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ABSTRACT

The historical development of the Moyer Model - an empirical method
‘used in the design of high energy proton accelerator shieiding - is
described., With the improyements in the understanding of high-energy
radiation pheﬁomena which have occurred dufing the past t&enty years it
is now possible to lay a moré éatisféctory theoretical basis for this
model. Severai measurements at various high energy proton acgelefators
now make it possible to improve the parameters used in the model and
consequently to increase its accuracy. An example of the use of\the
model to calcuiate transverse shielding for an extended uniform line

source is given and comparison made with calculations by O'Brien.
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1. -Introduction
The design and construction of the first proton-accelerators in the

GevV energy‘region dnring the'fifties'and early sixties demanded an - -

increased understanding of high-energy particle accelerators radiation

environments (Pa 73). Control of the intensity of the radiation field
aroundbfheee aceeierahoref— ho permit safe and efficienf operations -
by the de31gn of radlatlon shleldlng became an urgent task follow1ng
experlence obtained with the early operatlon of the Cosmotron and
Bevatron (So.57).

At that time there was no firm theoretieal besié for designing
accelerator sh1e1d1ng and in consequence, semi-empirical methods were

developed Perhaps the most useful and w1de1y known of these models lS

the “Moyer Model" (Mo 61 Mo 62)

This paper descrlbes the hlstorical development of the model,
discusses it in the light of our understanding of high-energy radiation
transport phenomene, summarizes determinations of the Moyer Model

parameters at several high-energy proton accelerators and, finally,

discusses the limitations of the Model and its value in accelerator

shield design.

2.  The Moyer Model

In 1961'Moyer.described a seni—enoirical method fof defefmining the
shielding.required for the*ﬁevatron Q‘the 6 GeV proton.eynchrotron.of the
then University-of California Radiation Laboratory (ﬁo 6}, Mo 62j.— whose
intensity was to be subetantially_increased (We 63). This modeln— later
called the "Moyer Model" - "Provides a formalism to evaluate the high

\

energy neutron fluxes and associated biological dose-rates outside the



maiq shield of the accelerator, in places where the nucleon-meson cascade
is well-developed and essentially in equilibrium" (Ro 72).

Maﬁy descfiptions of tﬁe Moyer Model have beeh published in the
literature (Pa 73). In;these.earlier descriptions the authors have
concenﬁrated on a Aiscussion of the neutron component of the radiation
field. This waé principally because neutrons make the dominant contri-
bution to dose equivalent outéide well-shielded proton accelerators
(Pe 66). Although high-energy neutrons are not the only particles thét
play an important réle in propagating the hadronic cascade in matter it
was sufficieﬁtly accurate'at that. time to éreat all hadronic cas;adé‘
'propagatoré as "néutron like." |

Thé féct ﬁhat thdse neﬁtrons which laréely contributeﬁto_the dose
equi#alent-(EI;ZSO MeV) are not those thét propagate the hadfonic cascadé
(E > 150 MeV) has led to some confusion in understanding the eérly
literature.’ | |

Aé we shall show later the formalization Qsed in thé early papers
describing the Moyer Model is essentiallyfﬁnchangéd by our increased
understanding of high—energy radiation tfansport and so will be repeated
here. The treatment given is that by Rindi and Thomas "(Ri 73).

Consider an‘effective point source.produced by pfotons interacting
in aathig target (Fig. 1). Assuming that neutrons are the only secondary

particles to be considered the radiation level on the outside of a shield

may be written by as

’ ' 2
_ 1 d“n(E,8) |, , o
H = ?,/‘F(E) B(E,0) exp [“d(e)/X(E)] —dE dn_ dE | (1)
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Fig. 1. Schematic diagram of typical shielding geometry.



where r is the distance from the source, E is the neutron energy, F is a
factor which converfs fluence to dose equivalent, d is the shield
thickness, A is the effective removal mean-free path, B is a buildup
vfactor,‘and dzn/dE d) is the yield of neutrons per unit solid angle at
angle 0, per unit energy interval at E.

De Staebler (De 62)'Wrote Eq. (1) as:

H=r 2 BF, exp(-d/A,): (dn/dR); (@)
i - .

where the subscript i denotes a range of neutron energies for which B,
F, and A are fairly constant and the definition of (dn/dQ) is obvious.
Neutron attenuation lengths above 150 MeV are roughly independent
of energy, but diminish rapidly with energy bélow about 160 MeV., Conse- "
quently the greater yields of low—energy,.as compared to high-energy,
neutrons at the primary interactioﬂ will be more than compensated for
by the greater attenuating action of the sﬁield for these neutrons.
Moyer (Mo 61, Mo 62) made an ‘extremely important cbnfribution when he
recognized that Eq. (2) ﬁay Be approximated by a single-energy group
because the nature ofvthe’radiation field outside the shield of a high-
energy proton accelerator will be determined by neutrons with energy
greater than about 150 MeV. In fact, because high-energy pions and
protons in the hadronic.céscade have very similar cross sections to
neutrons we may talk of "cascade propagators" rather than just high-
energy neutrons. Deep in the shield, these high-energy (E > 150 MeV):
hadrons regenerate the cascade but are present in relatively small
nﬁmbers. At a shield interface the radiation field observed consists

of these "propagators,'" born close to the primary radiation source,



accompanied by many particles of much iower eﬁe;gy, mainly neutrons, born
near the interface. |

The total neutron flux density (and cOnsequehtly the dose-équivaleht
rate) will be proportional to the high;energy hadron flux density.
'Becéuse thé\10w—energy'componehts afé ﬁroduced by interaction of the
high-energy propggétbrs, their:intehsity de;feases thfodgh the shiéld,
- in an exponential ‘-manner with effectively the same attenuation length for
all directions,through’thé shiél&.l

The essence of the'Moyer Model, therefore, is that the dose.equiv-
alent at any point outside‘the accélerator shield‘isglargely governed by
the simple "liﬁe-of—sight" propaéétioﬁ of the cascade generating
particies produced at the first intgraction,(target) and a multiplication
factor may be used to'accouht_for parfiéle builq ﬁp. The cascade-:
generating partiqles have an attenuatidn length which is independent of
energy. |

Severél expefimental verifications of Moyerfs basic agsumptions have
been reported in the literafure; In a series of ﬁeésuremeﬁts in concrete
irradiated by protons with energy bétween 2.2 and 6.2 GeV, Smith et al.
(Sm 65a) demonstrated the ésseﬁtialrindepéndenCe of rédiation attenuatién
1ength with radiation detectpr and also with angle to the incident préton
beam direction, and with a thresﬁold of the neutron detector used. Smith
(sm 65b) has described the excellent agreeﬁentvbetween measu;ed radiation .
levels around the Bévatroﬁ and those,predictedvby Moyér. In éhat series
of measurements the deveiopment of radiation field equilibriﬁm‘waé also

demonstrated. Gilbert et al. (Gi 68, Gi 69) showed that the Moyer Model

was able to account for neutron flux densities in the earth shielding of



the CERN 25 GeV prétoq synchrotron with good accuracy. Over.a range fofime B
105 in flux density and up‘to a distance of 40 meters from an internal

- target in theé accelerator, which was the principal source of radiation
&uring the measurements, typical results gave an accuracy in neutron
flux density'estimation of 20% or better (Gi 68).

In practical shield configurations, the combined effect’ of angular
distribuinn'and attenuatioﬁ means that the transverse thickness of a
shield is dominated.by the hadrons émitted at angles between abdut 60°
and 1200, B(E, 0) then~1osesvits anéular»dependence since the spectrum
can be assumed to be invariant over this limited range of'angleg. Also, -
sihce now one is dealing wifh the global fluence of particles
above 150 MevV, B(ES c§n Be‘replaced by;ﬁ(Ep) thch-is cénstant for a
given.target matgrial énd prima;y proton energy, Ep'

One can also write

fw dE = g(e) : i | (4)
E > 150 Mev ' -
where g(6) is the angular distribution function for hadrons with energy

greater than 150 MeV.

~ Thus
6 (B > 150 HeV) = 5(O)r 2 exp(-x/ W) m(E) . EOY

For an equilibrium cascade the total dose equivalent is proportional

to the fluence of hadrons with energy above 150 MevV.

H = ko (E > 150 MeV)



and over the range of interest g(§) can be approximated by an exponential

of the form

g(8) = C exp(-g6) . B o (6)

Thus the dose equivalent can be estimated from first principles, as

Moyer did, from an equation of the form - ’ ' :

H = kC m(Ep).r-z exp(-R6) exp(-x/Xx) . G

It is possible to reduce this equation to a more simple form byl

combining’the many constants in the above expression into one empirically

determined constantfHo(Ep):

H = Ho'(Ep)r_2 exp(-B8) exp(-x/A) . v '_ (8).

\
Ho(Ep) can be determined from experimental data. Also since the
6 = 90° case is the one that most often enters into practical considera-

‘tion, one can further éimplify:
) . =2 ’ . _ - co
H = Hl(Ep)r exp [-x/A] _ 7 (9)

where H1 is the apparent dose equivalent at unit distance from the target

at 90°.

Hl may be relatedvto‘Ho by substituting 8 = m/2 into Eq. (8): '

H o= H(E )r 2 exp(-61/2) exp(-x/)) o



andlcompariné with Eq. (9) it follows:
Hl(Ep) = H_(Ep) exp(-B1/2) . | B (11) .

It will then later be shown that -the best value of B determined by

measurement is 2.3. Substituting into Eq. (11) we obtain:

: ) L,
Hl(Ep) = 2.70 x 10 HO(EP)V .

3. Moyer Model Parameters

The three Moyer Model parameters, Ho, B and X must bevdetérmined’
experimentally. The first two, Ho and B may debend upAn\inciden; proton
energy and primaryvtarge; materia1 while the third N is, as Wevhave
seen, gsseﬁtially'energy in&ependgnt but will depend upon shield._.
material.

In this section experimengal determinations éf the Moyer Model
.Parameters at Argonne Nationai Laboratory, Brookhaven National

Laboratory, CERN and the Rutherford Laboratory will be summarized.

(i)’ 1966 CERN-LRL-RHEL vShieldiﬁg Experiment (1966).

One of the mosf extensive high—énergy aécelerator shielding experi-
ments was carried out on the CERN éS GeV proton éynchrotron (CPS) by a
team drawn from CERN, the Lawrence Berkéley'Labdratory and the Rutherford
Laboratofy. This”egperi@ent (refe;fed‘to asvthe CLR experimeqt)_has been
described in gfeat dgtail’and the interested reader who wishes to furthgr
his understanding of these measurements is referred to the original

paper (Gi 68).



Meésurements §f ﬁeuffén flux deﬁsity wefe made‘in severél 1oca£%pné
in the earth shield surfounding an internal aliminum target bombarded by.
protons of 13.7 and 25.5 GeV. Measurements were made-using activation
detectors (primarily the 27A1 > 24ﬁa and’12C>9~11C reactions, referred
to in what fbilows as the Al and C reactions). The analysis of this
experiment proceeded»by expressing the flux‘dénsity at a point iﬁ terms
of five factors:

(1) A source distribution term : {1 + a, éxp(—a3z)}

(2) An angular distribution term : a, gxp(—ahe)'

(3) Two attenuation terms, one for the magnet iron and Qné'for tﬁe

earth shield, : exp(—QFe/aS) and exp(-QE[a6)

(4) An inverse square law term.

The flux density at a point p, ¢p, is then given by the Moyer-type

expression: _ N~
00
‘ .{l_+ al,exp(-a3z).}Aa2 exp(1a46) exp(—QFe/as) exp(-zE/aé)
P =3, 2 7 dz.
(z-2.)" + v,™
i i
-—0 . » )
N (12)

. S
Here we follow the original notatipn_of Gilbert et al. (Gi 68)

for the parameters a,, a, ... a,. Two parameters - a, and ag - do not

2 9 7

appear here. They were used by the authors to express particle buildup.

l'!

For our purposes a; = ag = 0 and the corresponding buildup factor is

therefore unity.
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In Eq. (12) QFeAandkgE are the shield thicknesses correépohding to
the point (Zi’ Vi) gt which the flux densi;y was measured. Equétion.(IZ)
may bevseep to haye‘§even free parémetérg, a; - 3, inclusive. aq is a
global normalizé;ion parameter.* _Gilbert et al. (Gi‘68) were able to
use a least squares fitting analysis to qbtain values of these pérameters.
Initiallanalysis showed that the exact value of the éttenuation length

in iron, a_, did not profoundly influence the quality of the fit to the

5,
data. It was therefore fixed at a value of 0.2 m (1500 kg m-z) to
simplify further analysis. The number of free parameters in Eq. (4)
is therefo;erreduced to five: a, ag, 'a,, a and the product a2a9.

1 3

and the product of a,aq are of interest in determining the Moyer

of these a, and a, relate to the beam loss distribution and only a

ags
Model parameters.

Gilbert et al. (Gi 68) showed that the attenuatioﬁ length ih éarth,
ac, was wellbconstrained and ﬁad the value 1170 + 20 kg mfz.

The angular distribution parameter, a,, was not so well constrained -

yalues in)fhe range 2,1 to 2.4 rad—1 being obtained., A value of 2.2

was assumed to Be'the "best".value, indeéendent of the protoﬁ energy.
' The beam loss parameters gave the "best fit" values of a, = 220 m and
a3‘¥ 0.15 mfl also indepéndent of Ep'.

The values obtained for the normalization. constant a,ag are

summarized in Table 1 (taken from Table XC of Gi 68), all values

being normalized to a circulating beam current of 1.0 x 10~ pps.-

* . .
See Gilbert et-al. (Gi 68).
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appropriate values of H1 have been calculated from the value of Ho_and

the fitted value of a,, (or B). These values are also listed in Table 1.

P

- aqg is related to the number of lost or interacting protonms,
i.e., the number . of protons lost between z and z + dz =

§9 {1 +a exp(—a3z)} »dz. The constant a has the_séme significance

1 2

as that of Ho in section 2 of this paper, viz. the measured flux density

(or dose equivalent rate) per interacting prdton.v In the experiment of

Gilbert et al. (Gi 68) the number of protons lost in the target region
12 - -1, 12 -1,

(0.54 x 107" protons s in Run IT and 0.50 x 10"~ protons s in Run

VII) may be set equal to

628m -
{ aga; gxp(—a-BZ) d‘Z' .

ay has the values 3.7 x 1108'pps'.m--1 and 3;4'x 108 p"ps.m--l for the

13.7 and 25.5 GeV rdns-respectively. The values of a, are then those

appearing in Table 1. These have been éonyéfted to dose equivalent using

the conversions (Gi 68):
lnm?2=9.3x 10

1n m_2 = 2,9 x 10

14 - o - *
Sv for the C detectors.

e . *
13 Sv . for the Al detectors.

In the original reference the conversion factors are given as:

3.0 n cm_'2 s_l = 10'3-rem h..1 for the C aeteCtors.

=1

0.95 n cm_2 s 10-3 rem h'_1 .for thé Al detectors.



Table 1. Values of the normalizing constants a3 H and H

Energy Run”® Detector aya, a, _34' Ho(Ep) Hl(Ep)

(GeV) (! sfl)x sl ‘(rad_l) (sv-m?) (Sve-m?)
13.7  viI c 9.16 x 10° 2.69 x 10! 2.5 x 10012 7.8 x 10714
13.7 viI Al 3.47 x 10° 1.02 x 10 3.1x 102 9.4 x 107t
25.5 11 o - 1.29 x 1010 3349 X 101 ' 2124 3.3 x~>1o"'12 1.0 x 1b’13 
6.15 x 10°  1.66 x 10" 5.0 x 10712 -13

25.5 II Al

1.5 x 10

*See Gilbert et al. (Gi 68).

fAs



13

ii) Rutherford Laboratory Measurements

Stevenson et al. have reported measurements with 7.4 GeV protons
incident upon a thick tungsten target (Sh 69, Stb6§). Al and C detectors‘_
were again used to measure the flgx denéities. The normalized flux densi-
ties have been multiplied 5& fge squaﬁe of the detectqr—target'distahce
in meters and by thevattenua#ion factors in iron and céncrete; these

values are shown plotted in Fig. 2. This gives the function g(b)

~according to the equation:

-g(e) =H, - exp(-8-0) ='H'rz'exp(xFe/XFe)fexp(xclxcj (13)

where Fe and C refer to the‘parameters for iron and concrete respectively.
The value f6¥ XC was chosen to be 1170 kg'm—z (Gi 68)t In their original
analysis Stévénson et al. ﬁsed a value of 1650 kg'm“? for the atteﬁuation
length i; iron. This value is probably too high. ' The. data of Cilber£

et al. (Gi Gé) are cbﬁSisténf‘with é value of 1470 kg'm.?2 and in Fig. 2

the data shown have beenirecalculated from the originally published data

using this latter value oprFe.' The parameters H, and B determined

from these data are given in Table 2,

(iii) ézgpgne National Laﬁoratofy (1966)

Howe et al. (Ho 66) h;ve described ﬁe;suremeﬁts of absorbed dose
paté in tﬁe’concrete shielding (p = 3800 kg'm_3) around a copper target
bombarded by 10 GeV protons.

\Dose.equivaiéﬁt'rates were detefmined from measurements with tissue
equivalent chambers andnan LET spectrometer, Film badges were also used
to obtain a felative measure proportional to dose eqdivaient. (The film

badge calibration did not permit absolute dose estimates to be made).
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Table 2. Values of the Moyer Mode1>parameters determined at the
Rutherford Laboratory. :

Detector ' B Hl(Ep) . -
. “rad™h O (svemd)
AL 2.3 + 0.4 3.9 x 1074
c 2.4 + 0.2 5.6 x 107

The measurements made with threg‘target lengths (éopper targét)
were cofrec;ed for inverse squére léw and attenuation;'they are shown
plotted in Fig. 3. The "best fit" angular distribution’parameters ére
given in TaBie 3. |

N (iv) Operational Measurements in CERN - West Hall

Marchall et al. (Ma 79) have reported amdggéiled set éf measurements
"~ around the extfécteﬂ beam b15§khoﬁ$ejwith a.é3”GeV proton beam incident
“upon a 5 cm long aluminum target; fﬂrée locations are suitable for a
determinationiéf tﬁ;;Méyer parameter, Hl’ (cleaﬁ geometry free from
scattered radiation ffém holes in the shield). The measured yalues at
angles other thaﬁ 90° were corrected using aﬁ'angulaf relaxation
parameter of 2.3 (see previous seéctions).

- : The mean value .of three determinations gave:

Hl(Ep) = 9.4 x 10_14 Sv‘m2 .
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Table 3. Values of the Moyer Model parameters determlned at Argonne
Nat10na1 Laboratory.- :

Detector B ‘Absorbed ddse rate H, (E ),
- ' . _ _1 at 1 meter from the 2
(rad 7) target and at 90° =~ (Sv'm")
* ) (rad m2 per inter-
actlng proton per
sec)
Film 2.0

T+

0.3

Tissue Equivalent . .
Ionization Chamber 2.5

I+
o
-

(1.9 + 0.2) x 1070 (2.6 + 0.3)10 14

A:‘k;) Target-Experlment in CERN - East Hall

FMMeaéurements on the top. of and alongs1de a sh1e1d arouﬁd'a target in.
the CEéNiEast Expgrlmgntal;Agea were made durlng a target feaslblltty,
study at 21 GeV‘(H§ ?9)ﬂ- The mean value.determined fbr the.parameter

N

~H,(E_) was:
17p
-14 . 2

Hy (E ) = 4 4 x 10 Sv'm

(vi) Experience at Brookhaven National Laboratory -

Awschalom (Aw 70) has cited a determination of the Moyer Model

o )  parameter H, as 7.4 x 104 (tem/h)ftz/kw. Assuming that this measurement

was made at 30 GeV.we obtain, upon conversion of units:

HGE) = 9.2 x 10 % svem? .
17p o
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SUMMARY

We are intefésted in the valués-and variation with protoﬁ energy of
three basic paraheters so that the Moyer Modgl may be used to calculate
shieiding.. These parameters are tﬁe‘attenuation 1éngth,vk, the angular
distribution parameter, B, and the normalization constant,bHo(E)..

As we have seen in the previous sections there is a great deal of
experimental evidence to show that B and A are essentially independent'of
energy in the range of interest. | |

The.value of attenuation léngfﬁ ih earfh wés well determined in the
experiments of Gilbért.et‘ai. (Gi 68) as (1170 + 20)kg'm_2.' The experi-
ments of Gilbert et al. (Gi 68) and SteQenson et al. (Sﬁ 69, St 69) are
consistent with a vélue of 147O‘kg;m_2‘for the attenuation length in iron
and this value is cons;stent with'ﬁhe value extfapolated for iron from
the value measured in eérth.by Gilberf et al, fhese.&alues-of
attenuation length may Be regarded‘as indébéﬁdént of proton energyvfor
use in the Moyer Model. | | |

As we have suggested the value of angular relaxation parameter, 8,
_is also indépendent of proton energy; VTéble 4'sﬁmmarizes ;hevvalues
of B determined in fhe shielding experimenté described in the previous
sections.v The’mean value of B obtained ffom these measurements is>

2.3 + 0.1.
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Table 4. Summéry of measured values of angular relaxation parameter, B .

Laboratory : : o Incident ) . B
: : proton energy S -1
" (GeV) : (rad 7)
CERN - LBL - Rutherford . 13.7
) Laboraféry Collaboration 13.7
o . 255 2.1 - 2.4(8,b)
Rutherford Laboratory - 7.4 ,2L3‘iu0.4(a)
7.4 v S Y j_"O;Z(b)
Argonne Nationmal _ 10.0 2.0 + 0.3(c)
Laboratory
10.0 2.5 + 0.2(d)

Detector (a) Aluminum Activation
‘' (b) Carbon Activation
(¢c) Film

(d) Tissue Equivalent Ionization Chamber



20

It is igtgres;ing to compare the\yalues‘of By giyenvin'Table_4
with those‘de;ef;ined-frAm diétfibutions mea;ured closé_to thé»ﬁargef
without any shielding presént. Such distributions are presented and
other results summarized by Levine et al., 1972 iLe 72). "Values of B
are réported'as a function of fhreshold energy; these are shown plotted
in Fig.‘4. Theée values of B, in thé‘aﬁéular rénge 60 tb 120 degrees,
were independent of targét material (Al, Cu, W) and did not differ for
proton energies of 3.7 and 23 GeV. Recent experiments.at 225 GeV.haQe
confirmed ghig independence on proton energy (Stevenéon et ;1.,‘1979)
(Fa 79). Thé value’of B cﬁyrespondiﬁé to a threshold of 150 MeV taken
from fig.'A is“é.3 + 0;3 in agreement With.the.values of B detefmiﬁed
in the egpé;iments of the previous sections. .

Because the mea#uremen;s reported here are made at ;ngles to the -
Atafget in the range 60° < 6 <120° the Mo&er Model constant, H, most

naturally determined is H, (correspondihg to measurement exactly at

90° to Lhe_target).“Tﬁe procedure adopted here has been to calculate .

the mean value of H, determined by the various experiments reported

g

here and then to derive the best value of Ho from the relationship:

H, =H e_B’”/2
1 o
by substituting the best experimental value of R.
This procedure reduces scatter in the individual determinations of

Hb due to variations in the ‘individual values of B deduced from the

separate experiments,
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Figure 5 shows the values of H

>

summarized in this paper plotted as a function of proton energy. In

1 determined from the measurements
this figure the data for all target materials are included since Levine
et al. (Le 72) showed that the flux of hadrons with energies greater
than 40 MeV, at 90° to the target, 1is essentially independent of target
material.

If we express the variation of Ho(Ep) in the form:
n .
H(E)=HE (13)
o p’ ) ‘

the data of Fig. 5 suggest a value of n somewhat less than_unity and
closer to 0.75. However, the error on this value of n is large and‘the
data are not inconsistent with a value'of’n = 1. For whatvfollows in
this paper we will make the conserv;tive'aséumption that n = 1 .and thus

Ho(Ep) is proportional to beam power interacting in the target. Thus:
HO(EP) = H'E \ (13a)

Inspection of Table 5 shows that the values obtainedlare in agree~
ment within a factor of twd;b Variationg in the value of ﬁo4determined
magnitude are to be expected bécause of the different shield
compositions, gedﬁetries and particlé detectors used.

The mean value of the values of Ho‘is:

H = (1.03 + 0.13) x 103 svm? st .
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Table 5., Summary of experimentally determined values of Ho(Ep)'

Laboratory Primary Proton: HO(E) ‘ H
Energy 2 9
(Gev) - . (svm®) (Sv m
e | -12 | -3
CERN, LBL, Rutherford 13.7 2.5 x 10 (a) 1.2 x 10
Laboratory Collaboration . 13.7 3.1x 10012 () 1.4 x 1073
25.5 3.3%x 1072 ()  0.81x 107
25.5 5.0 x 1072 (b) 1.2 x 1072
| -12 -3
Rutherford 7.4 1.4 x 10 (a) 1.2 10
Laboratory -12 -3
7.4 v 2.1 x 10 (b) 1.8 x 10
Argonne -13 _3
National Laboratory 10.0 9.6 x 10 (¢) * 0.60 x 10
CERN .
-12 -3
(West Hall) 23.0 - 3.5 x 10 (a) 0.94 10
(East Hall) 21.0 1.6 x 10012 () 0.48 x 1077
Brookhaven Natiomal -12 -3
30.0 3.4 x 10 , 0.71 x 10

Laboratory

/

2

1

Mean Value: 'Ho = (1.03 + 0.13) x 10“3 svem® J

(a) Aluminum Detector
(b) Carbon Detector
“(c) LET Spectrometer

(d) REM Meter and Carbon Detector
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4, An Example: The Use of the Moyer Model to Calculate Shielding

For Extended Line Sources

A particulaf'example of thé value of the Moyer.Model is in the
calculation of transversevghiélding such aé might be heéded, for exaﬁple,
aldng long transported particlé beams with‘smail and rather uniférm beam
losées. |

It is simple to show (Ro 69) that for an extended uniform line

1 -1

/
source the'Moyer Model of strength L GeV.m = sec = the dose equivalent

rate is given by:

‘VT[
HL

H=— exp(-B6) exp(- d cosec 6/1) 46 (14)

where a and d have their usual meaniﬁg and the integral of Eq. (14) may
be designated by M(B,.d/A) and is known gs‘é Moyer Integral.”

Routti and Thomas ﬁave published tabulatéd values 6f Moyer Integrals
w@th values in the fanges 0 B< 10; 0< d/) < @o. As we have shown in

the previous sections of the paper the value of B of most interest for

" high energy shielding is B = 2.3. The Moyer Integral M(2.3, d/A) is

given in Table 6. -

*Moyer Integrals are a generalized form of the Sievert Integral
but account for anisotropic emission of the line source elements.
The Sievert Integral is the Moyer Integral of order zero (8=0).

T
~d cosech

3 do

M(B,d/)) = exp(~BB) exp
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Table 6. Tabulated values of the Moyer Integral, M(2.3, d/A).

d/x

d/A M M d/x M d/x M

0.10 0.26570E+00 5.10 0.23505E-03 10.10 0.10211E-05 15.10 0.53891E~-08
0.20 0.19609E+00 5.20 0.20997E-03 10.20 0.91833E-06 15.20 0.48751E-08
0.30 - 0.15221E+00 5.30 0.18762E-03 10.30 0.82593E-06 15.30 0.43779E-08
0.40 0.12158E+00 5.40 0.16768E-03 10.40 0.74287E-06 15.40 0.39460E-08
0.50 0.98960E-01 5.50 - 0.14991E-03 10. 50 0.66821E-06 15.50 0.35568E-08
0.60 0.81623E-01 5.60 0.13404E-03 10.60 0.60109E-06 15.60 0.32061E-08
0.70 0.68008E-01 5.70 0.11989E-03 10.70 "0.54075E-06 -15.70 0.28900E-08
0.80 0.57123E-01 5.80 0.10725g-03 - 10.80 0.48649E-06 15.80 0.26052E-08
0.90 0.48301E-01 5.90 0.95964E-04 10.90 - 0.43770E-06 15.90 0.23485E-08
1.00 0.41070E-01 6.00 0.85883E-04 11.00 0.39383E-06 16.00 0.21172E-08
1.10 0.35089E-01 6.10 0.76876E~04 11.10 0.35437E-06 16.10 0.19087E-08
1.20 0.30101E-01 6.20 0.68827E-04 11.20 0.31889E-06 16.20 0.17207E-08
1.30 0.25915E-01 6.30 0.61632E-04 11.30 0.28697E-06 16.30 0.15514E~08
1.40 0.22380E-01 6.40 0.55199E-04 11.40 0.25826E-06 16.40 0.13986E-08
1.50 0.19381E-01 . 6.50 0.49446E-04 11.50 0.23244E-06 16.50 0.12610E-08
1.60 0.16825E-01 6.60 0.44300E-04 11.60 0.20921E-06 16.60 0.11370E-08
1.70 0.14638E-01 6.70 0.39696E~04 11.70 0.18831E~06 16.70 0.10251E-08
1.80 0.12761E-01 6.80 0.35576E-04 11.80 0.16951E-06 16.80 0.92435E-09
1.90 0.11145E-01 6.90 0.31888E-04 11.90 0.15259E-06 16.90 0.83347E-09
2.00 - 0.97496E-02 7.00 0.28587E-04 12.00 0.13736E-06 17.00 0.75154E-09
2.10 0.85418E-02 7.10 0.25632E-04 12.10 0.12367E-06 17.10 0.67769E-09
2.20 0.74941E-02 7.20 0.22985E-04 12.20 0.11134E-06 17.20 0.61110E-09
2.30 0.65834E-02 7.30 0.20614E-04 12.30 0.10024E-06 17.30 0.55108E~-09
2.40 ~0.57902E-02 7.40 0. 18490E-04 12.40 .~ 0.90260E-07 17.40 0.49695E~09
2.50 0.50982E~-02 7.50 0.16588E-04 12.50 0.81274E-07 17.50 0.44815E-09
2.60 0.44936E-02 7.60 0.14882E-04 12.60 0.73185E-07 17.60 0.40416E-09
2.70 0.39644E-02 7.70 0.13354E-04 12.70 0.65904E-07 17.70 0.36449E-09
2.80 0.35007E-02 7.80 0.11984E-04 12.80 0.59350E-07 17.80 0.32872E-09
2.90 0.30939E-02 7.90 0.10756E~04 12.90 0.53450E-07 17.90 0.29647E-09
3.00 0.27365E-02 8.00 0.96548E~05 13.00 0.48139E-07 18.00 0.26738E-09
3.10 0.24221E~-02 8.10 0.86673E-05 13.10 0.43357E-07 18.10 0.24116E-09
3.20 0.21454E-02 8.20 0.77817E-05 13.20 0.39051E-07 18.20 0.21751E-09
3.30 0.19015E-02 8.30 0.69872E-07 13.30 0.35175E-07 - 18.30 0.19618E-09
3.40 - 0.16864E-02 8.40 '0.62745E-05 13.40 0.31684E-07 18.40 0.17695E-09
3.50 0.14965E-02 8.50 0.56350E-05 13.50 0.28541E-07 18.50 0.15961E-09
3.60 0.13288E-02 8.60 0.50613E-05 13.60 0.25710E-07 18.60 0.14397E~-09
3.70 0.11804E-02 8.70 0.45463E~-05 13.70 0.23162E-07 18.70 0.12986E-09
3.80 0.10492E-02 8.80 0.40841E-05 13.80 0.20866E-07 18.80 0.11714E-09
3.90 0.93297E-03 8.90 0.36693E-05 .13.90 0.18799E-07 18.90 0.10567E-09
4.00 0.83000E-03 9.00 0.32968E-05 14.00 0.16937E-07 19.00 0.95317E-10
4.10 0.73872E-03 9.10 0.29625E-05 14.10 0.15260E-07 19.10 0.85984E~10
4.20 0.65775E-03 9.20 0.26622E-05 14.20 0.13750E-07 19.20 0.77567E-10
4.30 0.58588E~03 9.30 0.23926E-05 14.30 0.12389E-07 19.30 0.69975E~10
4.40 0.52206E-03 9.40 0.21505E-05 14.40 0.11164E-07 19.40 0.63126E~10
4.50 0.46536E-03 9.50 0.19330E-05 14.50 0.10060E-07 19.50 0.56949E-10
4.60 0.41497E-03 9.60 0.17376E-05 14.60 0.90650E-08 19.60 0.51378E~-10
4.70 0.37015E-03 9.70 0.15621E-05 . 14.70 0.81690E-08 19.70 0.46352E-10
4.80 0.33028E-03 9.80 0. 14045E-05 14.80 0.73619E-08 19.80 0.41818E-10
4.90 0.29479E~03 9.90 0.12628E-05 14.90 0.66346E-08 = 19.90 0.37729E-10
5.00 0.26319E-03 10.00 0.11355E-05 15.00 "20.00 0.34039E-10

0.59794E-08
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Writing (a + d) as r, the shortest distance for the line source to
the outer shield surface, and expressing L as E(dJ/dZ), where E is the
primary beam energy and dJ/dZ is the number of protons loét per unit

length, Eq. (14) becomes:

H(d/A,x) = —% E(dJ/dz) M(2.3,d/)) . (15)

In their ofiginalgpaper Routti and Thomas derived a value of the

3 1

nofmaliéing constant, Ho’ of 1.0 x 10 -fem h m-GeV_l'cq.s. This
value was derived from data reported by Gi1bert et éll (Gi 68) so as to
be ébnéi;tédt*with prediétibﬁsxfor fhé éhiéidlthicknéésvreqdiréd for a
200 GeV-profdﬁ.syﬁcﬁfotron;fhenlﬁeing designediét tﬁé L;wrence Berkeley
Laborafgfy (LB 65). ‘The use of this value fOr the normaiizing constant
has led fo some confusion which wé wili éttempt'to clérify here.

Thé‘véldébforvthe-original nafﬁﬁliiing-cohstant is oﬁiy compatibfé

with thé value B= 4.0 'rad_1 taken by Roufti and’fhomas.for the angulgr
reléxa;ion coefficient. (The value B = 4.0'radflrappeared to be the best
choice at the‘timé'of publicatién).>‘Subsequently, as we have seen, it
was sﬁowg experimentally that Blhé&.the value 2.3 (Le‘7%).v:Riﬁdi and

' Thomas (Ri 73) renormalized tﬁé"aata used By Routti aﬁd:Thoﬁas foritﬁi;
better value of B and obtained a value of 1.1 x 10_4 rem h—l;m GeV;1°cm.s;'

With a change in units this corresponds to the value:
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1.1 x 100 remm?Z h ! gev!s

19 rem'm2 Ge’V.-1

1.91 rem'm? 5!

o]
]

3.05 x 10

1.91Vx 10_2 Sv‘m2 J_1 . ' - . - ’,

o~

This value of H is about a factor of 20 highef than that indicated by
the data of Table 5.

The reason for the choice of the large value of L by Routti and
Thomés was essentially to obtain agreement with shield thickness calcu-
lations.by Cilbert et al. (Gi 68). Thése calculations were_madé aSSuming.
that the magnet.iron in the'experiments of Gilbert et al. was distributed
continuously around the accelerator rather than in magné;s 5 meters in
length reported by open regions of approximately 2 meters. The assump-
tion that iron was present in thg magnet gaps will result in too large
a value for HOf When the presence of magnet gaps is properly allowed
for, the yalue of Ho is reduced by a factor of 4.5. 1In addition, Routti
and Thomas assumed that the attenuation 1eng;h in iron was identical
to that in earth (1170 kg'm—z). Using the proper value of 1470 kg'm-2
it may be shown that their value of Ho should be reduced by a factor of
2.6. Thus, in all, the total correction is to reduce the value quoted

by a factor of 11.7 giving a value of:

H = 1.62 x 1073 svem? 571 ' »

which is in reasonable agreement with the values given in Table 5. -
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In the previous sections we have shown that the best value of Ho’

obtained from several experiments, 1is 1.0 x 10_3

Sv m2 J-.:1 and this is
the value we will use in what follows.

Equation (15) may therefore be written aé<

. _3 N
H(a/2r) = 20210 pag/az) M(2.3, 4/0) | (15a)
where H is in Sv s
E is in Joules

(d3/4z) is in protonms .

r is in meters.

Equation (15a)ymay also be written as:

’ _8 | A . .

where H 1is in rém hfl and E is 1in Gev.
As we have suggested, the use of Egs. (15a) or (15b) should predict
value; of dose equivalent rate to within'a factor of abouf two;
One'uéeful_check,on the claim is to compare the shield thicknesses
calcﬁlated by other means. One sucﬁ comparison may be made with the work
of 0'Brien (0'B 68) who has solved the ﬁoltzmannvtransport equation in an

earth/concrete shield using a spherical harmonics approximation.

O'Brien expresses his results in the form:

(H(d/2,1) = X E(dI/dz) B(d/N) (16)
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where k is a constant‘
B(dyk) is a barrier transmission factér
and the othér symbéls have thei; usﬁal ﬁeaning.
The similarity between Eq. (15a) and (16) is obvious and it foilows

that, if these calculations are to give identical results:

_ _k B(d/A)
B, = 2.3, a0 (17)
0'Brien's calculations take into account the variations in neutron
spectrum produced by the water content of the shielding. Values of the

barrier transmissions factors are given for concrete with various frac-

tions of water by weight varying from 0% to 25%. O'Brien shows that as .

the fracgion of water in the shield increases the transmission factor
decreases (i.e,, the shield becomes more effiéient) ~ an effect that has
been observed expefimentally (Gi 68). This is due to the increasing
efficiency of moderation of intermediate energy neutrons by the water in
the shield and the subsequent capture of the thermal neutrons in the
elements of high thermal neutron absorpfioh cross section present in the

shield. Table 7 gives an indication of the magnitude of the effect by

comparing the average values of transmission factor for a shielding

containing w% water by weight, B(x, w%), with that for a shield contains

6% of water by weight. (é%vwater by weight is typical for concrete.)

4
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Table 7. 1Influence of water content of concrete on neutron
transmission (after O'Brien).

Water Content - Me;n value of B(x, w%)
(Percentage by ] B(x, 6%)
Weight, w%)

0 ' : 2.50
/ 2.5 | 1.21
6 . 1.00
16 | | ©0.70
25 | 0.54

Inspection of Table 7 shows the variation of about a factor of two
ih Dose Equivalent Rate are possible from those calculated for "normalﬁ
coﬁcrete.

Equation (17) may be used to eétimaté,a Qalue of the Moyer Parameéef
Ho’ from the calcﬁlations of 0'Brien, and Fig. 6 shows values for the
family of curves Ho (d/x, w) plotted as a function of d/A. Also shown \
is the mean of the expérimental values already described in this paper.
The band of uncertainty indicated represents §ne standard deviation.

Witﬁin the plotted range 1 < d/A < 15 and for the range of water
content in normél.concrete (2.5Z2 < W< 25%) (Ja 755. ' The values of H_
determined from b'Brien's calculatiéqs‘differ_by ﬁo more than a factor of
two from the ﬁean value of the experimental data coﬁsidered in this
paper. This is within the level of agreement éf thé experimenés them~

selves and is therefore considered quite good.

—
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5. Limitations of the Moyer Model

The Moyer Model as outlin;d in the previous sections may be used to
calculate the intensify of thg radiation field outside shieldiﬁg ;round
a target, in the energy range 1 - 50 GeV. The accuracy is probably
within a factor of two, depending upon ;he geometry of Lhe shielding.
Two examples follow which explain the limitatidn in accuraé& on the

method, especialiy that of assuming a multiplicity which is independent

-ofvangle. (1t should, however, be remembered that the dependence of the

buildup factor on shiéld material has also been ignored heré. ‘We believe
it to be of less importance than~theveffect discussed here.)

in the first case consider the situation represented in Fig. 7
where there are two cases each with the same shield thickness x and
target - observer distance, r. With a émall targetyﬁb shield distance,
secondarieé with a higher average energy leaving the target at an angie,
8, other than 90 degrees can also méke interaétions in the shiela which
will contribute to the dose rate at P since the effective shield thick-
ness x, is not very different from x. in case (b) however, where the

1

target to shield distance, xz,'is‘very much greater than x,, these same

1’

secondaries strike the shield at a point where they cannot contribute to
the dose rate at P due to the strong exponential attenuation effect of

’ . 2 : : - . .
the larger distance x . Thus the constant H, determined in the previous

1

‘sections should be used in situations similar to those in which it was

determined (i.e., for target shield distances ~lm).
A second circumstance is that of Fig. 8 where the observer is some
distance downstream of the target and the attenuation term is so small

that there can be no direct contribution by the target to the dose rate
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at P. In this case only the secéndary interactions in the wall of a
vacuum pipe or in the inner layers of the shield, as represented in Fig.
8 can contribute to the dose rate at P. This effect is especially ;arked
at high proton energiés as can be seen from Fig. 9 where the hadron star
density in the walis of a vacuum pipe of raAiuﬁ 5 cm placed round the
target is shown plotted as a function of distance downstream of the
target for different proton energies (Fa 79). These values were
calculated using the Hadron Cascade code MAGKO (Ra 73). It will be seen
: that'at\the lower proton energies the secondary interactions are strongly
localized in the target'regibn, but at several hundred GeV the distribu-
tion extends to distances ~50 m or more.
6. Conclusions

In the twenty-five years or so since the needs. for the Moyer Model
developed there has been a great increase in our understanding of
accelerator radiation phenomena. This has occurred for two reasons -
firstly because tﬁe operation of high—énergy proton accelerators has led
to the accumulation of a great'deal of experimental information
(summarized in this paper) whicﬁ has eliminafed the uncértainties found
in the early literature and secondarily because of the developﬁent of
sophisticated methods of computation of the fransport of high-energy
radiation through accelerator shielding (Ne 80). The qugstion therefore
arises as to whether there is a coﬁtinuing need for semi-empirical models
such as the Moyer Model when these more sophisticated and powerful tech-
niques are évailable.

In our view there will continue to be a need for methods capable

of estimating shields reliably, cheaply and quickly (albeit not with
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Fig. 9. .Star density in a vacuum pipe around a target as a function of
distance along the beam. ‘
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the preciéion possible with the use of a computer); such methods will
facilitate rapid deci;ions in the preliminary stages of planning experi-
ments or modifications to ﬁhe accelefator. There will continue to be a

. demand, too, for methods that give sufficient physical insight into the
problem of shielding to permit full utilization of the more sophisticated
calculational methods.

Thé design of high energy accelerator shielding usually proceeds in

two stagesb4 firstly, an approximate calculation of shield thickness is

~

made using semiphenomenological models for_fairly simple geometries, and
éecondly, at a latér stage when acceierator parameters ha;e been more
closely defiﬁed,-these simple calculations are verified by the use of
more sophisticated numerical methods, usually involving Monte Carlo
techniques to calculate electromagnetic and hédronic cascade phenomena in
the shieid. These numerical techniques are not necessarily more accurate
than the empirical models in esfimating the intensity of radiatioh fields
outside shielding when the geometry is simple and the primary particle
energy is in a region where good experimental data are availablé{ ‘Under
these conditions both methods can predict radiation field intensities to
witﬁin a factor of two or better.. The numerical techniques are.of
greatest value in extrapolafions to new energies or for calculations with
difficuit geometries. |
-Seﬁiphenoménological models are therefore still of great value in
shielding design and have the additional aavantage that they give

physical insight into shielding phenomena not so evident in the more

sophisticated numerical methods.
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The continuing value of the Moyer Modellmay be seen from'its use in
the preliminary design for the éhiglding for a pfoton étorage ring at the
Stanford Linear Accélerator to operate with'PEP (LB.76,sMc 73,;MC‘§1),ana
the design of shiélding for the 50 GeV proton synchrotron fo be buiit
near -Beijing (Ch 80).
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APPENDIX:

NOTE CONCERNING UNITS

" We have tried to use coherent SI units wherever possiblé in
this paper.
Because the use of SI units in health physics, particularly in both

!

China and the United States; is quite new there has not been sufficient
|

time for experience to determine the particular sub-units of the SI
,systemkwhiCh are not converted.

It has been usual to express dose equivalept rates with time
expresséd in hours (millirem h_l,Arém hfl, etc.). We have chosen to
utilize the unit Sv s—1 —_prinﬁipally Because the second is a coherent
unit of the SI system. We do not presume to infer that this is the SI
unit that experience will show to be the most widely adopted.

For similar reasdns.in.selecting units‘for the Moyer Model
parameter, H , we have chosen to express it in SY m J_l even though

1

Sv m2 GeV = is allowed (and perhaps may be more "natural" in the example

cited).
For the benefit cf those not entirely familiar with the

International System a conversion table is given (Table A-1).
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Table A-1. Conversion factors used in this report,

GeV 1.602 x 10 ~° J

Unit
Quantity Cgs System SI System
. -2 -2
Attenuation Length gecm 10 kg m
Density g-cm_3 103 kg'm_3‘
Dose Equivalent Rate millirem h'-1  2.778 x 10-—'9 SV°s_.l
Flux Density em 2 571 104 w2 s71
| -1, 2 -6 2
Moyer Model Constant, H rem h "'m” s 2.778 x 10 ~ Sv m
. Energy 10
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