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As suitrpti- ons .

Med"icaI tolerance d.ose (M. T. D. )

T\ie urill be chiefly concerned. with the partlcles of high penei;rating

powers , i . e, f as t Lonlzlng pa::t1ci-os and' neutrons o

a) Fast ionizlns "oartlcles 
"

value i-s o.ïr/week" Iror safety, we take 7 x 2\ Ïr'ours

ives 1,8 mr /yt ( irrstead of the usual 6 nr/n) ol3

, I r = 109 ion pai-rs per 
"^3 

of alr" one^fast partlcte
ali:s per cm of air, Thus a flux of 1O cm-t sec-t or
gives the M.T,D, bei-ng about J,o7 times the cosmlc ray

For these the
week, whlch g

5'10-7 r/sec
makes 50 lonp
-^5 -2 -I!v'm s ec

a

flux at sea level,

b) Neutrorrs 
"

Here the tolerance dose is 0. 06 r"/week or 10-7 r/sec, Thls ioni.zation
ls measured in an aLr chamber whose vualls consist of hydrogon

compounds (Vlctcreen chamber), The neutrons we will be concerned.

with are attenuated to 0,1 l"ntensity ny J4"OO g /"t& of air" A

h;rdrogen eompound. of a constltution simLlar to HrO will be about

10 times as effectlve j-n attenuating, so [O g / "rf will attenuate
to 0,1r or in avorago a neutron lose s 6% of its energy per

g / "t& . Âftor the first fow collislons the average energy per

neut::r:n will be 10? oV, thus the energy loss is 6 x t)i 
"U 

g:1
2cHI-', ,Jtle recoLl nuclei produce Z * rô4 lon palrs per g / ^rn? 

of -
air, or 20 lon pair, "*1 of ary, corresponci.lng, No 2-x 1O-o r / ,*),
Thus a frux of I neutrons "*-2 r""-1 or 5 x roh *-2 ,""-1 will
glve the M,T.D. This ls half the rate for fast ionlzing partlcles'
Because of the uncertaintLes lnvolved ln thls estlmato we assume

lCl[ neutrorrs *'2 ,""-1 âs M.T.D.

2) Laboratory Tolerânce,
Here the total flux of partLcS-es ought not to be

produced by the cosmlc radi-ation, which ls about

jJ The machlne.
Particle encrgy 7 x:-O

hl-gher than bhat
LoZ m-2 r""-1.

t.Û lûûT î$55

1o eV.
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ïnitlally a pulso intensity of 109 particles per pulse ancl a pulse
frequency of !- pulses / rnJ:n were ass,amed, correspondlng to 617 x
1OT sec*l, As an incfease both in pulse inten.sity and. pulse frequen-
cy is being e.onsidered, an intensiby of 109 protons *""*l ls assumed,

The proton beam extracted" will have a minimum half angle of opening

of 10

l+) Tnteraction an absorption plrocesses.
The lnteraciion processes in the range of energies involved. are
known only from phctographic plates exposed. to the cosrnic rad.lation
at l:igh altJ.tud,es, trIle based ourselves on the paper by CAI'ÂERINI;

LOCK and Pb:RT(INS in ilProgress ln Cosmic Ray Physics ed, by J.G'
Tllllson North-Holland Publishlng Company, Amsterdam l)JZ, p" I to 59,
From this paper we uso the following d.ata :

A fielB fie4
C flg 10
D tab,
E fig lL
F flg 16
G fls 1T

Prctons of t0 GeV 1oæ their energv mostly by
The colll-sion mean free path will not exceed

follovring partLcles are created :

I f[* - mescns ( l/l neatral ana 2/J charged ) '
The rlistribu"+;ion in multlplLcltv for varlous energies ls given

by A, All rnultipllcltLes below the maximum one have about equal
probabi.lity, B g lves the mean multl'ollclty as a function of
energy, It::ises frcm 0,1 at )00 MeV to lp at 10 000 l'{eV wl'th
dec.reasing slope" By extrapolation to ]O GeV one finds B charged

rrr€sorrsn In materlal of low atomlc welght the multipllci-ty might
be sornewhat lower.

C glves a ferentiaL ener s ctr for the mesons, It can

be represented. by a poïver law with exponent -1.h bolow 1'1 GeV,

-2.5 above thls value. This spectrum wii-l be influonced. to some

extent by the similar spectrum of the prlmary cosmle rays. The

mean ener is 109 eV per meson accordlng to D; thts value does

not depend strongly on the primary energy.

nuclear collisions,
15oe 1r*2, The

The angular dlstnlbution 1s glven in E. If x ls the ratic.. of
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flux per a-ng.ular interval according to d-istribution E compared" to the

same for an isotroplc dlstrl-bution, wo get

0tool o 6o0 6o € 12oo :r2o; tBoo

8,7 t,15 0,71+ oi 21x

II Protons.
These appear in the emulslons as trblacktr tracks (/-10 MeV) and

rrgrêVrr tracks ( ]o to !00 MeV)' The first ones w111 not be of imPor'

tance because of thelr short rânge ( { 0,5 g/cr3), Their mu1tlPll'

city is 5 to Itr times that of the grey tracks, The mul tipli citv

distribution for both i-s given in B Ab 50 GeU we get about B

protons Po13 star' The d.j-fferential energy spectrum accord"i toCng

oB
falls off with an"exPonont -1.h the mean energY i's about 1 oV

aceonding to F lndePend-ent of star enorgy, Tfie aÊgular diqtrib-g-li

G shows less colllmation than E; abovo 100 MeV j/Lf at tho Protons

âre emi-tted lnto the fonrvard' henrlsphoror

T]T Neutrons 
"

For threso lve take the same multlpllcit les and distribrltions

as for protons; the neutrons belovr 70 Mev oannot be negLected'

as the Protons aro,

Abs orPtion processes.

I Char" ed -111ê5 OfIS o

These ean produce the same nucLear reac tlons as tho PrlmarY

protons do, The mean free path is the same, On the oth.er hand. they

can deeay lnto /+*mesons, oThe 
mean free path for decay is determined

by the mean l-ife tZ 5 x lO-osec), the veloclty of light and the tlme

dilatation, whlch is p3oportional to the energy ln terms of the

rest enorgy" (il+o MeV) .

II Neutrt:.1 T{" -111ê3 OfIS ,

Those will decay with very short mean llfe lnto two photonst

whlch start an electron-photon cascad.e' The development of the

cascade Ln air l-s governed. by the energy ln terms of the critical
o

energy of 10U eV and. by the Lnteraction length of }L+A n air;

lIT Protons,
I'he- grey protons may prod.uce stars as the prlmarS-es d'ld''

Al-so they lose energy,by LonLza$lon" Tho blaek protons are quickLy

stopped by 5.onlzatlon,
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ïV Neutrons
These can produse stars as well-. Below ]0 MeV their energy

loss will be by elastic and unelastic collisions only . From eosmic
ray observations ïve get an attenuation to 0,1 fn-[OO g/ct& of air.
In Broolcl:aven an attenuation to 0.01 tn 6oO g/"^2 of concr<l te is
fpund. Thls latter value will depend however on the angle, und.er

which most of ilie neutrons strike the wa1l"
TtIo wi]I take the more conservative value of the cosmlc radj.ation,

V. - ffieSOfiS,

These lose thelr energy by ionlzation on1y. As they are fast
particles, we get from tlre value of !0 lon palrs per 

"*1 
of air

a loss of L,2, MeV/g 
"**2. Tho range ôlstribution is thus gi.ven

by the energy spoctrum. For denso material, where only a small pfo-
porti-on of the i?--mesons decays, thls spectrum is steeper than that
of the 'rrla*eson* by a factor L/8, (energetl-c f/"-mesons are less
llkely to decay), In alr, whero most of tho fl'-ffiêsons decay, the

/" -*rrons w111 have the same energy spectrurn as the fl---mesons r

B Calculation of the absorption of the proton beam.

Thi.s was carried out by two metirods, whl"ch dlffer in the assumption
about the energy spectrum of the Z7*'-mesonsr

. Method, a is based upon the distribution Arextrapolated to tO
GeV, fo get an energy distribution, the assumption is made, that the
energy is divided equally amongst all the mesons wTrlch are creatod.
in one l-nteraction. For Ëhe interactlon of the mesons thus generated.,
again the diûstrlbutions A und.er the same assumption are employed,
After thls second. step, there results a dlfferential energy spectrum

t---t Ê-1ua

Lfethod b uses the multlpllclty d.lstribution B, The energy
spectrum C, wtth an high energy cut-off at 10 GeV and a l-ower llmlt
200 MeV, corresponding to a mean energy of 1 GeV is assumed to hold.
also for the mesons generated by the momochromatlc protons. Hero,
too, two steps are consldered, after whlch multlpllcation stops
being lmportant. Thls method glves more y'.r-mesons, J-ess_protons
and neutrons and a dlfferential energy spectrum .*-., B*Z'J for 

:

the mesons at high energles, The d.ifforenees ln nr-mbers of 'partlcles
do not, Trowever, exceed. a facton of 3.
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For safety, ïue always take the higher of the 2 values for the

rnultlpliclties of the various partlcles and the fl-atter energy

distrlbution of method" b.

1. Beam eoi.nE directlv lnto earth"

I Ë r"5 g/cmt
The first 2 steps of lnteraction tako

Behlnd these 2 m we flnd per lncident
20 photons

200 neutrons
0"6 f'u -meson's '

The protons are not enumerated because
The electron-photon cascad.e proves to
earth,
The neutrons are attentrated to \V/" Ay t n"

The /,,L-mesons lose I,) x lOU eV/m.

Às to the angular d"istribution it is a cautious assumption trere,

that a]l of ths particles are equally d.istributed lnto a cone of
hal-f-opening 20o, In so dolng wo exaggerate the eolllmatlon.
The correspond.ing solid angle ls O,78,
T[lth these data we can calculate tgble--L,- It gives nurnbers and

d.ensities for neutrons and ,11,,-mesons behlnd various thiakness@sr

Also lnclucled are /r/-mesons generated. tn air wlth their flatter'
energy spectrum. ïtle will need. those later, The M T,D, ls rnarkeÔ'

The thictrcness needeô ts dotermlned by the neutrons, It amounts to
16 m In this value the assumptlon ls lnvolved., that the beam

str.ikes the walI perpendlcularly. For practical use, the angle of
lncldence must bo corrslclered.. Laboratory tolerance (cosml.c ray
lntensity) 

"ur, 
L" found to be reached..at a distance of about 200 m

from the wall by appllcation of the l/t- J-as,

2, Beam golng d.irectl lnto heaw concrete.

Q t )+ e/.*1J.t
2 x 1lO g/cm' = 75 cm

Inltial- number of partS.cles per proton'
20 photons

200 neutrons
0,22 /'h,-mesons I

I

2x])ae/co? â Zm
protons

of thelr short rârrge,
be abeorbod ln a few m of
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Neutrons attenuated to 

LOf/ 
in 1 m

,l* *m""ot* lose ! x 10" eV in I m

The results are collected. in table
Thickness requireC. fôr M.TnD, d.eterml"ned. by neutrons: I 14'

Beam ol free to the air,
ç , !o2 x rc-t e/cmj/^

LJO g/cm' = 1"25 lffI,
Inj.tlal nurnber of particles per pnoton:

20 photons
100 neutrons

20;r-mesons
6o gray protonsr

consideration of cascade theory gives an e1ect36p-phoËon eascade

of low multipllcity. I\ie can fleal with |t roughly by assumlng the

pri.mary photons not to be absorbed. tn the flrst 1'[ ]an

Neutrons attenuated. to JO( tn L 1'011'

,y'/,-m@sors lose 1.! x lo8 ev/Urn.

Gray protons have ranges ti- lJA m,

In ai:: the first step of multlplication ls comparatively more

S.mportant than tho second oner because of the d-ecay of most' f-''
mesons. Thon ireile the attenuation by d.lstance Ls mucl- more offec-
tlve than by absbrption' So it ls lmportantn where the apex of

the cone of 2Oo ls to be put, To get a safe estlmater wo assume

the beam to remalr-r entirely eolllmated' up to 1" l'an (when 56% of \he

protons will have reacted), and from l icro onwards all the particles
g"rr"rrt"d. are consid.ered. to be emLtted. l,nto the 2oo-sene starting
at tho 1 l<tn d.istance,
l,{Ie then get tabLe 4,
M.f ,D. reached after e lr:n, d.etermined by neutrons.
The effective range may even be greater because of photons prodlrced'

by neutrons ln lnelastJ.c colllsLons.

L* Beam strXkLnE the earth bank aftor Eolng throuEh alr for a

d.ls tance of some 100 m,

In spite of the more '/;{,*melorls created' ln thls case along tho

alr path, tt proves to'be admlssable to uso tabLe Lt whlch g5'ves

l-6 m.

:
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5, Lateral action of the beam.

First the action of the secondarles c1'eated directly by the proton

beam wtll be considered.. A plaoe can be protected. agalnst these

by puttlng a bank of suffloient thiokness betv/een thls place ând.

the whole extent of the prbton beam" Later we vrill be concerned

wlth the lertiary pârtlcLes ôreatêd, by the second.àries Ln uolllslons
in the qlï., The pnotectlon agdirrst these wllL prove to be much

more difflcult,

âc A,ctlon of second"arles "

Let some apparatus stand.ing !n the open air in the experllnen tlng
fleld be hit by the proton beam' The d.Lmensions of the appa-

ratus m.ay be so, that most of the protons and theLr secondarj'es

emltted lnbo a forward dlrectlon intei.act ln the material of the

apparatus, but the partlcles emltbed Ln a sideward dlreotlon are

allowed. to escape lnto the alr. If the appanatus is placed near

to a si6e bank of the experlmenting fleld., pa.r.t of thls second.arles

hit thl-s bank, llle can apply tablo I with some mod'lfleatlons'
The inlti-al- ml'nben of partlcles ls the same as ln tablo 1, only

we d.onble the number of /*-mesons, because some pay be generated'

along the alr Bath betweon apparatus and bank. Instoad. of the

cone of 2Oo (solid angle O,7B), lnto whlch the partlcles Trere emltted

ln table L, we have them nAw dlstrlbuted. over the full sol1d angle

h 7/*, The distrlbutlon of the grey protons ls eonsidered'here to

be isotropLca:*; for the mesons we apply the distribution E. Fur"ther

we'must allow for tho d.ifferent geometrlca3" paths of pantlclest
which ponetnate the bank und.er dlf,fer"ont angS-es. Dolng so, we

f lnd from tabl-e l- a thic4nqgg -of lL g requtred to bring the

neutrons down to M"T.Dn The traboratory toLerance vrll1 be reached

at a distanco of aOO m from the bank, except ln the forward' 7Oo-

s e ctor,
If the beam d"oes not strlke an apparatus for some 100 m, it

wi1L on3.y produce second.aries ln the afu, Its actlon on a polnt

outslde the bank wlLi- then be at Least JAf' weaker than !n the case

just consld"ered.
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b Actlon of tertlar,ies.
l1je coxasLd.er again the apparatus in the beam. I'rom this partlcles
will emerge in all d.l-nectLons, Part of them w111 also go over
the head" of a person standlng ln therrprotectedrf area outslde
the banks. From these secondary beams, tertiary partlcles will
be emltted rLown on hlm,
To estimate their denslty, lve need. only eonslden those partlcles
generated. in the first lnteraction, who are ablo to make more

multipllcation processesr Fon small dlstances ( /.- 5O m) this
rr,ril} be .lo -^"rons, grey protons and the corresponcling neutrons,
Their total number, consiclerlng the angular dlstribution E for
the mesons, will be about 20 per lnteractlon. The solld angle cof,r-

tain:ing trajectories whl"ch run at mod.erate distances from a.polnt
of obsenvatl-on outslde the banks ls estLmatod. to be lf 'lï'/2C, For
slmplictty we combJ.ne all the trajectories wlthin thts solid angle
to one rrmean beamrr l"n the vertica.l plain containing the apparatus
and the polnt of obser.vatlon at a distance r from the apparatus.
The angLe thts beam lncludes with the vertical ln thls plaln wlll
be somewhere between zero and a maxlmum value, given by the
directlon of the trajectory touchlng the top of the bank. It will
be nearen to the Lattor value" Let us consider an angle of JOo.
Then the horlzontal distance n and a portLon of.the beam of
lemgth r" form two sides of an equllateral tr5-angle. IJtIe consid.er
only the production of socondarles ln thts portion of the boam,
where all lts poJ.nts are at a d.istance 1 r ïo the point pf
observatigr: The lnteractlon. nrobabtlity ls about 6 x fO-4 m -1
vrlth a multlprlclty ôf about I neutrori5l To flnd the M,T,D,-
dlstance, lve get the equatlon:

t09x20x t/zox 6xr0-[rxhx r/Lççnz Ë tol+
r:20 g

Because of the negloct of action from more d.istant parts of the
beam, we better. tako 1-om. Thus one must be at a distance of
19 * from the apparatus- to got only the M,T,D,. If one makes a
safety zone of JOm outsid.e the banks, the bank thlckness can be
reduced frorn 11 to p m. If the angle between the vertlcaL and the
mean beam ls larger than 3oo, we flnd the necessary d.lstance by
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postulati*g, that the point of observation is outsld.e a cyllnder
of rad.lus r round the moan beam.

At the end. of the experlmenting field the safety uone

must be larger becaUse more second.arles are emj"tted in that
direction" The factor is 5 to 10, but d.epends on whethen a

system of col-limators ls used to reduce the spread of the beam

or not, i

For the laboratori-es wo find by a simllar estlmate (here neutrons

on1-y have suff icient ranges to make secondary stars);

to9 x to x r/zo x 6xro-hr x I x rn+fi'oz = :roz

r E! I l,ffr,

To thls distance the same consLderation apply as to the JAO m

above, The bl-g clistanees thus d.efined. can be reduced. porhaps

by a factor ol 2 by puttlng the labsratorlos j-nttr the sector
between 120 and 2l+Oo to the prLmary beam, As it is hard.ly Pos-
sible to restrlct the seeond.ary bean's to stl11 steeper traJecto-
ries than the one consj.dered. here, the conclusion must be drawn ,
that if dlstancos of the ord.er of L km are not wantecln elther a

hlgher. background. ln tho laboratorles must be aùnltted for part
of. tho timer op full lntenslty experiments must not be carrled
out in the open alr,

c Pr"actical concluslons.

1 The cir.cular bank {g =t,58 .*}3 )

The beam will never strike it at right
12 m ln all directlon seen from the tub
Trorizontal or less will- be sufflclent'
here only during adjustment or by some

to go through one partlcular portion of
So we might even reduce the thickness t
an increase ln neutron intensi-ty by a f

angles, So â thlckness of
e under 30o to lhe
As tho beam w1L1 escape

fall-ure, lt ls not 1lkelY
the bank f or a lorrg tLme.

o B *, whlch would mean

actor of 50.

2. Roof of the circular d.Ltch.

Because of the smaIl curvature of the dltch the beam can escapo

from lt at small angles to the horj-zontal- and produce second.arLes
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ln the al-r at â low elevation above ground. To prevent thls,
a roof of 2 m of earth is need.ed.1 ln whlch the multipllcati-on
processos will come to an end.,

Ta et roo
It seems advisabLe to provid.e heavy concrete shleld"ing up to
6 m thickness. For the noof 0.? m will be sufflelent

h, Experimenting fleld,
To prevent secondaries from escaping at low angles, the experi-
menting field. must not be rnade very broad., A field of 100 rn

length lncreasing in breadth from ! to 2O m seems sufficj,ent.
The dlstance from the target where there ls no hea\ry background.

from scattered. partlcles Ls llmlted anyway by the finlte opening
of the prlmary beam, which will strj.ke the ground at about ?O m

from the target, lf lt starts at an elevation of !"J m above

ground, If special- experiments in larger d.istances are desired. ,
lt soems advl"sable to Let only the central- portion of the beam

tI:rough a collLmator into â.n area of dlmenslons similar to those
of the flrst one. Even so, it wtll be better to carry out full
intensity experlments not ln the open aLr, but und.er some sort
of a wid.o tunnel wlth walLs and roof of VOO g/cn?. This wiLL
greatly reduce the baclcground. at great distances" The experl-
mêntlng fleJ-d, includ.lng the portlon under the turueel, must be

surround-ed. by banirs of about 10 m tt:lckness on the sLde and 20 m

at the end. The necesslty of a safety 'zone (10 m on the slde,
1!0 to ]00 m at the end.) d.epends on whether full lntenslty
experiments are carrled. out in the open air, If the beam would
flnally dLsappean ln a sort of a hoLe, lt would lmprove matters.
The laboratories must be placed. ln the sector between l-20 and.

Zl+oo from the direction of the prlmary beam ln a dlstance whlch
d.epends again on the restrlctlon"to fuII lntenslty oxpertments
in the open alr,

Freibu::g Des. zt'd t9il2,

A
ilI
A

a

a

Cltron
Gentner
Sitthrs

TU" Gentner (*)
a



Table l.

Attenuation of secondarles frorn 30 GoV protons ln earth

1

2

t
l+

5

6

7

B

9

Total thiclmess ln m

riumbor of neutrortsr

numbers
on

é.
lrpit

6 x10

B '6xL
1,7
1"6

6.,8*109

Density L,5 {an1

(2 * for generatlon of secondaries incl-uded)r

2m.

[umber af /tïnesdhsl ;

relat'Lve nr.rmber of4 rnesons produced in the alrr
radius of the 2Oo cono in rn

surfaco, over whiôh the partlcLes are distributed ln
deaoity of neutroos in n-1.

-adensity of fr -mesong in m "f
roLative densities of/* -neson from the air"

,l*,gn
7

le/l
41, 6

o

2.JxlO

e.l+*rolo

h'7*to9
1.I

densitltàs
/#
U-2

22x1. 0

I
2

3

1+

6

5

ir

5

6

6 xLo

2,L,

1.2

J.BxLO

6

7,8
2.8

I'B

Or.]8

L'52

VJ+

6rL

L.6xL0

IéxLO
j'JrlO
I17

1éxLO

2..!xL08

8.2xL0

219

7

B

7

7

aa .l-xlo8 .6t2o

I.2
S,l;xtO8
2rj
1rO .

7,1
2tt-

1.h

1 rOJ

1r

9.hxlO

7.5
6"0

l+'B

lV'7
1$ç6

2b

7t

8.8x10

2.9
g,6xLO6

1,2
IrL

213

1.L
Ê

5,9xLO)

,,5
2tL

I
6'B

9
t0
11

L2

6

7

I
9

tû

h.o
2.5
].15

a I 06 r0

Ln5

5'5xLoh
2cO

7,6x:rOV

1"75

1rO0

6.g*toh
l+"9

1,lt

I
'7,6xL

5.8

h.2
7rO

2.h

146

,5

7h

86

Lt l19
8.Lx106

7,'
r.15

6 o5x1o5

6,,2

5'5
l+.1+

1,6
219

1,5

712

2*7

2.h
2.L

11

L2

LV

Ih
15

h.
r.h

L5

16

17

1B

t9
20

1,9

À. (

1.5

L6

17

1B

97

109

t27

2.0
r6
1r2

2.8
L'2
j,2xLol+



Table 2o

AÈtenuation of secondaries from jO GeV protons in heavy conorete.

Density h &lrn1

1 Total thicla:ess in m (1 * tor generation of secondaries includod)r
2 number of noutrons

J nr:mber of 
7..1.-mesons'

l+ r"adius of 2Oo-cone in m

! su::face, over which the partlcLes are distrlbuted, in nra

6 denr:ity of neutrors ir, ,o-2
-)7 density of 

7.c-ne 
sons in m -.

numbors densitlee
o

y''htl
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1abl"e, 7:

Attenuation of secondaries flom 0- G€V ln alrn

Density 1r2 x ta-l g/o*3

1 lota1 distance in hn (f Un for produotion of secondarles inoluded).
2 number of neutrons

] number of ,* -mosons

1+ number of cascad.s-partlcl,es (eLectrons and. photons)

5 radius of the 2Oo-cone tn kn

6 surface ovor which the particlas are dlstributed, in t2
7 density of neutrons in m€
I density of ;r -nesoo. ir, *-2
9 density of oascadeparticlerio tÊ2

numbers densi,ty
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