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Abstract

A calculation to determine the effectiveness of collimators in
a high-energy electron beam is described. Numerical results for a
5-0ev electron beam incident on a 135.42-cm~thick aluminum collimator

with an inside radius of 0.85 cm are reported.
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Introduction

In high-~energy linear electron accelerators the electrons are
focused into a narrow beam as they are accelerated down the length of
the accelerator tube. The confinement is not absolute, however, and
some of the electrons stray out ¢f the beam and are stopped by the tube.
This presents a shielding problem over the length of the machine, because
the stopped electrons initiate electron-photon cascades, which in turn
produce a number of penetrating photo-ejected particles. In addition,
the stopped electrons could generate enough heat to reguire the ac-

celerator tube to be cooled during operation.

At Stanford i1t has been proposed that constrictions or collimators
be placed periodically along the tube of thelr linear accelerator to strip
off the electrons in the outer part of the beam that might otherwise be
deposited in the tube. By this procedure it is hoped that the shielding
and cooling problems would be restricted to the rather localized regions
containing the collimators. With this design there should be some sav-

ings in construction costs.

A collimator cannot be constructed to totally absorb the primary
and secondary radiations that strike it or are produced in it; hence a
certain amount of the radiation is expected to enter the accelerator tube
from the body of the collimator and at such an angle as to be sure of
hitting the tube downstream. A study is being made at ORNL to determine
how radiation behaves in a collimator such as required for the Stanford
machine and, in particular, how much radiation is likely to leak back
into the accelerétor tube from the collimator to be deposited downe
stream. The three-dimensional electron-photon cascade calculation
described previously by Zerby and Moranl (to be referred to as ZM-1)

was used to consider the collimator problem.

Geometgz

The collimator geometry that could be considered in the calcula-

tion is shown in Fig. 1. The parameters Li’ i=1,2...,20, separate

1. C. D. Zerby and H. S. Moran, A Monte Carlo Calculation of the Three-
Dimensional Development of High-BEnergy Electron=-Photon Cascade
Showers, ORNL~-TM-422 (to be published).
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the accelerator tube into downstream length intervals for the purpose of
recording where radiation strikes the tube. The collimator length is
specified as T; and its inside and outside radius as r; and ra,
respectively., The inside radius of the accelerator tube is specified
by rs. The radiation that strikes the collimator was assumed to be
normally incident at a point a distance ro from the center line. All

these parameters are specified by the input to the computer program.

Calculation of Boundary Effects

Since g photon remains monoenergetic and travels in a straight
line as it moves from one point of interaction to another no mathematical
difficulty is encountered in the calculation when the photon crosses a
boundary. Thus when a photon leaves the collimator and travels down the
accelerator tube, it is a simple matter to calculate the position where
it hits the tube and its energy at that point. This is not the case for
the charged particles.

As pointed out in ZM-1, there is actually a sequence of mathe-
matical operations required in moving a charged particle from one point
of interaction to another. First, the distance z along the initial path
of the charged particle is selected, and then the lateral and angular
deflection cgused by ionization collisions., The particle is moved to
the new position determined by z and the lateral deflection, and then
given the new direction determined by the angular deflection. This new
position locates the next interaction, and the new direction determines
the direction of incidence of the charged particle at the point of

interaction.

With the geometry shown in Fig. 1 it is obvious that casesg can
arise where the initial position of the particle is inside the body of
the collimator but the final position is, for example, in the vacuum
of the hole. This means that the point where the particle enters the
hole and the direction it has at that point must be determined in order
to determine where it will travel. (Similar problems arise in the cases
of reflection, penetration, lateral escape, and in the case of the path
passing through the hole but with its initial and final positions in the
body of the collimator.) The techniques used to select the angular and
lateral deflections, necessary to the procedure used in the determina-

tion, are described below.



As was pointed out in ZM-1l, the joint distribution for the lateral

and angular deflections is given by

£(z,%,6,) dx 40, = =" exp 5 (1)

dx de { - a0 v on x0 - A }
’

where z 1is the distance along the z axis, which coincides with the
original direction of the particle; Gx is the projection on the x axis
of a unit vector along the direction of angular deflection under the
assumption that the polar angle of deflection is small; x is the lateral
deflection along the x axisjand Ag, Aj, Ao and B aré functions of z only.
The ind&pendent joint-distribution function f(z,y,ey) is obtained from

Eq. 1 by replacing x and Gx with y and Gy, respectively.

The distribution function for x 1s obtained from Eq. 1 as

+00
glz,x) = k/ﬂ f(z,x,ex) s, = (&nAej'l/é exp <,ﬁ§§ . (2)

The conditional distribution function for BX is given by

f(z,x,sx)

h(z,exlx) = W . (%)

The procedure for selecting a random distance X from the distribu~
tion function given in Eq. 2 was to select a random varisble Uy from
the distribution v(u) = (2r) "2 exp(-12/2), for -co S u = +c, using g
standard technique and letting

X = [28e(2) 12 vy, (1)

After selecting X the randum variable Gﬁx can be obtained from the

distribution given by Eq. 3 by first selecting Us frém v(u) and letting
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1/2 U

®, = [2B(2)/h2(2) 1777 Uz + Ax(2) [2/A2(2)] 10 (5)

Equations similar to Eqs. 4 and 5 arise in connection with random
selection of Y and ®y' For the present discussion, however, it is as=-
sumed that I and.@y are both zero and that the problem of crossing a
boundary is two-dimensional, as indicated in Fig. 2. It is alsc assumed
that a charged particle starts from point O and is directed toward A,
The distance z along this direction is represented by 0A. From Eg. 4
the value of X is obtained which corresponds to the distance AB and
therefore places the next collision of the particle at B. As constructed
in Fig. 2, the point B 1s outside the body of the collimator and the
point where the particle left the surface must be calculated. The
procedure developed to accomplish this was to proceed along the curve OB
specified by Eq. h, using an iterative technique until the point D is
reached; the new distance z corresponding to OC was. then calculated and

used in Eg. 5 to select the angle of deflection at the surface.

Downstream Acceleration

Once a charged particle enters the accelerator tube downstream
from the collimator, the effects of the force field must be considered
to accurately determine the point where the charged particle hits the
tube and the amount of energy it has at the point of collision. Since
the velocities of electrons or positrons approach the velocity of light
gt relatively low energies (~ 0.5 Mev), relativistic mechanics must be

used to determine the trajectory of the particles.

In the following derivation of the trajectory, the velocity of
light, ¢, is set equal to unity and the force field is approximated by
a constant force, F, parallel to the z axis which is along the axis of
the tube. The radial displacement of the particle from its initial
position is designated as p and the momentum and energy by P and E,
respectively. The initial energy is teken to be Ey and the initial
projection of P on the perpendicular to the 2z axis to be Pp at the
initial position zgp. Because the force is parallel to the z axis, Pp

remains constant throughout the travel of the charged particle,
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Fig. 2. Schematic Sketch of Boundary Problem.



On the other hand, the projection of P on the z axis, Pz’ changes ac=

cording to

Z
Fe—2. (6)
o 1/2 .
Since E = (Pj + Pi +m) , we have that
dz 4B di
F_EEEEE_EVZE_QE_ (?)
- PZ B PZ T dz

or that the energy increase per unit length along the axis is a constant.

A useful quantity is the energy of the particle after it travels
a certaln radial distance, g, from its original position. To obtain the

desired relation it should be noted that the radial velocity, vp,

satisfies
= dp/dt = P /E
v, o/ p/
so that
P P
. .pdzdt . _pll
=TT "F F v B (8)
P d4E P
- L2 aE .
P F (2 Pi mg)l/z

(9)

which applies for the case where the particle does not reverse its direc-
tion along the z axis while traveling the distance p; i.e.,
E > (Pi + )2 for all p. From Eq. 9 we obtain



E=2 {[EO+ (5 -Pi -m‘?‘)l/a} exp(%i—) (10)
o] ()

with the restriction

2
I e 2 21/ 20F 2 2
LEO+(EO—Pp-m) } exp<§9—- 2P+, (108)
o

which is only of importance when F is a negative: quantity.

In the calculation, when the charged particle enters the down-
stream accelerator tube the distance p the particle is required to travel
to reach the tube 1s calculated first. The energy of the particle at
the point of collision with the tube is then obtained from Eq. 10 and
the distance downstream, 'z, wvhere the particle hits is obtained from

_E - Eo

F o= (11)

*
Z = Zo

If the particle is a positron, then F is negative and Eg. 10a is
checked to test whether the direction of travel along the z axis will be
reversed in traversing the distance p. If the inequality in Eq. 10z
does not hold, then it is assumed that the positron is deposited on the
accelerator tube at the distance downstream where its longitudinal
nmotion is reversed because of defocusing forces in the tube. Its
energy at this point is E = (Pi + m.‘?'):L 2, and the distance downstream,

z, is obtained from Eq. 11.
Results

Calculations were performed for an aluminum collimsgtor (density
2.7 g/cmS and radiation length 9.0% cm} in the Stanford linear ac-

celerator 2,500 ft from the source. Assuming a constant accelerating



force of F = 2 Mev/ft, the beam energy would be 5 Gev at the collimator.
For purposes of accelerating the particles that penetrate the collimator,
it was assumed that the accelerating tube and hence the accelerating
field extended another 7,500 ft beyond the collimator. In the calcula-
tion particles were not accelerated once they passed beyond the end of
the tube.

The inside radius of the accelerator tube was taken to be
T4 = 1.1303 cm. The collimator had an outside radius rsz = 50.8 cm,
an inside radiuws r; = 0.85 cm, and a thickness T = 135.42 cm (15 radi=-
ation lengths). For purposes of recording where the particles deposited
their energy downstream, the tube was divided into nine intervals (see
Fig. 1) using L, values (i = 1,2,...,9) of 5, 10, 100, 500, 1500, 3000,
4500, 6000, and 7500 ft.

Six cases were run with a 5-Gev beam incident at various points
on the collimator as shown in Fig. 1. The values of ro selected were
0.85, Or8528; 0.8556, ©.8780, 0.9901, and 1.130% cm. A table of the
amounts of energy deposited and where they were deposited are given for
each case in Table 1. Figures 3 through T were constructed using these
data.

Figure 3 presents the energy that escapes from the collimator and
travels downstream. It is interesting to note that for the larger
incident radii, the largest fraction of energy is carried downstream by
photons. For rp close to ry, however, the energy carried by the electrons
contributes most because in this case the electrons have a relatively
good chance of being scattered into the collimator hole after scattering

only a few times in Coulomb collisions.

Figure 4 presents similar data to that presented in Fig. 3 except
the effects of the accelerating field on the charged particles have been
included. Hence, Fig. 4 presents the energy deposited downstream rather
than just the energy escaping from the collimator and traveling downe-
stream. The photon curve is the same in both Figs. 3 and 4, as it

should be. Of particular interest in Fig. 4 is the striking difference



Table 1.

(Source radiation was 5-Cev electrons normally incident at a point.)

Energy Distribution for an Aluminum Collimator with an 0.85-cm Inside Radius

Energy Distribution (Mev/incident particle)

Electrons
Iocation Electrons Positrons and Positrons Photons Total
rs, Incident Radius = 0.85 cm
Absorbed in collimator - - 9.034 x 107 5.139 x 10* 9.548 x 107
Reflected from face - - 0 0 0
Reflected through hole - - 0 0 0
Escapes laterally - - 2.568 x 102 1.572 x 107t 1.829 x 107?
Penetrates, but not into
accelerator tube - - 7.191 3,011 x 10*  3,7%0 x 10*
Penetrates and deposits in
downstream interval (ft)
0=5 7.762 x 101 5,635 x 10 1.340 x 107 6.358 x 10  1.976 x 10°
5a10 8.044 x 10t 1.8%2 x 10% 9.876 x 10t 1,708 x 10Y  1.158 x 107
10-100 7.025 x 107 1.233 x 10* 7,148 x 10°  1.010 x 10°  8.158 x 107
100~500 3,208 x 107 2.128 x 10" 3.210 x 10° 2.218 x 10  3.4%2 x 107
500-1500 4,425 0 4 hos 8.978 _ 1.340 x 10t
1500-3000 0 0 0 2.582 x 10+ 2.582 x 107%
3000=4500 0 0 0 0 0
4500-6000 0 0 0 0 0
6000-7500 0 0 0 0 0
7500~-0 1.028 x 10% 0 1.028 x 10% 0 1.028 x 10*

OT



Table 1 (continued)

Location

Energy Distribution (Mev/incident particle)

Electrons
Electrons Positrons and Positrons Photons Total

ro, Incident Radius = 0.852803 cm

Absorbed in collimator
Reflected from face
Reflected through hole
Escapes laterally

Penetrates, but not into
accelerator tube

Penetrates and deposits in
downstream interval (ft)

0=5
510
10~100
100=500
500=1500
1500~3000
3000-4500
4500-6000
6000=7500
7500=00

- - 1.944 x 108 1.092 x 107 2.053 x 10°

- - 0 4.793 x 102 L4.793 x 10 >
- - 0 0 o)
- - 0 4,285 x 1071 4,285 x 1071

- - 1.74% x 10t 6.72% x 10t  8.466 x 10*

2.085 x 107 9.124 x 10t 2.997 x 107 1,192 x 107 4,189 x 10°
2,415 x 10%  L,291 x 10% 3,84L x 10° 1.031 x 107 4,875 x 10°
1.317 x 10° 14,853 x 10* 1.366 x 10° 5.609 x 108 1,927 x 10°
6.103% 1.345 7448 5.409 x 10t 6.154 x 10t
0 0 0 1.427 x 107 1,427 x 1071

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
2.502 x 10% 0 2.502 x 10% 0 2.502 x 10%

r>, Incident Radius = 0.855606 cm

Absorbed in collimator

Reflected from face

- - 2.371 x 10° 1.342 x 107 2.505 x 10°
- - 0 0 0

TT



Table 1 (continued)

Energy Distribution (Mev/incident particle)

Electrons
Location Electrons Positrons and Positrons Photons Total
Reflected through hole - - 0] 0 0
Escapes laterally - - 0 ho2h7 x 107 k247 x 1077
Penetrates, but not into
accelerator tube - - 1.8%1 x 10t 8.213 x 10 1,00k x 10P
Penetrates and deposits in
downstream interval (ft)
0-5 2,522 x 10° 9,397 x 10t 3.462 x 10° 1.390 x 107 L4.852 x 10P
5=10 4,037 x 108 3,113 x 10* 4,348 x 10° 1.201 x 10® 5,549 x 10° o
10-100 7.171 x 107  5.846 x 10* 7.756 x 107 5.873 x 10°  1.%63 x 10° S
100-500 0 0 0 1.496 x 10 1.496 x 10%
500-1500 3.699 0 3.699 0 3.699
1500-3000 0 G 0 ¢ 0
3000-4500 0 0 0 0 0
4500-6000 0 0 0 ] 0
6000-7500 0 0 0 0 0
7500=00 0 0 0 0 0
rp, Incident Radius = 0.87803 cm
Absorbed in collimator - - 3,253 x 10° 1.833 x 107 3.4%6 x 10°
Reflected from face - - 0 2.717 x 1072 2,717 x 102
Reflected through hole - - 0 0 0
Escapes laterally - - 0 5.372 x 107t 5.372 x 1071
Penetrates, but not into
accelerator tube - - 2.068 x 10* 1.057 x 107 1.264 x 107




Table 1 (continued)

Energy Distribution (Mev/incident particle)

EBlectrons
Location Electrons Positrons and Positrons Photons Total

Penetrates and deposits in
downstream interval (ft)

0=5 3,792 x 108 1,304 x 107 5,096 x 107 2,581 x 107 T.677 x 10°P
5-10 1.392 x 102 3,590 x 10% 1.751 x 10P 1.80% x 168 3,554 x 10°P
10-100 6.326 x 10 1,143 x 10% 7.469 x 10t 2.562 x 107 3,308 x 107
100500 0 0 0 5.631 x 102 5,631 x 10 2
500=1500 0 0 0 0 0
1500-3000 0 0 0 0 0
3000-4500 0 0 0 0 0
L500-6000 0 0 0 0 0 -
6000=T500 0 0 0 0 0 N
7500=c0 0 0 0 0 0
re, Incident Radius = 0.,99015 cm
Absorbed in collimator - - o2kl x 10° 2,418 x 108 L, L86 x 10°
Reflected from face - - 0 0 0
Reflected through hole - - 0 0 0
Escapes laterally - - 0 1.213% 1.21%
Penetrates, but not into
accelerator tube - - 2.376 x 10% 1,116 x 107 1.35L4 x 10°

Penetrates and deposits
in downstream interval (ft)

0=5 5,049 x 10% 2,732 x 10  7.781 x 10* 2,088 x 10° 2,866 x 10P
5-10 Lok x 10 1.027 x 10t 1.067 x 10* 5.56% x 10*  6.630 x 10%
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Table 2. ZEnergy Deposited in Accelerator Tube by Radiation
Teaving the Body of the Collimator (Source radiation
was uniformly distributed 5-Gev electron beam
normalized to one source particle;
collimator described in the’text.)

Energy Deposited (Mev)

Location
Particles 0 to 5 f% 5 %o 10 ft Total Tube
Photons 81.8 30.3 46,2
Electrons 43,9 19.0 96.6
Positrons 19.0 6.9 25.9

Total b, 7 56.2 268.7
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