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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 I 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 cilculating 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 conducted

effectively 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 iwpact 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 lossos of a beam.

Taking only the uniform losses of a beam of accelerated partic]er

into considcration, the linear accelerator with strong Iocu'int may

be reprc.;en ted by oni inl'nit, e anistropic line ;ource. The line
-



density of secondary penetrating radiatio:-neutrons-of that source in

determined by the expression:

F(E) -LB(Ip) (1)

Here I is the proton flux, proton/n; L is the accelerator's length;

Si s the coefficient which characterizes the value of uniformly

distributed losses; B(Ep) is the output of neutrons per proton which

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

The output of neutrons B(Ep) is the sum of evaporative BI(E) and

cascading BK(E) neutrons per proton. The functions B11(E) and BK(E)

(Fig. 1) are plotted on the basis of 11-3].

evaporation and cascading neutrons'

Si goutput on the protons' enery.

L - KEY: (1) B(E) neutron/proton; (2)
Proton energy, in GeV.

iI

* ¢  .... . ) . . . . . . .

!r

The angulav di.,tribution of evaporative neutrons (0.025 eV <~ E<

<20 mreV) is customari 1 y considered isotropic. In accordance with this,

we Wr ite thle evapora i e neu tronn; flux do prcss ,ion in thle fom,1 [fil
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A function of the integral secant of seci (d/N) is tabulated
in [4-15] and pi'esented in Fig. 2.

"PM j j Fig. 2. A function of the integral
I secant of P (d,X)

*- - t

o 2 " 6 8 IP l ,N i,: ii

Ail.

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

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

shield's thickness; A is the evaporative neutrons' relaxation leng th.

The evaporative neutrons' relaxation lengths are not determined

experimentally. Based on the fact that the evaporative neutrons'

spectrum is close to the f'iszzion spectrum, we used the relaxation

length for neutrons of the fission spectrumA, which is known fo.-AI

many materials [6, 7] as A The fission spctrum's values are

presented in Table 1 for materials which found application in the

shield of' proton accelerat.ors.
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We write the law of flux den8 Ity deprc:u; ion of cascading neutrols

which are generated by an anisotropic liner -.ource in the followin,

manner

- . . i . A,) ' " .( 3 )
r

Table 1. Relaxation len Tths for neutrons of a fission spoTlctrum "
and the build-up factors; of B and B3 .

, altlll~l.1 B .eiiltiA COUPV'itlle sZo
. /)I O ie HM, cz t±Po c:Ho :3.^']itZ IJ111 1C , f BAi13

1720 20 18 1,2 3,9

I 'I I i0 i :00 20 9 8.0 10,3
ili I %I (hln. (/r. 30 7 ti,0 10,0

KEY: (1) Material in the shield; (2) Weight by volume, kg/m 3 ; (3)
Hydrogen content, kg/rm3 ; (4) cm; (5) Build-up factors; (6) Earth;
(7) Concrete; (8) Common; (9) Hematite; (10) In steel scrap.

Table 2. The relaxation lengths of cascading neutrons A, in cm.

I.~a " (' /J 3ill'pritl llpO'luiIi, l.Ml3 1110 0 1 1 3 1 u 1 1 11lo , .
20 40 i;0 1 00 2 300 400 wo 60 700 6(K)

172' 15.7 27.8 39,7 59,1 62 ,6 70,G 73.5 72,2 69;5 67,.I

1 21 3 A 410 17 53 1 8' 61 (.0 57,h , 6
,,- ,,, ( 9) . I.! * 2. 22 4. 40 3 17 .

I,.cloid l ,llIJII (S , u : H i ',u i,,' I.1 2317 32,7 X5 3.07 410 i.,i 4' 41i 42
,,., 3 ,., . I ,4' . 3 , 3 1 9,7 I13,b Ib,') 211.5 Q*7,b 3U.0 s, A 12,7 31,7

KEY: (1) Material in the shield; (2) Weight by volume, kg/m 3 ; (3)
Hydr-o, en content, kg/m 3 ; (41) Enerly of' the pi'otons, in maV; (5) Earth;
(6) Concrete; (7) Common; (8) Hematite; (9) In steel scrap.

Formula (3) consider- the anular distribution of cascading -

neutrons f(O) [8], the analytical expression of which is presented

in the form ll ].

2-f (0) - 0.2 0, 0. cos( )

-- -. L."-:.. . ,.. . , _ ,t .A . . .. A 
, " .



The expre..;s i on which 3tarnds below the- i nte~ral In f in formlu lL

(3), i!; integ-rated numerically. The velt2S I. 0' the computations arc

presente.(,d in Fig. 3. We used the : di;,neutron-s' relaxation

leng-ths ('fable 2) from [11 for the calculations-.

%P I_____ Fig. 3. Integral function of

-t-- 7

Cacltn ai shel atloalze

impact pont of abea
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competel orprilyasrI em. Teedvcs yvrLCO

th ml iesosincmaio ihte itnet h on
underI cosdrto beodtei ed ybecni e po t

-ore- fnurn hc r nsIoi o acdn, n stoi
fo eapraie euros
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The flux depression of ev;iporative neutron.; from the solfrce i.

described by the expres:;ion:

¢' (EP,. r) 4 -'r(5)

The flux depres sion of high-cnergy neutron. (E . 20 mrcV) for

these same conditions may be prescnted in the form

p, 0, r) 'B ) fM) e K (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; f(O) is the angular distribution function of cascading neutron: i

determined by formula (4); T12 is the coefficient which characteri-.es

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 arc determined.

2. The entire length of the linear accelerator is divided into

sections. The larger these sections, the more exact the calcula-

tion of a shield. It is quite sufficient to select 5-6 sections for

est.i mated calculations.

3. The densities of the line sourcee F 1 (1) and FK (1) are

calculated for each section accordin-; to formula (]) and with the

help of the graph. (ee Fij,. 1). It, is as-umed that the density of

the iource i con-stant along each s.ecticn'ns env th.
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Fl, r" Iac vau of' thr Iline der it VF 1 1)tI ~:

he - hiCl (I iS CalOULat ed accord i n" to I ormrula: 2 i 3)hce a

tho ratior,

~(,F, d)( ± [(I - )fl. (7)

1;,ro j, thaLie build-up factor of int ocridi aite cec orc:; B) i s- t h'

Ii clI(I-up f -Ictor of dce Iera-.ted groups of rad ia-t ienf (E < I-)C me(V

isa the maximum per'missi ble flux dens-i Lies, ofl neutrocns beyond

tiet shie Id

The values of B r7pand B3 obtainied on the basis of' ,9 and 101

arce presented in Table 1 and the recommended valueps of -in

Ti bl 3.c

Tabl1 1e 3. The recommended values of the maximum-pe~miSsible nIEutl-os

- I~PL)KT11aq fl.10TOrHCT flOTeVK3. Pe'Ur' lk

['pynna
Heh~rOHO

Net1Tu~u - .4 I

&LCT.e (.~ 0 10 'n 100

O'IC!!b 6u:pw '( 200 j ___ 00 0.

( ) I I -- I 6 10 2

1.5~')~ 3p tS j 0.15

KEFY: 1 Gr~oup of ncutrono, (2) Fat.; (3) Veryfs;(ifre~a
%)Enerfgy of' the rad i auion; (0u) The raited flux: dcns itv , ai a

f'r p1 acs: ... ; ( 6a) wh'ic~h 'we bas"ic I'or cons"tanc I. opc 11~V
sour11ce of' radliation ( ca taly V A-] (()t,) wh i ch :c~i *

(Cataly-st, A-,") ; (6c) whici' arc imrcrviceahlc )(cItayit A-,"); (t'
Which arc, adjacent withI a eon. ;.I nt. stay of pronl(aayt A
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The shieldt': t ieknesL d is foutnd wi t.b I ,I:I Iinrr, d values of r

from rel1at i onAit p,; ( 2 ) and (i ) and the 1a 'L , , of d;1 and dA is

taken as the actual value of' d in eaoh seeti jon.

5. An envelope (curve) which is also an estimrted outline of the

shield from a beam's evenly distri buted ]o : is plotted accordinig

to values of the shield's thickness d cal eulattd for each section of'

the accelerator.

6. The shield is calculated by formulas (5) and (6) in areas 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 accel.rator's radiation shield

Initial data. Intensity Ip = 114 proton/s; energy of injection

El = 0.7 meV; maximum energy of' the protons E2 = 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 acceleratingi I

structures are 120 and 180 m respectively (see Fig. J4).

-7 ,, , ":

" ,"+ + . . . . . . . . . T . . I

Fig. 11. To 0aic1I atO a shieid Wit. Iljy di(%,I-
tribOted losses I - The depend(ence o!' 11he
protori.;' en e rgy on the ].en ;t h of the eelertor
2 - Calculated outline of the l, iecd.
KEY: (1) Sections; (P) Lingth oi' the ,ctions

8



Calculation. 1. Wr " e t Iw vaIue ,f" the eve Iy di t:.bu ,ed

losses , ,, 1r.

2. We divide the entire 1, pth of' thi tcccel, ,Itor into 

sections. The length of each ie-. on i,- 00 m. Theo 1, und, a.ny cnr-tery

values equal 0.7, 100, 200, 40C, 600, 800 meV (se ,ig. 12).

3. We de termine the output of ovapoipra tie and ca:ad :g noutrc'-;

for each of' the accelerator's seetion by the graph1 (S., Fg. 1):

E.r- 20 . B 1. 0 B - .. Ity 1,

Enx 100 B B,: 1,4.10-, BKx ',5. 2.5 '
E =-200 i.; 3,1 -6,5.10 - ,  13K - 2 -1) -)

E -400 .3a Bi 1.7, BK:=8,5- 10-';

E= 600 . Bt 01_- .2. B= 1.6;

E = 800 mw Bit 5, BK-= 2,5.

4. We calculate the linar source dcnsities for each section frc:.

the formula (1):

E :20 meV

F . . 1.........() 3,3. 0 -proton/n -s .
3oO

F, -:-0;

E= 100 M3B

1011.0,01 - .1A. 10-'
F.= 0U"' 4- - .1,7. to" proton/mres

101,. -)01 10 1

30)

E - 200 .i-s F, 3.2 i0, E - - 6,7. 11

E =400 .iwa F 5.7 . ,  F x-- 2,9 -10".

E 600' .m9 I? a -1 1.10:', F, 5,4 -I. 0'
EW . , 1,7.10", F1, 8. 11W

5. We select the R. vol e on the -ui'';eo of Earth vh1ioh

equal:; 20 neut. ons/m2". . We fired the build-up fa(tol ' value f'or'

Earth from Tab e BI1 P  1 .2; , .9. We d(tclnmji o the pi'ciJ s ,

fluxes for eviporative cund cas a i c rw ettl rons., ont hc s:ulrface of

Earth by foimul as (7) and (8):

9



20 oi
- -. . 17: , . . 5.31,2 3 9

6. We cal u-ate th(. ,jield ' s thi ekne:;j d ,nd dt,: "cr each
section of Lhe acol, 'ato, by formu! ,s (2) arid ( ) w il t tho help of'
Figs. 2 and 3. Upon calctullating . :n, Z, V:; 1 v. 11 ") I ., p

conduct repotitive calculit ioIs for h , o u , o ri.:'r ti,;

resu 1 ts r = a + d, whore a i s the dieatanco f'r(;ri; 'he :u t r'c o tL

sh i e 1 d.

E = 20 meV

We assign the value r = 2.5 + 2 = 4.5 m. Ie det.ormine d1 1 .

From formula (2) we obtain the relations.hip:

kY,. GA ,-- 3.10-1.

From the graph (see Fig. 2) we determine dj/A x 3.2. From
Table 1 - 18 cm; consequently, d 18.1.2 = 22 cm.

We correct the value of r:

r = 2,5 + 0,5 - 3,0.;

/d,, 17-47.300 o O l

X- - 3,3.10; -

F F 1.[; d = 18.1.4 = 25 cm. The Value d 0,
because FK = 0 when the proton energy is E = 20 meV.

E 100 meV

We take r 2.5 + 1.0 = .5 m. We dctrminc d

.)'.A 4,7.10 - .ho

10



From .i j. 2 d 1A 3.5; d : l8.3.5 : 5 n (i.

We talko d 60 rti. We dtermine d K ,

From for::.ula (3) we obt.iin the rlzition.-hit,:

--d'~e , - iv, td "

0

We firid d // 1.2 f rom the graph (Fig. 3). When the energy

is E = 100 .cV for soil ,\ = 59.1 cm. Then d = 59.1-1.2 = 70 cm.

In a similar manner, we determine the shield's thicknessco d,,

and d for proton energy of 200, 400, 600, and 800 meV. The values

of these thicknesse.s are the f'ollowing:

E = 200 .w?.3 d,. 95 cA, d =290 cm;
E - 400 .. , d - 105 cmi, d, 400 cm;

E - 600 .ms d;, 115 c.u, d K-450 c.;

E = 800 .mse d -- 120 c.m, dK 460 cm.

We take the larger values of d and d as the actual value of

the shield's thickness. Those are:

E = 20 .4.-13 d 25 cm; F 400 -M43 d = 400 c.4;
E = 100.i -,4s d 70 cm; F 600 .x3a d = 450 c.%
E =- 200 .), d -: 290 c.m; E 800 .min d = 460 c..

We plot these va,]iues of d on Fig. I4 and construct the estimated

dependence (2) of' the shield ' ; thickne,,sr on the ]ength of the

accelerator with evcnly distributed ]osse.3, = 1% of the full

intensity of ]p 10 1 4 pro.to11:-:/.;.

i3
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