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ABSTRACT 

Flux density measurements around a 300-an-long steel beam stopper are made by using 

activation detectors with different energy thresholds. These measurements, from 21 posi

tions inside and 10 outside the shielding tunnel, provide information on the radiation at 

these positions, the spectn.nn of secondary neutrons, and attenuation by and shielding ef

ficiency of the beam stopper and the concrete shielding tunnel, respectively. Calcula

tions using a Monte Carlo method are made to evaluate the flux densities and spectra above 

100 MeV. These calculations and the experimental data are compared, and it is shown that 

both agree in general within a factor of 2. 
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When, as in our case, more than one activation detector is used, the different 

R(E)det provide information about the spectrum. From Table 1 we see that the spectrum is 
reasonably well determined at thermal energies, in the range of fast neutrons of 0.1 to 
20 MeV and up to about 100 MeV. By calculating the products R(Ei) x ¢(Ei) for different 

energy intervals Ei and surrnning them up, we can calculate the DR's from conjectured spectra. 
By modifying the spectrum in repeated trails we finally find a spectrum that gives a response 

equal to the measured one. Such a spectrum is not completely determined, and the method does 

not reveal a unique answer; however, a smooth spectrum that is free from oscillations, and 
matches the counting rates, might be considered a "reasonable" spectrum. 

The program TELLY computes counting rates that would be observed from a given spec

tral distribution. (TELLY was originally written by Marjorie Simmons, Nickey Little, and 

Alan Smith to find the spectra in the CERN-Rutherford-Berkeley shielding experiments from 
the responses of the same detectors.) TELLY employs an open-loop technique to solve the 

problem, in the sense that the user must supply modifications to an input neutron spectrum 

in order to achieve the match with a set of observed count rates. As written, the program 

will not generate new trial spectra automatically in order to seek the desired match con

ditions. The light-pen is used as the means for modifying spectral shapes. One simply 

draws a desired modification on the cathode-ray tube display, and almost instantly can ob

serve the changes in calculated detector count rates brought about by this special alter

ation. 

A similar approach was made by applying the LOUHI program10 ). Using an iteration pro

cess starting from a conjectured spectrum, this program finds a spectrum with the least

square deviations between calculated and measured responses. Above 100 MeV the spectra 

are ambiguous and not well determined by the detectors used. From the Monte Carlo calcu

lations discussed in the next paragraph we have information about the spectra at higher 

energies. By imposing this spectral distribution above 100 MeV, the TELLY and LOUHI pro

grams can still match the detector responses at lower energies. Examples of such experi

mental spectra are given in Fig. 5. In Table 4 the difference between measured responses 

and those calculated by the LOUHI program are given. Most of the spectra obtained match 

the responses within a few per cent, the highest difference being about 40%. 

In Fig. Se the spectra for different positions inside the tunnel and outside the con

crete shield are compared with each other. Some characteristic changes can be observed 

when the site of the measurement moves downstream in the beam direction: at a distance of 

about 75 cm from the beam axis, the spectra upstream from the impact point (position 19) 

have very high contributions of low-energy neutrons. At energies above 1 MeV the spectra 

decrease very quickly. There are almost no high-energy particles above 100 MeV. As we 

move to positions 6 and 8, small shoulders build up in the spectrum at about 100 MeV. This 
shows, as expected, the increasing number of particles of higher energy scattered and pro

duced in the more forward direction. This systematic change continues at positions 10 and 

14, where the forward-scattered particles become more and more pronounced. 

When comparing the spectra outside the shield we have, starting with position 31 (at 

the same longitudinal position as the beam stop impact point), a spectrum with a flat re

gion between 1 and 100 MeV. In the Monte Carlo calculations discussed below, this flat 
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Fig. 5 Neutron spectra as calculated with the LOUHI program. Two spectra are from posi
tions inside the tunnel (Figs. Sa and Sb); two are from outside (Figs. Sc and 
Sd), at the points of maximum radiation: on top of the shield of position 31, and 
from the side, where the shielding is only 240 cm of concrete, at position 38. 
Figure Se is a comparison of spectra taken inside the tunnel and outside the 
shield along the beam line. 

region of the spectrum does not show up, as the Monte Carlo particle spectrum has a lower 

energy cut-off at about 100 MeV. 1he flat part almost becomes a peak at positions 32 and 

33, but disappears as one moves to more downstream positions (35 and 36). 1his shows that 

the greater shielding thickness, which the radiation must penetrate toward the downstream 
positions, attenuates the secondary particles more than the flux density increases at 
smaller angles. 1he highest dose-rates and also the largest relative contribution to the 

dose-rate from high-energy particles are found at angles that are between 70° and 90° to 

the beam direction. 

4. NEUTRON ENERGY SPECTRA ABOVE E = 100 MeV FROM 
MONTE CARLO NUCLEON-MESON CASCADE CALCULATIONS 

1he Monte Carlo nucleon-meson cascade calculations in a block of shielding material, 

and the computer program TRANSK, were described in Refs. 3 and 6. New experimental data 

and other :improvements were recently introduced 11 ). 1hese :improvements include: 

i) an :improved fonnula for multiparticle production, which was fitted to new experimental 

data; 
ii) energy-dependent absorption cross-sections for strongly interacting particles on 

nuclei; 
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Table 4 

Ratio of (CR-CM) x 100/CM [CR = responses of activation detectors 
(LOUHI program), CM= responses from activation measurement; 
±0 = difference less than 1%; -- = no measurements made.] 

Activation detector 

Position Inditun 

24Na 32p Ile 22Na 
Bare Moderated 

Inside tunnel 

1 -- ±0 +4 -4 -8 -1 

2 -- ±0 -4 +2 +l -34 

3 -- ±0 +2 ±0 -28 -25 

4 -- ±0 +2 ±0 -7 +2 

5 -- ±0 +2 ±0 -9 +8 

6 -- ±0 +2 -2 ±0 -7 

7 -- +l +3 -2 -2 -5 

8 -- ±0 ±0 ±0 -10 --
9 -- ±0 -3 +2 +5 -35 

10 -- ±0 ±0 ±0 ±0 --
11 -- ±0 ±0 ±0 -7 --
12 -- ±0 ±0 ±0 -6 --
13 -- ±0 ±0 +2 -12 --
14 -- ±0 -1 +3 -12 --
15 -- ±0 ±0 +l -8 --
16 -- ±0 ±0 +l -6 --
17 -- ±0 ±0 +l -5 --
18 -- ±0 ±0 +2 -10 --
19 -- +l +2 -2 -5 --
20 -- +l +3 -2 -5 --
21 -- +l -3 +2 +3 --

Outside shielding 

30 -5 +15 ±0 -- -2 --
31 -2 +7 ±0 -- -7 --
32 -4 +10 ±0 -- -9 --
33 -1 +4 +3 -- -10 --
34 ±0 +2 +2 -- -8 --
35 ±0 +3 ±0 -- -3 --
36 -2 +4 ±0 -- +3 --
37 ±0 +4 ±0 -- -5 --
38 ±0 7 -3 -- +8 --
39 ±0 +3 ±0 -- -6 --
40 ± +3 ±0 -- -6 --
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iii) a better representation of ionization energy losses and nuclear excitation energies; 

iv) an improved treatment of energy conservation in the cascade, and introduction of a 
lower cut-off momentl.Ull or energy that can be changed but is usually arolUld 

Ecu = SO to 125 MeV; 

v) separate calculations of star and track densities, and more reliable calculation of 

the energy deposited by the cascade. 

1he program TRANSK was further modified to calculate the energy spectra of protons, 

neutrons, and pions as functions of the radial distance r from the beam axis in the shield

ing block or as functions of the depth z in the shielding block. Figures 6 to 8 give cal

culated proton, neutron, and pion energy spectra for different radii r in an iron block. 
1he cascade was excited by a 20 GeV/c proton beam. 1he neutrons are the most important 

components in the cascade. It is difficult to compare these curves with corresponding ex

perimental particle spectra. Cosmic-ray neutron spectra are expected to be different in 

the region of the high energies considered. 1he primary spectTl.Ull is different and extends 

to much higher energies than 20 GeV, and the same must be true for the neutron spectra at 

sea level. Neutron energy spectra around accelerators, evaluated from activation detector 
measurements as in the preceding section, cannot be expected to be significant much above 

E = 100 MeV even if the curves are continued up to much higher energies, as was done in 

Ref. S. 1here seems to be no physical process that could be responsible for the transmis

sion, through thick lateral shields, of neutrons with energies nearly equal to the primary 

proton energy, but many such neutrons are present according to the spectra in Ref. S. 1here 
is no direct experimental evidence available for the presence of these high-energy neutrons 

at the positions considered. 
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Fig. 8 Calculated pion energy spectra in a block of iron for different 
radial distances from the primary proton beam line. 

Below 100 MeV however, the experimental neutron spectra are expected to be nruch better, 

and we use the spectra shown in the preceding section to continue the calculated energy 

spectra from E = 100 MeV (about the lowest energy for which the spectra can at present be 
calculated) down to lower energies. This was done with typical activation detector spectra 

for one of the curves in Fig. 7. 

5. CALCULATIONS OF STRONGLY INTERACTING PARTICLE FLUXES 
IN AND AROUND THE BEAM STOPPER 

The Monte Carlo nucleon-meson cascade calculation 3 ' 6 ' 10 ) was first developed for appli

cations in the simplest geometrical situation. The underlying principles and the physical 

data used have now been shown to lead to results in agreement with measurements in the simple 

geometric situation. Therefore we can now apply the same method to more complicated geo

metrical situations. The first such applications have already been reported in Ref. 7. Here 

we consider a geometric situation similar to that around the beam stopper. 

The primary proton beam hits a cylindrical iron beam stopper of radius ro and length 11, 

surrounded by a cylindrical concrete shield with inner radius rs. The computer program 

KASTRA calculates, for the time being, only the proton, neutron, and pion star densities 

inside the beam stopper and in the concrete shield. However, we need the flux densities to 

compare them with the activation detector measurements. The assumption made here is that 

the flux densities inside the steel or concrete are proportional to the calculated star den

sities. This would be correct only in a calculation with cross-sections independent of 

energy and type of particle. We know, however, from the results of the program TRANSK that 

the assumption is a good approximation. 



- 13 -

1he resulting flux density for all strongly interacting particles, nonnalized to one 

incoming primary proton, is 

i = 300 on, and rs = 75 on. 
shield are compared in Fig. 

given in Fig. 9. 1he calculations were made with ro = 15 on, 

1he neutron, proton, and pion fluxes at rs = 75 on in the 
10. 1he neutrons are by far the most important component. 

It is very difficult to get statistically significant results at large radii in the 

concrete shield. 1herefore we calculate also the mean transverse attenuation of the flux 

density in the concrete by integrating over all z-values considered. 1he histogram obtained 

is given in Fig. 11. 'Ihe transverse attenuation of the flux density ¢(r,z) is well repre

sented by 

¢(r,x) ~ exp ( -r/A.r) 

with Ar = 80 g/on2 for the layout studied. 
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Fig. 9 Calculated star density (stars produced by strongly interacting 
particles of E ~ 125 MeV) inside the iron beam stopper and in
side the concrete shielding. The density is normalized to 
1 star/cm 3 at r = 0 and Z = 0 in the beam stopper. The curves 
can also (approximately) be regarded as the corresponding flux 
densities, normalized to one incoming primary proton. 
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Fig. 10 Comparison of neutron, proton, and pion flux or star densities 
at r = 75 cm in the concrete shielding. 
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6. COMPARISON BETWEEN MEASURED AND CALCULATED PARTICLE FLUXES 

The energy-dependent cross-sections of the activation reactions which we use: 

O Al,n = 0 [ 27 Al(n,a)24 Na] ' 

O Al,p = 0[27 Al(p,3pn )24Na] ' 

are given in Ref. 9. The neutron energy spectra ¢n(E) in and around the beam stopper and 

behind the shield are given below E = 100 MeV by the activation detector measurements. In

dividual spectra for points 1 to 21 continued above 100 MeV by the spectra from Fig. 7 for 

r = 100-120 g/cm2 , and for the points 30 to 40 by the spectra from Fig. 7 for r = 
400-420 g/cm2 • The proton energy spectrum is assumed to have the form 

( ) 1 (E + mp)2 
- mi ( ) 

¢p E 3 (E + mp)2 <l>n E ' 

which is qualitatively in agreement with the calculated proton spectra in Fig. 6. 

The number of nucleons contributing to the fluxes in the Monte Carlo calculation is 

Eo 

NMc = J [¢n(E) + ¢p(E)] dE 
125 MeV 

The number of nucleons contributing to the activation detector measurements is 

We define the quantities 

N = c 

/° <l>n(E) dE + 
Ethr(Al,n) 

]° <l>n(E) dE + 
Ethr(c,n) 

]° <l>p(E) dE 
Ethr(Al,p) 

f° <l>p(E) dE • 
Et hr( C,p) 

which are needed in order to compare the fluxes calculated in the Monte Carlo calculation with 

the measured fluxes. 
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1he average Al and C activation cross-sections are: 

Eo 

J [ <Pn(E) CJ Al,n + <Pp(E) CJ Al,p] dE 
Ethr(Al) OAl = ~~--'~~~~~~~~~~~~~ 

NAl 
38.8 mb 

t [<Pn(E) CJc,n + <Pp(E) CJc,p] dE 
Ethr(c) 

21 mb • 

All these integrals can be evaluated by nlDilerical integration. 

1he experimental particle fluxes given in Table 3 were obtained with oAl = 120 mb and 

oc = 22 mb. To compare the fluxes ~C obtained in the Monte Carlo calculation, with the 

measured ones <PAl and cf>c given in Table 3, we convert the latter with the relations 

120 mb 
\)!Al 

22 mb 
CJc • Ge <Pc • 

1his has been done for all points of the measurement. Table 5 gives the Monte Carlo fluxes 

~C according to Fig. 9 for different positions arolllld the beam stopper. 1he positions are 

characterized by the coordinates z and r. Table 6 gives the calculated oAl and oC' and the 

calculated ~ and Ge for each position, and compares the Monte Carlo fluxes ~C with the 
converted fluxes \)!Al and \)JC. In a second comparison the proton energy spectra were set equal 

to zero: cpp(E) = 0. Table 7 gives for this case the calculated oAl and oc, ~ and Ge• as 
well as the fluxes \)!Al and l)ic· Most numbers in Table 7 differ by less than 10% from the 
corresponding numbers of Table 6. 

At the same time the fluxes obtained from the LOUHI spectra above 130 MeV are given. 

1he fluxes as presented in the table are compatible with the fonn of the spectTl.Uil as in 
Fig. 9 and with both the 24Na and 11 C responses as measured with the activation detectors. 

Figure 11 shows that the calculated attenuation at large angles is compatible with an 

attenuation length of 80 g/cm2 • When the high-energy particle flux densities inside and 

outside the tllllnel are normalized by multiplying by r 2 , the apparent A is 110 g/cm • 1his 

A is in agreement with the values found for earth and concrete shielding in the CERN-LRL 

Rutherford shielding experiment. 

1he maximlUil radiation is measured on top of the shield at 80° with the beam direction. 

1he dose equivalent at positions outside the shield is estimated from the flux densities to 

be 1.5 rem/hat positions 31 (770 g/cm2 ) and 4.25 rem/hat position 37 (580 g/cm2). 

1he radiation profile across the beam tllllnel shows a minimum at the beam axis, and 

maximum values at 10° with the beam direction. Ten metres behind the 300 cm steel stopper, 

the dose-rate would be of the order of a couple hlllldred rem/h; in such geometry the two 

stoppers would be insufficient to control the access to a downstream area. 
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Table 5 

Fluxes calculated at ro = 75 cm, and at r = ro + 240 cm and 
r = ro + 320 cm, in the concrete shield and for different Z positions. 
The fluxes at r > ro are obtained from 

¢(r) ¢(ro) exp -
(r - ro) [g/cm2 ] 

80 

The fluxes are normalized to one proton hitting the beam stopper. 

z 
<PMcCro) ~cCro + 240) ~C(ro + 320) (an) 

-120 1 x 10- 6 5 x 10- ll 

30 1.2 x 10- 5 6 x 10- 10 

60 1.7 x 10- 5 8 x 10- 10 

70 2 x 10- 5 1. 3 x 10- 8 1 x 10- 9 

150 2 x 10- 5 1 x 10- 9 

180 1.7 x 10- 5 8 x 10- 10 

220 1 x 10- 5 5 x 10- 10 

230 9 x 10- 6 6 x 10- 9 4.5 x 10-10 

330 4 x 10- 6 2 x 10- 10 

430 (1.8 - 2.2) x 10- 6 (9 - 11) x 10-1 0 

530 (7 .5 - 14) x 10- 7 (3. 7 - 7) x 10-11 

830 (4 - 40) x 10-a (2 - 20) x 10-12 

1he fluxes predicted by the Monte Carlo calculations differ from the experimental 

fluxes by more than a factor of 2 in only a few positions. 1he differences between the 

converted Al and C fluxes are smaller than a factor of 2, and both agree within about the 

same limit with the fluxes ¢ LOUHI. 

Only the errors at positions 2, 6, and 7 are notably larger. 1hese are the positions 

with z "' O. 1he reason for this disagreement is the poor statistical accuracy of the 

Monte Carlo results at locations perpendicular to the beam at the position where the pri

mary proton hits the stopper. Efforts will be made to improve the Monte Carlo calculation 

in this respect. 

Other systematic errors came from the fact that the energy spectra above E = 100 MeV 

cannot be expected to agree everywhere with the assumed ones, and from errors in the as
sumed activation cross-sections. 

1he agreement between experimental and calculated fluxes is already good enough for 

making an estimation of the shielding at the present stage. 1he predictions are better 

than the assumptions that can be made concerning beam losses in most of the practical cases. 
1his latter mcertainty often demands higher safety factors for the shielding, than the 
uncertainties of the shielding estimation itself. 
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Table 6 

Comparison of measured and calculated fluxes, 
all normalized to one proton hitting the beam stopper 

Position z - -
QAl Oc 10 6 

x cf>MC 10• x t/JAl 10• x !/Jc r oAL oc 

(cm) (cm) (mb) (mh) 

2 60 55 35.1 21.5 3.9 2.3 17 92 126 
3 220 55 30.3 21. 5 3.6 2.2 10 11 25 
4 150 40 33.6 21.3 4.6 2.9 20 20 20 32 
5 150 40 31.9 27.3 4.0 2.5 20 26 45 
6 30 75 37.1 21.3 5.4 2.9 12 40 59 
7 30 75 37.5 21.3 6.6 2.8 12 41 76 
8 180 75 34.7 21.3 4.2 2.5 17 21 34 
9 180 75 30.7 21.6 3.3 2.2 17 32 42 

10 330 75 33.0 21.5 3.7 2.3 4 5.5 8.1 
11 330 40 38.8 21. 2 5.3 2.7 4 2.4 3.7 
12 330 40 39.5 21. 2 5.8 3.0 4 1.9 2.9 
13 330 75 33.2 21. 3 4.1 2.6 4 5.0 8.4 
14 530 75 33.3 21.3 4.1 2.6 0.75-1.4 1.3 2.15 
15 530 40 36.5 21.3 4.4 2.5 0.75-1.4 1.05 1.65 
16 530 0 38.8 21.1 5.7 3.0 0.74 - 1.4 0.75 1.2 
17 530 40 39.4 21.1 5.7 2.9 0.74 - 1.4 0.75 1. 25 
18 530 75 37.3 21.1 5.2 2.9 0.74 - 1.4 1.1 1. 75 
19 -120 75 42.1 21.1 7.5 2.8 1.0 1. 7 3.2 
20 -120 75 43.5 21.0 8.5 3.4 1.0 1.4 2.3 

10 10 x ~c 10 10 x t/JAl 10' o x !/Jc 

31 70 R + 320 32.3 21.1 6.7 4.4 10 16.5 25 
32 230 R + 320 30.3 21.1 6.7 4.7 4.5 5.5 8.6 
33 330 R + 320 30.8 21.1 7.2 4.9 z.o 2.4 3.9 
34 430 R + 320 33.9 21.0 7.8 4.8 0. 9 2- 1. 7 0.9 1.5 
35 530 R + 320 38.6 21.0 7.5 4.1 0.32 - 0.7 0.36 0.55 
36 830 R + 320 56.5 20.8 24.0 3.3 a.oz - o.z 0.09 0.12 
37 70 R + 240 36.2 21.0 7.5 4.4 130 47 63 
38 230 R + 240 35.9 21.0 8.5 5.0 60 12 19.2 
39 70 R + 320 36.4 21.1 7.4 4.3 10 6.0 9.2 
40 230 R + 320 35.6 21.0 7.6 4.6 4.5 3.9 6.0 

We may conclude that the Monte Carlo nucleon-meson cascade can be used, not only for 

simple but also for more complicated geometric situations, to predict with sufficient ac
curacy the shielding requirements for strongly interacting particles. 1he Monte Carlo 

method is possibly the most reliable of the methods known at present for estimating shielding 
requirements for future accelerators in the 200 to 500 GeV energy region. 
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Table 7 

Comparison of measured and calculated fluxes, all normalized to one 
proton hitting the beam stopper. The proton energy spectra ~p(E) are 
set equal to zero in the calculation of crAl' ac, QAl' and QC. 

z r aAl ac QA! ~ 10• x~ 10 6 
x "'Al 10 6 

x "'c 

(an) (an) (mb) (mb) 

60 55 33.9 21.9 3.55 2.2 17 104 128 
220 55 Z9.3 21.8 3.1 2.15 10 11. 7 24.5 

150 40 32.6 21.6 4.2 2.7 20 22.5 32.5 

150 40 30.9 21.6 3.5 2.35 20 31.0 47 .o 

30 75 36.1 21.6 4.85 2.8 12 31.0 59.0 

30 75 36.4 21.6 4.7 2.65 12 58.0 78.0 

180 75 33.7 21. 7 3.8 2.4 17 23.0 35.0 

180 75 29.6 21.9 3.0 2.1 17 36.0 45.0 

330 75 31.8 21.8 3.4 2.2 4.0 6.2 8.3 

330 40 37.8 21.5 4.8 2.6 4.0 2.6 3.8 
330 40 38.5 21.4 5.25 2.8 4.0 2.5 3.0 

330 75 32.1 21.6 3.7 2.4 4.0 6.3 9.0 

530 75 32.2 21.6 3.7 2.45 0.75-1.4 1.5 2.2 

530 40 35.4 21.6 4.0 2.7 0.75 - 1.4 1.2 1.5 

530 0 37.8 21.5 5.1 2.8 0.75 - 1.4 0.87 1.2 

530 40 38.4 21.5 5.1 2.8 0. 75 - 1.4 0.92 1.25 

530 75 36.2 21.5 4.8 2.55 o.75 - 1.4 1.25 1.9 

-120 75 41.2 21.5 6.0 2.75 1.0 2.1 3.2 

-120 75 42.7 21.3 7.6 3.3 1.0 1.65 2.3 

1010 x ~ 1010 x "'Al 101 o x "'c 

70 R + 320 31. 7 21.3 6.1 4.1 10 18.5 26.0 
230 R + 320 19.7 21.4 6.2 4.4 4.5 6.1 9.3 
330 R + 320 30.2 21.3 6.6 4.6 2.0 2.6 4.2 
430 R + 320 33.2 21.3 7.1 4.6 0.9 - 1.1 1.0 1.5 
530 R + 320 37.9 21.3 6.8 3.9 0.32 - 0.7 0.41 0.56 
830 R + 320 56.2 21.4 21.0 3.4 0.02 - 0.2 0.01 0.11 

70 R + 240 35.5 21.3 6.8 4.1 130 46.0 66.0 
230 R + 240 35.2 21.2 7.7 4.7 60 14.0 20.5 

70 R + 320 35.7 21.4 8.7 4.0 10 6.7 10.0 
230 R + 320 34.9 21.3 7.0 4.3 4.5 4.2 6.2 

10• x <PL<llHr 

65 

7.8 

19 

21 

40 

45 

15 

21 

3.8 

1.9 

1. 7 

3.9 

1.0 

0.76 

o. 71 

0.72 

1.0 

1.6 

1.6 

10 I o x <j>LClJHI 

26 

9.0 

4.0 

1.5 

0.57 

0.012 

66.0 

20.0 

9.5 

6.2 
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