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A METHOD OF CALCULATING THE BIOLOGICAL SHIELD OF LINEAR PROTON
ACCELERATORS WITH STRONG FOCUSING

V. N. Lebedev, V. V. Mal'kov, B. S. Sychev

Formulas for calculating the biological shield of linear proton
accelerators with an energy of up to 1 heV [sic] are presented in
this work. A plan for calculating a shield is developed. A graphical
explanation which significantly simplifies the estimate calculations
of the shield is given for the basic mathematical formulas. An
example of cdlculating the shield of a high-current linear proton
accelerator with an energy of 800 meV [sic] is shown. The presented
method allows estimate calculations of a shield to be conducrted

elfectively with alternative designing of the accelerator’'s structure.

The formalism of calculating a shield differentiates the uni-
formly distributed losses of a beam and the localized impact points.
The actual compound distribution of the protons which, for one reason
or another, emerged from acceleration along the length of the
accelerator may be presented in the form of a specific combination
of evenly distributed and local losses.

Calculating a shield in the case of
evenly distributed losses of a beam,

Taking only the uniform losses of a becam of accelerated particles

into consideration, the lincar accelerator with strong focusing may

be represented by an infinite anistropic line source. The lince
1
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density of secondar senetrating radiation-neutrons-~of that source is
y I A

determined by the expression:

L, i
FE) = - wBiL,) " l

Here Ip is the proton flux, proton/s; L is the accclerator's length; ,
n1 is the coefficient which characterizes the value of uniformly
distributed losses; B(Ep) is the output of neutrons per proton which i

cmerped from the acceleration as a function of the protons' energy.

The output of neutrons BI(E;) is the sum of evaporative BH(E) and

cascading Bg(E) neutrons per proton. The functions By(E) and By (E)
(Fig. 1) are plotted on the basis of [1-3].

%
4 . Fig. 1. The dependence of the £
o— ,W;_“J__T<__u__:__wvmm evaporation and cascading neutrons' {4
'fL—~i—“T—"+*-—"~r—"iw—T—~u output on the protons' energy. !
v — : - - B
« | [ KEY: (1) B(E) neutron/proton; (2)
) - ' Proton energy, in GeV.
§ [ —
N
\k' 6
s Y
-
D ¢
\3’4
. """
T
v

+ '
. . .
H . ; .
o ; ! [

Lo . '
L - ) N L R T
(9~ Y Iwgoreg s iy -

The angular distribution of cvaporative ncutrons (0.025 eV < Ex
<20 meV) is customarily considered isotropic. In accordance with this,
we write the evaporative ncutrons' flux depression in the form [4])

2




putr, b, @)= L [ (.f’.j l (2)

-l b’

A function of the integral secant of secci (d/p) is tabulated

in [4-%] and presented in Fip. 2.

“pt 1) Fig. 2. A functlon of the integral
— e secant of P (d, A ).

In the formula (2) r ic the distance from the axis of a proton

beam to a point under consideration beyond the shield; d is the

The evaporative neutrons' relaxation lengths are not determined
experimentally. Based on the fact that the evaporative ncutrons!
spectrum is close to the fission spectrum, we used the relaxation
length for neutrons of the fission spectrun“&&whioh is known for
many materials [6, 7] as A . The fission sprctrum's .Kllvaluos are

prescented in Table 1 for malerials which found application in the

shield of proton accelerators.

shield's thickness; A is the evaporative ncutrons' relaxation length.




' We write the law of flux density depression of cascading ncutrons
i which are gencrated by an anisotropic liner scurce in the following,
: manner

(p‘_f;(_ \;'(1,),‘-‘4“"‘"“5@0. (3)

Table 1. Relaxation lengths for ncutrons of a fission spectrum ;\
and the build-up factors of BHP and B3.
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KEY: (1) Material in the shield; (2) Weight by volume, kg/m3; (3) 4
Hydrogen content, kg/m3; (4) emj; (5) Build-up factors; (6) Farth; }
(7) Concrete; (8) Common; (9) Hematite; (10) In steel scrap. **

Table 2. The relaxation lengths of cascading neutrons,XK: in cm.
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KEY: (1) Material in the shield; (2) Weight by volume, kg/m3; (3)
Hydrogen content, kg/m3; (U4) Pnerby of the protens, in meV; (5) Earth; 1
(6) Concrete; (7) Common; (8) Hematite; (9) In steel scrap. ﬂ

Formula (3) considers the angular distribution of cascading
neutrons (@) [8), the analytical expression of which is presented
in the form [11].

2nf(8) = 0.2 + 0.83cos 4 + 1,81 cos*®; 08 < -%:

(W)

0zi(8) = 0,2 L 0,15¢c0s9; .fj_<o<«,
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The expression which stands below the intepral sign in {formulc
(3), is inteprated numerically. The resultis o’ the computations are
presented in Fig. 3. We used the cascading ncutrons' relaxation
lengths (Table 2) from [1] for the calculations. :

-’ﬁ““’{ﬁ e ~ Fig. 3. Integral function of
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Calculating a shield at localized
impact points of a beam

hiiin

The localized impact points of a beam are formed in areas of the

placement of beam gates, Faraday cylinders, and other devices which

completely or partially absorb beams. These devices, by virtue of ]
the small dimensions in comparison with the distance to the point ’
under consideration beyond the shield, may be considcered point 4

sources of neutrons which are anistropic for cascading and isotropic

for evaporative neutrons.




-

The flux depression ol evaporative neulrons from the source in
desceribed by the expression:

_lp_B" (E’f)‘r‘_’ -,

‘pu(Ep, r)=. e ' (5)

L

The flux deprecssion of high-energy neutrons (E 3 20 meV) for
these same conditions may be presented in the form

I,-B.(E) 1, ~d?
o, (Epv 5, 0= p——;f—)u-' f9) e ! )". (6)

In formulas (5) and (6) r is the distance from the source to the
point under consideration beyond the shield; d is the shield's thick-
ness; £(8) is the angular distribution function of cascading neutrecns
determined by formula (4); np is the coefficient which characterizes
the value of a beam's localized impact points. The remaining

designations are the same.

A scheme for calculating a shield
1. Values of evenly distributed and localized losses of an
accelerator's beam as well as the arrangement of localized losses

along the accelerator's length are determined.

2. The entire length of the linear accelerator is divided into
sections. The larger thesc sections, the more exact the calcula-
tion of a shicld. It is quite sufficient to select 5-6 scctions for

estimated calculations.

3. The densities of lhe line sources Fp (1) and Fg (1) arec
calculated for each section according to formula (1) and with the
help of the graphs (cee Fig. 1). It is assumed that the density of

the source is constant along cach secctien's length.




b, For cach valuce of the line density Fy (1), the thicknees of
the shield is caleulated according to formulas (2) sand (2) baiced on

the ration:

S (r- B did - Bghea by (7)

&, () E, d)-(1£By) = by, (8)

Heroe Rpp it the build-up factor of intermediate ncutronsy By is the
?

biuild-up factor of decelerated groups of radiations (E < 20 meV);
@axy is the maximum permissible flux densities of neutrens beyond

Lthe shield.

The values of Br”,and B3 obtained on the basis of [1, 9, and 10]

arc presented in Table 1 and the recommended values or
Table 3.

‘:)n:y - 1in

Table 3. The recommended values of the maximum-pcrmicsible neutron
tf'luxes.
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The shield's thickness d ia found with the ascipned values of r
from relationships (2) and (3) and the larger of d,, and d is
’

1 K
taken as the actual value of d in each sceection.

5. An envelope (curve) which is also an estimrted outline of the
shield from a beam's evenly distributed losscc is plotted according
to valucs of the shield's thickness d calculatcd ror cachi section of

the accelerator.

6. The shield is calculated by formulas (%) and (6) in arecas of
the beam's localized impact points; a final outline of the shield

from the evely distributed and localized sources is plotted.
An example of calculating an 800-meV accelerator's radiation shicld

Initial data. Intensity Ip = 1014 proton/s; c¢nergy of injection

E;j = 0.7 meV; maximum energy of the protons Ep = 800 meV.

The acceleration system has two accelerating structures. The
first accelerates the protons from an energy of 0.7 meV to 200 meV,
the second from 200 meV to 800 meV. The lengths of the accelerating

structures are 120 and 180 m respectively (see Fig. U).

a:=f s
£a

Fig. 4. To calculate a shield with cvenly dis-
tribated losses: 1 - The dependence of the
protons' cnergy on the lenglh of the accelerator;
2 - Calculated cutline of the shield.

KEY: (1) Scctions; (2) Length  of the sections.

ittt i ool it i S

¥,

_—




Calculation. 1. We Luake the value of

= l‘/ﬂ. .

lossces p
(

2. We divide the entire length of the
scctions. The length of each scotion i 60 m.  The

values equal 0.7, 100, 200, LoC, 60O, BOO meV (geo

We determine the output of evaporative and

3.

for cach of the accelerator's section by the graphe (ooc Fig. 1):
€= 20 sy B, t0-° B, =<1
E == 100 mou B, L4107, B,—25-10 %
E= 200 v B, =053-10"% By=2-10"%
E =400 w38 B,=17, B,=85-10-";
E == 600 m38 B,=3.72, 3,=16;
E = 800 m38 B, =3, Bp=125. ¥
Inc i3 }
1 f) §
4, We calculate the linar scurce dcnsities for each section frcu
the formula (1):
E = 20 meV )
w, . -2
F"»aJ9~JEQLlQ;——=&%JOTproton/m-s.
300
Fy >0,
E =100 38
i
1014.0,01- 1, 4. 101!
Fu, = — -l = 4710 proton/m-s
30U
FK==Ert&QPLé'K\1_,34WOn proton/m:-s T
300 '
E=200 w3s F, -32.10°, F, 67100
E=400 w3a [, 57.1» F,=—=29.10,
E=600 w2 ¥ -11.100 F = 34010
E==8r0 w3 [, 17.109 F - 841
5. We sclect the &, value on the surface of Farth which
equals 20 neutrons/cm<- o, We Tind the build-up factors' value for
Farth from Table 1: Bnp = 1.2; By = 3.9. We determine the peormicoable

fluxes for evaporative and

(1) (8):

Earth by formulas and

9

the evely distributed

acceleorstor

cascading neulrons on t

into ©

Lboundary crnergy
Fig., ).
coaocading noulrons

he curface of
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6. We calcuiate the shicld's thickness d‘.| and du f'or cach
secticn of the accclerator by formulas (2) and {(3) with the help of
Figs. 2 and 3. Upon calculating, we assign o value for ', Lthen ye
conduct repetitive calculations for the purpere o ebiaining tie

results r = a + d, where a is the distauce from the =ource to Lir

shield.
E = 20 meV
f We assign the value r = 2.5 4+ 2 = 4.5 m. Ye dclermine d'1

From formula (2) we obtain the relationzhip:

secl(gi) = Dyder — 3-10-1,

)'.1 Fu (E)
From the graph (see Fig. 2) we determine G“A%I = 1.2. From
Table 1 7&2: 18 cm; consequently, dn = 18-1.2 = 22 cn.

We correct the value of r:

r=25405=30 4«

seci (g‘—') - —17'4-'-'—'399 = 2.10-,
Ay 33-10°
\ S _ I - . . - or v value -
From Fig. 2 qibk = 1.4 d” = 18-1.4 25 em.  The value dM

because Fg = 0 when the proton cnergy is E = 20 meV.
E = 100 meV

We take r = 2.8 + 1.0 = 3.5 m. We deotermine d“

d 17 =370

seci{~”)r<‘ RN IUEE L s
DV BT AN

10

T s




From ¥Fig. 2 q‘ﬁaz = 3.5; dH = 18.3.% = B cn.

We tuke ¢, = 60 cem. We deotermine d
H K

From formula (3) we obtain the relationship:

b = e ! . R AT
§[(ﬁ)c N d¥ - = 1)l
0 0

Por M a0

Fo(b) 841001077

We find Q<A&K = 1.2 from the graph (Fig. 3). When the energy
is E = 10C mceV for soil A1<: 56.1 cm. Then dK = 59.1-1.2 = 70 cn.

In a similar manner, we delermine the shield's thicknesses dH
and dK for proton energy of 200, 400, 600, and 800 meV. The valuec

of these thicknesses are the following:

=200 u33  d,= 95 cu, d =290 cs;
=400 w38  d,=105 cu, d =400 cu;

6 d dy =450 ¢
=800 u38 d, =120 c#u, g = 460 cu

We take the larger values of dH and d,< as the actual value of

the shicld's thickuess. Those are:

E= 20 s d=25 cu; F =400 uss d =400 cu;
E =100 3 d=70 cu; F =600 u3s d =450 cx;
E = 200 a0 d=200cM; E =800 m3a d =460 cux.

We plotl these values of d on Fig. 4 and ceonstruct the estimated
depcendence (2) of the shield's thickness on the length of the
acceleralor with evenly distributed ]osscs,? 1 = 1% of the full

intensity of 1p = 1010 pretons/s.
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