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·ABSTRACT 
\ 

The shielding and activation of a meson factory are estimated by computing 

the emission spectra of the neutrons produced, and using these spectra to estimate 

the necessary shielding and the probable activation of the accelerator caused by the 

captured neutrono. The technique used in making these eotimates io explained. It 
. , 

is assumed that a meson .factory has an internal circulating beam current oi lOOt.s.A 

o£ 450~j 600-, or SSO..;MeV protons. This boa.m will 'be assumed to hit an aluminum 
' ' . ' 

target o£ 100 g/crn2• 
I • 
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Introduction and Method o£ Calculation 

~he calculation of the required ahielding of a meoon factory is o! course 

the same as that for any other accelerator operating in the energy range o£ several 

hundred hieV. ·The only substantial dif.ference !o the considerably higher beam .. 

current of the factory, compared to previouo accelerators. The special techniques 

used to achieve these higher beam currents do not have a.ny bearing on the shielding 

· • or activation problem. and the experience gained in a:hiiill:l.irg cyclotron.a in the oame 

energy .range ia directly applicable. Since auch an accelerator is £airly large 

physically and ia quite expeno!ve. the shielding is a major item in the budget • 
. I 

. Also. it is not appropriate to use large safety !actors !or the shielding thickness. 

as might be done in the case of a arnall machine. AIJ a result the necessary 

shielding thickneso muot be e:~::plored in greator detail than has oometimes been 

done in the past. In oome caaoo shielding wao oometimeo relegated to the position 

of an. afterthought or an acccooory that could ba added. to a later date, when. the 

initial construction expenoe of the accelerator itself was a. few years in the paot. 

The meson factory cannot be uoed e££ectively from ito startup without the correct 

amount o£ shielding. The induced-activity problem presento an additional incon

venience in oubsequent ma!ntenancek and modification work. . It also io a. problem 

v which must> not be postponed untU after conotruction. 
' ~ ... 

·· 1 t Work done under the auepices of th<~ tt. s. ~omJ.c Energy Commiaoion • 

. "·· 
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Unfortunately theee problems are not of sufficient baoic scientific interest, 

eo that extensive calculations have been made with shielding primarily in mind. 
' • 1 

As a. result each new estimate tends to be a more sophisticated, but still very 

appropriate, computation than the last, using the few basic relerenceo that are 

applicable to the problem. Perhaps some day very detailed Monte Ca.:rlo computations· 

, ,will be available, taking into consideration energy and angular distributions. and 

various geometrical situations in a more rigorous manner. Such calculations are 

now being initiated at the Oak Ridge National Labo~atories in connection with the 
' 

radiation-dose estimate for the project to send a man to the moon. These 

calculations are directed. toward shielding against solar-flare protons but the lunar 

project io in many ways very similar to the meson factory shielding problem. The 

results, when available in a l.ew years, will probably make the crude e,stimates 

of the type outlined herein out of date. 

In the shielding o£ an accelerator in the several-hundred-MeV range the sec .. 

ondary neutrons. which are produced by the main-be.am protons in the primary 
' 

target and in the hardware of tho accelerator, (themselves and the radioactivity 

which they induce) are the only important aource of dose. By the time a suffldent 

thiclmeoo of shielding h.aa been placecl around the accelarato;.· to attenuate the neutrons, 

th.e electromagnetic radiation and tho charged pa.rticlem have been very completely 

containr.::d. The only known exception to thio .is that, in the very Dpecial caae of much . 

higher energy machines, in some special altuationo. ~ mesons may be the controlling 

factor& Such will not be the ca.oe at meson-factory energies. 

, The technique gene:rally uoed to estimate shielding is that developed by 

Moyer 1). Each proton will produce a variety of particles as it undergoes collisions 

;'-6; in the target and in the accelerator hardware. The greatest concentration of high-

energy neutron secondaries ia o£ cour~e downotream from the target. With this 

exception~ the secondaries are usually produced rather uniformly throughout the 

.~ vacuum. tank and pole faces o£ the magnet. At large diota.nces from the accelerator 

the radiation pattern no longer shows much of this target-source origin. Thio 
·"'~ < ' 

... _~.--· :_ .. --~r-~bl~~-J~-~~.l?e~~-e~~n,erivelv_in:ve.athzated_bv .. ?atterson~\ _andJ)ak:l.n:). ______ ··--·-·· 
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When protono strike an extended thick object the ~ neutron production 

as a function of energy for. C, Be, Cu, and U are as ohown in fig. 1. Thus we' 

see that lor .an aluminum target,· for tha throe tiUlergleo wo are ~ono£1li~:dng, the/ 

total neutrOn production is given by table 1,' which is derived in part ·!rom data of 
~ . . . ' 

' . Moyer 4). This totat production con~iots o£ two pans. The "cascade" particles are 
' ' 

knocked out during the lmmediate paenage of the incident _proton by direct interactions 

between _it and individual nucleons ~the. target nucleus. These parti.el~s are 

strongly directed in the forward direction. and in general we will consider them to 

supply all the particles .with energies above 150 MeV. The remainder of the 

secondary parti~les are, oo to speak, "evaporated" from the nucleus at a later time 

by the general excitation energy whic:h.!o left behind in' it by the passage of the primary 

. proton. · 

.. a. Casca.deo 

The cas·cade process within individual nuclei is considered in detail in the 

Monte Carlo calculation by Metropolio et al. 5). 'fhere has been some augmentation 

to allow .for plural cascades within the target nucleuo. The resulting yields of neutrons 

and protons from either neutron or proton bombardment io shown in iig. l. 

T~e D)rnthesia of the overall neutron spectrum io .from two parts: 

(a) the caoca.de of neutrono above about ZO lvl:eV and (b) the evaporation 

neutron spectrum. which is peaked in the few- MeV region. This sy::1thesis is not 

only a natural approxim.&tion o.f this otherwioe far too complex pro~lem, but alao, the 

uoe of these tv.ro parts o£ the ,;pec:trum in the evaluation of the problem repreoents a . . 
natural division. The cascade neutrono above 150 lvieV are the only part of the 

cpectrum that must be considered in the evaluation o£ the thickness o£ the ohield. 

This is so beea.uoe the lower energies have attenuation lengths that are substantially 

shorter than those l.o~ 150 MeV, and it is only thia penetrating high-energy component 
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· that controls the ebielcl thickness. This can be oeen. in fig. 3, where there is a 

plateau in half•value thicknes~ above about 150 Mey. There is of course a build-up 

an~ establishment o£ equilibrium spectrum in the first (inner) layers of the shield, 
. ' ' 

but for practicat shields of the thiclmeoa that wUl 'be needed for a meeo~ fa'ctory, 

there ia only the 46-cm half-value layer to be considered. 

· · '·The spectrum of-tho cascade particles, computed by Metropolis et al. 5)p 

_ io shown 1n fig. 4 for 460- and 1840-MeV incident protono. The spectra are seen 

to. not differ by very much, except ol course at the highast energies. These spectra, 

multipUed by the appropriate normalization factors given in table 1, are shown in 

the higher energy region of fig. 5. The angular distribution of the cascade particles 
' - 5 ' 't ' 1 

is also secured from Mot.ropoUs et al. ), but~aa been a.ugmented.,·•by Moyer ) o who 

used data from the Bevatron and £rom cosmic rays-on the angular distribution of the 

prongs of nuclear stars in emulsion. · This angular diotribution is shown in fig. 6. 

The angular distribution is not eenaitive to energy. The distribution io normalized 

£or 6.Z GeV protons on Cu. 

'The work of Metropolio et al. 5) contains data on ,the net p~oduction of cascade 

. nucleons at energies other than thooe of interoot to meson £actories-ancl for other 

target materials~ and. considerable ndditibnal information on the cascade process. 

Their tecrwique is serving as a baoio for the even more detailed computation now 

under way at Oak Ridge. 

3. Evaporation 

Several authors have treated the evaporation o£ nucleono from nuclei that have 

been excited by very higl{energy protons that will make up the low-energy e11.d of our 

spectra 6- 9). Nuclear evaporation is somewhat analogous to the evaporation of a. 

liquid on a.n atomic scale. The resulting particle spectra are obtained by e&timating 

an excitation energy E1 ·for the nucleus ao ~ whole.Th!sc:E~sti.zi:atio:n .. due to Moyer4), 

is shown. in detail for Ne ud Al in fig. 7. The excitation energy ia related to 
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the square ot the nuclear temperature by an empirical parameter (A/10) due to 

Dootrovelty6.): ·,- ., -:_ ' ' ·; 

. -
·• \ (1) El• (~) Tz 

where E 1 111 the nuclear excitation in MeV. A= the atomic num'ber of the nucleus, 

A/10 =the. empiric~ pa~amete~ .ha:ving the dimensions Mev"'1, and 7_= the nuclear 

temperature (MeV). ··The resulting nuclear temperatures lor Ne and. Al are shown 

- in fig. 8. : The evaporation spectrum itself le then given by 
': : ' ' ') . j 

. ~ , . . N(E)clE • ( ... ~ ) e- (E/T) dE. . . (Z) 

The E in !ront oi the exponential, instead o£ the usual El/2. which appears in 

· the .Maxwellian etlergy distribution. ic necessary to account fo:r higher velocity 

nucleons escaping· from greater •'depths" in the nucleus in a manner analogous to 

the same relation £or the. energy distribution in a molecular beam em:erging from 

a.n oven. 

In order to, estimate the complete spectrum it is now necessary to fit to

gether this Maxwellian low-energy evaporation end and the Metropolis high-energy 

Htail. 11 This fit io made after each individual spectrum. has been no:rmalbed to the 

estimated total production o£ its particular _component. as given in table 1. Thio 

relation is shown as a. !unction of the bombarding energy for both neutron and proton 

ovapoz-ation products in fig. 9. More detailr:; of thio proceso are available, such as 

the sup.presl!lion of the low energies by the Coulomb barrier-as t:J!ea.ted by LeCouteur 7) 
. . . ' 2 3 . . . 

and .Deutsch 9). · Heavier particles such as H and H , ao well as multiply charged 
. 4 . 

particles such ao He3 and He , can be estimated. The doubly charged particles 
·- ' 

have their evap()rat!on spectrum peaks -at about twice the energy of the proton 

spectrum peak from. a· nucleus with the same excitation temperature • 
. . 
... 

.. 



. ;; 

... 

.... '-..J 

UC:R.L-10086 

The angular distributions of the evaporation partic:les, by the very 

meaning of evaporation •. are ot course isotropic. The evaporation particles proc;iuced 

in tbl) target ha.vo, no chance of penetra.tins the ma.in obio14o d.b:octlyo ~til baa b@en 
. . . I . 

explained •. Therefore, they are mainly o£ interest with regard to the radio-
. • . • I • ' , • • . • • 

. . . 
activities they t~d~~e in. the hardware of tho accelerator.. They are more important 

activity · 
in this/ production than ~e ca.acado neutrons, because their energy is more favorable 

and they are more numerous~ _More extensive clata on evaporation particles is 

'4 . . . ' given by M.oyer ). · · The smooth !it of the two parts o£ the spectra shown in fig. .5 

. has only been done by eye. Greater accuracy is not appropriate to the problem. 
. . ~· .. 

4. Shield Attenuation 

The thick shields required around accelerators provide their neutron 

attenuation by absorbing, degrading, or' d~aviating the neutrons by nuclear collisions. 

At the high energies o£ the cascade particles, elastic scattering ia ao strongly peaked 

in the forward .. direeted diffraction patterns· that e·ssentially no deviation or energy 

loss occurs. ·Thus as tho neutron energy is increased from the evaporation region 

to th~ cascade region the effective 'removal cross section for neutrons in the shield 

decreases from .the total cross section to the inelastic cross section. 

This c.ffect ia shown in tables 2. l. and 4, £:rom Patteroonz), a.s applied to 

. ' ' -1 
the elements present in concrete. It is seen that Na a(cm ) is a figure of merit 

for the efficiency of each el.e,n1ent. Table 4 emphasizes the impOrtance of the 

heavier elements as the neutron energy io raised. Points calculated £rom these data.· 

. by• Pattereonz) are ~p.t~ in fig •. 10~ together with aeve~a.l experimental values for . 
energies from f MeV to. 4.5 OeV. The agreement io quite good. The same data appear 

in a. transpesed £orm in c. g. s. units in fig. l.. Th$ data only apply to thick shields 

'J . and poor-geometry: situations. 
r •! ! 

.. 
"" 
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Tho measurements of· ut· t .. ' and u · ·ti for various nuclei as a . o 1.&4 rea.c on 

function of neutron energy up to· 5 ~V ·are given by Coor et a.l. 10) and Atkinson · 

et ~i. 11), ·and o.ro -~~Wft lrl. Ua,c1enbaw:n1z). ·: 'l"Mo 6xpe;bnontal wo~k chow111 that tho 

--. \.. attenuation of neutrons in the high energy region is essentially constant • 

! ; 

.·: 

, 

. •.:) . 
5. Radiation Emergi~g From the 5h;i4!~~ · 

I I 

Now that' the apectrwn and angular distribution o! the neutrons produced in 
' . 

the target and accelerator hardware by the primary proton&, both in the beam and 

loat from it at the end of acceleration,' have been estimated, a sec~ndary calculation 
·' 

can .be made of the penetration of thG outer shield by these neutrons. This can be 

done by using similar data for cascade particlee produced by neutrono o secured 

£rom the same .sources ao that given earller £or incident ~otone:. The pertinent cascade 

a.nd evaporation data' per incident neutron are given in table 5, taken from W..oyer1). 

The evaporation data'are the same as those for incident protons,· whereas the 

caocadc valueo are not. In order to emphaaize this comparison the data. for 

p1·otons. ·incident on atome weight A a lO(Ne) are ohown in table 6. AG would be 

expected, tl1.e neutrons a.re more numerous in neutron-induced caacades than in 

proton-induced caaca.des, and vice veroa tor proton-induced cascades. The above-

.~- :b:i~rttio·na& tables also include cascade meoono, which gradually increase in 

importance :from 500-.MeV incident energy on up. They do not, as mentioned earlier, 

become a. controlling factor in the energy range considered form meson !actoric·a. 

Table 7 • which contains data for targets o£ atomic weight A:::: 60. iG included 

to qmake it possible to int~rpolate for the intermediate elements present in shielding, 

a.s haG been done in th~ caoe of aluminum, in figo. 1 and 8. · Aleo included in the 
. . 

evaporation part of tables 6 and 7 are the numbers ol other atomic species such 
. 2 3 3 4 . . , 
as H , H • He , He • and u. Be. C, etc. • which are evaporated in addition to the 

neutrons and protorus at higher excitation valuoo.in leaoer am.ounto. 

. I! 

· .. ,.,_ 
~; 
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The flux of particles present on the outside o£ the shield now consists o£ 

the directly transmitted primary ne~ons of energy > 150 MeV from the spectra . 

of fig. 5, plus a contribution of evaporation fragments produced by these high-energy 

• · · nGutrons that auf.ftn' !ne1aet1c eolU.otons in tho outer layore ol the concrete shield. 
r,J .. . . ' . \ 

~"' The data in table 5 for A = 20 should be used with care for other values of A, . 

":• 

'.-· ' ~ , ' 

..,. 

·' . ·' 

. ' .. 

· because higher values o£ A give much larger evaporation neutron yields, and 

elements with higher values of A - such. a.s Si and Ca- are an important part of the 

concrete shield wall. 

The number of primary target neutrons making inelastic collisions within 

an outer layer of the shield wall of thickneso x io 

N = M (ex/).·1), (3) 

where x io measured in from the outside of the ohield, and ~ io the mean free 

path for inelastic coWaions of the neutrons. Assume that half of these evaporation 
' 

. neutrons emerge. This is an obvious over-estimate, but it will to some extent be 

compenoa.ted for by the further multiplication of oome of tbe cascade neutrons in 
. 

secondary collisions of their ovm before emerging on the outside of the shield. 

None o£ the protons produced in tho nl.uminum target will emerge from the outside 

of the shield bocause of range limitations. There .will, however, be protono emerging 

from the outoide of the shield, arising from the evaporation processes produced as 

outlined above. 

Conoidering an outer layer o! the shield x = >-., one mean .free path thick, for 

cascade production; and using the apectra. o£ fig. 5, the data in table 5, and valueo of 

). shown in fig. 17 from ~denbaum12):we eotimate that each prim;;;.ry neutron that 

paeses through the outer shield will ba accompanied by 0.6 fast neutrons and 0.3 

protons • 
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There will also be a small flux of thermal neutrons and gamma rays.· 

ThG gammtMJ come from. thermal neutron capture by the· H of the shield and also 

from nuclear deexc:itations associated with. evaporation proceoeeo. Typically, the 

. nume:dca.Vvalue of the thermal neutron flux ia only a few Umeo that o! the fast 

neutrons. so the relative dosage from the thermal sections ia negligible, taking RBE 

·values into account,· in comparison with the fast neutrono. Ionization-chamber 

.. .,, measurements o£ the gamma .. ray dooage are typically one-quarter or less than that 
,, .. ""' 

arising from fast neutrona. 

6. ~opal~ti~n of Radiation .to ?iota.nt Locations 

The propagation of the emitted radiation from the outside of the shielding 

to distant locations has been treated theoretically by Moyer1), and experimentally 
z. . . 3 

by Patterson )'and Dakin ). Two processes of propagation are involved. First, 

there is direct flight oi the higher-energy cascade and more energetic evaporation 

components with inveroe-oquare ancl exponential attenuation by air collisions. Second, 

there io difiuaion o£ the lower-energy evaporation componenta. These processes will 

'be b·eated in three parts. · 

6.1 DlFJ:."'tJSlON OF 'EVAPORATION NEUTRONS 

The Dolution of the .Boltzmann di!fusion equation 
. 2 

V 2 A cf.l . 1 d. (r¢) $ Q (A) 
'1' .., -;;r-. IS . r dr2 "' r:r t;: "11 

£or a point source of monoenergetic neutrons and a spherical geometry of surrounding 

medium with uniform scattering and capture eros s section is: 

where 

·-~q,(r) = ~l ~ e [ -(r•rt)/ ·/>..a \r73J 
. r 

q,(r) • the flux density at the distance r from the source. 

+1 = the tlux ciensity at the Gistance r 1 frorn the source, 

.• 

i i' ' ., ; . : , 

(5) 
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' ' ' 
~a= the mean free path for absorption of the neutrons, 

\r =the tranaport mean free path, 

d >..a\r73 • the cba.racte.rietie length iD the dlf£uo1on equation • 

· · ~ If the Boltzmann diffusion equation had been solved lor the case o£ a medium 
',I, 

in which the characteristic collision mean free path lavery long, 
•. J ' •.. · . •. . th . 

dependence would be, for the i energy group: ... . . 

+i(r) = /z e·(r/~) •. 
i 

the distance 

(6) 

where ~ is .the source strength per steradian in a particular direction for neutrons 

with colli£Jion mean free path >;,. Values for ') a.re given !or eeveral energies 

in the column labeled "- t:r..,,
1
Ut;,l.;" of table S. In the caoe of the diffusion process 

. • CG.I. lSlOn 
' 

described by eq; (5), the distance dependence is an exponential attenuation multiplied 

by 1/r whereas in the case o£ direct flight with attenuation, doscribed by eq. (6), . 
. z 
1/r appears instead. Thus the radial fall-of£ o£ flux intensity is less rapid in 

the caae of diffusion. 
the outer shield surface, taken to be at 

Wee.~ will assume in the diffusion caae that at/a distance of 10 rn from the 

cent~u~ of the accelerator the low-energy .evaporation neutrons have achieved a 

random direction and are properly deacr!bcd by eq. (5). It has been estimated 

by Moyel!' 1) that q,1 ia 1. 7 times the ourviving nw:nber of primary target 11eutrons 
~ • 1 • • 

penetrating .the sphere at the rn.diuo r 1 = 10 ~· This !unction. with 250 meters.~ 

~ubotituted in the el..'"PQnent. is plotted in fig. 11. The diffusion of neutrons haa 
·. ~ . . . . . . 1.2 
also been treated by Lindenbaum ), uoing slightly dif£erent parameters • 

..... 

"· 
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Expressing~ in·eq. (6) as a function of the angle F 0(8) target yield p0r 

Gtl\31'8.dia.n: substituting the collision moan free path for neutrons above 150 MeV; 

and multipl}ing by an attenuation exponential for the Bhieldt of thickneso t, we have: 

· ·· ·"· · ·· F (8) 11 · 
. ' F(r,8) =..: Oz·•· e·( &f ~h) .-(:r/740)' (7) 
.,. 'It .. ' . 

' where . ~sh is the mean free path £or :removal in the shielding. U directions are 

being considered that intersect the magnet iron. then an additional exponential 
' . 

. for that can be· multiplied in. This flux is plotted in fig. 11~ It is seen that the curves 

£or A and .B' categories are too close togethe.r and too parallel to ·be distinguished .;;;• !l 

~a.sily in the. region out to several hUndred meters. . Beyond this distance the fluxes 
. . 

are too small for accurate measurements. At the present time it is not lmown 

whether A' or B 'is the dominant ·proceso. but clearly some of each is involved since 

varying azimuthal dependence is experimentally observed in addition to what is clooely 
2 . . ' . 2 

. a 1/r d~pendence, a.s aeen in the data of Patterson ) in fig.' 12. 

6,3 . DIRECTI'l!"'.L t·G:H 'I":' OF CASCADE AND EVAP03.AT!ON NEUTRONS FROM 

THE OUTBR SURli"ACE OJJ" T.HE SHIELD. 

ThecH~ neutrona are produced in the outer l.1.yero o£ the shield-not at the 

center. o£ tho accelerator in a point D<>urco. An a result some additio.na.l geor..o1.etric 

aasw:nptiona must be made, 1\-ioyor1) has ~ssumed that one steradian of solid angle 

ie available to the caocade neutrons and that their diflusion can be conoidered to 

come from point sources located on the outside of the shielding. Thio giveo a flux 
. ~ ~ 

density for tb.e secondary neutrons of the i energy group: 
. ~ .. 

(8) 

\' 
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r ... · r 
8 

= the distance o! the observation point from. the outer surface of the 

1·' • . i' . shield. 
l '· . ' 

B a tlle number of emerging oeconc!ary neutrono in energy group i 
' ...... . 
' ' 

• I ·· ' • ' ,. .,_ ~ • ~ i ! ~ 

1 ~ .• 

accompanying each amerging primary neutron .. 
:t 

7; Activation.: · · 
T ' ,. 

' The the~ flw.c inside the shielding can be eotimated quite well by the 
. ·" :':, ~ . ' ' . . . . 

relation:. 
I I 1 

4>th = l.Z5 ~ (9) 
- 13 which is described by Patterson ), where Q faDt neutrons are released into the 

. . . . z 
accelerator vault per second, and the inside ourface area of the vault is S em • 

The spectrum o( the neutrons in the process of degradation is appr.:>:dmated by 

assuming aach ett.r.iasion increment O(E1)AE1 to give rise to a. flu:~: increment 
• '"' f ' 

with .spectrum ·1/E ~ l/E 1 ~ Thus, ·by integration, the "slowing down 11 flux has 

the spectrum:. 

{10) 

Trn.o Holowing-do,m. 11 nux spectrum ia joined by continuity of olope to the thermal 

spectrum 

A = K El/Z ... ·(E/ltT) 
Tth Z '"' ' (11) 

· · w¥ch in turn is .normaU2:ed by requiring tho iutcgra.l from zero energy to 0.5 eV to 

givE?. the value l.ZS. O/f? given in oq. (~). 

Although much has been written about the induced activitie a in the vaults 

'" · , o£ accelerators 14• ~S, 16), and there io a good underatanding of the ol:served radiation 

. ., levels, it ia probably be~t to extrapolate the meaouremento made with the 1S4 .. inch 

.. cyclotron at Berkeley to the proposed meoon factorieo. Aiter many yearo o£ 

j • 
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operation with 1 JtA of 340-MeV protono and 180-MeV deuterons. the induced 

radioactivity inside the vault as a !unction of tho time after shutdown was 

characteristically shown in lig. 13. The lour prominent half-lives are identified. 

The mean ra.diation level after eeveral do.yo of d.ecc.y lo about Z m.r/hr. Since these 

meat~u1•ements were made, the cyclotron has been converted to accelerate 730-MeV 

protons-on which it operates about 70o/o of the time. The remainder o£ the time is 

spent accel~rating 450-MeV ~uterono a.nd 900·MeV alpha particles. Boom15>haa 

measured the spectrum of gamma rayo in the vault after extended operation with 

730.,.MeV protons. He found tha.t the mean radiation level after 48 hr of shutdown 

is about 10 mr/hr. The main activity that he oboerved in the magnet gap wac co 58• 

Boom concluded that an 850-MeV meson factory operating at 100 JJ.A would 

have a serious induced-activity problem.. Table 9 showo the total neutron yield from 

a copper target when &truck by a. variety of particles which have been or might be 

accelerated in the LRL cyclotron pluo the two meoon factory e4'lcrgieo of 450 and 

600 MeV. It is seen that by extrapolating from our many years of operating experi ... 

ence with. 340-MeV protono to 100 timeo the beam, with 85·0-MeV protons, the induced 

ba.chground in the vault after about 48 hours of oh.utdown-io raioed by a factor of 

500~ Tha.t io, from Z mr/hr to 1 r/h~hich makoo working intolerable. I£ one 

e;,:.trapolateo from the 7ZQ .. MeV lovolop tho incroaoc is by o. !actor of 100 to 1 r/hr. 

Boom 15) suggeota that two otopa bo takon to al:leviare this dire cituation.: 

First. use a.s much aluminum and ao little otainleos steel as possible. Thio 

suggestion h.as often been made, but oxperimc:nto made at the Bevatron, 184 and 

60 .. inch LRL cyclotrono indicate that the uoe of aluminum is unwioe. Even Deveral 

weeks after shut down aluminum io the moot radioactive metal at the :1eva.tron. It 

seems unlikely. that any large advantage ia to be gained !rom the subst!tution o! one 

common c:onotruction material !or anothor •. However, Boom's oocond suggeotion, 

ahlelding against the long-lived nctivitieo. which 2.ro mainly 510- and 810-koV 

Co56 and Co58 gamma.&, 'b not di!ficult. and would probably be effective . 

• 
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To reduce these gammas by an order of magnitude requires 2 em of lea.d. 

Such shield& could probably be inotallecllocally and would make it possible to 

preft?rm brief ~a.illtenance· work several days after shutdo·wn-.With, o£ course, 

eonaiderable inconvenience, compared to prcoont practice. Certninly all equ!pxnent 

that does not actually ha.ve to be located. in tho accelerator vault should be located 

on the tloor below or removed completely !rom the shielded area. The vault floor. 

should be made thick enough oo that the equipment located below will not itself 

become radioactive to a aerioua degree. 

8. £onclusion a~~. s~;:;.arz 
.... ,, 

. The production of neutrona in a meson-machine target due to the cascade 

and evaporation proceooes hao been deocribed, and spectral and production estimates 

made. The subaequent production of aecondarieo in the chield wall hao been treated. 

The neutron atmosphere inside the accelerator vault, which io responsible for the 

induced activity o£ the accelerator hardware, was estimated (Sec. 7). It wao concluded 

that 35 ft of concrete in the forward direction !rom the target would allow industrial 

occupancy of a point 50ft from the target. Of couroe denoe concrete could :reduce 

theso dime:-;.aiono in tho invoroe ratio of the donaitieo. The induced-activity problem 

is not a.a eczily solved, and immediate acceoa to the vault after ohutdown io out of 

the queotion. However, local ohiclding can holp in tho performance of brief' 

maiz.-1tena.nce jobo a few da.yo after shutdown. 
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.Fig •. 1 •. · Estimated thick-target neutron yielcle from proton bombardment. 

Figo . Z. · Estimated caocad'e neutrons· and protons produced by incident neutrono 

: or protons of energy En on nuclei near: A • ao • 
. Fig.· 3._'. Half-value. reduction thickness £or htgh•energy neutrons in ordinary concrete. 

Fig • • ! . ~ergy spectra of caac:ad.e nucleono .emitted from aluminum. 

Fig. 5. Cascade and evaporation neutron emission cpectra from 450":', 6oo-, 
.. ,..,. 
and 850-MeV protons on aluminum • 

.Fig.· 6. .Angular distribution o£ neutrona, over 150 MeV in energy, from a single 

.. ·.~~collision in Cu by 6.3-0eV protons (normalized to 8 neutrons/proton). 
' . 

Fig. 7. Nuclear excitation energy E1 produced by incident neutron or proton 

of energy ·En in nuclei with A near 20. 
. ' 

lN.g. S •. Estimated residual nuclear temperature after excitation 'by a. neutron or 
• I 

. proton of energy E for an element near Z = 20. . n 

Fig. · 9. Estimated evaporation neutrons and protons produc~d by incident neutrona 

oa·• protono of energy En on nuclei near A a 20. 

Fig. 10. Attenuation of neutrono in ordinary concrete. At. 90 and 270 MeV, 

me;~curementa were made at the 184-inch 340-MeV cyclotron. At 4.5 GeV the 

measurement wa.ca made at the Bevatron • 

. 11ig. 11.. Comparison o£ radial dependence o£ neutron fluxco frc.m high-energy direct 

£light and low-energy diifuoion. 

Fige 12.. Fast~aeutron .flux meaoured with cadmiurn-para££in•indium detectors 

at different distances from the Bavat:ron • 

.Fig .. ll. Radiation intensity noar 184-inch cyclotron tank vo time after shutdown 

' (34_Q .. McV protons, 1 J.i.A, for several hours). The Fe 59 (45 dayo) and 

Mn.54 (300 days) are not resolved • 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the.extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 




