[T

Submitted to Nuclear Instruments and Methods UCRI1.-18862

- ¥
X il
LT
aé ',"L'!
i

et

L‘BE«'ARY

pocH

N G — -— — JJ ,_.._a.,,---*"";

Preprint

’7?

MOYER INTEGRALS FOR ESTIMATING SHIELDING
OF HIGH-ENERGY ACCELERATORS

~EIVED
e L ‘m::!l fE

o L 4 JGPATORY
;1068 Jorma T. Routti and Ralph H. Thomas
: ’: \4 ) o

AND

April 10, 1969

AEC Contract No. . W=7405-eng-48

S — e e e
[ ~

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 | | ‘/,
D] | |

TdaoN

7

'LAWRENCE RADIATION LABORATORY:":

UNIVERSITY of CALIFORNIA BERKELEYH)‘



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.



TN B UCRL-18862
' ' SUHP -69-1

MOYER INTEGRALS FOR ESTIMATING SHIELDING
OF HIGH-ENERGY ACCELERATORS

Jorma T. Routti®

Lawrence Radiation Laboratory
- University of California
Berkeley, California = -
and

Ralph H. Thomas"

Stanford University .
Stanford, California

April 10, 1969

ABSTRACT

| Integrals of the form [“ exp (-P6B) exp (- 2 cosec 6)d6 oftenﬂ
arise 1n th¢ cé.lcul-ation of .shiefdingfor hgh energy .a’_c.clelerato_rs. These
inf_‘egrals have béen named “Moyer Integrals™ and ﬁumerically evaluated
in the region of pr‘acticlzal i.nter'ést." Exami)les are giveﬁ to show.how.

these integrals may be. uéed to estimate shielding in practical situations.
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1. Introductibn

" In 1961 Moyer_1’ 2) described a sefni;émpiricél method for eval-
A uvating'» shieldin‘g for the Bevat:bron-'the-é—’CeVA pfotdn sYnchrotr'on of the -
- Lawrence Radiation Labdratory. - The value of this te‘c»hnique for high
energy accele.ratorv shielding calculations is indicated by gdod égreement ‘
between calcula_te'd and measured radiation levels c_)ut_s'ide the Bevatron
shieldihg3).' ASmith4) has give'h a detailed dis cussion of the experimental
' 'év‘aluation of the Bevatron SHielding per.fqrmanc':e..'
.  D_eStaéb’ler5) generalized this semi-empirical method and used
it in sflielding estimation for the 20-GeV electron linear accelerator at
Stanford. It was DeStaebler who firs.t used the designation "Method of
.vMo.ye:t.'” which has been géherally adopted. To quote DeStaebler —
"Our name for this ‘method and our description of it have not been sanc.tioned
by Professor Moyéf, and we apologize if we ha%re said athhiﬁg which
embarrassés him. "
}Mor‘e rece’ntlyé) Moyer's Method was used to predict shielding
" for a 200-GeV proton synchrotron. 'Results in good agreement with al-
_ternafive calcuilati\.‘ovns were obtained despite the sévere limitations
- of input data.
As ipart of a continuing program of high-energy fa_diation studies
- at CERN, the LaWrence Radiation Laboratory, and the Rutherford High
'-. Energy Labox"a-tovry, an extensive shiélding experiment has been made at
- the CERN 25-GeV proton synchrotron. Prelimiﬂary data obtained from
9)

these measurements have been publish_ed7_

0)

covers the results in c‘letail1 . This experiment has,givevn strong ex-

, and an extensive report

perimenta.l justifications for the semi-empirical method of shielding
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calculations originally due to Moyer.

2. DBrief Description of the Moyer Method of Calculating Shielding

Detailed descriptions of the Method of Moyer have been published
in the literaturei’ 2,3,5,6, 10). For the physical justification of the
method the reader is referred to these papers. However, for the sake
of clarity a brief description is given here.

A proton accelerator may be considered, for the purpose of cal-
culating shielding, as a source of neutrons. In the high—energy strong-
focusing proton synchrotrons it is sufficiently accurate to ignore the radial
curvature of the accelerator. Figure 1 shows a typical two-dimensional
representation of the accelerator as a line source of neutrons of variable
intensity.

The neutron flux, ¢, at a point outside the shield is expressed as

" E ] )
max -2 d cosec 0
¢:f[ S(z) f(E, 9) r exp <— W)B(E’ Q)dEdZ (1)
- Enrlin

where a, d, r, and 6 are explained by fig. 1,

S(z) d=z is the numbelr of neutrons emitted in unit time by the
line element between z and ztdz,

f(E, 8) is the distribution of the neutrons emitted as a function
of the energy and the angle, per steradiaAn,

MNE) is the attenuation length of neutrons of energy E in
the shield, and

B(E, 8) is the buildup factor as a function of the enex;gy and the
geometry. |

The integration is carried over the appropriate limits of z and E.
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11)

Experimental data given by Patteré on indicéte that the ati:enu—
ation length of neutrons increases with increasing energy up to about

- 150 MéV_ and remains app_roximately’ conStant :beyond that. | After a few

" mean free paths of shiélding the micle»ar vcv.a.bscade generated by the slowing
down of the high energy neutrons i:hrough Aglalsti_c and inelastic scattering
gives rise to the formation of an equilibrium"spectrum whose aftenuation |
is determined.by the fast component abov.ev150 MeV. This justifies the
kressentvial simplification made by Moyér in his célculational method to

consider 6n1y neuti‘vonys_ above 150 MeV. We can then write
ME)= N,

-
. ] max
E .
min

B(E, 6)= 1,

f(E,e)'dE ~g(0), (@)

where g(()) is the angular distribution of neutrons with more than 150
" MeV energy. Hence _'thé high energy flux is 'expres‘s'e'd as '
G(E_> 150 MeV) =f° S(z) g(0) ™2 exp (-dcgsect ) dz.  (3)
Lo : :

If we con‘sider the cése of cons_t’an£ beam loéé, that is S(z) = S,
and ché.nge the ‘variavble z to 9.in the above equation, and uée the re-
'  létions |
r =(a+ d) co.sec e,

o (4)
dz = (a + d) cosec 6 46, :

we obtain for the high-energy flux above a given threshold energy, E |

the expression

S(E >E)—_..S_ " () ex (_dcosece)de . v (5)
'n ‘t_a+d,{)g' ‘p. x ' o ,
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Here g(0) is an appropriate angular distribution for source neutrons of

energy greater than Et’ per steradian.

3. Angular Distribution of Neutrons

Measurements of the angular distribution of neutrons from a thin
beryllium target were made by using threshold detectors as a part of the
CERN-LRL-RHEL shielding study“)). Accurate measurements around
targets inside the main accelerator vacuum chamber are difficult be-
cause of interference from adjacent beam losses. The results, however,
when corrected for this interference are supported by similar results
from measurements made by Charalambus et al. 12).

The results from activation detectors with thresholds of 20 and

600 MeV are in fair agreement with the angular distribution predicted

from the production formula due to Ranft13), based on the measurements

of the pion and proton yielcis at small angles from thin targets. Figures
2 and 3 show the comparison of the CERN-LRL-RHEL measurements of
the angular distributions made by using 12C - 1']‘C (20 MeV threshold)
and Hg — 149'I‘b (600 MeV threshold) activation detectors with values cal-
culated from the Ranft formula1'4).

The combined effect of the angular distribution of the neutrons
produced and the attenuation geometry means that.the transverse shield
thickness for a high energy aq;elerator is largely determined by the
number of neutrons emitted around 90 deg to the incident proton beam.
In the region of ¢ = 90 deg the angular distribution is well approximated
by the simple exponcntial function

g(6) =aexp(-f0). (6)

The slope of the curve increases with the threshold énergy, and a value

O
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close to 4 is obtained for  from the calculated curves, as shown in fig, 4.
Figure 5 gives values of calculated from Ranft formulae for different

" threshold energies.

4, Moyer Integrals

Substituting the exponehtial approximation for g(8) in Eq. (5)

yields.
B> Ey - é’% [0" exp(=p e).eva.(--@“#’xsi‘l—" )ao. o @ |
. -We d‘eifir;ebthe Movyer Integral
*M(ﬁ,z);. f;r exp (=B 0) exp(- 4 :(:‘OSec 6)do, | L ®

which 1s a fﬁnc_:tion of the angular distribution coefficient f and the
: _numbevr of mean fhre.e' pa'fhs in the shield £, £ = d/)\; Th'e"s olution of |
shielding pfoblems is often facilita_te_d by the use of these integrals.

We have evaluated the;'Moy_er intégrals in the reéion of Physica.l
intereét for thé solution of practical shielding probiems, Because of
“the interest in hi‘g’h energy accelerators of energieél up to 500 GeV these
* calculations have been extended for values of £ up'to 40 and § up to 15. |
An iterativ_é Sirhpson's-rule algorithm was employed to compute the in-
‘ fegrals with an accuracy of 0.1%. | The tabulated values of M((3, ) are
given in tabie 1. | N

The génei'al form of the Moyer Integrals is shown in fig. 6 and on
. an expanded scale in fig. 7. It is seen that with ah increasingly for—v-
ward-peakéd angular distribution-.—that is, increasing f3--the trans-
miss_ion.of the shield is reduced. A:t 1arger depths the cui've's .may be

approximated, for most practical purposes, by simple exponentials.
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This approximation becomes better the smaller the value of B or the

larger the value of . At very large depths the effective slope of the

Moyer Integral correéponds to the mean free path in the shield, but at values
of practical interest--that is, 10 to 15 mean free paths--the effective

slope is somewhaf steeper. For = 4, corresponding to 150 MéV

threshold energy, the slope is about 7% steeper.

5. Use of Moyer Integrals to Estimate Shielding Thickness
We have shown that the flux of high energy neutrons at the surface

of the shield can be expressed as

oS
a+d

$(E_> E) = M(B, £) . | (9)
The term S is proportional to the incident beam loss, B, and also to the

14)

energy, EO’ above 10 GeV It follows from the properties of the

nuclear cascade as briefly described in section 2 that the dose-equivalent

rate, D, is proportional to ( En > 150 MeV), and is then expressed as
BE0 :
D = constant X;T&_ M(B, L) (10)
or |
D=C = M@, 1), (11)
atd '

where L = BE,is the energy loss from the accelerator vacuum chamber.
The value of the normélizing constant C appearing in eqg. (11)

may be obtained from the data of the CERN-LRL-RHEL experiment.

Gilbert et al. 10) have shown that the average energy loss in the CERN

proton synchrotron, of radius 100 meters and operating with 2><1011 ¥

protons/sec at 25.5 GeV, is under normal conditions 8.1><1O7 GeV/CIn. sec.
During the experiment the use of a thin target and a beam clipper, however,

reduced this in quiet areas to an effective value of 1.8><107 GeV/crn. secio).
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The CPS earth shield is 685 g/c'm2 thick or approximately 3.2 m of earth
of vdensity"2.1'6. g/cm3. The aftenuat’ion 1é'n'gth of high energy neutrons in
this earth is 53.9 cm or 116.5 g/cmz. In %he CPS machine the magnet
~adds to the earth shield about 400 g/c‘mvz.' .The intefnal accelerator tun-
nel is of 2.8 m radius. Tne dos:e-equivalent rate at the earfh shield sur-
. “fa_c;e -cofresponding to this bevam loss was 0.8 mrem/h. By substituting
the -vélues D =0.8 rnrem/h, L= 1.8><107 .GeV/cm.'sec, a =2.8 fn,
I =3.2m, p= 4 norresponding to 150 MeV threshold, £ = (685+400)/"116,‘5
= 9.3; _&_1nd M(4,’.;9.3) = 2.6><1Q.7 into eq. (11), we ob'tain a very convenient
-valué o.f‘normalizi'ng constant, C = 10 If fhe magnet is assumed to be
B always 4:00_g/cnr12 thick, then for evalu?,ting the eé.l;th shield alone the
| constant woiild be 0.022, with the above units for the other qnénf‘ities.v
The dose-equ;ivalént rate can thus be éxpres s.ed as

_L[ GeV/em..

sec] -
= =) T mi M(4,2) . (12)

D[mrem/h]

The shielding calculations of large proton synchrotrons may be
e, carried ‘out with gi‘eat facility by using this simplé relation and the tab-
_nlated values of the Moyer Integrals. As an example we consider the de-
-term_ination of shield 'thickness for the proposed ZOQ-GéV machine by using .

6)

The average energy loss with

8

the values given in the LRL design study

2x1012 protons/sec beam in the ring of 693 m radius is 9.2X10 GeV/cm. sec.

We assume the effective magnet thickness to be 280 g/cmz, and again take
a=2.8m, =4, and X =53.9 cm, and determine d for the given dose

rate, 1.25 mrem/h. A simple intequlation between the trial values

= 2.1 mrem/h, D = 0.3 mrem/h, and D = 0.8 mrem/h

Dd=5 m d=6 m “d=5.5m
yields the desired shield thickness of 5.3 m of earth shield or 1430 g/crn2

total shield.
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We have made similar calculations of shield thicknesses for the
improved CERN proton synchrotron and the 200-GeV and 300-GeV machines
under design at present. Assumptions as to the beam losses were taken

6,15)

from the original documents The accelerator tunnel is taken to be

of 2.8 m radius in each case. Table 2 lists the results obtained with

Moyer integrals and in the CERN-LRL-RHEL studyio).

The excellent
agreement with estimates made by using a more sophisticated technique,
described by Gilbert et al. 10), is obvious.

These results are also summarized in fig. 8. The results from
the Moyer Integral method can be well approximated by a straight line
drawn on the graph. For the case considered--thatis, f =4, X = 53.9 cm

(or 116.5 g cm-z), a = 2.8 m--we then obtain for the required total

shielding thickness, t, as a function of L/D, the simple expression

¢

t [ g/cm?] = 230 log (L [ Gev/cm'sec]>— 610. (13)

©10\D [ mrem/h]

Above the internal targets the use of this simple formula is not
very precise. Typically the value of L/D above the targets is some

two orders of magnitude higher than in the regions of low beam loss.

Such an assumption with the Moyer Integrals leads to a conservative estimate.

For precise shield configurations detailed beam-loss distribution should be
used.

In summary, the use of the Moyer Integrals allows rapid and ac-
curate estimates of the high-energy neutron flux above different threshold
energies as well as the dose-equivalent rate to be found at the surface of

proton accelerator shields operating in the energy region 5 to 500 GeV.
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The precisiOn for the flux and dose r‘a’ce estimates in regions of uni_form
bea_eri loss is likely to be better than a factor of two, and even in target

regions the dose-rate estimates are fairly reliable. -
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Table I. Tabulated values of Moyer Integrals M(p, L) = SJ‘ exp {- P 6) exp(-2 cosec 8)de
. 0
N\ 0 1 L6 2 3 4 5 6 7 .8 9 10
0. 3,165400 956F-01 64205=01 5,99F=01 3432F~01 2,49€=01 14995~71 1,66F=-3" 1,42F=01 1,24E-01 14196=01 9,9NE-02
426 1.8BE40N §,11F=N] 2,99F=] 2,126-01 1¢123F=01 6,ASE=92 44535-02 3,175-02 2430207 1471E-02 1.376-02 1+04E-02
050 14205400 3,34F=N1 1.80E=01 1.26F=11 6.025=N2 1,375=02 271502 1429F=02 8469F=03 6,06F=0% 4,345=23 1,185-03
1409 6,5TE=01 1.62F=01 A,176=92 5,64E=02 2.275=02 1,106-02 5¢877-03 3.36F=03 2,037-03 1,285-07 8434E=N4 5,58E-04
1657 3452E=01 8,46F=02 4,00F=02 2,64E-02 1.00€=02 4,42E=0N3 20165-03 1,14E-03 3. 70E-06 24 24=04 1440E-06
2490 1,945-01 4.576-02 2,16F=92 1,35E-02 6,R1€-93 1,975-03 Be96°-N4 4,40E-T4 14265=-N6 7420F=15 4425E=05
3400 64175=22 1.61E-02 £439E~N3 3,9NE=01 1426F=N7 4e64E~N4 14895-064 3,33F=05 i 1+494€=75 5e41E=0N6
4400 24N3F=02 4,57F=03 24N2E=N03 1,20F=-07 1.64F=04 1,24E-06 44655-05 1.89E=05 9506 3.75E-N6 8496E-07
5400 6482503 1.525~03 645R5=24 31,876=~04 1.11F=064 3,5RE~05 14265-05 4,79F~06 1494E-06 84305-07 1+ 75€E=-07
64NN S.125=04 2,20F=N% 1,78F=N4 A,.54F=05 1,08E-N5 3.5625-05 1,305=06 4499507 2,92E-07 34815408
TN RIN=NL 1,T76F=06 7,46715=08 4,287=05 1.16F=05 3,405-96 3e74E=07 16377-07 54,28F~0R 9. 035-99
R4 2,795=N6 6.NEE=05 2,56F=05 1,45E~09 3.83F=06 1.,09S=05 1e12E=97 3491E-08 1,45E-99 5.625-09 2.285-0N9
94NN 9,70E=05 2,11F=085 8479F=06 4,99F=06 14295=9% 3.59€-n7 3443E-08 1416F=28 44145=09 14575=29 6404E-19
10690 3.8605=95 T,3TE=08 1.N4F-0N6 1,7236=-0A 6.285~07 1.19€-07 1,08E=-08 3,54F=03 1,22F=-0% 1e67E-10
12470 44245=95 9,11F=07 1,755-07 2,11F~17 8§,19F=N8 1,17E-018 1.13£-09 3,51F=10 1.15F=-19 f 1439611
14490 56355-07 1.156=07 46485=78 2,A16-0A £421F=N9 1,816=N0 4,185=1N 1,24F=1N 347211 1,1AF~11 2476F~12 1,275=12
16400 64R0E-08 1,456-08 6§,915-02 1,2RF-09 7.79E-10 1,95E~19 5.133-11 1,43E-11 4,978F=12 1,23F-12 3,846-13 1.256-13
18,90 Ba71C=NQ 1,9AF=N9 7,517=10 4,15F=10 9,474F=11 2,406=1] 1e665=12 4465F=11 1,36F=12 4o 10F=-14 1.29E-14
20,00 1,12F=19 2,10F=10) Q,62F=11 5,3NE=11 1,23E=]1 72,986-12 7.567-13 1.98S713 5.43E=14 1,54F-14 6.536=15 1.22E~15
7200 14455=10 ARC<1] 1426F=11 6481E=12 1487F=12 2,76F=13 9423F=14 2,4615~14 6,4AF-15 1,795-15 5415-16
24400 1488S=11 3499512 1460F=12 8,78F~13 2.01F=13 4, 75F=10 14175-14 2,97E=15 T4825-16 2,13E-16 54975-17 14736-17
25.00 6480612 1.44F~12 5477F=17 3,16E-13 T.195-14 1,70E~14 1405E-15 2473F-16 74379-17 2.056~17 5.87E-18
26400 2245512 5,19F=13 2,0RF=11 1,145-13 2,5B8E-14 H4NKE-15 3470E=16 9498%-17 2.56F~17 7.065~-18 2,00F-13
28400 3421F~13 6,7RF=14 2,71F~106 1,485~14 21,34F~15 7,788=-16 L464E=1T7 1419F~17 2,12R-13 R.66F~19 fE=17
30400 4420%-16 B.8B6F=15 3456515 1,93E-15 4433C~16 1.00E~16 54R65~18 1.485=18 3485512 1,0%E=19 2491€-20
32600 5051F5=15 14165=15 44635-16 2,52E-16 5e¢64FE~17 1430E~17 Te45E~19 14865=19 4,478B5=20 1420E=-20 3.449E=21
344NN Te245-16 1493F=16 6407E=17 3.306-17 T+36F-1R 1.88E-19 94535~20 2436F-20 5.98E=21 1+456E-21 4415E~22
15,90 2.675=16 5453F=17 24295=17 1.20F=17 2,6AF=18 £,075=-10 1,42°-19 3,41F=20 9,41F=21 2,120=2] S.475=22 144KE=22
36470 9e53E=17 2.NM1E=17 He34E-18 94625=19 2,19€~19 5411F=20 1.22E=20 14T =21 T,54F=-27 1.94E-22 6411E£-21
38400 1426F=17 2,64FE=-18 e TNFE=19 1426F=19 2.86E=20 6463F=21 1458E=21 34845=22 9,55F-23 2,44F~23 64355-24
40400 14665=1R8 3,49F=19 1,38F=19 7.51F=20 1447/5=20 3,74E=21 B463FE=22 2,04E~22 4493523 1,22E-23 3.07£-24 7433E~25
:\\\ 11 12 13 14 15 16 20 22 24 27 - 30
0. 8499E-02 B(23E=02 7459F=N2 T,04E=12 6457E=-02 As15FE=N2 4.90F=02 4445E=02 4,NTE-N2. 3,61F=N2 3423E=02
025 Be24F-03 6464E~03 5,41F=03 4,45E~07 3,70F=03 *,10E~=03 1662F=73 14215-23 9,195-04 64 235-N4 4433E=N6
50 24385=07 1,81E=-03 14395-03 1,08E=N3 B.54F=04 6479E=00 2:94F=N4 2,005204 1,675-04 843BF-05 §,20C~95
1600 3eB25=04 246T7F=04 1690F=04 1,37E=2% G499£=05 T,.39E-05 2444E=05 14676=35 9,05E-06 4458F-N6 2.41C-06
1450 84985-25 5,89F-05 3,935-05 2,67E-05 1485C=05 1.29E=05 ,66F~06 1489F=N5 1,076~0p 24206-97
2,010 £ 1+6NF=N8 1402F=18 §,59E-06 4434F=N6 2,9NE-9% 6,53F=07 3,308-17 1,725-07 24 R6E-D38
3400 3406 1.T16-76 1670F=96 §5,975-07 3,63F=NT 2,25E=07 1.30E=-N8 1,685-08 7,7158-09 9,98E-110
4oNN 44626277 2,455-07 14265=07 7,48E~08 4426F=08 2448E=NB B,797-09 3,311F-09 1,21°-99 5,395-19 4.6TE-11
5400 Be4TE=08 4424E-08 1615E=08 6420E=N9 3441E=09 1,29F=C9 3,71F=10 1,33°=19 5,316-11 1,33E~12
6400 1475°=08 8,315-09 2.04E=09 [ 5449E~10 ],6N5=10 16566E=11 5,69E-12 1,016~113
Te00 36965-99 1,79E-09 8¢385=10 4492E~17 1e9LE=10 9,"3E=11 2.66°-11 ? 2433R=12 T,50%-171 4422E-16
Bal) 9457%=19 4,165=~10 1487=10 ALH%F =11 44065=-11 1,96F=11 4,887-12 NE=-12 1411F=13 2.N0F-14 3.73E-15
9e77 2444F=19 1,025=19 6,425=11 14965-11 84955=12 4417E=12 3,677-13 2,61°=13 1.818-14 2,977-15 5,35F-16
10400 6452E-11 2454E~11 4e73E=12 2.087=12 9,41E-17 2,757-13 4.875-14 3419S-15 4480716 7,78E-17
12490 54135-12 1,96F-12 A411F-13 1429F=13 5,517=14 2.23F-15% 14207 =1A 14567-17 2,217-18
16490 64475=17 1,628=13 2431E-16 9,195~15 3.72F-15 1.245=16 5e6TC=1E 64137-17
16670 4419514 [,46F=14 1e72F=16 7,265=16 2.ROE=15% 7.305-18 2.875-20
18409 4e175=-15 1439E-15 14708-16 6¢17€~-17 2,29E-17 54455~19 1e53E-21
20677 44335~16 1440F-16 44665=-17 1,595-17 5,59%-18 2.,01E=-18 L414F=20 5467F=21 V4 17F =213
22400 L466F =17 14666~17 £ 1.57€~18 1.86E=19 3437F~21 54085-22 8419E-271 5,9.6-24
24470 54157-18% 1,53€-14 146T0F~17 5430E-20 1,479E-20 2490E=22 44,127E=23 6426F=24% bo14 5 1409F
25420 147 13 5424519 1463F-19 5,19€-27 1.67F~20 5,66E-21 Re66F=23 1420F-23 1,775=24 1417°5-05 9,04
26499 548 19 14756-19 5437E=20 1469€-27 5440E~21 14808-21 2061F=23 1,62F-24 8,0AC=25 1,09F-74
28477 64745229 1,09€220 §,95E-27 1,93E-71 S4THE=22 1,36E-2 2445226 3,16F=25 6,105-38 2,437=27 455513
¢ TeF18=21 2,28F=21 6473F~22 2,03F=22 6427£=23 1,98£-213 2439F=25 2492S=26 3,815-27 2,015-28 1:195=-29
32400 90817~-22 2.67E-22 T4765-23 2,295-27 6495624 2.15E-24 2.29E=26 2.80C~27 1472F-27 2459E-31
2.16E~23 9403E-24 2.63E-24 TeB5E-25 2438E-25 24¢77F 3432523 14567=-20 A,NIFE=12
14N19F=23 3,105-26 8,375-75 TeA9E=25 Ry 7TAE=29 1,036-27 445657=31
26,97 14785=21 21,7924 14775-24 2,07E€~25 2469€E-26 2483F-29 1,24€-30 1.42S-11
33,00 1469526 4,605-25 1428525 3,62E~-26 1.04K5=26 1,I8E=27 2,93¢-23 2490%-30 3,24£-31 -32
22497 24°95=25 5,62E=25 14545-26 4,31S=27 14235-27 2,57E=28 3,18F-29 2,725~30 3,075~11 1430513 5,763=15
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Table 2. Calculated sh1e1d thlcknesses for hlgh energy: proton synchrotrons

Total sh1e1d th1ckness

_ ‘Beam _ ‘ L . R Magnet .'_1nc1ud1ng magnet (g/crnz)'
. Accel- Energy loss Radius (GeV per D C thlckness Gilbert ~ This
- rator (GeV) (p/sec) (m) cm.sec) (mrem/h L/D g/cm ) ‘et al, " study
CPS 25.5 2x10*' 400 1.8x10” 0.8 2. 3X107E 400 1085° - 1085°
cPs 25.5  10'% 100 9.0x107 0.8  L.1X10° 400 1240 1240
CPS S 255 10" 100 9.0x108 0.8 1.ax10” 400 1455 1470
LRL 200. 2)(10. . 693 9.2X10 1.25 7.4X40° - 280 1440 . 1430
design 12 : 3 9 . _ ' o g
study 200, 2><'10 693 9.2X10 0.25 3.7X10 280 ' 1600 . - 1590
CERN | K |
design - 12 v '97 ' g L o
- study 300, 6X40 1200 2.4X10 0.8  3.0X4107- - 300" 1585 - 1570

a. Experlmental value,
~ b. Effective value due to beam cllpper.

c. Normalized to the same value.
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Fig., 2. The angular distribution of neutrons above 20 MeV
energy produced by 26- and 14-GeV proton beam
incident on a thin target, as measured by Gilbert etal.
and calculated from Ranft formula. "
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The angular distribution of neutrons above 600 MeV
energy produced by 26- and 14-GeV proton beam
incident on thin target as measured by Gilbert et al
and calculated from Ranft formula.
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Fig, 4. The angular distribution of neutrons above 150 MeV
' - energy produced by 14-GeV protons incident on thin
Fe and Be targets as calculated from Ranft formula.
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F1g ‘5. The coefficient. B in the angular distribution ex-
pression g(0) = @ exp(-pO) as calculated from Ranft
formula for different threshold energies.
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Fig. 7. Plot of Moyer Integrals for P =4 corresponding to
150 MeV threshold energy, and a limited range of f£.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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