Lawrence Berkeley National Laboratory
Recent Work

Title
SHIELDING AND ACTIVATION CONSIDERATIONS FOR A MESON FACTORY

Permalink
https://escholarship.org/uc/item/7h5555b3

Authors

Moyer, Burton .
Wallace, Roger W.

Publication Date
1962-04-11

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7h5555b3
https://escholarship.org
http://www.cdlib.org/

UCRL.10086

University of California

~Ernest O. Lawrence
Radiation Laboratory

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



F e

R S y  UCRL-~10086
. UNIVERSITY OF CALIFORNIA

o : Lawrence Radiation Laboratoa'y
R Berkeley, California

" Contract No. Wa7405-eng-48

N,

- SHIELDING AND ACTIVATION CONSIDERATICNS FOR A MESON FACTORY .

- Rogem: W, Wallacewand;Burton JT:Moyer
April 11, 1962 | -

e o v 1 e



O |

target of 100 g/cm .

NITO N UCRL-IOQ%

SHiELDING AND ACTIVATION CONSIDERATIONS FOR A MESON FACTORY ‘
Rogemmw Wa@lace a»ndsBy,rton J.'iMdyer. -
Lawrenca Radiation Laboratory
- University of California
Berkeley, Califoraia -

April 11, 1962

| - ABSTRACT
The shielding and activation of a meson factory are estimated by compﬁ;ing
the emigsion spectra of the neutrons produced, and using these gpectra to estimate

the "x’zeficfessary shielding and the probable activation of the accelerator caused by the

. captured neutrons. The technique used in making these estimates is explained. It |

is assumed that a meson fa.étory has an internal ciréulating beam current of 100pA

Of 450-, 600~. or 850-MeV protcms. This beam will be assumed to hit an aluminum
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1. Introduction and Method of Calculation

'»'}‘he calculation of the required shielding of & meson factory is of course

 the same as that for any other accelerator cperating in the energy range of several
" hundred MeV. -The only substantial difference is the considerably higher beam
" eurrent of the factory, compared to previous accelerators. The apec:.a.l t;achniques

used to achiave these higher beam currents do not have any bea.rm'r on the shielding

" or activation problem, and the experience gained in shidliing cyclotrons in the same

exﬁergy,range is directly applicable. Since such am accelerator is fairly large

; pﬁyaically and is quite expensive, the shielding is a major item in the budget.
‘Also, it is not appropriate to use large safety factors for the shielding thickness,
- &8 might be done in the case of a amall machine. As a result the necessary

| shielding thickness must be explored in greator detail than has sometimes been

done in the past. In some cases shielding was sometimes relegated to the position
of an afterthought or an accessory that could be added te a later date, when the

initial construction expenge of the accelerator itsclf was a few years in the past.

' The meson factory cannot be used effectively from its @tartué without the correct

.- amocunt of shielding. The induced-activity problem presents an additional incon-
 venience in subsaquent maintenancek and modification work. It also is a problem

~which muat) not be paéepoz_xed until after conatruction.

-fWork done under the auspices of the U, 8. Atomic Energy Commission.




| -2- © UCRL-10086 . |
. Unfortunately these problems are not of sufﬁcien& bagic scientific intereat.
80 that extensive calculationa have been rnade with shielding primarily in mind.
As a resplt each new estimate tends to be a more eo;:h.isticated. but still very
appropriate, computation than the 1&#&. using éhe fow basic references that are

applicable to the éroblam. Perhaps some day very detailed Mo:até Carlo computations:

~ will be available, .takinﬁ into consideration energy and angular distributions, and

various geemetr&cal situations in a more rigoroué manner, Such calculations are

" now being inltiatad at the Oak Ridge National Laboratories in connection with the

: ra.cuation-dosa 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 is in many ways very similar to the meson factory shielding ﬁroblem. The

results, when available in a few years, will probably make the crude estimates

~ of the type outlined herein out of date.

In the shiblding of an accelerator in the aeveral-hun_dred—lviev range the sec-
éndary neutrons, which are produced by the main-beam plrotona in the primary
target and in the hardwars of the accelerator, (themselves and the radioactivity
whic:& they induce) are the oniy important source of dose., By the time a sufficient
thickness of shi@lding has been placed around the accelerator to attenuate the neutrons,

the electromagnetic radiation and the charged particles have been very completely

~ contained. The oaly known exception to this is that, in the very special cage of much

| higher ensrgy machines, in some special aituatiohn. #t mesons may be the controlling

_ factor. Such will not be the case at meson-factory energies.,

The technique generélly used to estimate shielding is that devéloped by

e Moyerl), Each proton will produce a variety of particles as it undergoes collisions
- inthe target and in the accelerator hardware. The greatest concentration of high-

energy neutron secondaries is of courés downgtream from the target. With this

1

-exception, the secondaries are usually produced rather uniformly throughout the

vacuum tank and pole faces of the magnet. At large distancee from the accelerator

the radiatioi: pattern no longer s&hows,'much of this target-gource origin. This .

__problem has been extensively investigated by Patterson?) and Dakin®.__ .

B ppraibausr g s st
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When protons strike an extended thick object tha total neutron production

a8 a function of encrgy for C, Be, Cu, and U are as ahown in fig. 1. Thus we'’

sce that for an sluminum target,' for the thme energles we are gonaideringi the;" |

total mutrd_n production is given by table l.." which is derived in part £from data of
Moysr%._ This total production coqéicts of two parts. The “cascade" particles are

knocked out during the immediate pasaage of the incident proton by direct interactions

. between it and individual nucleons in the target nucleus. These particles are

strongly directed in the i’o'rw.a.rd direction, and in general we will consider them to

. supply all the particles with energies above 150 MeV. The remainder of the
- secondary particles are, so to speak, "evaporated" from the nucleus at a_lafer. time
| by the general excitation energy which 10 left behind in it by the passage of the primary

- proton.

| 2. Cascades

. The cascade pro.ceas within individual nuclei is considered in detail in the

Monte Carlo calculation by Metropolis st al. 5). There has been some augmentation

~ to allow for plural cascades withia the target nucleus, The resulting yields of neutrons

and protons from either neutron or proton bombardment ic shown in fig. 2.
| The synthesis of the overall neutron gpectrum ie from two parts:
A(a) the caccade of neutrons above about 20 MeV andvr(b) the evaporation
neutron spectrum, which is peaked in the few-MeV region. This synthesis is not

only a natural approximtiop of this otherwise far too complex problem, but also, the

~ use of these two parts of the spectrum in the evaluation af the probiem reprenents a

L

natural divigion. The caacade neutrons abova 150 MeV are the only part of the
spectrum that muat be considered in the evaluation of the thickness of the shield,

This is so because the hwar energies have attenua?mn lengths that are substantially

' shorter than those for 150 MGV. and it is only thia penetrating high-energy component

>
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' gthat controls the ahield thickness. Thia can be seen in fig. 3, where there is a

plateau in halfovalue thicknesa above about 159 MeV, There ia of course a build-up [
‘aud estabnshment of equilibrium spectrum in the first (inner) layers of the shield
: m:tt for praceie:al shields of the thlcknesa that will be needed for 2 meson factory.
| there ia only the 46-cm half-valua layer to be considered.
» 'I‘he apectrum of the caacade particles. computed by Metropolia et al, ),
'_!_m ahovm in fig, 4 for 460- and 1s4o-mv incident protons. The spectra are seen
'to not :iiffer by very ziiuch. except of course at the highast energies. These spéctra; '
multipiiéd by the apbtoPriate normalization factors given in table 1, are shown in .
the Mgher energy vregi‘on of fig. 5. The angular distribution of the cascade particles
- is also secured from Matmpdna at al, 5), butr/iiz.%ﬂ been augmented-wt;y Mo;rerl), who
used data from the Bevatron and frori; cosmic rays--on the angular distribution of the
| prongs of nuclear stars in ‘.a:xm:da:im:.= This angulay distribution is showm in fig. 6,
‘The angular distribution is not sencitive to energy. The dia:ributiox; is normalized
for 6.2 GeV protons on Cu.
‘The work of Metropolis st al. ) contains data on the net producticn of cascade
“nucleons at energies other than those of interost to meson factories—and for other
target maﬁeriais ; and considerable additional information‘on the cascade process,
~Their technique is serving as a basis for the even more detailed computation now

under way at Cak Ridgea.

3. Evaporation

Several authors have treated the evaporation of nucleons from nuclei that have
" been excited by very high energy protons that will make up the low-energy end of our

6“’9). Nuclear evaporation is somewhat analogous to the evaporation of a

specira
liquid on an atomic scale. The resulting particle spectra are obtained by estimating
an excitation en@rgy' El for the nucleus an a whole.Thitestination, due to Moyeréb.

is shown in detail for Ne and Al in fig. 7. The excitation eaerg{r io related to



' the square of the nuclear temperatura by an empirical paramewr (A/ 10) due to

: Dostrovsky )

- a/ 10 = the empirical parameter having the dimensiong MeV™

p&.rtxclea such ac  He> and He

Ba . UCRL-10086

Z

where El me zxuclem axcitatian in Me‘i!. A = the atomic number of the nuelaua.

-1 » and 7 s the nuclear

cL _temperature (MeV) ‘rhe reaulting nuclear tempara&ums tor Na a.nd Al are shown

I in ﬁg. 8. : The evaporation spectrum itself is than given by

STt e " N(EME = ("E‘é‘) e_“E/“ ae. @
e 7

- The E in front of the eprnential., instead of the usual El/ 2 which appears in

".. the Maxwellian energy distribution, is necessary to account for higher velocity'

nucleons e_s_é;apingvfroim greater 'depths " in the nucleus in a manner ‘analogous to

" the same relation for the energy distribution in a molecular beam enterging from |

an aven.

In order to.'; estimate the complete spectrum it {6 now necessary to fit to-

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

tail, " This fit ic made after each individual spectrum has beer normalized to the

' estimated total production of its particular component, as given in table 1. This

xelation is shown as a function of the bombarding enecrgy for both neutron and proton
evaporatien péoducta in fig. 9. More details of thiu process are avajlable, such as

the suppression of the low energies by the. Cculamb barrier—as trcated by Le Cauteur )

2

and Deutschg). . Heavier particlea sueh as H  and HE, 29 wen as multlply charged

4", can be eatimated The dcubly charged particles

" have their evapora.tion ap&cemm peaks. at: about twice the energy of the proton

gpectrum paak from a nucleus with the same excitation temperature.
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The anglear distxibutions of the evaporation particles, by the very
meaning of avaporation. are of course isotropic. The evaporation particles prociuced
in tho target havo no chaxxce of p@netmtins the main shiclds directly, as has baen

explained, Therefore, they are mainly of interest with regard to the radio-

- activities they induce in the hardwam of the accelerator. They are more important

activ

in this/ produgtion than the cascade neutrons, because their energy is more favorable

and they are moxe*numerouﬂ.‘ More‘ extemiva data on evaporation particles is

given by Moye'r4) ' The smooth fit of the two parts of the spectra shown in fig. 5

: has only been done by eye, Greater accura.cy is not appropriate to the pxoblem.

4. Shield Attenuation

' The thick shields required around accelerators provide their neutron

- attenuation by E;béofbing. degrading, ox déviatixig the neutrons by nuclear collisions.
- At the high enei‘gies of the cascade pafticles. elastic scattefing is 80 strongly peaked
5 in the vfbrwb.rd'-diz;ec'téd diffraction patterns that essentially no deﬁatiofx ‘or energy -
.' loss Qccgrs; Thus as the neutron energy is increased from the evaporation region‘
. to the cascade region the effective removal cross section for neutrons in the shield

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

This cffect is shown in tablee 2,3, and 4, from Pattersonz). as applied to

the el ements present in concrete. It is seen that Naa(cm"l) is a figure of merit

for the efficiency of each element. Table 4 emphasizes the importance of the

heavier eleménm as the neutron energy ie raised Pointa calculated from these datéi :

by Patterson ) are gostedt in fig. 10, together with aeveral experimental values for

. _ ,energiea from 1 MeV to 4, 5 GeV. The agreement is quite good. The same data appear

in a transpoaeé{ form in c. g. 8. units in ﬁg. 3. The data only apply to thick shields

_: and poor-geometry ﬁituationa.

-
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The megsurements of Ciotal and areéction for various nuclei as a =~ | i
function of neutron energy up to' 5 GeV are give’m by Coor et al. 10) and Atkinson =
et a:&. ). amd are ah@wn in Mﬁdanbaum ). This exparimmml wogk thows that the

attenuation of neutmna in the high energy' re gion is essentially constant.

o 5', Radiation Emaru From the Shield

| Now tha.t the spectrum and angmlar dixtributien oi the neutrons produced in "
‘. " the target ‘and acceierator hardware by the primary pmtons. both in the beam and

lost from ig atvtha end of acceleration. ‘have been estimated, & aecondary calculation
can be made ofv the ‘penetration of the ouﬁer shield by these neutrons. This can be

~ done by using similaﬁ‘r »vd.ata for cascade particles produced by neutrono, secured .
o frém the same sources ao that given earlier for incident protons. The pertinent cascade

and evaporation data per incident neutron are given {n table 5, ta.kén from Moyerl).

* The evaporation da_ta'are the same as those for incident protons, whereas the

‘cascade vaiues éz;e not. In order to emphasize this comparison the data for
gxoton'ss ‘fncident on atanﬁ: weight.A v 20(Ne) are shown iz; table 6, As wouid be
a#pected,' the neutrons are more numerous in neutron-induced cascades than in
_pratan-in&ucad cascades, and vice versna for proton-induced cascades. The above-
fﬁéﬁﬁi’éﬁe‘d’i- tables also include cascade mesons, which gradually increase in
izmportance from 500-MeV iﬁcidem enefgy on up. They do not, as mentioned earlier,
- become a cc;ntrpllihg facfor igx the eneréy range considered £drm meson £act§rie'a. |
Tablie 7, which ééntaine data for targets of atomic weight A = 60, is included
to amake it possible to inégrpolaze for the intermediate ellementa present in shielding,
as hac been done in the cace of aluminum, in figs. 7 and 8. ' Also included in the
evaporation part of téblea 6 and ‘fare the numbers of other atomic species such
as Hz, HS. H.es,b He4; and 14, Be, C, etc., which#re evaporated in addition to the

" neutrons and pfotone at highéjrl excitation values in lesser amounts,
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The flux of particles present on the outside of the shield now consists of

the directly transmitted primary neptrons of energy > 150 MeV from the spectra

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

"mmmﬁa that suffer inelantic collisions in the outer layors of the soncmtaéh&el@.
The data in table 5 gef A= 20 should be used with care for other valuesof A,
i vAvbecause ‘higher values of A give much iarger evaporation neutron yields, and
i .elements with higher valuea of A - such as Si and Caware an imponant part of the

concrete shield wa.u. :

The number of primary target neutrons making inelastic collisions within

_van outer layer of the shield wall of thickness x is

N=Mle TAWTY | (3)

. f_f where % io measured in from the outside of the shield, and \ is the mean free
path for inelaatic collisions of the neutrons. Assume that half of these evaporation
B i neutrons emerge This is an obvious over~-estimate, but it will to some extent be

i compensated for by the further multiplication of some of the cascade neutrons in

sacondary ccllisions of their own before emerging on the outside of the shield.

None of the protons produced in the aluminum target will emerge irom the outside

. of the shield because of range limitations. There will, however, be protons emerging

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

- outlined abovae.

Considering an cuter layer of the shield x = A\, one mean frec path thick, for

N cascade production; and u'.aing the opectra of fig. 5, the data in table 5, and values of
"\ ehown in fig. 17 from Lix;zden‘baumm);we estimate that each primary neutron that

L passes through the outer shield will be 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,.’
1 ‘Thé gammas come from thermal neutron captv;xre by the vH of the shield and also
. from nuclear‘deexcitétiona associated with evaporation processes, Typically, th.e-
_numerical-vélug of the thermal neutron {lux is only a few times that of the fast

_ neutrons, so the relative dosage from the thermal sections is negligible, taking RBE

" values into account.# in comparison with the fast neutrons. Ionization-chamber

e

L meaaurements of the gamma~ray dosage are typi&al!.y one-quarter or less than that

amaing from fast neutrona.

6 Propagation of R.adiation to Distant Locations

. The propagation of the emitted radiation from the outside of the shielding
. to distant locations has been treated theoretically by Moyer ). and experimentally
by Pattersonz)'“aiad 'D&kins). Two processes of propagation are involved. First,
there is direct ﬂigfxt of the higher-energy cascade and more energetic evaporation
componems with &nverae-nquare and exponential, attenuation by air collisions. Second.
.v there is diffusion of the lower-energy evaporation comp@nente. These processes will

be treated in three pé.rw, '

6 wasxow OF EVAPORATION NEUTRONS

The Esoluticm of the Boltzmann difxuaion equation
d 1 oy o '
v @ - '3 a0 {4)
LZ o drz LZ

N _ for a point source of monoenergetic neutrons and a spherical geometry of surrounding

. medium with uniform scattering and capture cross section is:

sie: ‘ -
ey = oy =k o LEEN/ VRG] g

- whevre -

4*»(:) = the flux d@nsity at the distance r from the source,

¢1 the ﬁux denaﬁty at the dwtance rl from the source,

i

k
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| k ' u‘ thé Kx'ziea.n free path for éhsorption of the neutrons, | - |

: xgr = the tranaport mean free path, A : | o
n/ ?\t 7 ® the characteristic length in the diffusion equatian, S !

s 1

If the Boltzmann diffusion equation had been solved for the case of a medium

i in which the characteristic ccllision mean free path is very Iong. the distance |

o ‘dependenca wauld be. for the i th energy group:

"'_.m o '_' o . ‘9’5(!) o ‘?{Z e-(r/ki)". . (6)

~where Ai ie the source eérength per steradian in a particular direétion for neutrons

with collision mean free path Xi Values for ki are given for several energies

in the column labeled X\ ‘0’1” o of table 8. In the case of the diffusion process

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

by 1/ r whereas in the case of direct flight with attenuation, described by eq. (6),

S/ o2 a'ppeara inatead.' Thus the radial fall-off of flux ihtemsity is less rapid in

i

the outer shield surface, takéntobeat
Wer» win assume in the diffusion case that at/a distance of 10 m from the

center of the accelerator the low-energy.evaporation neutrone have achieved a

random direction and are properly described by eq. (5). It has been estimated

'by hoyerl) that 4 is 1.7 times the pourviving number of primary target neutrons
| péiéytfaﬁng;he sphere at the radiues ry = 10 m. This function, with 250 meters:
'éﬁbﬁtitiutéd in tize v‘expvo'neh.t. is plotted in fig. 11. The diffusion of neutrons has

o also been treated by Lindenbauxn ), uﬂing slightly different parameters.

.
.
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6.2 SURVIVING PRIMARY TARGET NEUTRONs OF
ENERGY GREATER THAN 150 MeV

Expressing Ai in-eq. (6) as a functian of the angle F (9) target yield per
stera&ian, subatimting the eollision mean froe path for neutrona above 150 MeV;

and multiplying bv an attanuatiou exponential for the shield, of thickness i;. we have:

r F(r. 9$ & «-—-2---? 0% a'( &/ Aan) -(r/’MO) | 2('.7) |

where __Lﬁ; is fthe )meaﬁ £rees path £or removal in the shielding. If directions are

being cc’m’sidewd' that interae& the magnet iron, then an additional exponential

for that can bei m&ltiplie__;d in; This flux is plotted in fig., 11. It is seen that the curves

_ fo: A and B ‘categories are too close together and too parallel to be distinguished s
éaaiki in the region out to several hundred meters. Beyond this distance the fluxes

- are tbb small for accurate tne.asummenm. At the present time it is not kaown

whether - A or B 'is the'dominant‘brocess. but clearly some of each is involived since
' \?ai-ying agimuthal Vdepen‘dence is experirﬁ.entally observed in addition to what is cloaeiy
a l/rz'dependemce." as seen in the data of Patteraonz) in fig., 12,

" 6,3 DIRECTI'F LIGH'II OF CASCADE AND “‘VAPO RATION NEUTRONS FROM

THE QUTER SURFACE OF THE SHIELD.

Thesé neutrons é.r& praduced in the oﬁmr layefa of the shield--not at the
center of the accelerator in a polut source. As a2 result some additienal georetric
aggumptions must be made. Moyerl) has asaumﬁd that one steradian of .solid angle
is available to the cascade neutrons and that their diffusion can be considered to
come from point seur;:eé ldcated on the outside of the shielding, This gives a flux

density for the secondary neutrons of the _i_fh‘ energy group:

F .0 = £y(0) o~{t/Mon) 1B /tr-r )3 el F-7c)/ N1 | ®
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 where o

| r -»r 6 z the distance of the —obnervafion point from the outer surface of the
K . o _- shield, |

. g - Fl;a number of emerging u‘ecor‘c‘léry neutrons in en@rgy group §

Y e

R accompanyling each emerging primary neutron.

7 Activation | _
‘ Tha thermal ﬂux insida the ghielding can be estimated quite well by the
' ;v.rel.aticm‘ ST A | _
| ‘ by = 125 § @

which is described '.byv_‘Pattersonl 3), where () fast neutrons are released into the
ac;:eletator va_.ultv per second, and the inside sdx'face area of the vault is § cm’.
The spectrm of the neutrons in the process of degradation is approzimated by
a.sauming each emmeien increment Q(EI)AE to give rise to 2 flux increment
with s;mctrum 1/13 - I/E Thus, ‘by integration, the '"slowing down'' flux has

nax

~ the spectmm:. T E . _ ,
' ‘ 1 1 - :
H(E) = 2{1 Q(El) { Yo E—-l-) 6.,.,1. (i10)

This "sluwingodowﬁ“ flux spectrum is joined by continuity of slope to the thermal
spectrum’ o | | | |
by, = K, EI/Z -(E/kT) o ' (11)
' ~which in vturnliav normalized by requiring the integral ffom zero energy to 0.5 eV to
give the value 1.25 /S given in eq. (9).
Although much hag been written about the induced activities in the vaults

facceleraﬁorsm 15 16

}. there is a good understanding of the oktserved radiation
levels, it is proba.bly b@at to extrapolate the measurements made with the 184-inch

. lcyclotx“on at Berkelay to the propesed meocon factories. After many years of
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 eperation with 1 1A of 340-MeV protons and 180-MeV deuterons, the induced
radioactivity ﬁwide_ the vault as a function of tho time after shutdown was
charscteristically shown in fig. 13. The four prominent half-lives are identifiea.
The mean radiation Léval after peveral doyn of decay {0 about 2 mr/hr. Since thece
measuyrements were 'made. the cyclotron has been converted to accelerate 730-MeV
| protons==on which it opsrates about 70% of the time. The remainder of the time is
épent a.cceléx'ating 450-MeV déuterona and 900-MeV alpha particles, 'Boomls)has
measured the spectrum of gamma rays in the vault after extended operation with
- 730-MeV pmtoiun He found that the mean radiation level after 48 hr of shutdown
isvablogt 10 z-nr/'hr.v The main activity that he oboerved in the magnet gap was 0658.
| Boom concluded that an 850-MeV meson factory operating at 100 pA would

have a seriocus induced-a;:tivity problem. Table 9 shows the total neutron yicld from
. a copper target. ‘when struck by a variety of particles which have been or might be
accelerated in the LRL cyclotron plus the two meson factory excrgies of 450 and
- 600 MeV. It is seen that by extxapolating from our many years of operating experi-

ence with 340-MeV protons to 100 times the beam, with 850-MeV protons, the induced

background in the vault after akout 48 hours of shutdown-is raised by a factor of

50G. That is, from 2 mr/hr to 1 r/hr-which makes working intolerable. If one
extrapolates from the 730-MeV levelo, the increase is by o factor of 100 to 1 r/hr.

Boomw) suggesnts that two oteops be taken to alleviate this dire citvation:

First, use as much aluminum and as little otainlens steel as possible. This
suggestion has often been made, but expsriments maﬁe at the Bévatron, 184 and
60-inch LRI eyclotrons in‘dicate that the use of aluminum is unwise. Even ceveral
- weeks after shut down alumi;um io the most radioactive metz;l at the Jevatron. It
gseems unlikely that any large advantage io to be gained from the substitution of one
common conetruction material for anothor. .chev'ebr. Boom's second suggestion,
shielding against the long-lived activities, which are mainly 510- and 810-keV

58

B Cd56 and Co™" gammas, is pot difficult. and would probably be effective.

»
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.. To reduce these gammas by an order of magnitude requires 2 cm of lead.
Such shields could probably be installed locally and would make it possible to
preform brief maintenance work several days after shutdown-with, of course, -
conaiderable inconvenience, comparad to presoent practice, Certainly all equipmént
. that does not actually have to be located in the accelerator vault should be located
on tl.'xev floor 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 serious degree,

8. Conclusion and Sﬁnimarz

: . The production of neutrono in a meson-machine target due to the cascade B

and evaporation proceaoea hao been deﬁcribed and apectral and production estimates

" made, The subaequent production of aecOndarieo in the chield wall has been treated,
The neutron atmosphere ineide the accelerator vault, which io responszble for the
induced activity of the accelerator hardware, was aatimateci (Sec. 7). It was concluded
tha.t‘3}5 £t of concrete in ihe forward direction from the target would allow industrial
cccupancy ¢f a point 50 £t from the target. Of course dense concrate could reduce
these dimensions in the inverse ratio of the donsities. The induced-activity problem
is not as ecsily solved, and immediate acceos to the vault after shutdown is out of
the question. However, local ghiclding can help in the porformance of bricf

maintenance jobs a few days after shutdown, -

Acknowledgments

The authors-especiallywwish- to thank personnel at the Laboratory who have
given valuabl.evamsistance;: specifically, H. W, Pattercon and A. Smita of the

Health Bhysics group and E. L. Kolly of the 88«inch cyclotron,

R G NS N et e g ¢ n 4 I fooa I TR B f M o Fadmei T T AP A et I N Ak R 3 o Ay MR S e T T e AL MRt A S AT 3adihs L AR R i A P AR it me o Em B Eed e Bk e s N a <A o Mmoo e b




)

3.3)

“15n |  UCRL-10086
REFERENCES | |

- B.J. Moyer, Method of Calculation of the Shielding Faclosure for the Berkeléy

. ‘Bevatron, in First International Symposium on Protection Near Large

- Accclerators, Saclay, January 1962 {to be published).

H. Wade Patterson, The Effect of Shielding on Radiation Produced by the
. 730-MeV &nchfocyclotron and the 6,3-GeV Proton Synchrotron at the
Lawrence Radiation 1..aborat0ry (JCRL-10061, Jan. 1962j;ir First. Internatmnalzn

Sym:poslmm on. Pratet:tmn Near Large Accelerators, Saclay, Jan. 1962(to be pubhshed

,H. 8, Dakin (Lawrsnce Radiation mboratory.- Berkeley), private communication,

’B}‘J . Moyer, Data Related to Nuclear Star Production by High-Fnergy Protons,
.. Lawrence Radiation Laboratory, June 20, 1961 {unpublished).
N. Metropolis, R, Bivins, M. Storm, A, Turkevich, J. M. Miller, and
G. Friedlander, Phys. Rev. 110 (1958) 185; and 110 {(1958) 204.

l.,Dostravmky. P. Robinowitz, and R. Bivins, Phys. Rev, 111 (1958) 1659.

K.J. Le Couteur, Proc.  Phys. Soc. {London) ;A_éi(l%ﬂ) 259, |
¥, Fujimoto and Y_._ Yamaguchi, Prog. Thcoret, Phys. (Kyoto) 4, 4¢68; 5,
' 76; and 5, 787 (all in 1950).
R. W.’ I)eutsch.‘ Phys. ‘Rev. 97 (1955)' 1110-23,
. Cear, D.A. Hill, W. F, Hornyak. L. W. Smith, and G Snow, Phyos.
Rev. 98 (1955) 1369,
J.H. Atkinson, W.N. Hess, V Peres-Mecndes, and R, Wallace, Phys. Rev.
93 (1955) 1369, '

8.J. Lindenbaum, Shieldizig of High-“x:‘.‘nergy Accelerators, in Ann. Rev., Nuclear

Bei. 11 (1961} 213, |

H, W. ‘Patterson and R. Wallace, A Method of Calibrating Slow-} utron
Detectors, Lawraamﬁadmﬁ:,on Labpraturgrﬁﬁaggaxt UCRL-8359, July 1958
(mpubmhea). T



16,

«16s’ UCRL-10086

M")‘ B.J .. Moyer, Shielding and Radiation Calculations for USNRDL Cyclotron,
Lawrence Radiation Laboratory,October 11, 1960 (unpublished).
355 E. W. Boom, K.S. Toth, and A. Zucker, Rosidunl Radlation of tho LRL
o 184~Inch Cyclotron, Oak Ridge National Laboratory Report ORNL-3158,
J'uly 1961 (unpublished). . o

) W. Wadman, lM-Inch synchrocyciotronml)ecay of In.duced Activitiess,
Lawrence Rad;atian Laboratory, November 13, 1961 (unpubliched}.

il e L : Co Ty Ty S ro g ’

e



- Fig.
. Hg.
~ Fig.

. ’ mgo‘

wlfu "~ UCRL-10086
' FIGURE CAPTIONS

1 Estimated thick-target neutron yields from proton bombardment..

2. Estimated caacade neutrons and protons prcduced by incident neutrons

" ow protons of energy E on nuclel near. A = 20,

3, Half-value reduction thickness for fxigh-exiergy neutrons in ordinary concrate.

4? Exxergy apectra of cascade nucleons emitted fxom e.luminum

5. Cascade and evaporation neutron emission spectra from 450-, 600-,

- and 850 MeV pr@tona on aluminum.

6 Angula:' distribution of neutrons, over 150 MeV in energy, from a singl.e o

- collision in Cu by 6.3-GeV protons (_normalized to 8 neutrons/proton).

Fig.

) Fig.

-Fig.

Fig.

- Fig.

7. _Nuélear excitation energy E; produced by incident neutron or proton

of energy E, in nuclel with A near 20.
8. Estimated residual nuclear temperature after excitiation by a neutron or

_proton of energy En for an element near Z = 20,

‘9. Estimated evaporation neutrone and protons produced by incident neutrons

or protons of energy E,  on nuclei near A = 20.

10, Attenuation of neutrone in ordinmary concrete. At 0 and 270 MeV,
measuremeﬁta were made at the 184-inch SQO-MéV cyclotron. At 4,5 GeV the.
measurémenﬁ was made at the Bevatron.

il. Cemparison of radial dependence of neutron fluxes from high-energy direct

1

B ~ flight and low-energy diffusion.

E’zg

ﬁg.

12. Fastineutron flux measured with cadmium-paraifin-indium detectors
at different dista,ncaa from the Bevatron.

13, Ra.diation iatenaity noar 184-inch cyclotron tank vo txme after shutdown

| {340 MeV protons, 1 p.A. for peveral houra) The Fe59 {45 daye) and

(300 daye) are not resolved.
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ratus, method, or process disclosed in this report
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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
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mission, or employee of such contractor, to the extent that
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