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l. Introduction 

Weak focussing proton synchrotrons wnich are currently in operation 
. . .. 1,. 2 

lie in the energy range l to 12.5 GeV~ To date, only three strong 

focussing proton machines have been built, but these have proved so success­

f~ in operation3' 
4

' 5 that several others are either under construction 

or planned •. Although the highest energy at present achieved is 33 GeV, 

(AGS-Brook.haven), it is clear that strong focussing, alternating gradient 

machines are capable of energies up to several hundred, if not a thousand, 

GeV. A machine in. the U.S.S.R. at Serpukhov designed for an energy of 

70 GeV is expected to be in operation in 19666 , whilst machines of 60, 7 
8 9 . 

200 and 300 GeV are actively under consideration by groups at Saclay, 

Berkeley and CERN respectively. The committee under the chairmanship 
10 of N. F. Ramsey further recommended that. a machine of between 600 and 

1000 Gev11 should be built in the United States in the early 1980's after 

the successful operation of a 200 GeV machine. Preliminary design studies 

for 500 GeV and 1000 GeV machines are underway in t.he Soviet Union12 ' l3. 

Proton intensities of - 1012 protons per pulse have been achieved with 

these machines and it is not unreasonable to expect improvements up to 
14 2 10 protons pulse. Tables II and III in Section 2.2.2.1 list the 

characteristics of proton synchrotrons at present operating. It should 

be kept in mind that constant improvement is being made and that intensity 

figures tend to change rapidly. 

Because of the great success of strong focussing machines, their 

economy and the good optical properties of their proton beams, the weak 

focussing proton synchrotron is probably obsolescent. At energies greater 

than about l GeV the A.G. synchrotron becomes the prime contender. For 

this reason, much more attention will be given here to strong focussing 

machines although, of course, in many ~espects, as sources of radiation 

both types of synchrotron are very similar. 

It is not our purpose here to give a detailed description of the 

design features, construction or operation of proton synchrotrons which 

has been dmne with great competence elsewhere. 14 ' 15 For completeness, 
. 16 

a brief description of these machines is given in Section 2.2.2.1 (see 

Section A). 

Whenever, either by accident or design, the proton beam strikes 

material, a nuclear cascade is generated. A study of the mechanisms 

causing beam loss and the ensuing nuclear cascade is of vital importance 
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in understanding the sources of radiation from synchrotrons which are of 

two distinct types--the radiation produced when the machine is ·in operation 

and the radioactivity induced in the structure of the machine itself, which 

produces a continued hazard after the machine is tureed off • 
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2. Beam Loss Mechanisms. 

Generally speaking, bea.nl loss from the ~pjector presents no problem 

(except close to the eleqtroetatic ,intiectOr£1). •. Tllis is because the beam 

loss is small and the injection energy ts relatively low. For many mach.ines 

it is possible to work in· the close proximity . .of the operating injector 

(e.g., Brookhaven AGS, Bevatron)~ However, new machines with higher 

intensities will demand higher injection energies (e ·~·, 200 MeV is 

proposed as the injection energy into the' 8 GeV re-injector for the 200 

GeV PS). In these cases it may .be necessary to provide some shielding at 

the high energy end of the injector or· have ·a rather elaborate· safety 

system to protect personnel working close to the injector. 

We consider in some detail the following causes of beam loss: 

(a) Loss.:~!i!.t injection 

(b) Gas scattering 

(c) Loss at transition 

(d) Losses at full energy due to targett±ng and extraction 

(e) Operational and accidental losses 

(a) Beam Loss at Injection 

The choice of injection energy is a compromise between the conflicting 

demands of cost, beam intensity~· residual and stray magnetic fields, gas 
1 scattering, etc. At Birmingham it is as low as 460 keV and an electro-

. 1 
st,9.tic generator is used, whilst at CERN it is 50 MeV and a linear accel-

era.tor is used. Future machines will have linac injec~ion at energies of 
. 8 9 

200 MeV or higher. ' 

by an inflector ,system. 

Beam is steered into the main ring vacuum chamber 

With the linac injection into synchrotrons, it is 

present practice to "dump" the unwanted linac beam pulses in the neighborhood 

of the inflector plates. (For example, the Brookhaven AGS llnac has. a 

repetition rate of 2.5 pulses per sec.--with the main ring operating at 1 

pulse in 2.4 sec., with only l linac pulse in 6 being used.) This "beam 

dumping" has two deleterious effects--high neutron levels are produced whilst 

the machine is operating and the residual radioactivity after turn-off is 

often considerable •. Measurements of the radiation levels on top of the 

Brookhaven AGS shield above the inflector are more than double the average 

levels nearby •17 About 6 m from the inflector the dose rate a few hours 
11 . . 

from shut down a.1'ter operation at 3 :X 10 · protons per pulse is in 

exce~s of ·100 mr hr.-: Measurements at CERN with somewhat higher beam intensities 

show levels as high as 2 R hr-1 .close. to·the inflector vacuum pipe even 
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24 hours after shutdown.19 .Dose rates much higher become impractible for 

normal work within the machine building and so it will be necessary in 

future machines to avoid beam dumping in the !~lector system. The 

simplest solution would be to "turn off" the injector when not required, 

but linear accelerators in particular do not work well under these co ndi tiona. 

An alternative solution is to guide the injector beam into a well-shielded 

dump between synchrotron pulses. The problems of radioactivity induced in 

the machine proper may then be minimized and the beam dump adequately 

designed to handle materials of high specifi~ activity. 

Present injection techniques at the CERN-PS and Brookhaven AGS have 
14 been described by Livingston and Blewett. As the beam enters the main 

ring vacuum chamber, it very rapidly loses its r-f structure so that when 

the main ring r-f system is switched on the circulating beam roughly forms 

a d-e filament. Adiabatic turn-on of the r-f can, in principle, trap all 

the beam into phase-stable buckets. In pr~ctice, with the existing rate of 

r-f turn-on between 60 and 75% of the beam is trapped. Particles not trapped 

are lost to the walls but the time taken to lose the untrapped beam can be 

rather large. Measurements by Distenfeld indicate that loss after injection 

occurs for several millisecs. 20 The explanation for this rather long loss 

time is probably . .a rather complicated combination o{ the effects of changing 

magnetic field, radio-frequency and the phase oscillations which have a 
21 frequency of - 8 kcs for the AGS compared with the circulation frequency 

of- 500 kcs. 

(b) Gas Scattertng Losses 

L9sses due to gas scattering fall naturally into three categories:· 

(i) Multiple coulomb scattering when the beam fills the aperture of the 

machine. 

(H) Multiple coulomb scattering when the bea.ni·is being-accelerated. 

(iii) Nuclear and diffraction scattering throughout the machine cycle. 

In a. well~designed proton synchrotron, the injected beam almost 

·entirely fills the available aperture of the vacuum tarlk. The first weak 

focussing and strong focussing synchrotrons to be constructed had very 

large vacuum chambers because the beam ~rbit ste.bility was not w·ell unde:~-

stood. However, the second generation machines constructed and at present 

being designed do not have excessive aper~ure simply for reasons of economy.. 
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Generally S'J:leak.ing, gas scattering losse.s are. not ser-ious. Mea.s-· 
. . 22 . 

urements of the Cosmotron beam life-time indicates t ... 20 sees. a.t a.· 

pressure of 2 x lo-6 nun Hg. At 30 •QeV,Cumming23 estimates tha. AGS beam . 6 . . . 
loss at,.. 0.2~ at 2 x 10- mm .Hg, whilst estimates of beam life-time 

in storage rings proposed :f'or.the CERN-P8 are"" 33 hours at a pressure of 
-8 24 10 mm Hg. Care must be taken, however, to ensure that the vacuum 

system is adequate and estimates of beam loss in each individual case are 

necessary. Extended injection times., for example, when the beam almost 

completely fills the available aperture can result in significant loss. 

(i) Multiple Coulomb Scatterin5 The combined effects'of many small 

angle;3coulombr.~scatterliv~nd betatron oscillations can produce beam loss, 

particularly when the beam fills the available aperture. The theoretical 

treatment of multiple-coulomb scattering losses are contained in papers by 
25 26 . 27 Bia.chma.n and Courant, Greenberg and berlin, and Courant. 

For small loss the probability of survival, P, for a coasting beam 

occupying some factor a of the aperture a may be shown to be: 
0 

p = l-bfT} 

(l) 

where b is a constant to be evaluated in each particular case fsee·.egn.4) 

~nd: 11 ts ·.given by: 

with N = 
·z = 
e = 
c = 
R = 
a· = 

v = 
E = 
13 = 

11 = 
183 

log zl/3 

number of residual gas nuclei cm-3 • 

atomic number of residual gas. 

electronic charge. 

velocity of light. 

radius of beam orbit. 

semi-aperture of vacu~ chamber. 

number of betatron oscillations per revolution. 
' 

total energy of proton. 

velocity of protons in units of c. 

For nitrogen this becomes: 

= 
4 9.26 X 10 

when p is measured in mm Hg. 

E is in MeV. 

(2) 

(3) 
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Thus the beam loss is directly proportional to ~p an'd ~t but inversely pro­

portional to a and E, the total energy of the proton. The value of the con­
? 

stant ~ in equation (1) may be evaluated from the equation: 

oo a -A ~ 
4 I: J (A ...;2} e 8 

1 
1 s a 

P(p,t) = 

where.}l(p,f;) = probability of beam survival at pressure pin timet, 

a 
0 

a = fraction of aperture occupied by beam, 

J
0
,J

1 
are the usual Bessel functions, 

A is the sth . root of J • s 0 

( 4) 

Two limiting cases are of interest: w~th beam filling the aperture a_ a 
( ...£ -+ 1) and with the beam very small with respect to the aperture ( --2 -+ 0). a a 
In these situations· equation (4) has the following limiting values: 

a Beam filling aperture: _£-+ 
1 

Small Beam: a o ...,... -+ 0 
a 

a 

00 

P(p,t)-+ 4 I: 
1 

00 

P(p,t)-+ 2 I: 
1 

1 -A TJ s 
A 2 

e 

s 

1 -A TJ s 
;; e 

(5) 

(6) 

Thus by (:!Omparing either equation (51 or (6) with equation (1) the con-
28 stant c may be evaluated. Garren and Lamb have calcuil:.ated the probability 

of beam survival in an accelerat<!lr with the following parameters: 

Maximum energy 

Injection energy 

Mean radius 

Betatron oscillations per turn 

Vertical aperture in vacuum chamber 

p = vacuum pressure 

t 

200 GeV 

6 GeV 
4 

7. 25 x 10 em 

18.75 
1. 73 em 

3 X 10_7. ~ Hg 

l/3:seconds 



· .. 
·~ 

'.,-

They obtain: 

P ( p, t ) ::::: o. 93 for beam filiirifi the 13.perture ~ 
' ··. .. ,.I.· 

P(p,t) ll::: 0.995 for beam initially. oqcupy:inga small fraction· 

of the apertu~e. ·· · · 
29 ' ,· 

Green and Courant have evaluated the beam losses due to multiple scattering 
' ' 

during the ac.celeration. cycle~ The .probability of beam survival P( T)) is. now .. 

given by: 

where 

TJ = 

where 

TJ is now given by: 

7·1 ~2P R 3s2z2e4 
0 

1· 

1 - .J 21r.. e2'T) . · 
TJ 

[2 log 

p 

R 
0 

is 

= 

the pressure in mm Hg, 

magnetic radius, 

,(7) 

s = 
NL ·straight section factor, 3. + 2~ where N is the number and L 

·the length of the straight secti8ns, 

T. 
l 

= kinetic energy at inoection, 

eV = energy gain per turn, 

"" = njp, 

13 in the logarithmic term is evaluated at 2 T .• 
l 

With the parameters previously given and taking eV as 3 MeV per turn, 
28 

Garren and Lamb estimate: 

showing that, in this particular case, the loss of beam due to multiple 

coulomb scattering during acceleration is negligible. 

(ii) Nuclear and Diffraction Scattering All the particles which suffer 

inelastic collisions are lost to the beam. Most of the particles which 

suffer diffraction scattering are also lost. We show this as follows: 

Almost all the diffraction scattering is contained within the first 

diffraction.peak, 30i.e., within an angle'G such that 

2 kr sin .§. 
2 

where k = wave number · 

r = nuclear radius. · 

3.84 (9) 

(8) 
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In·a machine of semi-vertical aperture a, radius R diffraction scattering 

will produce complete loss if: 
'. 

e >> !:Y· 
R 

Or, using Eq. (9) and the fact that k = ~ 
p = momentum of the proton 

h = Plank's constant 

since r = r Al/3 
0 

p < 3.84 h 

For the Brookhaven AGS this gives 

P < 119 GeV/c 

(10) 

(ll) 

.which is certainly true. Hence, ty-pically, ·diffraction scattering also 

produces complete loss of beam. The appropriate cross-section which should 

be used to c,ompute rruc~ear scattering is then 

cr 
loss 

0 abs + 
0 diff 1.57 cr · = 71 A

2/ 3 mill barns31 . abs 

(for nitrogen a · = 412 mb) loss 

.The fraction of beam L(p, t) loss i-s then 

( ) 2n R n p L 
L p,t . ~ A [cr~ + K cre] 

where n number of turns 

p ~ dens~ty of gas 

L Avagad.ro' s number 

a = total inelastic cross section a 
cr = total elastic cross section 

e 

(12) 

(13) 

K = a constant between 0 and l and depends on the aperture, energy., 

and value of v. 

In cases where the protons are relativ~stic, 2rc R n~ tc where tis 

the duration of the acceleration and c is the velocity of light. 
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Hence 

L(p,t) 

or 

- 9 -

tc p L a 
A 

. (14) 

L(p) ~ 8.42 x 102p protons sec-l ( with p in rnm Hg) 

-6 Thus at a pressure of 2 x 10 mm Hg and t = 1 sec: 

L(p) ~ 0.16%. 

Clearly then,. nuclear interactions produce a very small beam loss. 

(c) Transition Losses 

In strong focussing machines, the amplitude of radial excursions in­

creases at the transition energy, 32 This beam "blow-up" can lead to beam 

loss particularly if there ·are obstructions in the aperture. Measurements 

of slow neutrons around the AGS by ])istenfeld20 indicate that at transition, 

under certain conditions, the beam loss increases by about a factor of 3. 
By careful control of the relative phase of the radiofrequency power, however, 

it is possible to avoid any significant beam loss at transition. The situation 

on the CERN PS is very similar. 

(d) Loss at Full Energy 

At present several techniques·of beam :eroduction are used' on proton 

·synchrotrons: 

(i) Internal Targetting (Thick targets) Two types of internal targets are 

used and may be roughly designated "thick" and "thin" respectively. "ThieL 

targets" are of the order of one·nuclear mean free path thick in the direction 

of the incident proton beam. When placed in,the circulating beam a considerable 

proportion of the protons interact (typically 5CJ1/o). Those .which do not inter­

act lose considerable energy and undergo .multiple coulomb scattering. As a 

consequence after passing through such a target the residual beam is then 

rapidly lost to the vacuum chamber walls. Betatron oscillations are induced 

by the target and at positions of maximum amplitude or regions of small aper­

ture inside the vacuum chamber beam is lost. In weak focussing accelerators 

where the betatron wavelength is longer than the machine perimeter the loss 

tends to be more uniformil.y dispersed than w·i th strong-focussing machines 

where·it is located close to the target areas because of the high v-value 

of the machines. 



• • 

- 10.-

Thick targets tend to be us.ed when a secondary beam of particles is·. 

required for a relatively short time, e.g. 2 millisecs as in Bubble Chamber 

experiments. This technique is used on both weak and strong focussing proton 

synchrotrons. 

( ii) Internal Targetting (Thin targets) For many experimental uses thick 

targets are unsuitable; .for example, in the case of. many counter experiments 

the instantaneous counting rates are often too high. By steering the beam 

slowly on to a thin target (- one tenth of a nuclear mean free path thick) 

in the form of a rod orily a small fraction of the beam interacts with the 

target at each traversal.· Disturbances introduced in the beam are small, and 

so multiple traversals of the target may be made, effec~ively' lengthening the 

duration of the secondary beam. Thin targets are ~sed on both weak and strong 

focussing machines. 

(iii) Fast Extraction on Strong Focussing Machines Recently the CERN-PS 

has succeeded in extracting almost all of its circulating beani (~ 95%). 33 

This is done within one turn of the machine. and so is termed '~fast." Of the 

5% of beam loss about ~ 4.5% will be scraped off within A/4 of the septum 

magnets of the extraction system and the remaining 0.5% will be uniformly 

lost. It seems likely that extraction efficiencies of -99% will be achieved 

in the future. 

(iv) EnergY-Loss Target Method of' Extraction On weak focussing machines 

beam is extracted by meahs of an energy-loss target and pulsed (or plunged) 

bending magnets. This systein, first pro~osed-by Piccioni et a1, 34 utilises the 

energy loss in a thin target to displace the circulating proton beam so that 

it passes through a sufficiently high auxiliary magnetic field to deflect the 

beam out of the vacuum chamber. A subsequent improvement in the technique 

was suggested by Bennet and Burre~35 who proposed the use of two internal 

deflecting magnets. Such a system in operation on.the Bevatron has been des­

cribed by Wenze1.36 About 60% of the circulating beam of the Bevatron may be 

extracted, the remainder being lost to the walls of the vacuum chamber. 

Because beam meets obstructions in three different positions within the vac-
' ' 

uum chamber and the betatron wavelength is longer than the circumference of 

the: machine, bea.ni is lost fa.i.rly uniformly around the chamber (with local 

maxima .c1ose tc the ene;rgy loss targets and deflecting magnets). 

(v) Slow Extraction on Strong Fb~ussing Magnets Slow extraction- schemes 

which remove the circulating in 103 to 104 reV"olutions (3-30 millisecs) are 

now iri operation. A non-linear magnetic pe:rtubation. is used to. drive particles 



... • 

• 

- 11 -

into resonance, the large amplitude particles being removed first, the small 

amplitude particles removed later. Measurements by.Bovet et a137 at CERN 

indicated extraction efficiencies of 5lf1, with a spill time of .... 100 millisec. 

Efficiencies of 8lf1, are confidently expected after some modification of the 

septum magnet. It is not impossible that improvements in technique will 

eventually enable extraction of - 90% of the beam. As with fast extraction, 

the septum magnet acts as an internal target and - 90% of the re~aining beam 

is lost to the walls within - Aj4, the rest being lost around the ring • 

(e) Operational and Accidental Losses 

Here. one must make an intelligent guess as to the magnitude of beam 

loss. Several·causes of beam loss may be imagined. 

(i) Machine tune-up 

(ii) Magnet and r-f faults 

(iii) Accelerator development 

At 30 pulses per minute, there are 4 x 104 pulses per day. Thus, only 40 

full energy beam pulses going astray could give a loss comparable with 

nuclear gas scattering. It does not seem reasonable to suppose that tune.,.up 

could be carried out in less than about 15. minutes per day or - 1% of the 

running tim6l. Accelerato11 development would probably occupy about 10% of 

all running time. If 10% of this time resulted in large beam loss, we again 

have an average loss of - 1%. 

(f) Significance of Beam Loss . 

The higher the energy at which beam is lost from the accelerator, the more 

serious the consequences both in terms of radiation background when the machine 

is operating and of the residual radioactivity of the machine components. 

At very low energies (typically below 50 MeV) protons are very rapidly stopped 

by ionization, and very few make nuclear interactions •. As the energy increases, 

the ratio of ionization range to nuclear mean path increases rapidly and is 

unity at about 500 MeV. A larger proportion of protons make nuclear inter­

action and the number of nucleons produced at each collision increases. 

Above 1 GeV the number of pions produced begins to become significant. Thus 

initially one might expect the induced activity in large masses of material 

per incident proton to increase rather faster than linearly with energy. 

Above a few hundred MeV, however·, the induced radioactivity will increase 

roughly linearly with energy. A crude measure of the relative importance of 
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beam loss may be obtained from the.concept of a "damage factor" defined as 

the product of beam loss and average energy at which it is lost. Tahle I 

summarizes the beam losses we might expect ·from a machine such as the Brook~ 

haven AGS with the damage factor estimated relative to unity for internal 

tar getting. 

TABLE I· 

Typical Idealized Be.am Lqsses from BNL AGS 

Source of Beam 
Loss 

Injection 

Gas Scattering 

Transition 

Accidents 

Internal Targets 

Fast Extraction 

Slow Extraction 

Fraction of Cir­
culating Beam 
Lost · 

0.5 

0.002 

o.oo6 
0.01 

1.0 

0.01 

0.1 

Average Energy 
of Loss 

50 MeV 

15 GeV 

10 GeV 

15 GeV 

30 GeV 

30 GeV 

'30 GeV 

Relative Damage 
Factor 

0.001 

0.001 

0.002 

0.005 

1.0 

0.01 

0.1 

The most important source of activity is seen to be due to internal targetting. 

This result has led to the suggestion that in machines operating at higher 

intensities, the use of internal targ.ets may have to be limited3S so that 

the average damage factor due to internal target use is about equal to that 

due to extracted beam use. This implies using the internal targets for some­

thing like· 10% of the running time at full intensity, or its equivalent. 

Measurements of the residual radioactivity around the CFJ® ~d 

Brookhaven machines tend to confirm these conclusions. In 1961 Baarli re­

ported measurements of the dose rates measured a few hours after shut down 

around the PS. Local variations due to the mode of operation were detectable, 

but a general pattern could be seen. The highest dose rates measured at that 
. . -1 

time were- 4.5 R hr 10 cin from the vacuum chamber, close to a target. Around 

the ring fluctuations in the dose rate are clearly visible with levels varying 
-1 -1 . 

between a few mr hr to nearly 100 mr hr • At 1 m from the PS ring the 

general radiation levels were below 2.5 mr hr-l with the level near a target 
-1 increasing to 40 mr hr • With higher beam intensities levels have increased 

somewhat over these figures. 
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At Brookhaven the situation is very similar. At beam intensities of 

about 2 X lOll protons pulse-l Distenfeld39 pas made an elaborat~ series 

of measurements.of the radiation levels about two feet from the vacuum chamber 

and close to the tunnel walls. Radiation levels range from about 0.25 mr hr-l 

to several R hr-1 • Gilbert40 has repor.ted a set of measurements of the rad­

iation levels over a matrix of points on a tranverse section of the machine 

room. It was found possible to explain the measured radiation levels in 

terms of high levels of specific activity close to the vacuum chamber, the 

self shielding of the magnet yoke and thermal neutron activation of the 

tunnel walls. The transverse section used by Gilbert was mid-magnet, and his 

results show very clearly the self shielding of the magnet yoke. A crude 

description of the radiation field is then a lobe of radiation emerging from 

the open side of the C magnet with a fairly constant radiation field above, 

below and behind the magnet. This constant radiation level is largely due 

to the residual radioactivity of the tunnel walls. 



.. ·14 -

3. The Nuclear Cascade 

Protons are lost from the vacuum chamber, but.as soon·as they enter 

matter a cascade is generated. Generally ~peaking this cascade is pro-

duced in the magnet yoke or copper coils of the guide-field magnets or 

focussing elements around the machine. Onlya small fraction of primary 

particles can escape the vacuum chamber and magnets without undergoing a 

nuclear interaction. As a consequence, the nuclear cascade is well developed 

close to the machine itself rendering the components radioactive. The pro­

ducts from these processes then c~oss the air gap between the machine proper 

and close-by shielding in a continuation of tne nuclear cascade. Our.present 

knowledge of the details of this cascade is somewhat scanty and drawn from 

many sources - cosmic rays, shielding measurements around existing accelerators, 

Monte-Carlo calcula1;ions of the intra nuclear cascade and numerical solutions 

of the cascade diffusion equations. 

Perkins 41 has swmnarised the cosmic ray data which leads one to expect 

no large changes in attenuation length at higher energies. Measurements of 

the attenuation length of air for shower producing particles are effectively 
7 constant in the range from a few GaV up to as high as - 10 GeV. Measurements 

of the interaction length of high energy particles in nuclear emulsion and 

100 aev
42

, 43 and 250 Gev
44 

give results in fair agreement ·with the value of 

38 f d t · · th range 6-:30 aev45 , 50 • Th 1 h em. oun a energles ln e us no arge c anges 

are to be expected in the nuclear interaction cross sections for pions and 

protons up to at least several hundred GeV. 

At energies below 30 GeV, several measurements of attenuation length 

have been made for neutrons, pions and protons. Basically, all these ex­

periments place a detector at different depths in the shielding material 

being investigated. The response of the detector depends upon the size of 

the initial beam and the energy and spatial resolution of the detector. 

Conditions vary in the different experiments from well collimated and para­

llel to very wide beams. Detectors used have varied from nuclear emulsions 

to large Bismuth fission chambers which have ·a threshold energy response of 

50 MeV. A great deal of confusion exists in the literature over the precise 

use of various terms, and so we define our use of them here. Suppose the 

following experiment to be carried out: nuclear emulsions are placed at 

different depths in effectively infinite slabs of material into which is 

directed a high energy proton beam ~hose size is small compared to the de­

tectors. (Fig. 1) The emulsions are subsequently scanned for high energy 
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nuclear interactions - this enables a rough energy cut off to be made by· 

selecting those stars with a required number of high energy products •.. Emulsions 

positioned away from the beam axis enable the total number of particles crossing 

an infinite plane normal to the incident beam direction to be estimated. 

Figure 2 shows typical results that might.be expected from such an experiment. 

If the "peak" nuclear interaction intensity is plotted, an exponential atten-
.1 

ua.tion length very nearly :::::: N a. t where a int is the interaction cross sec~ 

tion and N the number of nuclei~n per crn3• · (oint is of course obtained 

precisely if we restrict measurements to the primary particles in the beam 

direction). The plot of nuclear interactions integrated over an infinite 

plane, however, takes on a rather different form. The curve innnediately rises­

the number of high energy particles first increases - reaches its maximum 

"build up" and then decreases,the so-called transition region. We define the 

"Build up Factor" to be that maximum factor by which the integrated intensity 

is increased over the incident intensity. This subsequent decrease is never 

strictly exponential, but it is often sufficiently accurate to approximate 

the total number of high energy particles in the cascade at large depths 

( ( x/A) ~ 5 ) by : 

where S(E,Ed) is the SOURCE ENHANCEMENT FACmOR and is a fUnction of the 

incident proton energy E and the energy sensitivity of the detector Ed. 

The SOURCE ENHANCEMENT FACTOJR S(E, Ed) may be roughly related to the 

Build up Factor by the following crude argurnent:-

The maximum in the integrated intensity curve occurs at a. depth of 

approximately 3A'_. At· this point t)le .integrated intt;nsity is approximately 

half tha.t predicted by the exponential. Here:-

B(E) :::::: 0.5 S(E)e-3 

or S(E) :::::: 10 B(E). 
A' is the effective attenuation length. In general A1 >A but· at grea.t 

depths, A'-+ ~'~:• 

Most of the measurements made in practice gi-re results somewhere 

between these two extremes. The larger the size of the detector in com­

parison with the incident beam, the more nearly will the results approxi­

mate to a curve of type B. If the detector used measures only very low 

energy particles (neutrons of about 5 MeV for example) it is also possible 

to measure a build up of particles along the beam axis since there are no 

low energy neutrons in· the incident beam. 



.... 

' 

- 16. -

51 . 
Patterson has reported measurements of the attenuation of 90, 

270 MeV and 4.5 GeV neutrons in light concrete. These measurements were 

made using ion chambers, a Bi-fission chamber and C2 nuclear emulsions, 

good agreement being obtained between.the.different detectors. Throughout 

this series of measurements, the incident beams used were rather wide. The 

value of A tt measured·a:t 270MeVof.l52 gm cm- 2 may be compared with the 
a en .. . . · 52 -2 

Monte Carlo calculation at 300 MeV by ']sao et al of 145 ± 10 gm em • 

Lindenbaum53 describes measurements of attenuation measurements of a 

3 GeV proton beam in heavy concrete (p = 4.0 - 4.3 gm em- 3), at depths 

between 3 feet and 13.5 feet. The incident beam was contained within a. 

proton and pion flux (E > 50 MeV, E > 25 MeV) were measured as a. function 
p . 1{ 

of depth and distance from the beam axis. After transition, the primar~ 

component, ionization density and health dose rate were all attenuated ex-
. 16 -2 . 6 . 

ponentially with mean free path of 130 ± 
9 

gm em at - 1.5 GeV, and l 9± 
-2 

32 gm em at ~ 2.5 GeV. 

A series of measurements of the attenuation of 4.5, 6, and 9 GeV pions 

in steel and ordinary concrete (p - 2.3 gm cm- 2 ) has been made by Tinlot 

et at54 using counters. These measurements give values of A tt independent _2 a en 2 of energy having an average 123 gm em for concrete and 163 gm em- for 

steel. Errors in these measurements are hard to assess, particularly in the 

case of steel due to the thin shield used (only 2 feet at 9 GeV). 

The most extensive experimental studies of the. nuclear cascade have­

been carried out using the CERN-PS by groups from CERN, Hamburg and Hannover, 

Harwell, Oak Ridge and Stanford. Citron et al55 used nuclear emulsions to 

study the attenuation of nuclear active particles in a concrete and earth 

assembly, with a 24 GeV/c proton beam. More elaborate experiments were 

later carried out at 9 GeV/c and 20 GeV/c in concrete, and the information 

obtained from these experiments has been summarized by Thomas. 56 Measurements 

in the beam direction indicated anattenuation length for nuclear active 
-2 . -2 

particles of about 130 gm em at 20 GeV/c and 160 gm em at 9 GeVjc. Deter-

mination of fraction of stars produced by neutral particles shows an initial 

rise in the neutron density levellingoff at depths greater than a meter to 

a fairly constant value (up to depths of 5 m)-. 

An intensive shielding study has recently been made at CERN in steel 

at 10 and 20 GeVjc. The incident beam was well collimated and 1 em wide. 

Measurements of the attenuation and lateral dimensions of the cascade were 

made using G5 nuclear emulsions, ionization chambers and c12 activation de­

tectors. Bindewald et al57 have reported the experiments in some detail. 

Measurements of the dose rate indicate an initial build up in the first 80 

gm cm- 2 and subsequent exponential attenuation with slope of 155 gm em- 2• 
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Very similar results are obtained with the e12(n, ... 2n) e11 detectors which . , . . . .· p, np 
have a threshold at - 20 MeV. In both cases, the source enhancement factor 

appears to be roughly proportional to energy. Measurements of the minimum 

ionizing particle track density were made with nuclear emulsions. The track 

density in the beam direction is. attenuated with mfpof 120 gm cm- 2 , whilst 

the track density integrated over a. plane·normal to the beam direction shows 

the typical transition curve.and ultimate attenuation length of 165 gm cm-
2 

The most recent series of shielding experiments has been carried out 

at 7 BeV/c in concrete using the Bevatron. 58 Emphasis was placed on the use 

of activation detectors in these measurements, although G5 and e2 nuclear 

emulsions were also exposed. Many differ:ent detectors were irradiated, in.­

cluding 

(Al27
1 

Na24) (Ti47
1 

Sc44) (S32,. i32) (Mg2~,' Na24) 

( Il27, I126) ( e12, ell) . (el2, Be 7 )* 

Ther is some small variation in the attenuation lengths measured bythese 

various techniques, but it is difficult to decide the errors of these 

measurements. Largely speaking, 1\ tt lies .within 120 ± 10 gm cm-
2 

for 
58 a. en 32 

all these detectors. Measurements of the P . (3-actiVity induced in sulphur 

gave 1\ tt .. = 123 gm cm- 2 in .the beam line, with ;a value closer to 150 gm ~- 2 

a en . 
for the intensity integrated over a plane. 59 It is , of course, difficult to 

interpret the exact significance of measurements made using activation de­

tectors. For example, if the ell activity (20 min half-life) produced in e12 

irradiated in the shield is measured, .we have several production mechanisms: 

(n, 2n) e11 

(p, 2p) ell. 

( ± ± ) e11 
1t ' 1t n 

The activity measured A is then given by: : 

il 

A ex [ 
i=l 

E max 
J cp. 
E. ~ 
~ 

(E) o, (E) .dE 
~ 

(16) 

(17) 

*Because of many possible modes of production, only the ini tia.l and final 

ne is 12:iven. 



TABLE II 

Summary of Attenuation Length Measurements 

UCRL 
UCRL 

. PRINCETON 

BNL 

BNL 

UCRI 

BNL 

BNL 

BNL 

BNL 

UCRL 

UCRL 

UCRL 

R.L. 

UCRL 

BNL 

BNL 

Shield 
Incident Beam Material 
Particle Energy 

Densitx Detector 
gm em--'· 

n 

n 

n 

p 

p 

n 

p 

p 

p 

p 

p 

90MeV Concrete 2.3 BF 
270MeV Concrete 

300MeV Concrete 

l.5GeV Concrete 

2 .5GeV Concrete 

4.5GeV Concrete 

4.5BeV Concrete 

2.3 BF 

3.85 MC 

4.0-4.3 CT 

4.0-4.3 CT 

2.3 BF 

2.3 CT 

4 .5GeV Steel 

6Ge~ ConcTete 2.3 

6GeV Steel 7.8 

6.2GeV Concrete 2.4 

6.2GeV Goncrete 2.4 

6.2GeV Concrete 2.4 

6.2GeV Concrete 2.4 

6.2GeV Concrete 2.4 

9GeV Concrete 2.3 

9GeV Steel 

lOGeV Concrete 3.65 

lOGeV Steel 7.8 

lOGeV Steel 7.8 

CT 

CT 

CT 

s32 

G 5 
CT 

CT 

" at ten 
gm cm- 2 

81 

152 

145 ± 10 

130 :- 1§ 
169 ± 32 

17? 

118 ± 8* 

Ref. 

51 

51 

52 

53 

53 

51 

Remarks 

54 *DeStaeb1er's estimate 
of error 

155 ± 11* 54 *DeSta.ebler's estimate 
of error 

54 *DeSta.ebler's estimate 
of error 

155 ± ll* 54 *DeSta.ebler's estimate 

108 ± 20 

112 ± 20 

116 ± 20 

123 ± 10 

160 ± 20 

129 ± 9* 

of error 

58 Thomas's estimate of 
error 

59 

Thomas's estimate of 
error 
Thomas's estimate of 
error 

Unpublished data 

54 *DeSta.ebler's estimate 
of error 

·179 ± 12* 54 -~CDeStaebler's estimate 

164 ± 20 

119 ± 10 

145 ± 15 

of error 

RL, ORNL 

RL, ORNL 

CERN 

CERN 

p 

p 

p 

p lOGeV Steel . 155 ± 16 

56 

57 

57 

57 

DESY, SLAC, 
CERN, etc. p 

DESY, CERN, 
SLAC p 

CERN p 

CERN p 

20GeV Concrete 3.65 

20GeV Steel 

20GeV Steel 

20GeV Steel 

G5 132 ± 5 

137 ± 10 

170 ± 17 

IC 155 ± 16 

56 Weighted mean of results 
from DESY, CERN, RL, 
STANFORD 

57 

57 Thomas's estimate of 
error 

57 

see over 
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TABLE II (continued.2) 

Summary of Attenuation Lensth Measurements 

Shield A 
Incident Bea.m Material ~~·cmsi~!.··.· 'Detector atten 
Particle Energy ~ gm cm-2 

p 

BF 

MC 

CT 

~~~1 
AJ27 
G5 
1 c = 

24GeV H. and L. · 2~4, · 
Concrete 3.65, . 
and Earth 1.5 

G 5 

= Bismuth Fission Chamber 

= Monte Carlo Calculation 

= Counter Telescope 

= Activation detectors 

= Nuclear emulsion 

Ianisation chamber 

145 ± 10 

Ref. Remarks 

54 



where there are n production mechanisms by particles of type i, 

~.(E) is the number of particles of type i between E and E +dE, 
~ 

o.(E) is the cross-section for production of the required activity by 
l 

a particle of type i, 

E. is the threshold for this reaction. 
~ 

However, the fact that the value of A tt is found to be roughly constant a en 
(after transition) when measured with a variety of activation detectors 

implies an energy spectrum changing only slowly with depth into the shield. 

This concept of a fairly constant energy spectrum, for all strongly inter­

acting particles, is supported by the calculations of Alsmiller et al. 

Using a straight:.ahead approximation, a set of coupled integra-differential 

transport equations which describe the nuclear meson cascade is set up. A 

program has been written to solve these equations numerically, but there is 

a great dearth of reliable input, information. Some experimental and thea-

. 1 · t t d t t · . · t t · 60 
ret~ca work 1s a presen un erway a Oak Ridge o ~mprove the Sl ua ~on. · 

' By introducing several ad hoc assumptions, Alsmiller et al were able to carry 

a series of calculations of interest in the design of the shield for the 

Stanford 45 GeV electron accelerator. 61 The computer program has been 

used to calculate the dose deposition as a function of depth in concrete 

from an incident Boo MeV proton beam.
62 

Calculations have also been made of 

the nuclear-cascade induced by 24 GeV protons63 in heavy concrete - at the 

present time it is not possible to compare the experimental and theoretical 

results too readily. 

Little information is at present available on the structure of the 

nuclear cascade normal to the beam direction. Measurements of the beam 

width in the CERN and Berkeley shielding experiments indicate that the "beam" 

grows roughly linearly with depth into the shield. Further, the "w·idth" as 

measured by activation detectors seems little different from that determined 

by nuclear emulsions (at least after a few mean free paths into the shield). 

This tends to indicate that the concept of a constant energy spectrum may also 

apply to situations removed from the beam axis. Further experimental infor­

mation is needed on this point. Alsmiller has shown how the lateral spread 

of the cascade may be calculated using a perturbation method. As reliable 

input data becomes available this calculation may become feasible. 
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The conclusions from these measurements give support to the· technique 

used by Moyer64 in estimating shielding for the Bevatron. At large depths 

in the shield the particles asso~iated with a"primary" proton are estimated. 

Table III shows the pe.rticles Moyer estimates to accompany each surviving 

6 GeV primary nucleon in a thick concrete shield. These particle densities 

may be converted to dose rate and estimates of shield thickness ma.de using 
' -2 an attenuation length of 150 gm em • 

TABLE III 

· Estimated Radiation Accompanying Each SurvilV'ing 6 BeV Nucleon 

Protons (from cascade and evaporation) 4 
Charged pions 3 

Muons 0.3 

Neutrons (from cascade and evaportation in original star 
plus equal number from secondary collisions) 7 

Slow neutrons 
0 Electrons (from 11: 

capture 

Gammas: Enough to 

We can write 

D(x) 

decay and Campton scattering of 
gammas and nuclear gammas) 

yield ionization dose of 3 x 10-
4 mr 

S(E) -x/1\ D e 
0 

for x/1\ > - 3 

where D(x) is the dose at depth x. 

D
0 

is the initial dose at x = 0. 

70 

10 (?) 

S(E) is a source enrichment factor and is .a function of energy. 

(18). 

The variation of S(E) with energy is not yet certain and depends to some 

extent upon the thickness of the·shield and particles considered. However, . 

. for thick shields S(E) is roughly proportional to energy. Fortunately in 

estimating shielding, the value of S(E) does not have to be known too well. 

The latest theoretical treatment of the nuclear cascade is due to 

Ranrt65 who has used a Monte Carlo method to calculate the charged particle 
-2 intensity in steel at depths up to about 3000 gm em Calculations are 

made for incident proton energies between 10 and 1000 GeV and quite good 

agreement w"ith the CERN experimental data is obtained. 57 It is to be hoped 
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that with the recent successful theoretical calculations and increased experi­

mental data, a more complete understanding ofthe nuclear cascade is not too 

far ahead. 
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4. ~-meson Shielding 

For accelerators. below about 10 GeV j.t-mesons produce few problems. 

This arises because the shield necessary to reduce radiation levels due to 

nuclear cascade processes to tolerable levels is in excess of the ionization 

range of the ~-mesons that could contribute to the radiation problems. The 

higher the intensity of machines below 10 GeV, the more this is true. 

Lindenbaum66 pointed out that the Brookhaven AGS and CERN PS were th~ first 

proton accelerators where ~-mesons would dominate some radiation problems. 

The major source of ~-mesons is n meson and K meson decay. Essentially 

all pions and about two thirds of kaons decay into a muon and a neutrino. 

Once the ~-1,11eson is produced its onltreally significant mode of losing; energy 

is by ionization as its cross section for nuclear interactions is very small 

(few ~ barns). 

We have seen that the intensity of strongly interacting particles in a 

shield is given by; 

I(x) = S(E) I e-x(A 
0 

(15a) 

where S(E) varies almost linearly with primary proton energy. The effect 

of increasing the primary energy from E1 to E2 is to demand an increase in 

shield thickness of 

6.x = 
S(E2 ) 

A log S(E ) 
1 

E. 
2 

,.. . A log 'E' 
1 

(19) 

if the same radiation level at the shield surface is to be maintained. In the 

case of a shield determined by ~-mesons, however, an increase in proton pri­

mary energy wouJd demand an increase in shield thickness by the factor 

R(E2) where·R{·E) is the ~~meson r~nge •. This is to a good approximation E2/E
1

. 

R(El) Thus, if we consider as an e~ample primary energies of 100 GeV and 

200 GeV, the shield increase reqqired for the strongly interacting particles 

is only about 12 em of steel,~50 em of concrete. For the ~-meson shield 
·~- . 6 

the increase is from 54 meters of iron to 94 meters. Keefe 7 has given 

an approximate treatment of both the one and three dimensional problem. 

Solving first the one dimensional problem of a proton interacting in 

a target and allowing the mesons to decay in a long drift downstream of the 

target, he show·s the ~-meaon spectrum at the end of the drift space is: 

Emax 

n~(E,L\) ~ 7\(i-k) f (b.) 
E 

dE' 
Sm(E ', xo) -2 

E' 
(20) 
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where t::. length of drift space. 

S (E' ,x) is the differential energy spectr~ of the primary meson m 
at depth x, and x is the ta~get thickness. 

0 

The primary meson of energy E' is assumed to produce a rectangular 

~-decay spectrum between kE' and E' • 

~x is the smaller of E /k or E
0 

the primary energy. 

By using the differential spectra proposed by Cecconi et a1
68

, Keefe derives 

the number of ~-mesons transmitted by a shield. He 
-2 

attenuation length is about 4500 gm em .(cf 150 gm 
. -2 

acting particles), increasing to about 6000 gm em 

(thick shields). 

shows that the effective 
-2 em for strongly inter-

at the highest energies 

In his treatment of the three dimensional problem Keefe estimates the 

spread in "beam size" due to multiple coulomb scattering. Typically the 

mea.n square radius due to coulomb scattering is the order of a meter in 

steel over a large range of shield thicknesses. Thus, although a "back stop" 

for high en.,ergy machines will have to be very long, it does not have to be 

very wide. 

Detailed calculations of this problem now underway for several of the new 

accelerators proposed should throw much light on this very important topic 

in the next year or so. 
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5. "Skyshine" 

The term skyshine is something of a misnomer in that it usually describes 

all the radiation reaching points close to the accelerator, whether unscattered 

or scattered by the ground, air. or neighboring buildings. The term "skyshine" 

was coined when high neutron backgrounds were observed around cyclotrons with 

little or no roof shielding. Such background is certainly due to the back­

scattering of radiation from the atmosphere--hence, the name "skyshine." How­

ever, the effect of ground absorption is important for accelerators where, 

in most cases, the sources of radiation are close to the ground. 

Scattered radiation is of importance around a large accelerator since 

different safety standards have to be met for radiation workers within the 

accelerator site, and for the. civilian population who may reside close to the 

perimeter. Those people defined as "radiation workers" which includes all 

staff concerned with maintenance, operation and use of the accelerator, may 

receive up to a maximum of 0.1 rem per (40 hour) week, whilst members of the 

general population may not rec~ive more than 0.01 rem in any one week. Assuming 

permanent occupancy of sites at the laboratory perimeter, this implies that 

the average dose rate should be less than o.o6 mr hr-1 • 

It is of great importance, therefore, to know· what radiation levels are 

produced at the perimeter of the laboratory site by radiat~on leaking through 

the shielding, man-holes, equipment access doors, etc. A knowledge of the 

radiation field around the accelerator will also be helpful in making the de­

cision where to site laboratories and offices close to the machine. 

(a) The Propagation of Radiation to Distant Location from a Point Source 

In disc~ssing·this problem, we assume that the major radiation hazard 

outside· the shielding is due to "fast" neutrons of about 1- 5 MeV in energy. 

This is certainly the experience with existing acceierators; 69 the special 

consideration of muon background is ignored here, it being assumed that 

specially designed shielding around target areas will eliminate this hazard. 

To investigate the nature of the radiation field, we need first to know 

the variation of neutron flux with distance from a.point neutron source. 

Lindenbaum70 was the first person to give consideration to this matter. 

Essentially he used the expression for the neutron flux produced by a point 
51 source in an infinite isotropic scattering mediuni derived by Case et al , 

using diffusion theory. They write the flux cp(r) in the form: 
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= ( . ) !LW E c,r + r D 
2 

41t cp( r) 
Q 

= total macroscopic sross-section 

D diffusion coefficient 

k 
0 

diffusion length 

e 
- k r 

0 

e(c,r) andK(c) are functions of c (ratio of scattering 
.cross-sections). 

(21) 

to total 

Lindenbaum shows that for l - 5 MeV neutrons in air, equation (21) becomes: 

cp( r) 
-S 7 

c8 ·5 x 10 - exp (- r/450) E(c,r) + ~.7 x 10- exp (-r/830)] (22) 
r 2 r r in feet 

The importance of the second term is immediately apparent in that it dominates 

after 100' • The effect of the ground is approximated by taking a value of 

c of 0.8 to 0.9 (.£for air alone is 0.97) based on an:.albedo for the ground 

between 0.5 and 0.8. Figure 3 shows curves of 41tr2~(r}·· as a function of r 

for c = 0.5 and 0.9. Q 

It has been a difficult task to verify these predictions experimentally 

for a variety of reasons. The available intensity of most machines has limited 

the range of measurements to about 300m; in many cases·the effects of scatter­

ing and the intercalibration of different neutron detectors together with 

the uncertain effects of a changing neutron spectrum add to the confusion. 

Nevertheless, several measurements have been made. Cowan and Handloser72 

have reported measurements of the radiation elvels around the Cosmotron at 

Brookhaven between 250 feet and 1,000 feet with an ionization chamber. Although 

not specifically stated, it seems likely that the dose rate was almost entirely 

due to neutrons. Assu .... -rning a variation of the form cp( r) = cp r -n, they report 
0 . 

a value of n = 2.3 ± 0.2. 

Dakin73 has made measurements of neutron fluxes around the Bevatron between 

350 feet and 1,650 feet using a BF
3 

counter shielded at the back and sides 

w·ith concrete. By placing concrete in front of the detector, crude estimates 

were made of the fast neutron energy spectrum. Dakin interprets his results 

by assuming the neutron spectrtun consists of two groups, the first having an 

average energy betw·een l. 3 and 4 MeV and the second between_lOO and 260 MeV. 

For both groups, the radial variation of neutron flux was very similar and within 

the experimental accuracy did not differ greatly from inverse square. More 

recent measurements74 have been made of the low energy group of neutrons with 

greater precision. These measurements were made with a moderated BF
3 

counter 

between 300 feet and 1,200 feet from the center of the Bevatron. It is apparent 
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from this latest group of observations that the neutron flux falls off faster 

than inverse square and could be better representedby an equation of the 

form: 

cr( r) 

over the range of measurements. 

~r/"'A e (23) 

Moyer75 has explained the surprising fact that the radial dependence of 

both the high energy and low energy neutrons are almost indistinguishable in 

the range 100 - 500 meters (as observed. by Dakin). 

Measurements of the propagation of neutrons in the low ener.gy group have 
' 76 77 been reported by a group from the Rutherford Laboratory. ' This group was 

fortunate in that downstream of the neutron sour·ce was a flat area completely 

free of buildings. Neutrons were produced by stopping a 30 MeV proton beam 

in a thick aluminum target, giving a well-defined ''point" source about five 

feet above the ground. Measurements of the mean neutron energy indicated a 

value close to 0.75 MeV. Absolute measurements of the neutron flux were made 

using a calibrated long counter at distances between 100' and 2500' whilst 

fluxes were measured betw·een 3' and 100 with sulphur capsules and moderated 

indium foils. It was also possible.to make and accurate estimate of the neutron 

source strength and because of this direct comparison with Lindenbaum's pre­

diction may be made. Measurements made at distances up to 980• indicated 

that equation (21) predicts fluxes considerably higher than those observed 

(a factor of three at 1000') and that it was not possible to obtain a good 

f'i t to an equation of the form of equation ( 21). Later measurements by 

Simpson and Laws 78 at distances out to 2500' .even further accentuate the 

divergence. 
79 

Tardy-Joubert and de Kerviler have reported measurements made around 

"Saturne." Unfortunately, they do not give actual numericai.'data or errors, 

but show a smooth curve drawn through their points between 37 m and 700 m 

from the machine. They claim good agreement between their results and Linden"" 

baum's equation. However, it'is clear that their experimental results do 

not exhibit ~he same shape as equation (21) and there are at least 30% dis­

crepencies between the tw·o curves. 

(b) Comparison of Existing Experimental Data 

It is interesting to compare the existing data. Unfortunately, it is 

not easy to do this since only in the Rutherford Laboratory has a precise 

estimate of the source strength been made. The most convenient way to show 

up differences between date.. is to plo:t_ 
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f(r) = 
. . 2 

47tr cp(r). 
Q . as a function of r. · 

2 . 
Such a plot removes the 1/r. dependence and enables one. to look at the residual' 

terms. Figure 3 shows such a plot for data taken at Berkeley, Harwell and 

Saturne.* In the ~ase .of the Berkeley data, an arbitrary normalization was 

chosen so that 47trQp(r) = 1.0 at r =280m. The source strength taken for 

the Saclay data was obtained by extrapolating the smooth curve back to r = 0. 

The main features of the curve are the build-up to a maximum of 1.6 at 

110 m with return to 1.0 at 280 m and exponential decrease thereafter with 

slope 267 m. The experimental results of all three laboratories are seen to 

be in fair agreement. (Discrepancies - 6%). One could wish for more measure­

ments between 300 and Boo meters, but it is fairly clear from the existing data 

that at distances greater than 100 m, predictions from equation (21) are in 

error. Figure 3 shows tw·o theoretical curves for c = 0.5 (corresponding to 

completely absorbing earth) and c = 0.9 and it can be seen that a good fit 

may not be obtained . to· .the data using.;equation (21) merely by choosing the 

correct value of c, since at large distances the variation of flux with dis­

tances is quite different from that observed. 

The conclusion from all this is that, whilst more data is desirable, 

particularly at distances greater than 300 m, it is clear from that data 

already available that equation (21) does not describe the situation at all 

well. 

A very good empirical fit to the data is given by: 

· f(r) 

with a 2.8 

= 
= 

56 meters 

267 meters 

( - r/'tl ) ( - r /" ) a 1 - e e r ~ 50 meters (24) 

Tab.le IV shows the excellent agreement between points taken from the Saclay 

curve and results calculated from equation ( 24 ). 

* The Saturne data is shown by the soiid line on the graph± Experimental 
points are not available. 
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. TABLE IV 

Comparison of Measured and Calculated Values of f(r) 

r f(r) f(r) 

(meters) (measured) (calculated from (24)) 

50 1.30 1.29 
75 1.55 1.56 

100 1.61 1.60 
150 1.56 1.49 
200 1.36 1.28 
4oo 0.63 0.62 
500 0.42 0.43 

A very convenient representation of the variation of neutron flux as a function 

of distance from a point source is then: 

cr( :r) 

for r 2 50 meters. 

Q 
2 4nr 

f(r) aQ (l-e·r/1-l) e-r/A 
4nr

2 ( 25) 

It is of interest to note that the value of attenuation mean free path 

for the "skyshine" neutrons obtained from measurements around accelerators is 
so in fair agreement with that found around· reactors. Stephens et al using 

facilities at the Nevada Test Site found /1.:::.:: 245 yards (224 meters). There 

are, of course, differences in the neutron spectra in the two cases. 

The general shape of the function f(.r) shows a build up very similar to 

that observed in the high energy nuclear cascad~ (Section 3) and the value 

of A (32 gm cm- 2) is in fair agreement with that measured for fast neutrons 
-2 in concrete (~ 29 gm em ). 

km 
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