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V.E. Aleinikov, V.. Lebedev, V. Mantseva, and M.I.

Salatskaya

In the planning of protective shielding for proton ring high-
energy accelerators one often comes across the kind of arrangement shown
in Figure 1. The source of the radiation and the shielding are then so
disposed that radiated flux emitted at an angle 8 = 900 to the primary
proton beam which is bombarding the target is incident on the plane on
the shielding. Very little is known about the ocutput and the spectral
distribution of this flux, and therefcre estimation of the necessary thick-
ness of shielding a priori is difficult. The purpose of the present work
was thus to obtain the lacking information on the attenuation of nucleon

and meson flux in concrete shielding disposed as shown in Figure 1, and



to compare the results with calculations based on reasonable simplifying
assumptions about the form of the spectral and angular distributions.
Principal characteristics o f t he s econ -
dary radiation

Nucleons and mesons were generated at a 20 x 40 x 160 mm beryllium
target or at a 30 x ?O x 90 mm copper target, placed within the vacuum cham-
ber of the O0IYal /JINR/ synchrophasotron, in the rectilinear receptacle
cavity. Beryllium was chosen as a target because the spectral distribution
of the secondary particles has been quite well studied for beryllium. Copper
was used mainly on the basis of practical ccunsiderations, since thevmain
circultry and components of the accelerator onto which the proton flux is

deflected at the end.d the accelerator cycle, are made of materials of

—

medium atomic numbers such as copper, iron, or stainless steel,
Spatial - angular distribution.
The space distribution of seccndary nucleons and ¥%-mesons generated
at the target was determined experimentally under various conditions: in

the arrangement shown in Figure 1 when the target was virtually ocutside the



magnetic field, and also when it was inside the vacuum chamber between the
poles of the electromagnet. In both cases the detector of the high-energy

. . 12 .
particles was a threshold activated detector on a C base (B

nucleon threshold
20 Mev, Eﬁ threshold = 50 Mev). The space distributions of the secondary
particles measured in this way are given in Figure 2. It should be mentioned
that these distributions were not obtained under ideal conditions, since in
particular, the influence of the vacuum chamber walls and of the magnetic
field on the trajectory of the charged particles was not included. However,
these effects are estimated to be small and the spatial distributions ob-
tained may be approximately interoreted as angular. Moreover, it is de-
sirabie in working out biological and technological shielding for the given
accelerator to have the distribution of the secondary particles measured
under just such conditions.

The experimentally determined yield of secondary components (n, p,?Ti)
into a solid angle of %.75W along the direction of the beam (which corres-

.0 ‘ . . .
ponds to an angle of 150  between the directions of the primary protons

and the libherated secondary particles) is equal to 3.5 + 0.5 particles per



accelerated proton for a copper target and 2.3 + 0.5 for a beryllium target.
Since we have no accurate knowledge of the effectiveness of the targets
used, it is difficult to reach a sound conclusion regarding the absolute
value of the yield per interacting proton. On the supposition that all

the protons eventually pass through the region of the target, which is

close to reality, the effectiveness of the copper and beryllium target is
respectively 0.4 and 0.3.

Since it is possible that the circulating protons will miss the
target or pass through only a part of it, it is clear that the true yield
will be somewhat greater, i.e.

Bo,? 9 Bpe > 74D,

In comparison with published data, in particular the estimates carried
out by empirical formulas given in ref. 1, bascd on extensive factual mate-
rial (BCU = 5.4 and B, = 4,3 for slower particles), the yields found by
us are evidently too small by a factor of ~2 if we take into account the

low recording threshold of our detector.

The results shown in Figure 2 are described by an empirical relation-



ship of the form k (& + QO)_H. The values of k, 6, and n are given
in Table 1 in relation to target materials; the normalizing factor k

is given on the bvasis of a total yield of 10 nucleons per proton.

Table 1.

Target material o, k n
Copper 0.157 1.2 1.6
Beryllium 0.175 Tk 1.8

The errors indicated in the figure include both those due to the apparatus
and those due to the indeterminate nature of the effect of protons deflec-
ted onto the walls of the vacuum chamber of the accelerator. This effect
is greatest for & > 900, when the particle flux from the target becomes
comparable in order of magnitude with thst generated at the walls.

The same figure also shows, for purposes of comparison, angular and
spatial distributions of secondary components obtained by other workers.
Curve 2 of Figure 2a shows thg angular distribution of neutrons from a

ol
. 5 . o [l . . . s
thick copper target bombarded with 6.3 Gev protons , Curve 2 in Figure 2b

was obtained experimentally by bombardment with 10 Gev protonsj. In the



latter instance the method of measurement was the same as ours, except
that in ref. % the target was "thin" and was situated outside the magnetic
field. This should be taken into consideration when comparing the curves,
since the presence of the magnetic field leads to a siight broadening of
the angular distribution curve.
Composition and spectra distribution
The expected distribution of secondary particles ( ﬁ'—meéons and
nucleons) generated at a target at an angle of 900 to the direction of the
primary 10 Gev protons is given in Figure 3. This distribution was ob-
tained on the assumption that ﬁhe fluxes of secondary particles may be
interpreted as a combination of two indépendent distributions of transverse

momenta p and longitudinal momenta p,, di.e.
1 "2

f(p.,p, ddp dp =g (p )dp -g (p ddp ,
1 2 1 2 1 1 1 2 2 2

where f(p ) is the probability of the formation of particles with

17 P2
transverse momentum p, and longitudinal momentum p; gq(pq) and ga(pa)

are functions of the spectral distribution of the transverse and longitudinal

momenta of the secondary particles.



We further assumed that the transverse momentum distribution gq(pq)
of the secondary particles does not depend on the energy of the primary
. Iy
particles, which is not in disagreement with the experiments for proton
. . LI : .
energies ranging from a few to 10 Gev, and consequently the spectrum of se-
. P e 4 ; n R0 . U,
condary particles emitted at an angle of YO to a target bombarded by 10 Gev
protons is identical with the spectrum in the case of bombardment with
5
29.5 Gev protons” (Curves 1 and 2 in Figure 3).
For comparative purposes Figure 3% also shows the experimental spec-
trum of neutrons generated in a lead target by 10 Gev protons at an angle
o ; . . . '
cf 907 to the direction of the primary protons .

It follows from examination of the spectra presented here that
nucleons and mesons with an energy of the order of several tens or hundreds
. . o L
Mev are liberated from the target at an angle of 90" to the incident beam.

The flux of particles rapldly decreases with increasing energy. Of these
particles, only the neutron component has any significance because a large
part of the protons and W-mesons is absorbed by the walls of the vacuum
chamber and does not reach the shielding. Moreover, ~50% of the W -mesons

disintegrate as they travel over the 8.35 m separating the target and the



shielding. Analysis of the nuclear interactiocns in emulsions placed on
the surface of the shielding gives a ratio between the stars formed by

the neutral and the charged components in conformity with the above state-
ments, i.e.

/Ny = 20,

Nneutral arged

The problem of the value of the p-meson flux remains open. However,
it is not necessary to be precise about this value, because the energy of
p-mesons is low and they are completely absorbed at a depth of the order
of 1-1.5 m of concrete.

Results and discussion

Figure % shows particle flux densities (primarily of neutrons) in
concrete (p = 2350 kg/mz) at various depths, obtained with the threshold
detector working on the principle of the measurement of radiation-induced
activity of qu in a liquid scintillator. The measurements were carried
out for three energies of the internal beam of protons: 10, 7, and 3.2 Gev.
The results for these energies agree within the limits of experimental

error. This is evidently due, as mentioned earlier, to the fact that the



spectrum of secondary particles emilted at 900 from the target is virtually
independent of the energy of the primary particles in this range of energy,
and the mean multiplicity of nucleons in the energy range %-10 Gev varies
only slowly7. The figure shows also, for comparative purposes, a computed
curve for the attenuation of neutrons with an energy of » 20 Mev. 1In cal-
culating this curve it was assumed that the rate of attenuztion of the

flux of such neutrons is determined mainly by the rate of attenuation of
the flux of neutrons with an energy exceeding 80 Mevg. The computations
were performed using the solution (obtained in ref. 8) of the kinetic
equation for a monodirectional monochromatic neutron flux incident normally
on a semi-infinite absorber, without allowance for the angular scattering

of neutrons resulting from interaction with nuclei:

(1

C(x)me™ 1 (2y npx(E <E ) )

where @¢(x) 1is the neutron flux at depth x with energ; in excess of

E1 = 80 Mev, po= 2.27 X 10—2 cm“,l is the linear attenuation coefficient

of the neutrons, equal to (where ¢ is the cross-section of

n_g.
o in

inelastic interaction between neutrons and nuclei and mo is the number
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of nuclei in 1 cn” of the absorber) ; I (ZVgﬁF§?E;:E;) is the Bessel func-
ticn of zero order of imaginary argument; Eo is the energy of the primary
neutrons.

The coefficient 7 may be represented by:

n=v(E*)I(E)A(E"),

where Y(E') is the mean multiplicity of secondary neutrons formed during

I

an inelastic interaction of a neutron having an energy L' with a nucleus;

=

~

n -
f(E) is the spectrum of secondary ncutrons; Aa(¥E') = [ f(E‘)dEJ_/l is
-50

oo

the normalizing factor.

since the solution of the kinetic equation which we have adopted is

correct only when M= const, the calculation of the attenuation curve was

made by choosing for WE') and f(E) mean values in the energy interval

of 80-200 Mev. Curve 2 in Figure % shows the neutron spectrum used in the

calculation.

The spectrum was normalized to the particle flux density measured by

the threshold carbon detector at a point in front of the shield (x = 0).

The attenuation curve in Figure 4 was computed for E1 = 80 Mev and



Mcv-q. As may be seen, there is good agreement between the
calculated curve and the experimental results. Figure 4 also shows the re-
sults of measurements of the flux density of neutrons with an energy of
{ 20 Mev at different depths of concrete. These measurements were obtained
by means of a '"long", BFB—filled, proportional counter.

Comparison of the attenuation curves for nucleons with E > 2C Mev
and neutrons with En < 20 Mev at depths in concrete grester than 100 cm

(i.e. where there are virtually no primary particles) shows that Lhe mean

G
(A
.

neutron accumulation factor for En < 20 Mev is egual t
Apart from measuring nucleon flux densities in the shielding, we
2lso irradiated nuclear emulsions of the 'p' type. Figure 5 gives
measured star densities at various depths in the concrete. It also shows
a calculated curve showing the relationship between the neutron star den-

[}

sity and thickness of the concrete, calculated from equation (1). The

.. L eV s r ~ O "'3 —/I
threshold of star formation was taken as 80 Mev, M= 2.0 % 10 Mev ', and
the spectrum of primary neutrons was normalized to the density of neutron

stars at a point in front of the shield (x = 0). The cross-section for

star formation was taken as independent of the neutron energy.
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It follows from Figures 4 and 5 that the attenuation law for the
neutron fluxes may be taken as exponential. Table 2 shows the half-value

layer thicknesses (A4) obtained by us for the secondary particle fluxes

in concrete (p = 2350 kg/mB). For comparison, the table shows also A

2
4
values for energies of 0.17-0.66 Gev as given by Komochkov and Sychevé.
Table 2.
Energy of pri- Direction of - A
mary protons the beam of Me%hod Of, e
., measurement -
Gev secondary expt. calc,
particles
0.170 0° threshold de- 29 12 33+ 2.6
tector

0.250 0° dto. 34,5 + 2 36+ 2.9

0.350 0’ dto. 38 12 38.5 ¥ 3.1

0.480 o? dto. 43 %% b1 % 3.3

0.660 0° dto. b2 ¥ 1 b2.3 % 5.3

3.2 90° dto. b5 %2 3.5

7.0 907 Gto. by ¥ 2 43,5

10.0 90° ato. b5 ¥ 2 13,5

10.0 900 "long" counter Li + 2 7,5

1040 90° Nuclear emulsion 50 + 4 43,5

It will be seen from Table 2 that the thicknesses of the secondary
radiation half-value layers in concrete which we have obtained are close

. . o .
to the values of A, for secondary radiation emitted at O to the primary
2

v

beam in a 660 Mev synchrocyclotron . However, in our geometrical layout

there is practically no transition region on the attenuation curves (Figures h4-5),



which is in good agreement with the spectrﬁm of the incident neutrons
(Figure 3).

The data given above enable one to compute fully ithe lateral shiel-
ding for the JINR synchrophasotron, assuming with an accuracy sufficient
for practical purposes that the exit* cross-section of very fast particles
for ordinary concrete (p = 2350 kg/mz) is equal to

-3 2,
Eirem = 0.65 x 10 7 m /kg

The results obtained clearly may also be used for planning the lateral
shielding of high-energy proton ring accelerators (up to hundreds of Gev),
since the spectra of secondary particles emitted at an angle of 9@0 to
the target, as previocusly stated, depend little on the energy of the pri-
mary protons in this energy interval.

The authors are indebted to V.S. Sychev for valuable criticism.
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Figure 3. Energy spectrum of neutrons emitted at right angles to a target

of material with a moderate atomic number.
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Figure 4,
Attenuation of neutrons (En < 20 Mev) and nucleons (& > 20 Mev)

in concrete (p = 2350 kg/m?) .
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Figure 5.

PDensity of neutron stars in a nuclear
depths in concrete (o = 2350 kg/mB).
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