 1.19x107%  6.11x107%  5.96x10° %  3,01x10°%  1.21x10°3  5.98x107*  3.05x10°% 6.00xi0 % 0 6.12x107*  6.42x107*
L5 5.64x10™%  5,71x107¢  2.88x107%* 2.80x107% 2.89x107* 2.83x107¢  2,8hx1074 0 2.8hx107*  8.54x107%  3.56x10°*
52.5 1.78x107% 1.79x10°%  1.7kx107%*  8.69x107°  2.66x10 % 0 8.96x107° 0 0 9.05x10°>  1.74x1¢"2
77.5 4,28x107%  3.hox107* 0 0 ' 0 0 8.61x30°5 0 0 8.52x107°  8.61x1C¢3
92.5 0 0 o] 0 8,30x10"5 0 ¢ 0 8.33x107° 0 2.48x1c™3

oM



Table 4. Charged Particle Track Length for Electron-Initiated Showers in Copper

Electron Source Energy: 100 Mev

Radiation Length: 1.432 om

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 L, 0-k4,5 4.5-5.0 5.0-5.5
12 3.78x107% 1.33x1072  2.C7x10°2  1.74x1072  1.12x1072  6.35x10 2 5.85x10°  L.L1x1073  3,39x107°  2.25x10°3  2,26x10 3
17 3.61x1072 1.22x1072  1.72x1072  1.20x1072  6.30x10°3  3.23x10 3  3.51x10°3  2.41x107>  1.92x107%  1.41x10™3  9,1ux107%
25 3.21x1072 1.02x10°2  1.13x10°2  6.42x10™%  3,19x107°  L.7hx107%  1.42x107%  9.hk7x107%  8.36x107%  L.h6x107*  L4,88x1074
35 3.52x1073  8.51x1072  7.79x107%  2.90x1073  1.12x107° L, h2x107*  L,01x107*  3.59x107%  2.63x107¢  1.24x107¢  9.67x107®
45 3.07x1073 7.76x1073  5.53%x10°%  1.53x10° 3 2.61x10°% 5.64x10°%  1.93x10 % 1.79x10° ¢ 2.75x10°°  8.26x10°  1.2hx107%
60 L.53x1073  7.65x1072 2.62x107° 2.13x107%* . 1.23x10™* 9.59x10 >  8.91x10 >  6.85x10°°  6.86x107¢ 2.74x107°  1.37x10 S
62. b, 7hx1072 7.28x107%  1.68x107F  1.69x107*  1.32x10°%  9.59x10°°  5.47x10™°  8.68x10™°  3.65x10°  4.11x10°®  1.37x107S
77.5 8.25x107°  6.32x10 %  5.46x107°  2,28x10°°  2.28x10°° 0 9.11x107¢ 0 0 0 0
92.5 2.42x1072  2.45x107%  9.C9x107® 0 0 0 0 0 0 0 0
Table 4 {continued)
Track Length Per Incident Particle in thz Indicated Depth Interval (cm/Mev)
Depth Interval (Radiation Lengths)
Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-w Totals
12 1.87210™% 1,09x1072  1.20x207°  8.83x107%  L.94x107*  9.52x107%  L4,56x10°%  5.64x107%  L4.2kx107%  1.73x1073  1.01x107!
17 5.85x107%  7.03x10°% T7.51x107%  3.2&%107% L.U5x10°*  2.81x107%  3.75x10°%  2.81x107¢  7.03x10°°  5.85x10°%  6.91x1072
25 L.73x107% 1.53x10°%  1.67x107%  2.09x10°% 2,09x10"%* 1.81x107*  1.67x107¢  L4.19x10°> 0 3.06x10°%  L4.21x1072
35 2.35x107*  6.93x107°  5.53x10°°  6.91x10 °  1.38x107° 1.11x10™* 2,77x10™°  5.52%x10°°  1,%9x107°  1.11x10"¢ 2.63x10°2
45 5.50x102 0 4.13%x10™%  9.63x10 %  1.38x10™°  1.10x10™*  8.25x10 > 0 0 2.75x10 >  1.97x10°2
60 2.0621072 0 2.06x1075  L4,11x10°% 0 1.37x1075 0 0 0 1.37x10°°  1.56x10 2
62.5 4.572107®  3.65x107°  2.28x107° 0 0 0 1.37x10™°  9.12x10™®  1.37x107° ) 1.46x1072
77.5 4.55x1078  L4,56x10°° 0 0 0 L4,55x1078 .0 0 0 4,56x10™®  1.47x1072
92.5 0 0 0 0 0 0 2 0 0 0 2.42x1072

Ly



Table 5. Photon Track Length for Electren-Initiated Showers in Copper

Electron Source Energy: 200 Mev Radiation Length: 1.432 cm

Energy

Track Length Per Incident Farticle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2,0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4,0-k.5 4.5-5.0 5.0-5.5
12 2.28x1072  L4,10x1072  8.29x10%  7.56x10 2 1.04x10 > 9.29x10 2  8.39x10 2  5.74x10 2  5.57x10°2  5,01x10 2  4.28x1072
17 1.16x10 2 2,65x10 2  3.81x10 2 5.19x10 2  5,15x10 2  3.87x10°2 L.27x10°2 3.59x10 2  3.66x10°% 2,60x102  2,L8x1072

- 25 7.12x10°3  1,90x10°2  2,39x10°2 2.83x10 2 2.62x10 2 2.57x10 2  1.59x10 2 1.85x10°2 2,05x10°2 1.72x10 2  1.Lgx1072

.35 5.42x1073  1.,32x10°2  1.62x10°2  1.84x1072  1.56x1072  1.20x10°2 1.03x10°2 6.31x10°2  6.20x10°3  5.41x10 3  5.42x1073
Ls 3.14x107%  4,82x107%  1.14x10°2  1,11x10°2  1.28x10°2%  6.23x10°°  5.97x10 2  6.24x107°  2.56x10°3  3,70x10°3  1.1hx1073
60 1.61x10°2  6.01x10™2  6.18x10°° 8.19x10°°  3.63x10° h.71x1072 L. 70x1073  3.66x1073 -2.28x10% 1.87x10°  1.h7x107°
85 1.42x1073  3,60x107%  3.61x10 > 3,10x10 >  3.01x10_ 2  1.68x10°>  7.56x10°% 9.23x10°*  7.53x10 %  8.47x107*  5.05x10 %

125 1.12x107%  1.45x107%  1.60x1072  1.08x10°°  7.98x10_* 5.58x10°* 5.18x10 * 2.86x107* 2.36x10°* 2,81x107*  2.32x10 %

128 7.78x107%  1.87x10°2 1.21x10™3 1.76x10°2 8.19x10™* L.27x10™* L,30x10™*  3.80x107% 2.33x10°%*  1.55x10°%*  7.81x107°

155 3.79x10_ % 1.40x1073  7.95x10°*  1.06x10°3 3.04x107*  3.04x107*  3.04x10°* 1.90x10"*  1.89x107*  1.51x10* 0

185 3.34x107%  6.69x107%  3.324x10°%  2.61x107%  T7.42x10™°  2,98x107*  1,12x107%  1.86x107% 0 3.73x10 > 0

Tetie & (continued)
Track Length Per Incident Fatrt-cle in the Indicated Depth Interval (cm/Mev)
Depth Interval (R&diation Lengths)

Energy -

(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-® Totels
12 5.10x1072  3,38x10°2  3,91x10 2 3,82x10 2 2.19x10°2 2.83x10°2 2,00x10 2 1.27x102 1.28x10 2  6.92x10 2  1.0h4x10°
17 1.56x1072  1,86x10 2  1,51x10 2  1,86x102 9.32x10 S  T.L6x10™3  6.97x10™2  5.22%x10°2  6,98x10"3  3.13x10 2  5,19x10 *
25 6.50x107%  5,48x1073 L.85x10™2  3.90x10° 2 5.48x1072 L.56x1073  5.19x10°3 3.26x10°2 2.26x10 3 6.20x10 2  2,65x10 *
35 4,21x107%  2,hk0x1073  2.69x10°°  1.77x10°°  1.80x10°3 8.92x10™*  3.05x10 *  5.99x10 *  1.49x10™® 5.42x10°>  1.36x10 %
45 1,15x10°2  2,29x10°° © 8.53x10 % 1.1kx10™3  1.h2x10™2  1.13x1073  2.79x10 %  38.55x10 % 5.71x10°* 1.71x10°3  8.04x10°2
60 1.35x1073  L4.05x10°* 8.10x10_*  5.34x10°* 0 4.13x10™%  1.%2x107*  5.49x107*  2.72x10°%  3.94x107%*  1.92x1072
85 3.40x107%  8.51x107°  3.37x10 %  1.65x10° %  L.23x10°% 0 8.60x107™5  3.h0x107° 0 3.36x10°%  2.21x1072

125 9.39x1073  L4,58x10™°  L,65x10 > L.75x107°  1.L1x107% 0 0 0 0 4,80x10™  8.59x1073

128 1.17x107%  1.17x10°*  7.67x10°  7.87x107° 0 _ " 7.75x10°° 0 3.89x107° 0 0 8.26x1072

155 0 1.14107™%  3,76x10°° 0 3.79x10°°  L.67x107° 0 3.75x10 > 0 0 5.34x10°3

185 0 3.73x10 7> 0 0 3,72x10 > 0 0 0 0 ) 2.38x10°2




Taple 6. Charged Particle Track Length for Electron-Initiated Showers in Codper
Electron Source Energy: 200 Mev Radiation Length: 1.432 cn

Track Length Per Incident Particle in the Indicated Depth Interval {cm/Mev)

Depta Interval (Rediation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4,0-L.5 4.5-5.0 5.0-5.5
12 2.36x10°3  1.20x10° 2% 2.67x10° 2 2.93x10 2 2.88x10°2 2.36x10°2  1.62x10°2 1.%30x10°2 9.77x10°3  9.36x103  7.83x10°2
17 2.41x107  1,06x10°2  1,77x10°2  2,00x10 2 1.89x1072 1.37x10° 2 9.58x1073 8.06x10 3  6.09x10°3  L.u8x107® L.17x1073
25 1.82x1073  7.90x10° 3  1.29x19°%  1.35x10°2 ' 1.15x10°2  T7.42x10™%  5.79x10™3  3.75x1¢°°  2.88x10™%  2.21x10°2  2.07x10 3
35 1671072 6.12x10 2 7.97x10 2  8.60x10 >  6.62x10°2  3.79x10°°  3.23x10°%  2.3Lx1¢™3  1.08x10°®  1.01x10 3  9.95x10°*
kg 1.17x1073  4,6Ux1073  6.80x10°2  5.97x10° 2 L.%32x10°2  2.5hx107%  1.82x1073  1.17x1C¢"3  5.09x10 % 8.26x10° %  5.09x10 %
60 1.25x10°2  h,7hx1072  Lb.87x1073  h.k3x1073  2.39x10°°  1.42x107%  6.86x107%  3.49x107% L.Lh6x107¢  2.54x10°%  2.06x107*
85 1.55x10°3  3.79x10°2  3.66x10 2  2.35x10 2  9.96x10 %  3.50x10°¢ 2.36x10°%  1.64x107¢ 8,19x10°  1.00x10 *  9.55x10 °

125 2.07x1072  3.66x107%  1.93x10®  L.9kx107* 6.80x107° 2.72x10°%  6.12x10°°  5.21x10 >  3.85x10 °  L.76x10°  9.06x10°©

155 3.33x10 2 3,90x10 2 8.10x10°*  8.37x107°  L.52x107® 9.05x10°® 2.h49x107°  2,26x10°® 9.05x10°®  6.78x10°© 0

185 1.36x1072  1.53x10 3 L.52x10°© 0 0 0 o) 0 0 0 0

Table 6 (continued)
Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)
Depth Interval (Radiation Lengths)

Energy -

(Mev) 5.5-6.0 6.0-6.5 €.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-m Totals
12 6.83x1072  4.28x10™3  3.63x10™3  3.24x10°2  2,43x1073  2.21x102  1.94x10™3  1.24x1073  1.73x10°3  5.78x10°3  2.12x10°*
17 3.30x10°2  1,66x10°2  1.97x10° 3 1.22x10°3  1.31x10°%  1.36x10>  8.67x10 %  6.79x107¢  £.09x107%  2.53x10°3  1.31x10%
25 1.36x1073  7.24x107*  8.08x10™%*  6.L0x107*  7.80x107* L4.31x107%*  1.53x107¢  3.80x107%  3.3hx107%  1.06x1073  7.8Lx1072
35 L.8ux107*  5.39x10°*  2.35x10°% L.Lhox107%  2.07x107*  h.70x107%*  4.14x1075  1.2Bx107%  1.52x107% - 3.59x10 %  L.65x10°2
ks 3.03x10_%  1.93x10°*  1.65x10°*  1.10x10_*  1.65x10_% 1.93x10°* 1.38x10°° 2.75x10°° 5.51x10°° 2.48x107%*  3.17x10°2
60 1.99x10°%*  1.37x10° %  7.55x10 °  3.43x10° 8.,91x10°°  5.86x107°  6.84x10"® 2.74x107° 0 7.54x10°°  2.17x10 2
85 6.37x-0"° 0 3,19x10 °  2.73x10°°  1.36x10°  3.11x10° S 0 0 0 9.10x10™®  1.35x10°2

125 0 6.80x107®  2.04x1¢7° 0 0 1.36x10°>  6.80x10°® 0 ) 0 8.52x10 2

155 0 9.0kx107®  6.78x1C7® 0 2.26x10°° 0 0 0 o 0 8.21x1072

185 0 0 0 0 0 0 0 0 0 0 1.52x10°2
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Table 7.

Eleciron Source Energy:

L4OC Mev

Photon Track Leungtk for Electron-Initiated Showers in Copper

Raedietion Length: 1.432 cm

Track Length Per Incident Particle in the Indicated Depth Intexrval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2,0-2,5 2.5-3.0 3.0-3.5 3.5-4,0 4,0-4.5 k,5-5,0 5.0-5.5
12 1.64x1072  5.38x10 2 9,91x10 2  1.20x10 * 1.36x10_' 1.50x10 1 L.bhx10"!  1.55x10°% 1.36x10°% 1.28x10 %  1.16x10 *
17 1.04x1072  3,41x10°2  6.23x10 2 T7.56x10 2  1.03x10 ' 9.12x10 2  8.69x10 % 8.32x10 2 6.71x10°2 6.93x10°2  6.88x10°2
25 7.46x1073  2.33x10 2 3.46x10 2  Lh.61x10°2  L4.23x10 2 L.83x1072  L.02x1072  h,22x10°2  3.43x1072  3.11x10 ¢ 2.79x10 2
35 3.9%x10_°  1.51x10°2  2.23x10 2 3.01x10 2 2.51x10 2 2.7hx102 2.47x10°2 1.90x10°2 1.65x10 2 1.54x10°2  1.72x10°%
b5 4.56x10 2 7.92x10 3  1.79x10°2 2.33x10 2 1,70x10 2 1.71x10°2  1.02x10°2 1.1hx1072 1.22x10 72 7.65x10 3  8.82x1073
60 3.21x10°3  9,10x10°2  1,08x10°2  1.23x10 2 1.02x10 2  8.61x10 >  8.41x10°3 6.35x10 3 6.18x10™> L4.04x1073  k.hhx1072
85 2.00x1073  14.86x10°3 6.70x10 2  6.0kx10™3  5.37x10°2  L.26x107>  4.11x10°2  2.hkx1073  2.51x1073  1.52x10°3  1.52x1073
125 1.50x1073  2.57x10_3  2.39x10 >  3.39x10 2 2.86x10 >  2.34x10 ° 1.45x107% 1.27x1073  7.51x10°*  7.56x10°%  5.61x10 %
175 5.80x107%  1.84x10°%  1.52x10 >  1.84x10 2  1.9%x10°°  1.0bx20°°  L.b7x107*  Lh.02x10*  L.Obx10*  L.Obx10*  2.23x10 %
250 4.30x107*  8.78x10°*  B.06x10°*  5.91x10 %  h.66x10 % 3.23x10 *  2,33x10_*  2.16x10 % 5.39x10 °  1.26x10 %  7.15x10 °
310 4.05x107%  5.81x10_*  k.04x10_* 2.12x10 % 3.16x10_% 1.76x10°* 1.9%x10* 1.h41x10_* 1.77x10°°  3.51x10 >  1.75x10_°
370 2.95x10™*  3.1%107*  1.04x10™*  1.56x107*  1.22x30°*  3.46x107°  5.21x107°  5.21x10 > 3.47x107°  1.7hx107°  3.47x107°
Table 7 (continued)
Track Length Per Incident Pariicle in the Indicated Depth Interval (cm/Mev)
Depth Interval (ladiation Lengths)
Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0  9.0-9.5 9.5-10.0  10.0-c0 Totals
12 1.04x1072  B.47x10° 2 B.76x10 2 6.56x10 2 5.56x10 %  6.10x10 2 5.56x10 2  3,18x10 2  3,01x10 2  1.76x10 %  2.01x10°
17 5.19x1072  3,93x10°2  3.5Lx1072  3.36x10 2 3.47x10°%  2.4kx1072  2.24x107%  1.96x10 2 1.33x102  7.69x10 2  1.10x10°
25 2.56x10°2  2,02x10°2  1.66x102 1.27x10°2  1.10x10 2 1.24x1072 1.23x1072 6.48x10°3  3.56x10"> 3.08x10°2  5.29x10 *
35 1.41x1072  1.12x1072  9.64x10™2  9.%2x10°>  3.00x10 %  3.03x10 2 2,11x10 2 2.kox10 2 4.81x1073  1.09x1072  2.87x10 !
45 7.08x1073  5,12x10 2 3.68x10 >  2.84x1073  3.14x10°%  1.98x1073  1.15x1073  1.69x10 3 2.8kx107%*  3.42x1073  1.69x10
60 3.48x107%  2.56x107°  1.75x10°2  1.76x1072  2,57x10° %  8.14x107* 5.L43x107*  k.03x10 %  2.69x107%*  1,33x10°°  9.92x10 2
85 1.35x10 3 9.27x10°*  5.01x10°*  3.3Lx10°% 5.90x10 % 3.38x107*  2.58x10* 1.67x10 % 2.50x10°* L.22x10 %  L.65x10°2
125 8.51x107%  3.73x10 %  1.86x10™% 2.79x107% 9.31x10° 9.19x10 >  1.L1x107¢  L.82x107° 0 1.41x107% 2.20x1072
175 8.83x10™°  1.33x10™¢  8.97x10 > 0 h.5kx10™5  k4.50x107° 0 0 4. b3x107°  9,05x10°  1.12x10 2
250 5.36x10 > 0 1.80x107° 0 0 1.78x10°° 0 0 L.79x10°°  7.22x10°°  L,37x10°3
310 1.76x107°  1.75x107° 0 1.76x10°° 1.75x10°= 0 0 0 0 1.75x10°° 2.509x1073
370 0 0 0 0 0 0 0 0 0 0 1.22x1073
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Table 8.

Electrcn Source Energy:

400 Mev

Radiation Length:

Charged Particle Track Length for Electron-Iritiated Showers in Copper
1.432 cm

Track Lergth Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Rediation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 £.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5 L.5-5.0 5.0-5.5
12 2.33x10°3  1.55x10 72  2.99x10 2  L.20x102 L.80x10 2 Lh.U3x1072  L.09x10 2  3.23x10 2  2.61x10 2 2.32x10 2 1.9hx10 2
17 2.20x10°3  1.15x1072 2,05x10 2  3.03x10 2 3.25x10°2  3.10x10°2  2,65x10 2 2.07x10 2  1.61x10 2 1.k8x107%  1.12x1072
25 1.63x1073  8.05x10 3  1.51x10 2  2.06x102  2,10x10 2  1.95x10°2  1.53x10 2 1.12x102 9.13x10 2  7.18x10_%  6.1kx10°°
35 1.51x10°%  6.25x10°3  1.12x10°2  1.32x10°2  1.37x10°2  1.18x10 2 8.07x10 > 6.22%x10_°  5.09x10 2  3.59x10°%  3.73x10 2
b5 1.09x10°%  5.38x10°3 8.50x1073  1.02x102  9.k9x10™3  7.92x1072  5.92x10 3  L.29x10°3  2.99x10 >  2.33x10 >  1.68x10 >
60 1.01x1073  4.20x107%  5.80x1073  T7.04x10 3 5.98x10°2 L.93x107®  3.52x10 2 2.47x10°%  1.82x107° 1.37x10°°  8.91x10 %
85 8.64x107%  3.08x1073  L,50x1072  3.99x1073  3.31x10 > 2.82x10°%  1.50x107°  1.06x10 3  7.55x10_*  6.1kx10"*  L.23x10 _*
125 7.45x107%  2.45x1073  2.63x10°3  2.35x10 2 L.77x10_2  9.52x107*  5.h1x107*  L.73x10°*  3.29x10°*  1.93x10°*  1.09x10 %
175 8.5hx10™*  1.95x10°3 1.97x102 1.1hx10°3 6.64x107* 2.90x107*  1.55x10°*  1.63x10_*  1.05x10_*  5.15x10_>  L.61x10°°
250 9.38x1073  1.76x1072  1.23x10 2 L.22x10°°  1.77x10°%  L.73x107*  3.83x107*  3.38x10_*  1.47x107*  9.02x107° o
310 1.52x1078  1.84x10°2  7.03x10°°%  1.25x10°°  1.58x10_* 6.75x107°  5.63x107°  4.51x10_° 0 1.01x10™*  4,50x107°
370 7.02x107%  1.44x107%  9.90x10 * 0 2.25x107° 0 0 1.13x10°°  1.13x10°> 0 0
Teble 8 (continued)
Track Length Per Indicent Particle in the Indicated@ Depth Interval (cm/Mev)
Tepth Interval (Radiation Lengths)
Energy
Mev 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 €.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-c0 Totals
12 1.58x10 2 1.49x10 2 1.08x10 2  7.87x103  7.82x10°2  6.8kx10 3  5.35x10 %  3.61x10 %  3.07x10 %  1.W7x1072  L.15x10 %
17 9.89x1072  7.94x107%  5.74x1073  £.27x10°2  3.77x10°°  3.26x1072  2.34x1072  1,57x10°3  1.62x10°3  7.10x10° 3  2.66x10 %
25 6.00x102  3,79x10°3  2.56x10 % - 3,1%3x10° 2.01x10 °  1.78x1073 9.19x107™4  7.10x10 ¢ 6.25x107% 2.90x10 2  1.59x10°*
55 2.74x107%  2.43x107%  1.73x10°°  &.57x10_%  1.27x10°%  7.05x107* 5.39x107* Lh.28x107* 3.59x10°* 1.05x10°>  9.6hx1072
b5 1.40x107®  1.53x10°  1.00x10~°  3.03x10°%  6.33x10_*  L.68x107* 2.3kx1074 2.06x10°* 1.10x10°* 14.26x107*  6.61x102
60 7.67x10°%  6.58x10 % 2.3%3x10 * 2.b7x10"*  2.95x10°* 9,59x1075  7.54x10°  9.60x10°  8.23x10°  2.19x10 ¢  L,18x1072
85 3.37x10 % 2.96x10°%  7.73x10 ° 1.50x10_* L.09x10 >  3.64x10™° 5,91x10> 6.37x10°° 3.64x107° 5.91x10°°  2.41x10 2
125 8.70x10™®  7.34x10°°  L.90x10 >  2.99x10 >  1.90x10>  1.90x1075 1.36x10> 5.hhx107® 5.44x107®  1.%6x10>  1.20x10 2
175 3.53x10°°  1.90x10 >  2.71x10°® 5.43x107®  2,71x10°° -0 0 0 1.35x10°° 0 7.47x10°3
250 7.80x107°  1.13x10> o 0 0 0 0 0 0 1.13x10°5  L.69x102
310 1.23x10°°  2,25x10 © 0 0 0 0 0 0 0 0 L. 23x1072
370 0 0 0 0 0 0 0 0 0 0 8.56x1072

T$



Table 9.

Photon Track Length for Electron-Initiated Showers in Copper

Electron Source Energy: T00 Mev

Radiation Length:

1.432 em

Track Length Per Incident Particle in the Indicated Depth Interval (-:m/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 .1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3,5 3.5-4,0 4.0-L.5 4.5-5.0 5.0-5.5
12 2.00x10™2  6.81x10™2  1.03x10"} 1.58x107! 2.01x10"' 2.01x107! 2.27x1¢™}  2,75x107!  2.33x107'  2.28x107% 2,37x107!
17 1.15x1072  4.04x1072  T7.27xi0°2  9,01x107®  1.20x10°* 1.30x107%  1.hk2x107'  1.29x107!  1.11x107%  1.33x107%  1,16x107!
25 8.06x107%  2.62x1072  L.h2xi0™2  6.83x10°2  6.92x10°2  6.99x10°2  7.39x1C 2 7.29x10°2  T7.02x10°2  6.01x10°2  5,72x10 2
-35 5,35x10 3 1.83x10™2  2,79xi0™2  3,51x102 L4,00x20°%. L4.,12x107% L4.26x1072 3.739x10 2  3.55x10 2  2,49x1072  2,72x1072
45 4.83x1073  1.20x1072  2,25x1072° 2.21x10°2 2,70x10°2 2.93x10°2  1.79x1072  2.16x10°2 2.02x1072  1.50x1072  1.3kx1072
60 4,12x10™2  9.55x10°3  1.34x1072 1.60x1072 1.93x10 2  1.65x10°% 1.66x10°2 1.k9x10°2  1,25x10°2 l.lhxlo_é 8.7hx10'5
85 2.18x107%  5.85x107% 7.1hx107®  1.01x10°2  1.11x107%  9.20x10°3  T7.57x10° 2  6.37x10°°  5.46x107%  b,01x1073 ﬁ.huxlo’s
125 ;,68x10'3 5.18x;o‘3 5.05x10™2  h.77x107%  L.68x10™%  3.98x1073  3.37x10™3  2.87x1073  2.35x10°2  1.32x107%  1,08x10°3
175 1.17x1073  1.75x10™®  3.14x1073  2.69x1073  2.60x107%  2.2hx1073  1.79x10™3  1.75x103 1.17x10™®  8.57x107% h.50x10'4
250 4,98x107%  1.62x10°3  1.45x107% 1,21x10™%  1.16x10°2  7.77x10° % >5.82x10'4 5.61x10°%  2.39x10°%  2.38x107%  2.37x10"%*
350 2.9%3x107%  8.58x10™%* 7.95x10°%  3.97x10 % 6.91x10™¢ 3.98x10°% 3,13x107% 2.09x107% 8.36x107°  8.40x107°  2.07x10°°
437.5 2.15x10'4 5.58x107%  5.38x107% 4.10x107% 2.34x10™% 2.93x10°* 1.27x10° % 1.07x1C"%*  7.82x10°°  3.92x107°  5,.86x107°
542,5 1.73x107%  2.41x107%  1.73x107%  2,41x107¢ 2.21x107%  1.06x10™%*  1.06x10°* 7.70x1CT°  3,84x107° .1.92x10_5 9.64x1078
6475 9.55x107°  1.24x107%* 2,20x107%* 1.14x107%* 5.72x10°°  3.82x107°  2,86x10°° 0 o 9.55x107°  1.91x107°
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Teble 9 (continued)

Track Length Per Indicent Particle in the Irdicated Depth Interval (cm/Mev)

. Depth Interval (Radiawion Lengths)

?&:ﬁ%y 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-co0 Totals
12 2,0bx10™Y  1.77x107Y  1.65x107%  1.50x:071  L.u5x107'  1.06x1071  8.74x1072  8.84x1072  7.57x10™2  h.h1x107Y  3.59x10°
17 1.17x107%  8.25x1072  8.37x1072  7.41x1072  7.%0x1072  4.84x1072  L4.91x1072  3.78x1072  2.65x1072  1.87x107%  1.88x10°
25 4.56x107%  3.93x10 2  L4,05x107% 2.L7x10'? 2,57x1072  2.74x107® 2,08x1072  1.60x10°2 1.50x10 @ 5.66x10™2  9.33x10 %
35 2.27x1072  2.20x10°2  2.10x1072  1.32x102  1,08x1072 1.02x1072 7.82x10™® 6.31x1073  5.10x103 2.89x1072  4.80x107!
ks 1.36x1072  9,40x107™®  8.57x1072  8.52x107%  7.96x10™%  5.k0x10™®  5.12x107®  3.15x1073 2.84x1073  1.05x1072 2.81x107*
60 7.12x1072  6.32x10™®  4.99x10™3  2.56x1073  3.48x1073 1.60x1073 1.89x1073  2.41x10™3  1.48x1072  L4,30x10™3  1.79x10°%
85 3.19x1073  2.19x1072  1.93%x10°°  1.35x10 2 1.18x1073  1,09x10™3  L4,19x107*  7.55x107%  L.13x107¢  1.94x1073  8.69x1072

125 9.82x107%  8.90x10°* 6.09x10™* 5.67x10 * 5.15x10°* L,71x107%¢ 2,%1x107%  3.78x107¢  1.738x107% L4.69x107%  3.96x10°2

175 4.02x107%  2,72x107*  8.86x1075  2.70x107*  1.34x107*  1,35x107% 0 b.54x1075 0 9.07x10 >  2,10x10°2

250 1.30x107%  2.15x10°%  1.29x10°% 6.48x107°  2,12x107° 2.19x1075  1,09x107¢ 0 0 8.67x10°°>  9.34x1073

350 6.26x10™°  6.28x10™°  6.28x107° 0 2,08x10™°  2.09x107° 0 o 0 0 L.37x1073

437.5 0 9.72x107%  1.96x107°  1.95x10°° 3.75x10°® 9.75x107® 2.93x10°°  9.81x10°° 0 o - 2,75%x1073

542.¢ 1.93x10™°  9.58x10°®  9.65x10 ¢ 0 ' 9.61x;o'6 0 0 0 0 0 1.45x1073

647.5  9.57x107®  1.91x107°  9.57x10°° 0 0 0 0 0 0 0 T.54x107%




Table 0.

Electron Source Energy:

Charged Particle Track Length for Electron-Initiated Showers in Copper
Radiation Length:

T0C Mev

1.432 cm

Track Length Per Incident Particle in the Indicated Depth Interval (em/Mev)

Depth Interval (Rediation Lengths)

?ﬁ:ﬁ?y 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 5=l 0 4,0-k4.5 4,5-5.0 5.0-5.5
12 2.40x1073 i.sleo'a 3.50x1072 5;57x10"2 €.33x102  T.37x102  6.82x1C72  6.31x102  5.77x1072  4.63x1072  L4,23x10°2
17 2,04x1073 1.21x10°2  2.59x10°2 4.18x1072  14.60x1072  L4.86x102 L.63x1072 L.35x102  3.61x102 2.99x1072  2,37x102
25 1.24x1073 9.05x10° 2  1.79x10°2 2.59x1072  3,12x102 3.10x10°2  3.06x1072 2.5I1x102 2.11x10 2 1.57x10 2  1.43x1072
35 1.09x1073 6.738x10™%  1.28x10™2 1.79x10°2 2.14x10™2 1.96x10° 2 1.79x1072 1.48x10™% 1.14x107® 9.04x1073 8.38x1072
L5 1.07x1072 5.24x1C72  9.67x10°2  1.29x10 2  1.52x10 2  1.47x10 2  1.25x10 2 '9.69;:10’3 7.33x10°°  6.47x10™2  L.L2x1073
60 8.40x10™%  4,12x1C°  T7.62x1073  9.15x1073  1.10x1072  9.59x10°2  7.28x107®  5.62x1073  L.33x107%  3.57x107® 2.L40x1073
85 6.49x1074 2,02x1C° 2 5,07x10°°  5.89x107%  5.81x10°%  4.90x10°°  3.84x107®  3.08x107° 1.94x1073  1.67x1072  1.11x10°3

125 4,92x107%  1.89x1C™°  3.37x10°°  3.78x1073 '3.31x10'3 2.35x10° 2  1.72x1072 1.35xio’3 8.97x10™*  6.80x107%  L.70x107%

175 4,31x10™  1.62x1¢™°  2.14x107°  2.17x107%  1.64x107°  1.08x10™3  8.51x107* 5.88x107%  4.31x107*  2.7hx107%*  2.u47x107¢

250 3.92x10 ¢ 1.27x10°2  .1.3%3x10°2  9.62x107%  6.35x107%  5.24x10°%  3.14x107¢  1.84x107*  1.%1x10°%  8.39x10°°  6.3%6x10°°

350 L.86x1074 1.10x1073  8.47x107%  5.27x107%  2.92x107%  1.41x107* 3.92x10™°  3.24x10™°  3,78x10™°  2.30x10°°  5.L1x107°

437.5  5.4hx107% 9.65x107%  6.87x10™*  3.54x107%  i.64x107%  5.53x10°°  2.19x10°° 1.80x107®  1.09x10°°  5.14x10°® 5.14x10°©

s542.5  8,32x1074 9.71x10™% L. h6x107%  1.21x107%  2.76x10°F  4.50x10°°® L4.50x107® 5.78x107® 6.42x1077  3.85x10™®  2.57x10°©

647.5 L4.09x1072  9.46x107%  1.03x107% 6.42¢x107%  6.42x1077 0 0 0 0 0 0

U
=



Table 10 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.c-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-® Totals
12 3.43x1072 2.99x10°2  2.52x1072  2,01x10 2  1.55x1072 1.51x1072  1.35x10 %  8.44x107®  8.58x10®  3.70x1072  7.30x10°!
17 2.01x1072 1.71x1072  1.47x1072  1.,24x1072  9.87x107%  7.94x107%  7.24x10™®  4.52x10™3  L.34x10™®  1.78x1072  L4,70x107%.
25 1.09x10™  8.86x107° 8.01x1072 5.75x10°2 6.12x10°°  3.83x10™  3,50x107%  1.88x10™> 1.76x1073  7.95x1073  2,82x1071
35 5.47x1073 5.39x10 2 3.57x10° 2  3.46x1073  2.46x1073  2.02x107°  1.22x107°  1.19x107%  1.44x1073  3.40x1073  1.70x107!
L5 3,14x1073 3.11x10 2 2.,22x1073  1,76x107%  1.20x107%  1.26x10°%  7,57x107%  7.43x107%  7.98x107*  1.84x1073  1.16x10°*
60 1.82x107%  1.18x107°  1.18x107°  8.36x107*  6.51x107*  L.73x107*  L.25x107*  5.83x107*  3.97x10°*  8.29x107¢  7.41x1072
85 8.49x107% 6.81x10°*  5.00x10™*  4,09x107* 2.L5x107* 2.82x107*  2,04x10™%  1.27x107*  1.23x107*  3.0Lx107%  L4.06x1072
125 3.94x107%  2.56x107*  1.47x107*  1.60x107*  1.03x107* 8.97x107°  3.81x10°F  3.81x107°  2.18x10°°  1.28x107* 2.17x1072
175 5.15x107° 8.95x10™°  1.25x107*  6.24kx107°  3.26x107°  1.37x107°  5.42x107®  1.35x107°  8.13x10°°®  2.98x107°  1,19x10°2
250 2.71x10°° 2.57x10°°  3.79x10°°  1.49x1075  5.41x107®  4.06x10™® 2,57x10™®  1.08x1075  1.35x10°® 8,12x10°®  6.06x10 3
350 4.05x1078 5.40x10°® 0 0 0 2.70x1078 0 0 0 0 3.55x10 3
b37.5  3,21x1078 5.78x10°¢  1.93x10°® L.50x10"®  1.9%3x10°® 1.93x10°® 1,28x107° 0 0 0 2.85x10°3
542.5  5.14x1078 o) 0 0 0 6.42x1077 0 0 0 0 2.k3x1072
647.5 0 0 0 0 o 0 0 0 0 o 5.14x1073
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Table 11.

" Electron Source Energy:

1.4 Gev

Photon Treck Length for Electron-Initiated Showers in Copoer

Rediation Length: 1.422 wm

Track Length Per Incident Particle in the Indicateé Depth Interval (:m/Mev)

Deptk Interval (Radiation Lengths)

?ﬁ:ﬁ?y 0-0.5 6.5-150 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 k.0-k.5 k.5-5.0 5.0-5.5

12 2.09x1072  6.28x10°2 1.31x;o'1 2.13x107%  2.76x10 %  3.47x107Y  3.92x1C7Y  L,o5x107% 4 Lix107*  L.32x107r L. kixio™?

17 1.56x1072  5.32x1072  T7.61x107%  1.25x10°%  1.88x107*  2.C2x1071  2.32x107%  2.4hx107'  2.73x1071  2.63x107  2.49xl07?

25 . 1.23%1072 3.04x1072  5.31x10°%  7.19x10°% 9.86x10°% 1.15x10 % 1.%6x107*  1.4K7x107*  1.35x107*  1.33x10 *  1.22x10°*

35 45.08x10'3 1.80x1072  3.66x1072 5.22x107%  5.83x10%  T.43x10%  6.18x1¢°%  7.18x10°2 6.75xlq'2 7.36x1072  6.58x1072

L5 3.99x1073  1.31x1072 2.55x;o'2 3.27x10°2  3.80x10°2  L4,66x1072 L.75x1C"2  5.03x10° 2  3,78x10°2 3,70x10°2  3.68x10°2

60  2.68x107% 1.07x1072 1.T77x102 2.21x107% 2.50x10°2 3.C0x10? 3.07x1C 2  2.66x10 2 2.6hxio'2 2.28x10™  1.98x107%

85 2,10x107®  T7.79x10°2  9.37x10°3 1.21x16'2 1.60x1078  1.62x10°2  1.26x1C° 2  1.39x10°2  1.40x10°2  1.15x10°2  1.00x10°2

120 7.01x107% L, 76x10°3 6.85xio'3 7.72x1073  8.48x10™%  T7.61x107%  8.18x1C7°  7.42x1073  6.61x10™° 4.71x10™3  L.84x107°

170 1.20x1073  2.81x10°3  3.64x107%  4,73x10™2  5,21x10 > 4,10x10°2  L,09x1C™3  3.C4x10°3  2,40x1073  2.03x107%  1,92x10°°

250 5.62x107%  1.81x107°  2.22x107%  2.65x10 2 2.39x107°  2.05x10°° 1.58x1§'3 1.60x10°2  1,21x10°2  6.69x107%  L,54x107¢

350 5.44x107%  8.78x107™%  1.09x10 %  1.50x10°2  1,26x10°3  7.54x107%*  8.58x1C™%*  6.4ox107%*  2.73x107%  L.60x107%  2,51x10°%

Ls0 3.o7x10‘4 7.36x107%  7.99x107%  7.38x107*  7.98x10°*  5.12x10°* 3.89x1é'4 3.80x10°%  2.67x10°% 2.05x10°* 2,05x10 ¢

660 2.11x107% 5.ﬁhx10‘4 6.05x107%  5.24x107*  k.33x107*  3,79x107%  1.,91x1CT¢  1.61x10° ¢ 1.31x10_4. 6.07x10™°  5.05x10°°

875 ‘l.h6x10_4 2.68x10™%  2.68x107%  1.98x107%  1.41x10™*  9.89x10°°  7.5Lx1C7S  T7.06x10°°  5.65x10°°  2.83x107°  1.41x107°

1,085 1.17x1074 1.5§x10'4 1.40x10™%  1.22x10°%  T.01x10 °  6.55x10 °  3.74x1C°  3.27x10°°  1.87x10°° 9.5uxio’6 9.35x10 ©
1,295 L,65x10™°  1.21x107% 5.73#10’5 6.52x107%  2.33x107°  L.h0x107®  9.32x1C™®  1.k0x107® 0 0 0
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Table 11 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Rediation Lengtis)

?ﬁ:ﬁ%y 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-c0 Totals
12 4.35x107'  3.92x1071 3,68x1071 Z.17x107Y 2.93x107Y  2.65x107%  2.2kx1071  2.12x107%  1.91x107*  1.09x10°  6.95x10°

17 2.40x1071  2.13x107'  1.87x107*  1.53x107%  L.h9x107*  1.38x107!  1.44x107'  9.99x1072  9.80x1072  L4.81x107%  3,82x10°

25  1.09x10°*  8.70x10%  9.18x10°% T7.88x107% T.U3x1072  5.M4x1072  5.68x1072  L.65x1072  3.70x1072  1.96x107*  1.89x10°
35 4.63x1072  L4,60x10°2  L.33x10°2  %.,19x10 2 3.55x10 @ 2.45x1072  2.60x10°2 1.98x107%  1.84%x107%  7.60x1072  9.53x107*

L5 3.52x10°2  2,67x10°2  2.L2x1072  2.25x1072  1.59x102  1.45x10™2  1,05x10™2  7.13x1073®  7.69x10 2  3,72x10™2 5,71x107!

60 2.08x1072  1,74x1072  1.18x107% 1.06x1072 ©.15x1072  8.33x10™%  7.93x10™2  5.23x102  4.30x1073  1.58x1072  3,46x107t

85 7.56x107®  7.83x10° 5.88x102 L.95x107% L,36x1073  3.20x10™2  2,02x107°  2,26x107%  2.02x10°3° 5.20x10°3  1.71x107%
120 Lk.65x107%  2.95x107° 1.76x10°%  1.94x107°  1.77x1072  1.29x107°  8.81x107* 5.90x10™%  3.57x10° ¢  1.82x1073 8.61x1072
170 1.73x1073 1.46x1073  9.4lx10™*  6.77x10°%  5.67x10 %  6.40x107%*  3.38x107%  2.6%3x10°%  1.19x10%  6.0Lx107%  L4.26x10°2
250  L4,97x107%*  6,0bx107*  k,12x107% 2.60x107%*  2,15x107% L.T3x10%*  1.72x107™%  L.34x107° 0 2.60x107*  1.98x10°2
350  2.72x10°%  1.,05x10°%*  6.28x107°  6.27x107°  1.Ckx10™% 0 k.22x107° 0 0 4.19x107°  9.28x1073
450 1.03x10°%  8.18x107> 6.16x10™>  2.05x107° o 2.06x10™°  2,05x1075  2.05x10°° 0 0 5.67x1073
600 6.06x107° 0 3.02x107°  1,00x10™°  1,C1x107% 0 0 1.00x107° -0 2,01x10°°  3.40x1073
875 1.88x10™®  4.71x107° o a,43x1076 0 L.69x107® 0 l+.69x10"s 0 0 1.41x1073
1,085 9.35x10 0 4,67x10°€ 0 o} 4.69x10°® 0 4,68x10°® 0 0 8.04x107%
1,295 4,65x1078 0 ¢ 0 0 0 0 0 0 0 3.49x107%
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Teble 12. Charged Particle Track leagth for Electron-Initiated Showers in Copper

Electron Source Energy:

1.4 Gev

Rediasion Length:

1.432 em

Energy

Track Length Per Incident Particie in the Indicated Depth Interval Gcm/Mev)

Depth Interval (Radiation Lengths}

(Mev) 0-0.5 0.5-1.0 1.0-2.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4,0-b.5 4.5-5.0 5.0-5.5
12 3;63x10_3 1.88x1072  4.02x3072  6.70x102  9.42x102  1.08x1071  1.18x107!  1.26x10"% 1.13x10"*  1.11x10°'  9.77x1072
17 2.25x107%  1.30x10°2  3,25x10°2  4.,96x10°2 6.70x1072  T.34x1072 8.07x:02 7.89x1072  7.31x10°2 6.96x102  6.16x102
25 1.87x1073  8.18x10°%® 2.12xi0 2 03.16x107% Lk.35%107% L.89x1072  5.34xi072  5.01x10°  L.57x102  L.11x1072  3.55x10 2
35 1.20x1073 6.56x10°2 1.51x16'2 2f3hx10-2 2.87x10 2  3.4hx10™®  3,56x2072  3,18x10°2 2.78x1072 2.5lx10-2 1.97x10°2
L5 §.91x10'4 L.88x10™2  1.20xi072  1.88x10™2 2.21x102  2.54x1072 2,k2x1072 2.05x1072  1.94%x1072 1.62x107@  1.30x10 2
60 6.58x107%  4,08x10™% 8.57x10 2 1.27x10°2 i.6hxlo'2 1.74x1072 1.47xi072  1.30x10 2 1.20x1072 9.61x1073  7.30x1073
85 4.82x10™%  3.00x10°°  5.70x1073  3.95x10°2  9.64x10° 9.84x10™3 8,39xi0™3 7.71x10°2  6.37x1073 5.08x1072  3.93x1072
120 ‘h.59x10-4 1.87x10™2  3,77x10° 2  5.13x10 2  5.87x107°  5.58x10°°%  L4,52xi0"2  3,98x107°  3.25x10 2  2,43x1073  1.69x10°3
170 3.59x107%  1.34x107°  2.72x107°  3.40x10°°  3.43x107°  3.03x10°°  2.48xi07®  2.04x1073  1.48x1073 9.42x107*  T7.23x107*
250 3,14x107%  1.12x107%  1.60x102 '1.88x10-3‘ 1.84x1073  1.U3x10™%  1.23x102  8.35x107¢  5.21x107%  3.61x107%  2.kgx107%
350  2.24x107™¢  8.96x107*  1.12x10°3  1.1%x1073  1.02x1073 6.6§x10'4 h,7hx107%  2,59x107%  2,22x107*  1.62x107*  1.30x10 ¢
450 2.23x107*  6.71x10°* . 9.08x107* 7.1&;10'4 5.78x107%  3.85x107% 2.39x10™% 1.58x107%  5.94x10™5  6.75x1075  L4.32x10°°
600 1.91x107  5.46x107*  5.67x10°*  L.26x107*  2.h4x107%  1.53x107¢  9.4hx107S  h.72x107°  h.45x1075  2.23x107°  1.28x107°
875 2.92x1_o‘5 5.03x10°5  3.66x10™5  1.53x1075  7.50x107®  3.21x10® 1.57x10°%  6.41x1077 | 6.74x1077  2,57x10°7  3.,53x10 7
.1,085 4,32x107%  L4,93x107%  2,2Lx107*  6.38x107>  1.12x10°°  4.81x10°®  9.62x10°7  L.81x10°®  L.76x10°7 0 0
1,295 2,03x107%  5,07x10°%  7.37x10°° 8.le10_6' 1.9éx10'5 3.20x10° 7 3.20x10 7 0 0 0 0
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Table 12 (continued)

Track Length Per Incident Particle In the Indicated Depth Interval (cm/Mev)

Depth Interval (RadiatZon Lengths)

?ﬁ:ﬁ?y 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-m Totals
12 8.69x1072  T7.88x1072 6.61x102  5.47x1072  L.73x1072  L,02x1072  3.34x1072  2.87x1072 2.46x10°2  1,10x107% 147

17 5.51x10° 2 L.53x1072  4.12x107%  3.26x10°2 2.82x10°2 2.37x102  1.95x10°2 1.59x10°2 1.37x10 2 5.60x10°2 9,3%3x10 !

25  3.13x102  2,54x1072  2.20x1072  1.7hx1072  1.54x10™2 1.24x102®  1.02x1072 8.41x107® 6.86x10™°  2.56x102 5.56x107*

35 1.79x1072  1,49x107%  1.09x102  1.,00x10°2 8.28x107®  7.10x10™®  1.80x1073 u.68x10'3 2.76x1073 1.16xiof2 3.uéx;o'l

45 1.07x1072  9.45x10™%  6.66x1072  5.32x107%  5,16x1073  3.30x1072  3.22x1073  2.63x1073 1.90#10'3 6.66x1073  2,33x107*

60 6.65x10™3  5,24x107°  3.96x1073  3,43x10° 2 2.46x1073 2.o§x10'3 1.99x1073  1.25x107®  9.25x107¢  3.12x1073  1.L48x107!

85 3.00x1072  2,48x10™2  1.60x10°  1.66x107% 1.18x107®  8.96x107* 7.37x10°* L4.87x107% 2.50x107¢  1.34x1072  8.28x10°2

120 1.32x107%  9.25x10°%  8.8ux107*  6.66x107* 5.13x107%*  L.39x10™%  2,79x107%  1.94x107%  1.16x10°¢  3.91x10°%  4.43x1072

170 L4.70x107%  4.86x107%  Lh.L3x107%  3.98x107%  1.60x107%  1.99x107%  1.40x10™¢  1.02x10°%  3.84x1075  1.L7x107%  2.u5x1072

250 2.08x107%  2.08x107*  1.33x107* 1.08x10™* T7.85x107°  5.32x107°  3.25x10®  3.25x10°° 2.17x10°°  5.14x10°5  1.23x10°2

350 1.09x107%  8.11x10™° 5.67x10™°  3.24x107™°  2.03x107°  1.39x10™°  8.11x10"®  1.35x10°° 0 1.76x107°  6.65x1073

450  3.91x107%  L,45x1075  1.89x10™°  1.21x107°  1.08x10™®  1.35x10 0 1.35x10°®  6.75x10°®  Lk,05x10™®  4,18x1073

600  1.01x107° 1,01x10™° 6.75x10°®  L.72x107®  L.05x107 0 0 0 0 L,05x10™8  2.39x1073

875  4.17x107T  6.41x10°° 0 0 0 6.4:x10"®  2,24x1077  2.25x10°7 0 0 1.46x107%

1,085 0 6.41x1077  9.62x1077 0 0 0 0 0 0 0 1.24x1072

1,295 0 0 0 0 0 0 o 0 0 0 2.63x107°
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Table 13,

Electron Source Energy: 3 Gev

Photon Track Length for Electron-Initieted Showers in Copper

Rediation Length: 1.43%2 cm

Track Length Per Incident Particle in the Indicated Depth Irterval (cm/Mev)

Depth Interval (Fadiation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3,0-3.5 3.5-4.0 4.0-k.5 4.5-5.0 5.0-5.5
12 L,74x1072  1,58x10°1  3.28x1071 L.86x107! 8.15x1071 .07 1.31 1.66 1.55 1.8 1.89
17 1.84x10™2  5.C3x1072 1.24x10°Y  1.76x10°%  2.77x107Y  %,30x10° % 4.19x10°!  4.h1x107!  L.98xi071  L4.88x107* 5.29x1071
25 1.07x10™2  3,21x10°2  6.48x107% 1.02x10 '  1.b1x107!  z.76x10°Y 2.20x10° 1  2.48xi107' 2.61x10°' 2.73x10°' 2.68x10°*t
%5 6.92x1072  2.40x1072  L4.48x1072  6.40x1072  9.hUx1072  :.15x107%  1.22x107'  1.51x107!  1.hkox107*  1.39x107!  1.hix107?
L5 4,80x10™3  1.56x1072  3.52x10 2  L4.38x1072 5.73x10°% T.2:x10 2 8.54x1072 9.11x10°2 B8.84x1072 8.53x10°2 8.11x10° 2
60 2.81x10™® 1.26x10™2 2,17x10°2 3,07x107%  L4,21x1072 L,32x1072 5,16x10°% 5.3Lx1072  5.52x10°%  5.37x10° 2  5.18x10°2
85 2.59x10™  7.56x10™®  1.30x1072  1.94x1072 2.29x1072 £.84x1072 2.75x1072 3.02x1072  2.77x102  2.55x1072  2.37x1072
120 1.82x1073  5.46x1073  8.93x1073  1.14x1072  :.43x107%  I.53x10 2  1.56x10 2  1.6kx10°®  1.39x10°2  1.21x10°2  1.27x10° 2
170 1.31x1073  2.66x107%  5.17x1073  6.53x1073  8.02x1073  6.36x1072  8.71x10™®  7.81x1073  7.54x10™3  6.39x10®  5.74x1073
250 7.79x107%  2.37x10°2  3.00x107%  3.58x10™°  3.94x107%  L.31x1072  3.97x10°2  3.30x10° % 3.17x10°° 2.98x10°% 2.01x10°°
350 5.24x107%  1.20x10 2  1.88x10™% 2.01x1072 2,01x10™3 2.14x10™°  2.43x107%  1.53x10 3 1.148x1073 1.15x10°3  9.6Lkx10™%
450 §,31x107%  1.17x1C™°  1.19x1073  1.29x10°®  i.50x107® I.52x107°  1.23x10°°  9.22x10°*  6.%5x107*  7.38x107*  5.32x107*
600 2.31x107%  5.5kx1C7¢  1.04x1073  9.27x107% - 7.65x107%  5,84x107%  6.75x10°¢  6.4kx107*  L.63x107¢  2.51x107¢  2.62x107¢
850 1.96x107%  3.73x1C™*  L.8Lx107* L. hux107*  L.83x107*  2.87x107*  3.07x10°*  1.90x107*  1.24x107*  1.24x107*  9.15x107°
1,200 1.32x107%  2,99x1C™%  3.38x10°%  2.55x10°%  2.65x107% I.57x10°%*  1.08x10°% 3.92x10°°  7.35x10°°  5.88x10°°  3.92x10°°
1,700 9.07x10™%  1.43x1C™% 1.85x107% 1.39x10 %  -.10x10"* 9.&0#10'5 4.54x107%  3.56x10°° 2.26x10°° 2.27x10°°  9.73x10°©
1,875 7.97x10°°  1.29x1C™%*  1.01x10° % 9.04x10™°  7.5Lkx10™* L,74x107°  L4.52x10°° 2.15x10 5  3,45x10°°  8.62x10°®  8.62x10°©
2,325 5.14x107°  8.g9x1C™> 6.64x107>  4.50x10™°  3.00x107®  1.93x10°  1.28x10°  2.35x10 °  6.4%x10°°  L4.29x107°  L4.28x107°
2,775 2.77x107%  3.84x1C™° 3.L1x107°  2.35x10 °  1.92x10°  €.40x10°¢  2.13x10 © 0 2.14x107® 0 0
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Table 13 (continued)

Track Length Per Incident Particle in the Irdicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy

(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-c0 Toteals
12 1.8% 1.83 1.70 1.53 1.41 1.k0 1.20 1.07 9.09x107 1 6.51 3.05x10%
17 5.10x10°Y  L4.68x1071  4.2Ux107Y  L.38x107Y  3.9:x107%  3.77x1071  2.97x107Y  2.98x107Y  2.3hx107* 1.53 8.32
25 2.52x10°r  2.33x10°Y  2.29x10°'  1.97x107* C1.81x1072 1.hox107t  1.hox107t  1.19x107'  1.10x10°Y  6.02x10°% L.0%
35 1.M1x107Y 1.18x107  2,15x107T 1.03x10°Y  B8.13x10™2  6.71x10°2  6.4hx1072  5.65x10 2  5.12x10 2  2,48x10°t 2.08
Ls 8.19x10™8 T7.76x1072 6.65x10 2 5.69x102 L4.95x10° 2 L4,60x10°2  3.75x10°2  3.52x10 2  2,28x10°2  1.18x10° 1t 1.25

60 4.17x10™2  3,88x10™2  3.61x10 2 2.95x10 2 2.43x1072 2.0Lx1072 1,99x10°% 1.48x107® 1.25x10°2 5.98¢x10 2  7.20x10 *
85 1.97x107%  1.96x10°2  1.82x10™2  1.L0x107®  1.27x10°2  1.05%1072  8.33x107°  7.06x10°3  5.55x10°3  2.42x1072  3,68x107%
120 9.00x107%  7.96x1072  6.59x107%  5.53x1073  4.90x10™®  3.77x1073  L.01x10™%  1,76x10°2 2.00x10°3  7.56x1073  1.81x107%
170 4.33%x107%  3,98x107%  3.20x1073  2,47x107%  1.84x107®  1.47x107®  1.43x107%  1.32x10°2  9.79x10°%* 2.90x10°2  3.30x10 2
250  1.64x107%  1,71x1073  1,L0x107®  1.03x1073  8.83x107¢  3.02x107%*  3,00x107¢  L.53x107¢  3.23x10°¢ 8.87x107%*  4.24x1072
350 h.19x107%  6.27x107%  6.29x10™%  2.51x107¢%  2.30x107%  3.1lx107%  2,09x107%  3.35x10 % 8.39x10° 2.71x10 % 2,08x10°2
k50  k.31x107%  3,07x10°* 2.C5x107%  2.05x10°%  1.84x107%* 6.17x107°  L4,09x10™F  L.09x107°  6.15x10°°  1.64x107% 1.28x1072

600  1.81x10™* 1.61x107* 1.61x107%* 1.21x10°* B8.06x10° 6.06x10°  7.06x10°F  2.00x10 S 0 6.06x10°°  7.32x10°2

850 7.20x10™%  2.62x10™°  3,27x10°°  3,92x10°°  1.30x10°  1.96x107°  6.5%3x10°¢  1.31x10° 1.31x10°° 1.31x10®  3.31x10 3
1,200 1.96x107° 1.96x10°°  1.47x1073 0 4.88x10°C 0 4.89x107° 0 0 0 1.83x1073
1,700 1.30x10™%  3.24x107® 0 6.47x107®  3.25x10°® 0 0 0 0 0 9.23%x10 %
1,875 2.15x10°%  L.31x107®  2.15x107® 2.15x10°® 2,16x10°® 0 0 0 0 0 5.55x10 *
2,325 4,28x107¢  2,14x107° ) 2.14x107¢  2,14x1078 0 0 0 0 0 3.64x107%
2,775 2.13x10°% 2.173x10°° 0 0 0 0 0 0 0 0 1.58x107%
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" Table 1k,

Electron Source Energy:

Charged Particle Track Length for Electron-Initiated Showers in Copper
3 Gev

Radiazion Length:

1.432 cm

Track Length Per Incident Particle ia the Indicated Depth Inierval (cm/Mev)

Depth Interval (Radiation Lengths)

?ﬁ£$§y 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 ufafu.s 4,5-5.0 5.0-5.5
12 4,0%3x1073  1.80x10™2  5.01x1072 8.93x1072  1.28x10% 1.70x107%  1.94x107* 2.26x107' 2.36x107% 2.27;10'1 2.2hx1072
17 2.39x107%  1.,22x10™2  3.82x10° %  6.57x10°2  9,18x10°2  1,21x107'  1.%0x107%  1.52x107!  1.5Lx1071  1.54x107%  1.h45x107%
25 1.57x10%  1.01x10-2  2.7hx10°2  4,58x10°2 6.08%x10°2  T7.93x10°2 6.19x10°2  9.50x10 2 9.53x102  9.53x10 2 8.6kx10°2
35 1.04x1073  7,95x107%  1.86x1072  3,11x1072  4,19x102  5,21x10°2 5.98¢10"2 5.95x10°2 5.85x102 5.7x1072  5.11x1072
s 1.16x10™3  5.86x10™  1.39x10™2  2.20x1072  3.18x1072  3.92x102 L4.25x102 L.33x1072 4,36x1072  3.90x10™2  3.62x1072
60  7.06x107*  4,Lox107®  1.1kx1072  1,74x1072  2.35x102  2,75x1072 2.81x1072  2.80x102 2.66x1072 2.55x1072  2,1kx1072
85 6.37x107™*  3,23x10°3  7.68x107®  1.1kx1072 1,hhx102  1,70x1072 1.71x102  1.69x1072  1.66x102 1.30x1072  1,20x10°2
120 3.43x107%  2,16x10™ 4.91x107  7.37x107%  9,11x107%  1.01x1072 9,70x10°% 9.80x10°° 8.25x10°3 7.51x10°3  6.16x10°3
170 2.91x107*  1.U2x107%  3.07x107%  L.b3x107%  5.L5x1072  5.82x107%  5.78x107%  5.12x107°  L.52x107%  3.59x107%  2,76x1073
250 1.57x107%  1.09x1073  2.02x107°®  2.63x10°  2,95x10°2  3,01x10°°  2.65x10 2 2,40x10™°  1.82x107°  1.68x107%  1.21x1073
350 1.23x107%  7.10x107%  1.26x1073  1.62x10° 1.67x10™%  1.50x1073  1.L8x1073 1.22%107% 9.86x10°% 6.50x10™*  L4.76x1074
450  1.32x107%*  5.9Lx107%*  9.85x10°% 1.18x107°  1.25x10°°  1,04x1073  8.87x10™*  7.33x10™%  L.6Lx107*  3.17x107%  1.86x10*
500 1.36x107%  L.5kx10™*  7.33x10 %  7.54x107%  7.78x107%  6.39x10™%  4,52x107%  3.22x107%  2.35x10°%  1.38x10°%  1.15x10°*
350 1.05x107%  3,3Lx107*  L4.30x107*  4.35x107*  3,70x107%  2,99x107% © 1.81x107* 1.17x107% 8.26x10° 5.43x10"%  5,52x10°°
1,200 1.18x107¢  2,76x10™%  2.77x107%  2.55x107%  1.80x107%  1.06x107% T7.8Lx10™5  L4.38x107% 2.36x107°  2.32x1075  1,01x10°S
1,700 1.25%10™4 2.12x10™ 2.13x10™%  1.19x107%  5.83x1075  3,59x1075  1.86x10™5 6.73x107® k.71x107®  3.81x10™®  1.12x1076
1,375 1.38x107%  2,28x107%  1.72x107%  8.39x10°°  L4.23x107°  2,15x107°  8.97x10®  6.13x10°®  L4.48x107° 4.48x107®  8.97x1077
2,325 1.85x107%  2.3:x107%  1.11x107%  L4.24x1075  1.39x1075  4.48x1076  2.24x107%  2.39x107® © 1.20x10°€  7.47x10"7  5.98x107
2,775 9.67x107*  2.49x107% L4.87x10™°  5.68x107°%  1.34x107¢ 2.99x1077 0 0 0 0 0
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Table 14 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy -
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-co Totals
12 2,11x10° Y 1.91x10° Y  1.65x107%  1.56x107  1.%9x107Y  1.09x10°Y 9.62x1072 8.,26x10 2  7.23x10°2  3.65x10 ! 3.15
17 1.32x10°Y  1,19x107Y  1.05x10°%  9.58x10°2  7.99x1072  6.36x1072  5.39x1072 1,91x1072  3.94kx10 2 1.97x10° % 2,01
25 7.73x1072  6.87x10°2 5.91x102  5.38x10°2 L4.38x10™2  3.53x10°2  3,10x10 2  2.64x1072 2.11x10°2  9.30x10 2 1.20
35 4.60x1072  4,10x1072  3.46x10™2  2.99x10°2  2.29x1072 1.86x102 1.61x102  1.36x10 2 1.03x10 2 L4, h2x10™2  7.16x107%
L5 2,95x10°2 2,58x1072 2,33x10 2 1.81x10® 1.43x1072 1.23x1072 9.95x10"° 8.27x10°3 6.88x10™3 2.58x1072  L4.93x107*
60 1.76x1072  1.57x102 1.30x102 1.06x10°2 8.,15x10°% 6.77x10™® 5.65x10™>  L,55x10°2  3.54x10™3  1.Lox10™2  3.14x107%
85 9.56x107®  8.1&107™%® 6.11x107% L.83x107° 3.85x107° 3.34x107°  2.90x1072 2.07x10°3  1.67x10™°  6.24x1073  1.79x10°%
120 4.86x107%  3.72x1073  2.95x10™°  2.30x1073 1.98x10™® 1.35x10™2 9.89x10™%* 8.60x107*  7.28x10™* 2.56x10°  9.76x10°2
170 2.32x1073  1.50x107%  1.29x10™3  1.13x107°  9.90x10™*  6.26x107* 5.04x107*  3.91x10™%  L,02x107* 9.72x107%*  3.24x1072
250  9.,09x10°%  6.45x107%  6.17x107%  L.42x10™% 2,83x107¢  2.54x107%  2,20x107%  1.68x107%  1.11x10%  2.hbx107*  2.55x10°2
350 3.43%x107%  3,09x10 ¢  1.58x30°%  1,38x107% 9,05x10™° 1.01x10™* 9.59x10°° 9.59x10 °  5.40x107°  1.2%x107*  1.33x10 2
450 1.90x107%  1.4Cx10™¢  9.85x:075  6.07x10™°  6.3ux1075  3.51x107° 2.02x10™°  3.51x105  1.35x10"5  L.45x1075  3.47x107®
600  9.17x10™° 5.46x10™°  3.98x° 0>  3,84x10™°  1.82x10™° 2.26x10°  1.80x107°  1.k8x107°  B8.76x107® 1.68x107°  5.08x1073
850 2.74x10™°  1.75x10™°  1.62xi0°°  6.7hx10°°  6.20x10°®  8.53x10°® 1.80x10° ¢  L4,04x107€ 0 1.35x10°®  2,55x10 2
1,200 1.18x10°  L.0kx10™®  1.01x10°° 0 1.35x10°®  1.68x10°© 0 3,37x10° 7 1.68x10°®  3.37x10°7  1.41x1073
1,700 0 1.35x107®  1.12x20°®  1.12x10°® 1.80x10°® 2.24x1077 0 4, 4ox1077 0 0 8,07x10°*
1,875  2.09x10°° L. LEx1077 2.99x10°7 5.98x10 7  5,98x10°7 0 0 0 0 0 7.10x107%
2,325 0 2.96x1077  1.k9x1077 0 0 0 0 0 0 o 5.99x107%
2,775 0 o 0 0 0 0 0 0 0 0 1.27x1073
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Table 15.

Electron Source Energy:

5 Gev

Radiation Length:

Photon Tracx Length fcor Electron-Initiated Showers in Copper
1.432 2m

Track Length Per Incident Particle in thke Indicated Depth Interval (cm/Mev)

Depth Interval (Rediaticn Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4,0-k.5 4.5-5.0 5.0-5.5
12 h02¢1072  1.57x10°Y  3.77x10°Y  6.66x10°* 1.05 1.h47 1.79 2.21 2.46 2.48 2.95
17 1.05x10°2  4,97x10™2  1.50x10 * 2.18x10°!  3.33x10°% L, 75x107r  5.28x107!  6.46x107t  6.88x107'  7.57x10°t  7.80x107%
25  8.37Tx1073  L4,62x1072  8.10x10°2  1.32x10°*  1.99x10°1  2,56x1077  2.94x107  3.64x107%  A.75x107%  L4,38x107*  4,30x10°t
35 5.71x1073  2,16x1072  L4,77%102  9.23x1072  1.20x10™*  1.k1x10™* 1.8%x107* 2,13x107% 2,09x107% 2.10x107! 2.30x107%
45 2,56x10™°  2.10x102  3,03x10 2  5,86x1072 8,36x1072  9,26x10°2  1,23x10 '  1.31x10 % L.h7x107' 1.37x10°*  1.hhx107t
50 5.22x1072  1.25x10°2 2.16x10°2 3.97x10 2 5,62x10°2 6.57x102 7.31x10°2  8.22x10°2 8,95x10°2 9,0kx10™%  8.90x10°%
85 2.19x10°%  9,40x10™® 1.50x102 2,2Lx102 3,12%102 3,79x10°2  3.96x1072 L4.58x1072  4,08x1072 4.12x1072  L4.33x10°%
120 1.94x107%  5,64x10™®  8.71x10™2  1.62x102 1.78x1072 1.97x1072  2,%5x10°2 2.45x102 2,32x10°2  1.99x10°2  2.02x1072
170 1.61x10°3  4,57x10™2  6.53x10 2  8.21x10 3 1.11x10 2 1.38x102 1.27x107% 1.20x10 2 1,22x10° 2 1.04x10™2 8.90x10 >
250  6.90x107¢  2,56x107°  3.93x10°2  L4,81x1073  5.26x1073  6.72x10°2  6.23x10°2  6.25%10 2 L4,79x107°  L4.92x10™%  3.95x10°°
350 5.44x107%  1.47x107% 2.43x107°  3,06x107°  2.99x107°  3.10x107°  2,95x10%  3.06x107° 2,70x10°3  2.30x107%  2,1hx107°
450 L. 71x107%  1.31x10™®  1.94x1073  1.95x107% 2.35x107% 1.91x1073  1.72x107%  1.54x10™%  1.60x1073  1.23x1073  1.29x10° 3
600  2.82x107%*  9.15x10°% 1.04x1073  1.36x1073 1.23x107°  1.09x10™3  1.06x10™° 9.47x10™*  8.35x107% 8.46x107*  5.23x107*
850 2.31x107%  6.07x107%  7.86x107* 6.87x10™* 7.26x10™*  6.57x10™%  5.61x10™% L.75x107™%  3.95x107%  2.57x107%  3,0Lx1074
1,290 1.67x10™%  3.38x107%  3,87x107%  3.5%3x10 % 3.73x10°%* 2.89x107¢ 2.70x10°%  1.72x10°%  1.52xi0°%* 1.13x10 %  1.03x10 ¢
1,790 9.07x107%  1.94x107%  1.94x107% 1.82x107% 1.75x107% 1.17x10 ¢ 1.07x10™% 9.07x10™° L4.85x107> 5.51x10°°  5.51x10 °
2,590 L.0bx107°  1.02x107%  8.85x10™°  1.04x107* 6.74x107°  7.89x107°  5.20x10°°  2.31x10°°  1.73x10° 2.89x10°°  1.35x10°°
3,125 3.19x107°  6.13x10°°  7.54x107°  6.39x107°  L.72x107°  2.30x107°  1.b0x10™°  7.79x10™  1.04x107°  1.02x107>  6.38x10°°
3,875 3.56x10°° 4,84x1075  3.82x10°°  3,05x10°°  1.55x10°°  1,53x10°°  6.36x10 ¢  1.15x10°°  2,55x10°® 2.55x10°® 0
L4, 625 1.90x107°  1.65x10™° 2,79x10° 8.89x10°® 1,02x10°  1,22x107°  3.81x10°¢  7.62x10°®  2,54x107° 0 0
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Table 15 (continued)

Track Lergth Fer Indicent Particle in the Indicated Depth Interval (cm/Mev)

Tepth Irterval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.C  10.0-co Totals
12 2.86 2.77 2.75 2.75 2.56 2.28 2.27 2.01 1.88 1.32x10t 5.10x10%
17 7.96x1071  7.57x107*  7.52x107'  7.0Lx107Y  6.51x107%  6.28x107Y  5.94x107  5.05x107%  k4.66x107! 3.07 1.36x10%
25 4,03x1071  3.86x1071  3.88x107'  3.54x107Y  3,51x107%  3.05x10°%  2.68x107!  2.45x107  2,17x107% 1.25 "6.79
35 2.08x1071  2,19x1071  1.94x:07'  1.76x107%  1.73x1071  L.42x1071  1.27x107'  1.08x107!  1.08x107!  5.15x107% 3.4
Ls 1.30x107Y  1.30x10°'  1.10x207*  1,10x107*  9.84x1072  8.31x102 7.37x10™2  6.%32x10°2  5,8%x10°2 2.81x107t 2.11
60 7.86x1072  7.50x10°2  6.27x1072 6.L0x10™2 5.28x1072  L.57x1072  3,27x1072  3,11x10 2 2.88x10°2 1.37x10°% 1.23
85 3.89x1072  3.35x10 2  2.98x10°2 2.77x10°2 2,37x107® 2.1kx102 1.80x10°2 1.51x10°2 1.25x10°2 5.21x10 2  6.01x10 *
120 1.91x1072  1,52x1072  1.Lkx1072  1.14x1072 1.11x1072 7.96x10°% 6.80x107%  5.25x1073  5.13x10°3  2.13x102  2.99x10"!
170 8.38x107%  6.31x1073  6.19x10°2  5.48x10™3  L.02x1072  3.6Cx1073  3.68x107%F  2,71x1073  2.15x10™3  7.48x107®  1.52x107}
250 3.95x1073  3.49x10™%  2.52x107%  2.07x10™%  1.47x10®  1.19x10™®  1.32x10™®  8.84x107* 5.60x10 %  2.40x10°%  7.0%x1072
350 1.51x107%  1.3kx10™®  1.00x10™°® 6.70x1C7*  6.69x107%  3.77x107%  L4.81x107*  %.35x10°¢ 2.31x107¢ 8.82x10™*  3.Lk2x1072
450  8.80x107*  9.41x107*  6.14x107*  3.68x1CT*  L.71x107%  3.U9x107T%  2.67x107*  2.05x107%  1.64x107*  L.30x107*  2.20x10°2
600 3.53x10 % L4.L3x107%  2,92x107™%  1.71x10° %  1.31x107% 1.81x107%* 5.05x107°  6.03x10°°  1.11x10°%*  1.h1x107¢  1.21x10°2
850 2.51x107*  1.06x10°*  1.12x107*  L.62x10™°  2.64x107°  6.61x107°  3.96x107°  1.32x107°  1.98x107°  3.96x10"°  &.42x1073
1,200 6.38x107°  6.37x10°°  L4.91x1073  3.92x10™°  9.78x10°® ) L.U7x1075  4.92x107% 4,91x107°  2.45x10°°  3,00x10°3
1,700 3.57x1075  2.27x107°  1.30x107°  9.72¢x107%  6.48x107®  6.49x1078  §.L8x10™®  9.70x107®  3.24x10°®  3.2Lx10°6  1.43x1073
2,500 7.71x107® ¢ 7.71x107%  3.86x10°® 1.93x10°®  1.93x10°° 0 ) 0 0 6.39x10 4
3,125 1.28x107%  2,56x10™®  2.55x10°© 0 1.28<1078  1.23x10°° 0 1.28x10°€ 0 0 3.64x107*
3,875 0 o 0 0 2.54x107 0 0 1.27x10°8 0 0 2.11x10™*
L 625 1.27x107®  2.54x10 ® 0 0 0 0 0 0 0 0 1.12x10°4
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Table 16. Charged Particle Track Length for Electron-Iritiated Showers in Copper

Electron Source Energy: 1.432 cm

5 Gev

Radiaticn Length:

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Rediation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0  1.0-1.5 1,5-2.0 2.0-2.5 £.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5 4.5-5.0 5.0-5.5
12 2.40x1072  1.91x102 5.66x1072 1.02x10° % 1.66x10°F  2.26x107*  2.76x107*  3.28x10°t  3.41x107'  3.59x107  3.56x107%
17 1.97x1073 1.43x1072 L,16x10°2 8.01x10™2  1.20x107'  1.60x107% 1.94x1071  2.25x107r 2.35x107% 2.43x107' 2.hex107t
25  1.34x107® 1.16x102 2.90x10 2 5.51x10™2  8.33x10™2  1.05x107!  1.30x107*  1.h4x107'  1.50x107}  1.50x10 '  1.k0x1071
35 1.31x10 2 8,29x10™2 2.0%x1072 %,81x102  5.50x1C72  7.01x1072 8.60x10 72 9.13x10°2 9.69x102 9.40x10° 2  8.64x1072
L5 1.05x1073  6.20x1073 1.58x102  2.80x102 4,09x1C2  5.20x1072 6.04%1072  6.45x1072 6.89x10°2  6.16x102  5.83x10°2
60  6.10x107* 5.07x10 3 1.24x1072 2.07x1072  2,84x1072  3,78x1072 L, 1hkx1072 L4.35x10°2  L.,39x10°2  3.95x10°2  3.59x10 2
85 5.32x107%  3,81x10°2 8.25x1073  1.31x1072  1.93x1072 2.37x102 2.60x10 2 2,63x10°2 2.51x10°2 2,21x10 2 2,07x10 ¢
120 4,08x107%  2.67Tx10™3 6.01x1072  9.65x10™2  1L.27x1072  L.hhx1C™®  1.48x1¢™®  1.43x107%  1.30x102  1.28x1072  1.11x10 2
170 3.53x10™%  1.89x10 3 3.83x10°> 5.80x10°3  7.57x1072 8.21x167®  8,26x1C”3 7.68x10™3  7.%1x10°%®  6.55x10°®  5,95x10 2
250  2.11x107%  1.11x1073 2.53x10 2 %.62x1073  4.3%1x1073  k.L6x1073  L.27x1G3  4.05x1073  3.83x107°  3.15x10° 2 2.55x10 2
350 1.62x10°%  8.04x107% 1.65x1073  2,20x10° 2 2,55x10°2 Z.43x1073  2.56x1073  2.32x102  1.79x10°2  1.h1x1073  1.16x1073
450 1.35x107%  6.32x107% 1.13x107° 1.70x10™3  1,79x107%  3.5Lx1073  1.h5x107°  1.20x1073  8.50x10 %  7.99x10° %  6.01x10 %
600 1.24x107¢  5.00x107% 8.Lox107*¢ 1.05x1073  ¢.o5x107%  €.33x107*  8.55x107%  6.76x10°%*  5.03x10°%  L,05x107%  3.66x10°*
850 8.08x1075  2.98x10™* 5.23x10°¢ °~ 5.64x107% 5.05x107% F,00x107¢  3.92x107%  3.05x10 ¢ 2.18x107* 1.85x107*  1.37x107¢
1,200 5.72x10°°  2,21x10°%* 3.40x10°%4 3,2kx107%  3.05x107%  2.52x107¢  1.75x1074  1.11x10°%*  9.05x10°  6.73x10°°  L4.95x10°°
1,700 5.58x107°  1.68x10 % 2.32x10°% 1,91x107%  1,34x107™%  9.hk2x1075  5.97x1075  4,78x10°  3.81x107°  3.10x107°  2,13x10 >
2,500 7.01x10™°  1.53x10™% 1.28x10 4 8.30x1075  5.27x10°%  2.92x10°  2,06x19° 1.01x10™3  7.LOx10™® L.17x107®  3.36x10°©
3,125 8.87x10™°  1.70x1C* 1.03x10 ¢ 5.58x107°  2,%1x10°%  1.25x12°°  5.02%x107®  4,12x10°® 2.78x10°® 2.06x10°®  1.,08x10°°®
3,875 1.11x10™* 1.31x1C"* 6.89x10°° 2,06x10°  k.57x107®  L.3hx107®  1.34x107®  1.43x107® 1.17x10°® 1.08x107®  8.96x10°°
b 625 5.65x107%  1.62x10 ¢ 2.72x10 ° Z,05x10°®  8.96x1077  3.59x1077  6.27x10 7  8.95x10°®  8.96x10°° 0 0
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Teble 16 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-00 Totals
12 3, 12x107  3.21x10 1 3.02x107'  2.71x10°1  2.48x107'  2.28x107'  1.93x10° Y  1.61x10°%  1.hkox107*  7.87x107* 5.24
17 2.23x10° %  2.06x107*  1.91x10°% L.7hx107'  1.57x107' 1.35x107  1.15x107%  9.76x10 2  8.3hx1072  L.32x107% 3.37
25 1.29x107%  1.26x107%  1.12x10° Y  9.77x1072 8.79x1072 T7.61x1072 6.40x10™2 5.3%3x102 L4.67x1072  2.19x10°* 2,01
35 7.80x1072 7.53x10 2 6.38x10°2 5.83x10°2 5.12x10 2  L,06x1072 3.61x10 2 2.86x102 2.45x10°% 1.12x107t 1.22
45 5.20x1072  L.78x10™2  4.25x1072  3.75x1072  3.17x1072  2.62x1072  2.23x10™2  1.82x10™2 1.47x10™2 6.41x1072  8.15x107t
60 3.27x10°2  3,0%3x10°2 2.61x1072 2.19x102 1.79x102 1.59x10 2 1.24x1072® 9.93x10 3 8.22x10°° 3.40x10°2 5.19x10°*
85 1.83x107%  1.59x102  1,39x102 1.13x1072 9.10x102® 7.37x10"3 5.82x1072 L,72x1072  L4,20x1072 1.52x10° 2 2.95x10°*
120 9.53x10°3  9.00x1073  6.94x10™3  5.71x1073  4.4kx1073  3.33x1073  2.78x107® 2.30x10 2  1.88x102® 6.73x10°2  1.65x10 *
170 4,87x10™%  3.,60x10™3  3.10x10°° 2.52x10° %  1,86x10 2 LEBx1073 1.19x107% 1.04x1072  7.87x10 % 2.88x10 2  8.72x10 2
250  2.03x1073  1.57x10°%  1.35x10°  1.0%x20 %  6.77x107%  5.79x10°%  5.01x10°%  3.49x107%  3.51x107¢%  9.24x107%  L.34x10 2
350 9.%32x107%  6.92x10™%  5.61x107%  Lh.66x107%  3.93x10°%  2.86x107%  1.66x107%  1.18x107%  1.20x10 % 2.92x10 ¢  2,31x10 2
LsC 5.65x107%  L4,20x107%  3.02x107% 2.69x107% 1.66x107% 1.47x107¢  8.23x10° 7.8%x107°  5,53x107°  1.35x10 %  1.42x10°2
600  2.35x107%*  2.02x107% 1.97x10™%  1.08x107%  7.15x10°°  L.79x10™°  5.33%x107°  Lh.52x107°  3.91x107°  8.09x10™°  8.33x1073
850 9.66x107°  7.72x107°  L4.81x107°  3,55x10™°  3.10x10° 2.11x10™°  1,35x107° 1.71x10"®  1.08x107°  1.66x10°  L4.07x1073
1,200 3.91x10 °  3.03x10°°  1.72x10°°  1.62x107° 1.21x10° 7.07x10°® 6.4L0x10™® 1.01x10°® 1.68x10°® 8.08x10°° 2.13x10 3
1,700 1.08x10™° 8.52x10° % 5.61x10°° 5.61x10°® 1.35x10°©® 2.24x10 7 8.97x10 7 0 2.02x10"®  1.35x10°®  1.11x10°
2,500  1.88x10™® 1.61x10°® 2.15x10°°¢ 1.35x10°7 0 0 0 0 2,69x1077  5.38x10°7  5.68x10 %
3,125 L. 48x1077  1.79x10°7  8.96x10°° 0 8.96x10°8 0 0 2.69x10°7  L4.48x1077 o L,30x10 ¢
3,875 o 8.96x1078 ) 0 0 0 0 o 0 0 3.43x1074
L 625 0 0 0 0 0 0 0 0 0 0 7.59x10"%
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Table 17. Photon Track lLergth for Electron-Initiated Showers in Copper

Electron Source Energy:

10 Gev

Radiaetion Length:

1.4%2 cm

Track Length Per Incident Particle in the Indicated Depth Interval {cm/Mev)

Depth Interval (Rediation Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1,5-2.0 2,0-2.5 2,5-3.0 3.0-3.5 3.5-4.0 4,0-b.5 4.5-5.0 5.0-5.5
12 2,75x10™2  8.85x10™2 2,07x107!  3,71x107Y  5.39x107  9.7hx107% 1.25 1.73 1.99 2,26 2,56
17 1.72x1072  7.12x10°2  1.27x10°  2.6%3x10° Y  3,94x107* 5.77x10°'  8.29x10°! 1.05 1.19 1.28 1.48
25 1.37x1072  4,1061072  T7.22x1072  1.h1x107'  2.34x107'  3,34x1077  L4,50x107!  5.72%x107'  6.41x107  7.3%3x107*  7.55x1072
35 6.01x1072  3,5kx1072  5,65x1072 9.91x10™2  1,62x10° ' 2.17x107%  2.68x107Y 3.47x107'  3.58x1071  3.7hx107!  4,h3x107!
L5 9.17x1073  1.64x1072 3,90x1072 T7.32x107%  1.12x1C7t  1.43x107* 2.0%3x107! 2.25x10°* 2.73x107% 2.5hxio’1 2.59x10° %
60 4,68x107%  9,77x1073  2,79x107®  L,36x1072  6.94x1G72  1,01x107'  1,19x107%' - 1.24x107!  1,41x107!  1.57x1071  1.59x107%
85 2.51x1073  1,03x1072 2,07x10°2 2.75x10°2  3.98x10°2 5.60x10°2 6.75x102 6.86x1072 8.42x1072  8.85x10™2  7.90x1072
120 2.3%36x1073  6,04:1073  1.27x1072  1.88x10™2  2.97x10°2  3.06x10°2 Lk.0%3x10 2 L.67x1072  4.21x1072  4.06x10°2  3,94x10°2
170 1.03x1072  3.27x10°2  T.77x10°3  1,21x10™2 1.42x1072 1.86x1072 1.97x102 2.,26xi0°2 2.36x10 2 2.30x1072  1.97x10" 2
250  9.16x10™* 2.21x10™%  3,72x10°2  6.08x1072 8.83x10™° 9.17x10™3 1.06x10°2 1.11x10 2 1.08x102 1.21x10°2 9,86x1073
350 7.33x107%  1,77x1073  3.03x10™3  L4.81x10™°®  L.39x1073  4,55x1073  6.28x10™%  5.24x1073  6.17x1072  3.35x10™3  L.82x1C73
450 7.19x10™%  1.44x107%  1,99x107%  2.71x107°  3.12x1073  2.87x10™2  3.48x1073  3.50x10°3  3.69x1073  3.12x1073  2.26x1C73
600 3.26x107%  9.06x107%  1.53x1073 2,01x1073  2.24x107%  Z,47x107%  1.91x1073  1.96x10°3  1.99x10™3  1.69x1073  1.64x1073
850 2.97x107%  6.10x10™* 9.40x10™*  1.39x1073  1.09x1C™3  ¢.80x107%  9.L4Cx107%  8.58x107%  9.23x10°%  T.h2x107%  7.26x1074
1,200  2.28x107* 3.43x107%  5.15x10 %  6.03x10°%  5.88x107%  5.83%x10™%  5.93x107%  5.49x1C7% L. 46x107%  3,U4Bx10°¢  2.99x1074
1,700 1.08x107%  2.27x107%  3,27x10™*  3.95x107%  3,1kx107%. 3.27x107%  2.88x107¢  1.85x1C™%  1.82x107%  1.00x1074  1.52x1074
2,500 5.39x107°  1.62x107%  2.10x10°%  1.98x107%  1.62x107* - 1.58x107% 8.67x10™°  1.18x10™% 4.81x10°° L4, 43x10™5  5,59x107S
3,500 . 3.4Ux107°  8,0%x107°  8.04x107°  8.99x10°°  9.95x10°°  6.70x10°°  L.50x10™°  3.6Lx107°  3.hux1075  2.10x10°°  2.10x10°S
4 500 1.53x107°  6.10x10°°  5.91x10°  5.91x10°  6.67x10°°  L,00x10™°  2,10x107°  1.14x10"% 1.53x10°° 2.48x107°  1.1L4x10"S
6,000  2.38x107> 4.18x107°  3.80x107°  2,66x10 > 2.28x10°°  2.09x10°  1.90x10"°  1.2kx10"%  8.55x10®  L.75x107®  5.70x10°®
6,250 1.96x10°° L4.81x10°° 2.97x10° 2.85x10° 2,28x10°°  1.65x107°  8.23x107%  6.97x10°® 5.06x10 ®  1.27x10°®  1.90x107®
7,750 1.20x10™°  2,2:x10°°  2,84x107° 2.09x107°  T7.59x107® 8.85x107® 2.53x107®  3,79x107%  1.26x10™®  1.90x10°® o
9,250 9.48x107%  1.33x10™°  1.01x107°  6.42x107®  3,16x3078  L4,box107®  2,5%3x1076  2.53x107%  2,53x1076 0 1.26x10°©
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Table 17 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval ( cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-00 Totals
12 2.49 2.7h 2.81 2.66 2.69 z.68 2.27 2.22 2.16 1.60x10% 5.09x10*
17 1.51 1.52 1.51 1.46 1.40 1.35 1.27 1.13 1.09 7.85 2. Thx10*
25 7.91x107*  7.43x107Y 7.28x107*  7.98x107*  7.08x107! 6.51x10°* 6.21x10° Y  5.57x107!  5.15x10 3.22 1.33x10%
35 L,42x107™  4.36x1071  4.05x107Y  3.54x1071  4.02x107*  3.51x1071  2,84x107  2.85x107' 2.hkox107?t 1.50 7.07
45 2.67x107F  2.63x10°*  2.57x107%  2.59x107* 2.10x10°%' 1.93x107'  1.79x107!  1.k7x107*  1.%5x10°Y  7.69x10° %t 4,29
60 1.57x10™F 1.36x10° % 1.38x107%  1.24x107*  1.19x107Y  1.10x107'  9.93x102 8.31x102  7.19x10°2  3,66x10 * 2.36
85 8.25x1072  8,31x10™2 7.28x102 6.3%10°2 5.49x102 5.02x1072  L4.28x102  3.82x1072  3.24x102  1.53x10°* 1.22
120 4.33x10"2  3,50x10 2  3,35x10 2  3.07x10 2 2.§9x10 2 2.C8x10™2  1.63x102 1.68x10°2 1.38x1072 6.41x102 6.13x10°*
170 2.02x10™2  1.88x10™2  1,51x10 2 :.25x10 2 1.23x10°2  9.56x1073  8.92x10™°  T7.41x107®  7.13x1073 2.53x10°2  3.03x10 !
250  T7.28x1073®  6.96x1073  7.70x10°3 .52x1072  5.73x1073  h.26x107%  3.46x1073  2.59x10°°  2.05x10°2  7.72x10°°  1l.hoxi07t
350 2.98x1073  3.h0x10™2  3.61x10 2  2.3%0x10 2 2.41x1073 1.67x1073  1.36x10>  9.41x107%* 9.k2x107%* 2.77x10™2  6.75x10 2
450 2.36x1073  2.05x10° 1.28x10°°® :.23x1073  1.28x107° 8.19x107% 1.07x10™° T7.67x107% 3.53x10°% 8.21x10°%  h4.10x10° 2
600 1.16x107%  9.82x10™%  8,06x10 % 6.80x10°% 5.29x107%  3.27x107%  2.52x107%  3.02x107%*  4,03x10°%  6.29x10°%*  2.47x1072
850 5.93x10°%  L4,29x107%  3.47x107%  2.47x107%  2.860x10 %  1.15x107%  6.58x10°  1.15x10°%  6.59x10°°  1.65x10 ¢  1.19x10°%
1,200 1.57x107*  1,91x10°% 1.13x107% 5,%39x10°° 9,22x10 °  6.87x10® 9.31x10>  L.90x10™°  3.43x107°  8.34x10™°  6.03x1072
1,700 8.11x107>  5.84x107% 5.50x10 °  L4.22x107°  1.20x10°° 2.59x10°°  1.62x10° 1.29x10°°  3.25x10°®  1.95x10°° 2.93x1073
2,500 3.85x1073  2,70x107°  1.16x10°° 7.70x10°® 7.70x10° € 5.79x10°¢® 7.72x10°®  7.71x10 © 0 7.69x10°¢  1.41x1073
3,500 9.56x107%  1.91x10°°® 1.91x10° ¢ 1.34x10™° 3.62x10°® 3.82x107®  5,74x107® 0 3.82x10°° 0 6.54x107%
4,500 5.72x10°3  7.63x10 © 0 5.72x10°®  :.c0x10°® 0 0 0 0 0 L.06x107%
6,000 0 9.51x10°7 2,85x10°® 1i.90x10°¢ 0 0 0 0 0 0 2.30x107%
6,250 3.17x10™%  1.90x10 © 4 0 2.50x10°® 0 0 6.34x1077 0 0 1.96x10 %
7,750  1.26x107%  6.33x10°7  6.32x10 7 0 0 0 0 0 0 1.26x107®  1.13x107%
9,250  6.32x10° 7 0 6.32x1077 0 0 6.32x1077 0 0 o 0 5.75x10°°
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Table 18.

Electron Source Energy:

Chargéd Particle Track Lergth for Electron-Initiated Showers in Copper
1.432 cm

10 Gev

Radiation Length:

Track Length Per Incident Particle ir. the Indicated Tepth Interval (cm/Mev)

Depth Interval (Fadiation Lengths)

Enefgy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2,0-2.5 2.5-3.0 3,0-3.5 3.5-4.0 4,0-4.5 4.5-5.0 5.0-5.5
12 3.35x1072  2,%39x10 2 5.9%3x10 2  1,17x10°'  Z.1kx107!  £.99x10°Y  L.10x1CT*  L4,91x107! 5.89x107r  6.13x10°%  6.65x10°%
17 2.81x1073  1,73x10 2 L4,14x1072  8.92x10°2  1.47x107% Z£.1Lx107%  2.87x1C° Y 3.49x107)  h,0hx107!  4,21x107}  k,57x1071
25 1.81x107°%  1.17x10°2  3.08x102  6.21x10° 2  1.01x10 Y  1.bux107'  1.88x10°r 2.2Zx107! 2.51x107* 2.57x10° 1  2.80x10 *
35 1.35x10°3  8,02x10°°  2.36x10°2  L4,5hx107®  7.28x10™2  3.0:x107%  1.25x1C°'  1.4Ex107  1.60x10°!  1.65x10° '  1.68x10°%
45 1.10x1073  7.26x1072  1.92x10°2  3,48x1072  5.44x1072  7.52x10°2  8.68x10™2  1.12x107%  1.14x107% 1.15x107%  1.19x107%
60 6.85x10™%  5,i2x10°° 1.34x1072 2,59x10 2  3.60x10°2 L.83x1072 6.35x10 2  7.52x102  T7.68x1072 7.98x10°2  7.26x10°2
85 8.87x107%  3.37x10°3  9.41x10™® 1,61x10°2 2.L9x1072 3.20x10°2  3,99x1072  Lh.46x1072  L4.52x1072  4.67x1072  L.148x1072
120 L.25x107%  2.31x10°°  6.2bx1073  1,05x10° 2  1.69x10°2 2.20x10°2 2.35x10°2 2.82x102 2.58x10 2 2.53x1072 2,.4kx1072
170 2.20x107%  1.62x10°2  L.h0ox10"®  7.20x10°®  1,05x1072  1,27x1072  1.53x10°2  1,40x102  1.h3x1072  1.34x1072 1,31x10°2
250  2,54x107%*  1.19x1073 2.61x10™3  L.54x107°  6.81x10°2  ~.L0x1072  7.57x1073  7.23x10°°  7.60x10°3  7.15x1073  6.4ox1072
350 1l.72x10°% 8.61x10°%  1.89x10°%  %,31.107°%  3.71x10°  L.23x107°  L4,19x1072  h.07x10™®  4.10x10°2  3.81x1073  3.20x10 3
450 1.01x107¢  6.78x107%  1.50x10°3 £.28x1073 2.81x10°% 2.97x10°°®  2.66x1073 2.70x10™® 2,53x10™® 2.01x1073  1.89x107
600 1.23x107%  h4,15x1074 9.9ox16'4 1.34x1073  1,h9x107% .62x1073  1.71x1073  1.59x1073  1.47x107®  1.24x1073  1.01x1073
850  6.29x107°  3.67x10°* 6.0bx107%*  8.06x107* 9.97x107% 9.87x10™* 9.L8x107% 8,1kx107* 6.41x107* 5,19x107%  L.3hx107*
1,200 5.20x10°°  2.37x10° %  3.82x107%  5.24x107%  5.84x107%  5.26x107%  L.65x107¢  3.72x107%  3.05x10°¢  2.11x107%  1.7hx1074
1,700 3.75x1075  1.63x107%  2,7hx107%  3.20x10 ¢ 2.87x107*  2.81x107% 2.15x107%  1.45x107¢  1.08x107¢  7.47x1075  7.31x1073
- 2,500 3.15x10°°  1,1bx107%  1,55x107% 1.77x16'$ 1.51x10°%  1,16x10°% 8.25x107°  5.65x10°°  3.81x10°° 2.65x10°°  2.60x10 °
3,500 3.27x107°  8.53x10°>  1.12x10° %  1.02x10°* 6.05x10°  3.61x10°°  3.24x107°  2,38x107°  1.61x10™°  1.43x10™°  9.55x107°
L 500 3.27x107°  7.4bx1075  7.57x1075  L.88x1075  3.42x1075  2,33x107°  1.5%x1075  1.10x1075  5,24x107®  2,82x10™®  3,63x10°®
6,250 3.59x1075  7.12x1075  5.26x103  2.97x1075  1.08x10"5  5.47x107®  2.91x107®  1.79x107® 9.86x1077  8.51x10”7  8.07x10”7
7,750  5.62x10™°  6.90x107°  3.L1x10™5  1,20x107°  3.23x10°%  9.41x1077  3,1kx1077  3,58x10°7  3,58x10°7 6.27x10°7  B8.96x1073
9,250  2.89x10™*  8.20x10"°  1.55x10 >  3.36x10°® 9.86x1077 3.95x10° 8% 1.79x10°7  L4,h8x107® 8.96x10°8  L4.h8x1078 0
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Table 18 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-c0 Totals
12 6.76x107F  6.58x1071  6.30x10°'  5.99x107%  5.64x107Y  5.02x10 % L4.58x107*  L.15x107'  3.81x107% 2.16 1.05x10*
17 4.51x10°1  L4.22x107!  3.95x10°! . 3.97x10°!  3.,54x107'  3.20x10°Y 2.88x107* 2.58x107* 2.12x107t 1.2% 6.76
25 2,76x10°  2.59x10°1  2.42x107!  2.30x107'  2.09x107*  1.84x107! 1.50x107Y  1.h2x107'  1.20x1071 6.13x107% 3.98
35 1.60x107Y  1.56x10°%  1,55x107*  1.33x10°%  1.18x107* 1.08x107' 9.51x107® T7.60x10°2 6.66x10°2  3,16x10* 2.40
Ls 1.04x107%  1.08x107Y  9.86x1072  9.33x10 2  7.309x10°2 6.34x107®  6.11x10°2  L4,99x1072  L,24x10™2  1.95x107% 1.6%
60 7.12x1072 7.23x10°2  6.30x10° 2  5.72x10°2  L4,60x1072  4.11x10™2  3,50x10°2  2.91x102 2.2%8x102  1.05x10° % 1.0
85 4,30x1072  3,83x1072 3.47x1072 2.78x1072 2.39x10°2 2.05x1072  1.75x10°2 1.52x10°2 1.27x10°2 L4,87x102 5.91x10°*
120 2.23%x10°2  2.13x10°2  1.72x10°2  1.36x10°2 1.22x10°2 1.06x1072  8.30x107° 6.38x103 6.26x10 2 2.18x10°2  3.26x10 %
170 1.13x10™2  9.09x10™3  7.95x10°°  5.96x10 2  5.01x10°2  4.66x1072  3.87x102  3.45x107°  3.22x107°  9.55x1072  1.74x107*
250 5.42x1072  4.39x307%  3.83x107°%  2.99x107°  2,40x1073  2.06x107%  1.76x10°%  1.47x1073  1.05x1073  3.68x107%  8.78x10°2
350 2.94x107%  2,21x1073  1.72x1072  1.%6x1073  1.33x10° 3  1.02x1072  8.65x10 % 5.67x10 %  L.39x107%  1.52x10°3 L, 76x10°2
450 1.71x10°°  1.20x10° 3 8.91x10°*  7.69x:0"%* 5.67x10 %  3.58x107%  3,10x10° %  3.41x107%  1.89x107%  6.11x107%* 2.92x10° 2
600 7.55x10™%  5,92x10°%*  L.55x107%*  3.34x107%¢  2.70x10°% 2.28x107%  2,04x107%  1.28x107% 8.69x10™°  2.97x10°%  1.63x10°2
850 3,15x10°%  2.45x107% 1.98x10° %  1.27x10™%*  1.52x107%  1.13x10 %  6.29x10 3  h,0hx107°  2.92x10°°  1.16x10 ¢  8.58x1073
1,20G 1.41x10™%  1.19x107%  6.97x107°  5,18x107°  3.¢1x107°  2.63x10°  1.92x107>  1.01x10™°  1.25x10°° 2.76x10°°  L4,35x1072
1,70C  5.09x1073  3,68x10°° 2.59x107°  2.09x107°  T7.865x107® 6.06x10°® 6.50x107® 6.28x107°® 2,92x10°%  7.63x10™®  2.15x107°
2,500 2.10x107°  1,15x10°°  6.36x10°® 3,36x10°® L4.20x10°° 2.02x107° 2.15%x10°°% 5.38x1077 1.21x10°® 1.61x10°® 1.03x10°3
3,500 5.11x107%  3,09x10°®  L4,17x10°® 2.15%x10°® 5.38x1077  1.35x10°7  L4,03x1077 0 1.35x10° 7 0 5.49x1074
4,500 2.96x107%  2,02x107®  1.08x1¢°® L,03x10° 7 L,0%3x10°7  2.69x1077  L4,03x1077 0 0 0 3,35x1074
6,250  1.79x10°7  3.58x10°7  3.58x1CT7  3.58x1077  8.96x10°° 0 1.34x1077 0 0 b.48x1077  2,15x107*
7,750 L. 48x1078 0 0 o 0 0 0 0 0 1.34x1077  1.77x107%
9,250 0 0 0 0 0 0 0 0 0 0 3.92x10 ¢
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Table 1¢.

Electron Source Energy: 20 Ge~

Photon Track Length -"or Electron-Initiated Showers in Copper

Rediation Length: 1.4%2 cm

Energy

Track Length Per Incident Par3icle in the Indicated Depth Interval (cm/Mev)

Depth Interval {Radiation Lengths)

1.5-2.0

L,0-4,5

(Mev) 0-0.5 0.5-1.0 1.0-1.5 2.0-2.5 2.5-3.0  3,0-3.5 3.5-4,0 4.5-5.0 5.0-5.5
12 2.73x10™2  9.33x10°2  2.98x10" % L4.96x107' 9.L47x107* 1.39 2.05 2.73 3.39 3,62 L,25
17 1.16x102  7,08x10™® 1,69x10° ' 2.80x10™* 5.50x107 8.87x107'  1.27% 1.5k 1.99 2.23 2.5%
25 1.21x1072  3,39x10°2  1.20x10 1 2.12x10°'  3.h9x107'  5.43x1071 7.61x10°'  8.65x10°* 1.10 1.25 1.30
35 6.03x1073  3,01x10™2  6.09x1072  1.34x107* 2.40x1C7Y  3.19x107' 3,90x10° Y  5.31x10° Y  5.81x10°%  7.25x10 %  7.25x10°%
Ls 5.01x1073  2.27x1072  %,55x10™2  1.02x10° %1  1.66x1C7Y  2.41x107Y 3.02x107%  3.73x10°%  3.86x1071  k.56x107'  L4.91x10°*
62 4.36x10™%  1.40x10™2  3.55x107%  6.26x10°2 9.73x10°2 1.51x107% 1.81xi0"' 2.33x1C"! 2.57x10°! 2.70x10° ' 2.96x1071
85 2,00x10™%  1.,13x1072 2.46x1072  L4,15x1072 6.21x102 8.46x1072 1.06x20°' 1.31x1C % 1.30x10°% 1.52x107*  1.6kx107%
120 2.65x1073  5.73x1072  1.47x1072  2.41x1072  3.60x1072  L4,78x1072 5.66x1072  6.88x1072  7.65x102  8.02x102  8.28x1072
170 1.22x1073  5.64x107%  9.UEx1073  1.70x1072 2.20x10™2 2.87x1072 3,50x10°2  4,16x1072  L4.10x1072  L4.32x1072  4,29x10°2
250 1.08x1073  2.37x107%  5.38x107°  9.60x107%  1.24x1072  1.66x1072 1.83%x1072 1.91x10°2 2.10x10 2 2,04x10°2  1,78x1072
350 6.29x107%  2.24x10™  3,98x107%  6.49x1073  8.16x1073 9.77x1073 9.84x10™3  9.41x10™® 1.05x102 1.08x1072  1.08x1072
Leo 3.59x10 % 1.74x1073  2.71x107%  L4.61x107%  5.07x10°3  6.19x1073 5.99x1073  5.27x10°3  7.07x10°3 6.15x10°3  5.68x1073
600 2.01x10°%  1,23x1073  2.06x10° 2 2,74x1072  3.37x107°  3.76x1073 3.72x10°2  4,38x10°%  3.60x10°3  3.80x10 %  2.95x10°2
850 1.81x10™*  6.92x107%  1.04x10™3  1.70x107%  2.05x1073  2.24x107% 2.13x107%  2.18x10™%  1.78x107® 1.73x10°3  1.75x1072
1,200 1.96x107%  L.hix107*  8.21x107¢  8.83x107*  7.48x107¢  1.08x10™3 1.18x107  9.19x107%  8.34x10™%* B.70x10™*  6.62x107*
1,700 2.03x107%  3.49x107*  L4.87x107*  L.L6x10™%  5.68x1C7¢  6.65x107% 5.11x107*  5.M3x107¢  3.73x107%  h.14x107*  3.73x1074
2,500 5.78x107°  1.97x107%  2.65x10°*  2.36x107* 2.41x107*  3.52x107%* 2,50x107% 2.60x10°% 2.36x107%  1.49x10™*  1,30x107*%
3,500 2.87x107°  1.00x10™% - 1.U3x107* - 1.58x10™%  1.39x310 % 1.39x107% 1.10x10 % 9.,08x10° 8.13x10°°  7.65x10 >  3.83x10°°
L, 500 5.2Lx107°  9.53x107°  6.67x10°°  7.63x10°  1.33x10 % 9.05x10™° 7.15x10°° 5.24x10™° 3.81x107° L.77x107°  3,81x107°
6,000 1.67x107°  L,0kx1075  5.46x10°°  6.66x10°°  L4,52x107°  5.47x1075 L4.04x107°  2.38x10°°  1.90x10°°  1.66x10°°  1.43x1075
8,500 9.39x10°°  2.50x10™°  4.,22x107°  4,22x107°  2.66x107°  2.66x107° 1.25x307°  1.25x10°°  3.13x10 ¢  1.09x10°5  4,70x10°®
12,590 9.15x107®  1.86x107°  1.48x10™°  1.32x107°  1.23x10°°  6.93x10°® 6.93x10°  3.78x10°° 3.78x10™® 1.26x10°® 2.21x10°®
15,590 8.81x107®  1.53x10™°  9.hkx107® 9.76x10™°® T7.24x107®  3.15x10™® 2.20x10°® 1.89x10°® 1.57x10°®  6.30x10 7 0
18, 500 5.66x10°%  9,75x10°° L.h41x10™® 2.52x10°¢  3.46x107®  3.78x10°® 9.4kx1077  1.26x10°®  3.15x10°7 0 0
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Table 19 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

Energy -
(Mev) 5.5-5.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-c0 Totals
12 4.59 4,85 5.15 5.67 5.09 5.15 L.97 4.85 L, 37 3.80x10t 1.02x102
17 2.75 2.82 3.0% 2.91 2.79 2.75 2.67 2.54 2.31 1.84x10?t 5.45%101
25 1.43 1.4k 1.52 1.51 1.h4 1.32 1.2¢ 1.17 1.09 8.20 2,69x10t
35 8.4hx107t  8.43x1071  7.32x107'  8.06x107*  7.81x107Y  T.17x107*  6.51x107*  5,90x10 -  5.55x10 % 3.7h 1.41x10%
45 4,86x2071  5.03x107Y  5.19x10° % h4.62x107% L. Lox10™'  L.29x107'  3.82x107%  3.59x107*  3.03x10 * 2.03 8.50
60  3.14x07Y  2.97x107!  2.87x107t  2.72x107*  2.52x107%  £.32x10°'  2,15x107%° 1.89x10° Y  1.7hx107t 1.00 4,83
85 1.58x1071  1.58x107%  1.45x107!  1.37x107!  1.27x107%  1.06x107Y  9.97x107@ 9.18x10°®  7.55x10 2  L.30x107* 2,44
120 T.46x1072  T.65x1072  7.34x102  6.38x10°2  £.67x10° 2 5.41x1072  L4,81x1972  3.81x107%  3.58x1072  1.76x10°* 1.19
170 3.89x1072  3.84x1072  3.29x10°2  3.15x10 2 2.65x10°2 2.42x1072 2,16x1072 1.85x107¢ 1.31x1072 7.hk2x10™®  6.08x107%
250 1.89x1072  1.72x1072  1.60x10™2  1.3Lx1072  1.18x1072 1.18x10™@ 8,7ux10™3 7.07x10™® 6.16x10° 3 2.h45x1072 2.80x107*
350 8.00x1073  8.68x1073 6.12x10°°  6.02x1072  L.98x107%  h.3ux1072  3.66x1072  2.51x10°2  2,67x103 1.08x10™2  1.hox107%
450 5.88x1072  4.91x10™3  4.00x1072  L4.1Cx10°2  2.77x1073  2,56x1072  2,30x1072  1.48x107%  1.64x1073 L4.97x1073  8.56x10 2
600 3.17x10°3  2.64x1073 1.74x1073  1.61x107°  1.24x1072  1.11x1073  9.06x107%  6.0Lx107%  5.79x10°¢%  2.%1x1073 L4, 77x1072
850 1.30x1073  1.06x1073 1.C1x10°3  L4.46x107%  5.93x107%  L.46x107*  5.60x10 %  2.64x10° %  3.30x10°¢  1.07Tx10°3 2.45x1072
1,200 7.11x197%  L.78x107%  3.68x107%  3.43x10*  2.08x107%*  1.96x107* 2.57x107%  8.58x10° 9.81x10° h.17x107* 1.18x10°2
1,700 2.68x10™%  1.95x107%  2.68x10™*  1.62x107*  1,05x10™% 2.43x10™°  6.49x1075  6.49x1075  6.49x10°°  1.22x10 %  6.27x10° 2
2,500  1.11x107%  1.01x10°% 4.82x10°  7.23x107°  5.78x107°  4.3%x1075  1.92x10°  9.61x107®  1.hhx1075  5.77x107°  2.91x1073
3,500 2,39x10°°  5.26x10 °  h.78x107®  2.39x10°  9.57x10°®  1.44x10™>  L,78x10°®  9.56x107C 0 1.43x107° 1.27x1072
4,500  2.38x107°  2.38x107° 0 9.5%3x10 ®  1.91x10™° 9.53x10®  L.77x1C"® 0 0 9.53x10°®  8.63x107*
6,000  L.75x107%  1,19x10 ° 9.51x10™® L.75x10°® 2.38x10°® 2.38x107® 2.38x1¢”® 0 2.38x10™® 2.37x10°®  L.35x10°%
8,500 0 3.13x10°®  1.56x10°°  1.56x10°® l.56x10-é 0 0 0 0 0 2.24x107*
12,500 6.30x1077 0 9.45x1077  6.30x1077  %.15x10°7 0 0 0 0 0 9.55x10 >
15,500 0 0 6.30x10°7 0 3.15%10 7 0 3.15x10° 7 ) 0 0 6.14x107°
18,500 3.15x10°7  6.29x10° 7 0 0 0 0 3.15x10°7 0 o 6.29x10°7  3.40x10°°
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Table 20. Charged Particle Track Length for Electron-Initiated Showers in Copper

Electron Source Energy:

20 Gev

- Radiation Length:

1.432 cm

Track Length Per Incident Particle in the Indicated Depth Interval (em/Mev)

Depth ‘Interval {Radiation Lengths)

Energy -
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4,0" 4,0-4.5 4.5-5.0 5.0-5.5
12 1.76x10°2  1.78x1072  7.09x10°2  1.59x10 ' 2.7hx10°1  L.35x107%  6.38x107%  8.11x10°*  9.43x10°* 1.08 1.18
17 1.99x10° 2 1,50x1072  5.34x107%  1.16x10°! 2.01x107!  32.21x107% 4.65x107!  5.45x107Y  6.55x107%  7.34x107Y  7.96x107*
25 6.61x10™%  1.26x10°2 3.73x10 2  8.20x10™2 1.43x10°% 2.23%10 %  2.96xi0° '  3.65x10° %  L4.18x107Y  L4.64x107'  5.01x107*
35 1.21x10°2  9,60x1073  3.01x10 2 5.50x10 2 1.02x10°*  1.45x107%  1.99x10 ' 2.40x107 2.71x107}  3.03x10° '  3.16x10°%
45 1.17x107%  8.67x10™3  1.95x10°2  L4.64x107%  7.20x1072  1.12x107%  1.47x107Y  1.76x10°%  2.02x107F  2.1%x10° '  2.20x10°*
60 8.56x107%  6.20x107°  1.74x1072 3.37x10 2  5.42x1072  7.92x10°2  9.69x102  1.17x10 %  1.38x107% 1.41x107* 1.k1x107*
85 8.30x10 % L4,18x10™2 1.20x10™3 2.19x10 2  3.69x13 2 5.0%x10 2 6.34x1072 7.48x1072 8.18x102 8,%9x102  8,h2x1072
120 3.31x10°%  3.05x10 2 7.34x1073  1.49x10™2  2.31x1C°2  3.05x10 2 3.76x10 2  L.hox1072  L4.68x10°2  L4.88x1072  L.9Lx1072
170 5.03%107%  1.93x10°%  5.Z2x10™®  1.06x102  1.56x10°2  1.92x102  2.42x1072  2.65x102 2.76x1072 2.72x10 2  2.68x10 2
250 2.03x107%  1.34x1073  3.63x10° 2  6.48x10™%  9.10x10 3  1.19x1072  1.30x10°2 . 1.35x10°2 1.45x107% 1.47x10™2  1.4ox1072
350 1.32x107%  9,79x10™*  2.30x10°2  3.74x10°%  5.59x10°°  6.97x10°°  7.4hx10™®  8.13x10°%  T7.87x107%  7.53x10°°  6.81x10°°
450 1.05x107%  5.67x10° % 1.68x10° 3  2.77x10°°  L4.25x10°°  L4.79x10™2  5.25x10°2  5.20x10 2  L4.94x1072  L.57x10™2  3.92x10°3
600 6.91x107°  5,68x10°%  1.31x10°°  1.80x1073 2.42x10™%  2.89x10™%  3.1€x10°°  2.92x10°°  3.07x10°2 2.70x10 3 2.22x103
850 5.72x10°°  3,50x10™%  T7.51x10°%  1.12x10°°  1.46x10°°  1.59x10™°  1.64x10™°  1.71x10™3  1.60x10°°  1.43x1072  1.01x1073
1,200 6.90x1075  2.09x107%  L,28x107% T7.19x107%  8.31x107%  8.hLx107™* 9.48:x107* 8.12x107* 6.67x10°%  5.8Lx10™*  3.96x107%
1,700 4,0l1075 - 1,51x10°%  3.27x10° % 4.18x10™*  L4.50x307%  5.1Lx107¢  L.63x107¢  L.01x107¢  3.34x107¢ 2.47x107%  2,04x107¢
2,500 1.92x10°3 1.02x1074 1.83x107%  2.26x10°%  2.32x10°%  2.55x10 4 1.94x107*  1.50x107*  1.26x107*  8.54x10™°  9.01x107°
3,500 2.08x1075  7.83x10™®  1.36x107%  1.35x107%  1.62x107%  1.16x107¢  8.27x10°5 7.06x1CG = L.7hx10™3  5.04x10°°  3.36x10°°
4,500 1.85x10™°  k.57x107° -9.0kx107>  9.55x10 °  9.28x10 >  7.40x10™°  5.68x107° L.27x1CT°  2.76x107°  2.45x10™°  1.38x10°°
6,000 1.31x107°  L4,32x107°  6.25x10°°  6.17x107°  L.18x10™°  3.48x107°  2.69x10°°  1.63x107°  1.28x10°  8.57x10 ®  7.06x10 ©
8,500 1.10x1075  1k.02x107°  L4.78x10™°  3.67x10°  2.29x10°%  1.41x10™® T7.51x107®  7.06x10"® 2.58x10°° 2.69x10°®  2.69x107°®
12,500 1.90x1075  3.16x10°° 2,46x107° 1.18x10° 5.89x10°° 3.72x107°  1.843x107®  1.12x10°%  L4.26x1077  L.48x1077  1.3kx1CT7
15,500 2.93x107°  %.27x107°  1.55x10 °  6.38x10 ¢ 2.33x10 ® 1.01x10°® 6.05x10 7 2.2hx10°7  1.12x10 7  8.96x10°® o
18,500 1.43x107%  3.56x107°  8.20x10°°  1.66x10™%  1.34x1077  2.69x10 7  1.34x1077 0 0 8.96x107° 0

#L



Table 20 (continued)

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Deoth Interval (Radiation Lengths)

Energy
(Mev) 5.5-6.0 6.0-6.5 5.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-c0 Totals
12 1.23 1.28 1.29 1.23 1.19 1.09 1.01 8.92x10™t  8.11x107% 5.4 © 2,11x10%
17 8.36x107*  8.42x107 8.20x107' 7.91x10°*  7.45x10°Y  6.75x107Y  6.39x107%  5.70x10°%  5.0%x10°* 3,14 1.35x101
25 5.21x10° % 5.22x10° % 4.93x10°1  L4.64x107Y L. h5x107!  4.01x107'  3.6Lx107Y  3.20x107*  2.81x107t 1.65 8.00
35 3,25x1071  3.17x10 %  2.99x10°%  2.85x107'  2.65x107%  2.%6x107Y  2.05x107%  1.78x10°%  1.55x10°  8.66x107 4.80
45 2.22x10°Y  2,16x107'  2.03x10° Y  1.97x107'  1.73x107*  1.47x107r  1.38x107%  1.17x10°%Y  1.02x1071  5.34x107% 3.27
60 1.46x1071  1.39x107t  1.34x107!  1.18x107r  1.09x10° %  9.49x1072  8.22x1072  6.91x10°2  6.03x10° 2  3.05x10° ! 2.08
85 8.29x1072  8,03x10 2  T.hhx10™2  6.h4x107% 5.58x10°2 5.05x10°2  L4.22%x10°2  3.56x10 2 3,01x10 2  1.hgx107?! 1.18
120 4,50x10™2  L,hox10™2  3.96x1072  3,38x102 2.78x10 2 2.64x1072 2.11x1072 1.77x10°2 1.h7x10°2 6.57x10°2  6.43x1071
170 2.46x1072  2,26x1072 2.07x10 2 1.75x10°2 1.53x10 2  1.19x10°2 1.00x10 2 8.82x10™% 6.37x103  3.19x10°2  3.55x10 %
250 1.26x1072  1.10x102  9,45x10™%  7.58x10°3 6.16x10 3  5.66x10™®  }4,61x10™2  3.75x10 ™2  3%.02x10 °  1.27x10 2  1.79x10 !
350 6.35x10°  5,35x1072  L.53x10°2  3.55x10 3 2.94x10°2  2.49x10™3  1.96x10° 3 1.77x10°2  1.52x10°2 L.98x10™® 9.29x1072
450 3.61x1072  3,14x107°®  2.53x10™2  2.00x1073  1.51x107° 1.31x1073  1.13x1073  9.35x10° %  T.22x10°%  2.44x203  5.74x1072
600 2.01x107®  1.53x107%  1.12x107°  8.73x10°%  7.84x107%* 5.55x10°% 5.75x107%*  L.89x107%  L.11x107%  1.38x10°  3.29x10° 2
850 8.51x10™%  5.95x10°% L.81x107%  3,96x10™¢ 3.L5x107%  %.22x107%  2.14x107%* 1.61x10 %  1.43x107%* 5.15x107%  1.67x10°2
1,200 3.82¢107%  3.23x10°%° 2.58x10° %  2.16x10°* 1.68x107% 1.27x107% 9.59x10™° 6.73x10 °  6.31x10°  1.49x107%  8.36x10°3
1,700 1.88x107%  1.36x107%  1.11x10° ¢  9.64x107°  7.46x107°  5.38x107°  3.65x10°° 2.97x10°° 2.30x10°° 5.05x10 >  L4.36x1073
2,500 7.57x1075  5.72x10"°  3,53x10°°  2,02x10°> 2.56x10°°  1.65x10>  8.7Lx10®  7.06x10°® 2.69x10°® 1.78x10°%  1.93x10 >
3,500 1.58x1075  1.51x10™° 1.01x10°° 6.72x10°® 5.72x10°®  6.72x1077  3,0%3x10°®  3.%6x10°®  3.36x10 7 6.05x10°¢ 9.99x10 ¢
L, 500 8.74x107®  6.39x10™®  3.03x10 © 5.04x10°% L,37x10°® A.3Tx107®  2,69x107®  3.36x10°7  6.72x10°7  1.34x10°®  6.19x10° 4
6,000 4.03x107%  L4,21x10™®  1.85x10™®  1.18x10°® 8.40x1077 1.01x10°® 5,04x1077  1.68x10°7 0 1.18x107%  3.hlix107¢
8,500 1.46¢107% 1,01x10°®  6.72x1077  7.84x1077  2.24x1077  6.72x1077 L. 48x1077 7.8x1077 L,48x1077 1.12x10° 7 2.02x10 *
12,500 0 b, 48x1078 0 1.57x10° 7  1.12x10°7  1.57x10 7  6.72x10°® 0 0 4.48x1078  1.01x107*
15,500 0 6.72x10™8  2.2hx1078 0 0 0 0 0 0 2.24x1078  8,84x107°
18,500 0 0 0 o 0 0 0 0 0 0 1.89x10°©




Table 21.

Electron Source Energy:

45 Gev

Photon Trazk Length for Electron-Initiested Showers in Copper

Raediation Length: 1.432 cm

Track Length Per Incident Particle in the Indicatec Depth Interval (cm/Mev)

Depth Interval (Radiatior. Lengths)

Energy
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-k.5 4.5-5.0 5.0-5.5
12 2.05x1072  9.55x10 2  2,73x10_*  6.05%10_* 1.1 1.87 2.56 4.03 5.37 6.46 .41
17 1.Lhx10™2  £.65x10 2  1.85x10 *  3.97x10° 1  T7.01x10° % 1.17 1.69 2.4 3.15 3.81 4,49
25 1.05x10°2  L,67x10°2  1,3310 t  2.h0ox107Y  4,35x10°1  7.27x10°%  9.83x107* 149 177 2,09 2,47
35 1.35x10™2  3,07x10°2  T7.96x10 2 1.75x10° % 2.75x10 > L.4hx10™' 5.99x107%  8.€1x10"* 1.05 1.28 1.45
45 7.10x107%  1,70x10°2  Lh,75x1072  1.22x10 1 2,12x10° '  3.01x10 %  L,19x107%  5.79x10°Y  6.93x107'  8.33x10° %  8.89x10°t
62 5.03x10™3  :.84x1072  4.,59x10 2  8.h1x10 2  1.39x10 1  2,14x10° ' 2.90x10°!  3.67x10°Y L. h6x1071  5.00x10°!  5.81x10°t
85 2.29x10°2  9.38x10 % 2.91x10 2 L, 7hx1072  3.72x1072  1.26x107*  1.64x10°1  2.11x10°' 2,50x10 > 2.86x10 '  3,04x10*
120 1.61x1073  6.77x1073  1.72x10 2  3%.20x10 2  4,87x10°2  6.89x1072  9.96x10 2  1.25x10° 1  1.hox10"! 1.68x101  1.66x10°t
170 1.97x10°3  6,47x1073  1,19x10°2  1.88x10°2 2.99x10 2 L.35x10°2 5.90xi0 2  6.93x10 2 7.51x10 2  8.83x10 2 9,08x10 2
259 8.60x10™%  3.18x10 2 7.05x10°3  1.22x10 2 2,02x10 2 2.53x10 2 2.99xi0 2  3.97x10 2 4,03x10°2 L.L2x10™2 4, 43x10 2
350 6.25x10°%  2,30x10 3  L4.33x1073  7.47x1073  1.05x10 2  1.49x1072  1,60x1072 2,04x10°2 2,14x102 2.24x1072 2.15x10 2
450 5.11x107*  1.28x10 2 3%.37x10_2  5.37x10_°  5.55x10 2 9.98x10°2 1.16x20 2  1.29x10 2 1.39x10 2 1.45x1072  1.40x10°2
602 3.61x10™%  1.12x10_2  2.61x10_°  3.97x10 >  5.64x10°>  5.69x10°°  6.58xi0 >  7.:1x10>  7.94x10_ 2  8.75x10_>  8.45x10 3
L ggg 2.gg§ig_: g.lelg_: é.63x18_2 2.26x18_2 ﬁ.élxlo_z 2.77x10_2 4,05x30 2 h.52x10_g u.ogxlo_z 2.01x18_§ 3.ﬁgxlo_2
) . . 0031 Noyoal 1. 77x1 1.82x10 .10x10 2.27x20 2.10x10 2,16x10 .15x1 1.46x10
1,702 é.h}xlo:: k.10x10_% E.lSKlOZ: 8.27x10:: 1.igxlo:z l.é6xlo:i l.2§xl0-i 1.86x10:2 i.oaxlo:j i.O}xlo:Z Z.g9x10::
2,500 .93x10 2.35x10 .02x10 7.23%10 5.148x10 5.81x10 6.34x30 5.81x10 .55x10 .15x10 .83x10
3,500 6.46x1075  1.29x10 *  2.26x10_* 2,58x10™*  3.15x10_* 3.07x10_* 2.95x10 % 2,10x10_* 2.22x10 * 2.50x10 ¢ 2.22x10°*
L, 500 3.62x10°2  1.209x10_%  1.69x10_*  1.17x10_*  1.73x10_* 2.37x10_* 1.33x20_* 1.65x10 * 1.77x10_* 8.04x10™°  8.85x10 >
6,000 3.01x107>  7.42x1073  1.12x10 ¢ 1.36x10°*  1.00x10°* -7.82x10°°  7.62x10>  1.04x10* 1.0bx10"* 5.01x10° 5 5.L41x107>
8,5000  1.87x10°% 5.47x107> 5.73x10°  5.87x10 >  5,27x10_ >  5.73x10_° L.67x10®  3.87x10° 1.87x10> 2.40x10°  2.13x10_>
12,000 9.99x10 %  3.69x10 2  3.99x10 °  2.50x10 °  4.49x107° 2.89x10 >  2.50x10 >  1.60x10 >  1.80x10 >  L4,99x107®  L,99x10°°
27,000 7.31x10°°  1.46x107>  1.99x10°  2,13x10 >  1.93x10 >  8.6kx10°° 1.k0x107> 9.97x10°® 1.99x10 ¢  L4,65x10°°®  1.99x10 8
25,000 3.19x10°°®  1.27x10°>  1.08x10 > T7.57x10_® 5.18x10 2 7.17x10°°® 2.79x10_° 1.99x10°®  1.19x10 °® 1.99x10 %  7.97x10 "
28,125 3.78x10°%  7.41x10°%  7.41x107¢  6.71x10 ®  £.29x10_°  3.36x10 ©  2,2kx10°°  2.38x10_° 1.12x10°° 6.99x10_ 7  6.99x10 7
34,875 3.50x10 ¢ %,05x10 % 7.35x10°® 3.77x10 ® 2.80x10 °  1.hox10® 1.k0x10°® 4.19x10°7  6.99x10 7  4.19x10 7 0
L1 625 2.52x107%  2,94x10™°%  4.28x107®  1.40x107® . 1.54x107®  8.39x1077  5.59x107  5.59x1C 7 0 1.hox1077 0




Teble 21 (continued)

Energy

Track Length Per Incident Particle in the Indicased Depth Interval (cm/Mev)

Depth Interval (Radiation Lengths)

(Mev) 545-6.0 6.0-6.5 6.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0  10.0-co Totals
12 8.75 8.73 1.06x10%  1.09x10  1.15x10%°  L.1bx10*  1.11x10*  1.12x10*  1.06x10*  1.03x10%®  2.29x107
17 5.13 5.13 5.9k 6.20 3.78 3.78 6.20 5.96 5.63 5.08x10 1.22x10%
25 2.86 2.88 3.17 3.39 3.30 %.26 3.11 3.01 2.78 2.27x10*  6.10x10*
35 1.57 1.6k4 1.69 1.75 1.71 1.75_ 1.65 1.k9 1.38 1.04x10* 3.1kx10t
b5 .1.06 1.01 1.03 1.07 1.06 9.97x107%  9.3€x10°'  9.27x10°*  7.90x10_* 5.71 1.88x10?
60 6.27x10°F  6.41x107*  6.48x10°  £.24x10°1  6.35x10 % 5.91x1¢°1  5.35x10°%  k.97x107*  L.56x107% 2.99 1.09x10%
85 3.3%x10° % 3.34x107%  3.4%x10°%  Z.37x107Y  3.25x10° % 2.92x16°%  2.63x1071  2.hgxicTr  2,1hx107* 1.32 5.54
120 1.73x107F  1.70x1071  1.6Bx107%  1.69x10°1 1.hox107*  L.32x1¢7  1.22x107 )  1.10x10°Y  9.69x1072  5.48x107% 2.72
170 9.52x1072  8,22x10 2 8.85x1072 8.17x10°2 7.07x102 6.49x1C™2  5.80x10 2 5.00x1¢°2  L.51x1072  2.25x107% 1.36
250 b.2ix1072  4.32x10 2 3,82x10 2 3.51x102  3.25x10 2 2.80x1G72  2.63x1072  2.23x1C™2  1.92x107@  8.87x1072  6.Lhx107*
350 1.95x10°2  2,00x10 2  1.83x10°2 1.78x1072 1.64x1072 1.27x1C%  1,08x1072 8.80x1C”3 8.17x10°  3.63x10°2  3.13x107%
450 1.31x1072  1,12x10 2 1L.07x10 2  9.78x10°2 8.5Lx107% 7.22x1073 5.68x1073 5.43x103  3.99x107® 2,02x1072  1.90x107!
600 7.39x1072  6.24x10°2  6.26x10 2  5.10x10 > 4.hB8x1073  3,27x107®  2.91x1073  2.57x10°®  2.17x:073  8.94x10™®  1.09x107}
850 3.32x10°3  2,73x10 °  3.01x10_2  2.34x10°*  1.77x10°°  1.53x1073  1.L1x107® 1.13x10® 8.08xi0™*  3.68x103  5.35x10 2
1,200 1.78x1073  1.35x10°°  1.28x10°°  1.08x107> 9.82x10°*  7.13x107*  6.21x10 %  h.55x107%  3.93x107%  1.23x10°3  2.73x10 2
1,700 7.13x10™*  5.46x10 % hb.hhx10™*  3.90x10°*  3.35x10°%  2.73x107%  3.14x107¢  2.25x107%  1.03x10°%  4.99x107*  1.35x10 2
2,500 2.6hx107%  2.6Lx107*  2.11x10°*  1.58x10°*  1.54x107*  1.18x107%  8.93x10°°  7.31x10°  6.91x10 °  1.l6x107*  6.48x1073
3,500 1.53x10_%  1.17x10 %  T7.67x10 > 6.46x10°°  7.26x10°°> 2.kex1075  3.63x10°  1.21x10 °  3.63x10°°  5.65x107°  3.15x1073
4,500 6.435x10°5  3.62x107>  6.43x207>  3.62x10°> 2.41x10°  3.62x10°°  2.41x10°> 2.01x10 3 1.61x10°  3,22x10°°  1.86x1073
6,000 3.21x10°°  2.61x10°  2,21x10 > 1.00x10 > 8,01x10 ® 2,01x10°® 4,01x10°® 2.00x10~ 0 2.01x10°°  1.02x10 3
8,500 1.33x107°  1.20x10™°  %.00x10® 9.33x10 ° 9.33x10°® 2.67x10°® 0 2.67x10°° o 6.67x10°%  5.19x10 *
12,000 4.99x107®  1,99x107® 2.00x10® 9.99x10°7 2.00x10°° 2.00x107® 2.00x10°°  9.99x107 0 0 2.75x10° %
7,000 0 _  6.64x1077 0 __ 1.3%3x10°®  6.65x1077  6.65x10°7  6.65x1077 0 0 0 1.28x107*
25,000 1.20x10°%  3.99x1077  7.97x10_7 0 0 3.98x1077 0 0 0 3.99x10_7  5.86x10°
28,125 L. 22x1077 0 2.80x10° 7 0 1.4ox1077 0 1.40:x1077 0 0 1.50x10°7  k.32x10°
34,875 2.80x2077  1.h0ox1077 0 0 0 o 0 0 0 0 2.62x10°
k1, 625 0 0 0 0 0 0 o 0 0 0 1.48x10%

LL



Table 22.

Electron Source Ena>

Charged Particle Track Length for Electron-Initiated Showers in Copper

Ly Gev

Radiation Length:

1.432 cm

Track Length Per Incident Particle in the Indicated Depth Interval (cm/Mev)

Depth Interval [Radiation Lengths)

Energy -
(Mev) 0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4,0-k.5 4.5-5.0 5.0-5.5
12 2.05x102  9.55x10 2 2.80x10°} 6.06x10°% 1.14 1.87 2.70 4.04 5.37 6.46 7.41
17 1.44x1072  6.65x10 2 1.86x10 %  3.98x10°%  7.26x107* 1.17 1.77 2.42 3.15 3.81 b.hg
25 1.05x102  %.67x10 2 1.34x10°1  2.h0x10°%  h.k6x2071 7.27x107T 1.02 1.k 1.78 2.09 2.47
35 1.35x10 2 3.07x10°2  T7.96x10°2  1,75x10_* 2.82x10°% L.uhx10"! 6.12x10° 1  8.51x107T 1.05 _ 1.28 _ 1.45
L5 7.10x107%  1.70x1072  4.90x1072  1.22x10 * 2,1hx107  3.01x10 1  L.25x10°*  5.80x10°1  6.9hx10"*  8.33x10_*  8.89x10_}
60 5.0ux10°2  1.84x10°2  4.59x10°2  8.41x1072  1.hox107r  2.1kx1071  2.92x1071  3.67x10°%  L.h6x107*  5.00x10 % 5.81x10_*
85 2.29x10°°%  9.38x10°2  2.90x102  L.7hx1072  8.83x10 2  1.26x10° % 1.67x10_*  2.11x10_'  2.50x10_* 2.86x10 '  3.0b4x10_*
120 1.75x107%  6.77x10°%  1.72x1072  3.20x10 2  k.91x1C 2  6.89x102  1.01x10_*  1.25x10 %  1.h40x10"! 1.68x10 ' 1.66x10 !
170 1.98x1073  5.47x1073  1.19x10°2  1.88x102  3.01x10 2  h.35x10 2  5.95x10 2  6.93x10_2  7.51x10 2  8.8%x10°2  9.08x10 2
250 8.60x107%  3.18x10 3  T.05x102  1.22x10°2 2.03x10 2 2.63x1G°2  3.00x10°2  3.97x10°2  Lk.03x10°2  L4.bk2x1072  Lh.U3x1072
320 6.25x107*  2.30x10 3  L.34x1073  7.47x1073  1.05x10_2  1.49x1C_2  1.69x10 2 2.04x10°2  2.1hx10 2  2.24x102  2.15x10 2
450 5.11x10 % 1.28x10°3  3.38x10°2  5.37x10 3  6.55x10 >  9.98x10°  1.17x102 1.30x10 2 1.39x10 2  1.k5x10°2  1.40x1072
600 2.76x107%  1.33x10°3  1.78x10°2  3.00x10°2  5.0%3x10 3  6.14x1073  7.20x:0°%  8.08x10° 8.66x10 2  8.46x10™3  8.18x10 >
850 1.98x107%  8.25x107*  1.83x1073 2.39x10°3  3.00x10 2  3.50x103  3.89x10_2 L.21x10°3  4.24x1073  3.81x10_%  3.63x10 >
1,200 b.97x1075  2.75x10°*  6.07x10* 1.05x10°3 1.35x10°°  1.52x10 2 1.89x10 2 1.70x10_3  1.70x10°3  1.55x10_2  1.35x10 >
1,700 3.12x10°°  1.63x10 % 4,00x10°%  6.60x10°*  8,12x10°*  9.43x107*  9.5Lx10°* 9.05x10 %  8.56x10°*  7.38x10 *  6.34x10"*
2,500 2.21x10°°  1.11x10 % 2.34x10_*  3.35x10°* h.51x10* L.52x10°* L.55x10 %  3.93x10 ¢  3.91x10_*  3.07x10_*  2.85x10_*
3,500 1.65x1075  8.28x107°  1.65x107%  2.0hx10*  2.33x10 %  2.66x10 % 2.65x10 * 2.23x10_* 2,07x10_*  1.34x10_*  1.02x10_*
L 500 1.25x10°°  6.,61x107°  1.11x10°%  1.61x10 % 1.77x10°% 1.71x10°% 1.50x10°* 1.27x10 % 1.11x10 % 8.7ix10° 6.16x10°>
6,000 1.05x107°  4.35x10 0  8.28x107°  1.05x10 %  1.16x10 % 9.7hx1075  T.47x107°  7.19x10°°  5.47x10°>  2.76x107°  1.79x10°
8,500 8.70x10°®  3.36x10°°  5.79x10°  6.30x10 >  5.76x10°  k.65x107°  L4.15x107°  3.15x10 > 2.03x10°>  1.53x10>  9.92x10_°
12,000 5.81x10™®  2,35x107°  3,13x10 >  3.64x107°  3,08x107° 1.19x10°°  9.93x10 ®  6.88x10°°  3.83x10°°
17,000 5.58x107%  1.88x107°  2.52x10°°  2.01x10°°  1.31x13°°  S.41x10™®  5.53x10°°  3.54x10°®  1.37x10°%  1.47x10°°%  8.98x10”7
28,125 8.71x10°®  1.53x10°° 1.12x10°° 6.09x10 ¢ 2.85x107° 1.38x19® 8.06x10 7 h.50x10_7 2.55x10_7  1.63x10_7  1.25x10_7
34,875 1.26x107°  1.55x10 >  7.63x10 ¢ 2.6Lx10°° 8.88x10°7  3,09x10°7  1,55x10 7  9.96x10 % L4.18x10°% 1.19x10°%  6.57x10_°
L1, 625 6.43x10™°  1,70x10°  3.35x10°®  4.96x10°7  1.27x10°7 L.18x197® 1.99x10°® 1.99x10°® 9.96x10°°  7.96x10°°  1.99x10°°
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Table 22 (continued)

Track Lengta Per Incident Partiecle in the Indicated Depth Interval (cm/Mev)

Depth Intervel (Radiation Lengths)

Energy -
(Mev) 5.5-6.0 6.0-6.5 5.5-7.0 7.0-7.5 7.5-8.0 8.0-8.5 8.5-3.0 9.0-9.% 9.5-10.0 10.0-0 Totals
12 8.75 9.49 1.06x10* 1.09x10* 1.15x10% 1.1hkx10t 1.11x10* 1.12x10% 1.06x10t 1.03x107 2,29x10%
17 5.13 5.49 5.94 6.20 6.30 6.31 6.20 5.96 5.63 5.08x10 1.22x10°
25 2.86 3.03 3.17 3.39 3.30 3.26 3,11 3,01 2,78 2,27x10t 6.10x10t
35 1.57 1.70 1.69 1.75 .71 .75 _ 1.65 _ 1.49 _ 1.38 1.0kx10t  3.1hx10t
L5 1.06 1.05 1.03 1.07 1.06 9.97x10°%  9.36x10 % 9.27x10_*  T7.90x10* 5.7 1.88x10*
60 6.18¢1071  6.56x10°%  6.48x1071  6.24x107 1  6.36x107  5.91x10°*  5.35x10° 1 h.97x107t  L,.56x107% 2.99 1.09x10%
85 3.33x10 1 3.40x107Y  3.43x107% 3.37x1071  3.25x107  2.92x10°%  2,63x10°*  2.h9x107r - 2.14x107* 1.32 5.54%
120 1.73<107%  1.71x10°*  1.68x107%  1.69x10°*  1.h9x107%  1.32x10°%  1.22x10°'  1.10x10°*  ¢.70x1072  5.48x107% 2.72"
170 9.52x10 2  8.29x10 2  8.85x10°2  8.17x10 2  7.07x10 2 ' 6.50x1072  5,80x10 2 5.09x10 =  4,52x10 2  2.26x10 * 1.36.
250 L.2kx1072  L4,34x1072  3,82x1072  3.51x10 2  3,25x10 2 2.80x1072  2,63x102 2.23x10 2  1.92x10°2  8.87x1072  6.4hx107t
350 1.95x1072  2,12%10 2 1,83x10 2 1.78x10 % 1.64x10 2 1.27x10°2  1,08x102 8.90x10°  &.17x10°2  3.63x10 2  3.13x10_*
450 1.31x10 2 1,12x10 2  1.08x102 9.78x10 2 8.54x10°3  T7.22x107%  5,69x10°>  5.43x10 > L4, 00x10 2>  2,02x10 =  1.90x10_*
600 6.85x10°2  6.70x10° 3  6.39x10_2  5.34x10°2  L.hs5x107®  L.33x10°3  3.04x10°2  2,52x107°  1.96x10°°  8.61x10 °  1.09x10 *
850 3.47x1073  2,96x10°2  2,56x10 2 2.46x107°  1.63x10 2  1.5Lx107°  1.37x10°°  1.24x107°  G.25x10 %  3.81x10 >  5.35x10 2
1,200 1.21x10°3  1,04x10°3  7.83x10°* 6.41x10* 5.66x10 % L.27x10°*  3,60x10 % 2.81x10 ¢ 2.18x10 * 7.18x10_*  1.93x10 2
1,700 5.12x10°%  h.17x107*  3.72x10 % 2.95x10°* 2,08x107* L.7hx107*  1.39x107%  9.46x10°  T7.86x10°°  2.50x10 %  9.6Lx1073
2,500 2,30x10 *  1.79x10°* 1.20x10°* 1.20x10 % 9,16x10 > 5.90x107> L, Lh8x10 > L.0%x10 > 2.07x10 >  9.42x10°° k. Lhx1073
3,500 8.68x1075 6.89x10™5  4.85x10°>  3.12x10°°  3,20x10°  2.55x107°  1.76x107°  1.42x10™3  1.05x10°°  3.29x10°°  2.27x10°3
4 500 L.59x107°  3,04x107°  1.79x10° 2.50xi0°  1,19x10°° 1.13x10°°  1,08x10 >  3.69x10°°  3,69x10°® 1.08x10 °  1.41x1073
6,000 1.55x10°°  1.57x107°  1.%2x10° 8.22x10°® 5.25x10 ® 4.82x1076  14.11x107®  3.12x10°3  3.26x10°®  3.69x10 °  7.78x10°*
8,500 6.%3x10°°  5.96x10 %  3.59x10°®  2,17x10°°% 2.36x10°°® 3.59x107°  1,99x10°® 9.45x1077  3.78x1077  7.56x10 7  kh,1hkx107*
12,000 1.99x10°°®  1.56x10°7  9.21x10°7  k4,25x1077 8.51x10°7 h.25x1077  5,67x107  5.67x1077 0 5.67x10" 7
17,000 1.0hx107® k. 73x10°%  9.k5x107®  2.36x10°7  3.78x10°7  3.45x107®  2,36x1077 o _ 0 1.89x1077  1.06x10°*
28,125 1.29x1077  6.37x10_°  1.59x10°% 2,38x10°® 2,19x10 % 2.79x10°%  1,59x10°%  2.39x10 3 0 3.98x10_%  L.77x107>
3k, 875 6.37x10°%  3,19x10 2  1.39x10 ®  5.97x10°° 1.19x10°® 9.96x10°° 5.97x10°°? 5.97x10°° 5.97x10 ° 5.97x10 %  L4.00x10 °
1,625 5.97x107%  1.99x10°° 0 1.99x10°° 0 0 0 0 0 0 - 8.54x107°
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