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ABSTRACT 

The historical development of the Moyer Model - an empirical method 

used in the design of high energy proton accelerator shielding - is 

described. With the improvements in the understanding of high-energy 

radiation phenomena which have occurred during the past twenty years it 

is now possible to lay a more satisfactory theoretical basis for this 

model. Several measurements at various high energy proton accelerators 

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 calculate transverse shielding for an extended uniform line 

source is given and comparison made with calculations by O'Brien. 
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. 
l~Introduction 

The design and construction of the first proton accelerators in the 

GeV energy region during 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 

around these accelerators - to permit safe and efficient operations -

by the design of radiation shielding became an urgent task following 

experience obtained with the early operation of the Cosmotron and 

Bevatron (So 57). 

At that time there was no firm theoretical basis for designing 

accelerator shielding and, in consequenc~, semi-empiric,al methods were 

developed. Perhaps the~ost useful and widely known of these models is 

the "Moyer Model" (Mo 61, Mo 62). 

Th'is paper describes the historical development of the model, 

discusses it in the light of our understanding of high-energy radiation 

transport phenomena, 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 semi-empirical method for determining the 

shielding required for the Bevatron - the 6 GeV proton synchrotron of the 

then University-of California Radiation Laboratory (Mo 61, Mo 62) - whose 

intensity was to be substantially increased (We 63). This model - later 

called the "Moyer Model" - "Pro~ides a formalism to evaluate the high 

energy neutron fluxes and associated biological dose-rates outside the 
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ma~n shield of the accelerator, in places where the nucleon-meson cascade 

~s well-developed and essentially in equil ibritnn" (Ro 72). 

Many descriptions of the Moyer Model have been published 1n the 

literature (Pa 73)., In.these earlier descriptions the authors have 

concentrated on a discussion of the neutron component of the radiation 

field. This was principally because neutrons make the dominant contri-

but ion to dose equivalent outside well-shielded proton accelerators 

(Pe 66). Although high-energy neutrons are not the only particles that 

play an important role in propagating the hadronic cascade in matter it 

was sufficiently accurate at that time to treat all hadronic cascade 

'propagators as "neutron like." 

The fact that those neutrons which largely contribute to the dose 

equivalent (E ~ 50 MeV) are not those that propagate the hadronic cascade 

(E > 150 MeV) has led to some confusion in understanding the early 

literature. 

As we shall show later the formalization used in the early papers 

describing the Moyer Model is essentially unchanged by our increased, 

understanding of high-energy radiation transport and so will be repeated 

here. The treatment given is that by Rindi and Thomas '(Ri 73). 

Consider an effective point source produced by protons interacting 

~n a thin 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 

1 f [J d2
n(E 6) H = r2 F(E) B(E,6) exp-d(6)/ACE) dE dQ . dE (1) 

,", 

'.' 
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XBL 733-2478· 

Fig. 1. Schematic diagram of typical shielding geometry. 
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where r is the distance from the source, E is the neutron energy, F 1S a 

factor which converts fluence to dose equivalent, d is the shield 

thickness, A is the effective removal mean-free path, B 1S a buildup 

factor, 'and d 2n/dE dn is Ehe yield of neutrons per unit solid angle at 

angle 8, per unit energy interval at E. 

De Staebler (De 62) wrote Eq. (1) as: 

-2 H = r '" B. F. exp( -d/A. ). (dn/ dn). 
~ .1 1 1 1 

(2) 

i 

where the subscript 1 denotes a range of neutron energies for which B, 

F, and A are fairly constant and the definition of (dn/dn) 1S obvious. 

Neutron attenuation lengths above 150 MeV are roughly independent 

of energy, but diminish rapidly with energy below about 100 MeV. Conse-

quently the greater yields of low-energy, as compared to high-energy, 

neutrons at the primary interaction will be more than compensated for 

by the greater attenuating action of the shield for these neutrons. 

Moyer (Mo 61, Mo 62) made an 'extremely important contribution when he 

recognized that Eq. (2) may be approximated by a single-energy group 

because the nature of the r~diation 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 cascade 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 casc~de but are present in relatively ~mall 

numbers. At a shield interface the radiation field observed consists 

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

0;<. 
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accompanied by many particles of much lowerene~gy, mainly neutrons, born 

near the interface. 

The total neutr(m flux density (and consequently the dose-equivalent 

rate) will be proportional to the high-energy hadron flux density. 

,,. Because the,low-~nergy components are produced by interaction of the 

high-energy propagators, their intensity decreases throU:gh the shield 

in an exponential 'manner with effectively the same attenuation length for 

all directions through the ~hiel~. 

The essence of the Moyer Model, therefore, is that the dose-equiv-

alent at any point outside the accelerator shield is larg~ly governed by 
" 

the simple "line-,of-sight" propagation of the cascade generating 

particles produced at the first inte~action (target) and a multiplication 

factor may be used to account for particle build up. The cascade-' 

generating particles have an attenuation length which is independent of 

energy. 

Several experimental verifications of Moyer's basic assumptions have 

been reported in the literature. In a series of measurements in concrete 

irradiated by protons with energy between 2.2 and 6.2 GeV, Smith et al. 

(Sm 6Sa) demonstrated the essential independence of radiation attenuation 

length with radiation detector and also with angle to the incident proton 

beam direction, and with a threshold of the neutron detector used. Smith 

(Sm 6Sb) has described the excellent agreement between measured radiation 

) 

levels around the Bevatron and those predicted by Moyer. In that series 

of measurement's the development of radiation field equil ibrium was 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 
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the CERN 25 GeV proton synchrotron with good accuracy.· Over.a raiig~:;o;flm0J::;D 

105 ~n flux density and up to a distance of 40 meters from an internal 

target in the accelerator, which was the principal source of radiation 

during the measurements, typical results gave an accuracy ~n neutron 

flux density estimation of 20% or better (Gi 68). 

In practical shield configurations; the combined effece of angular 

distribution and attenuation means that the tranSverse thickness of a 

shield is dominated by the hadrons emitted at angles between about 600 

and 1200 • 'B(E,O) 'then loses its angular dependence since the spectrum 

can be assumed to be invariant over this limited range of·angles. Also, 

since now one is dealing with the global fluence of particles 

above 150 MeV, B(E) can be replaced bym(Ep) which is constant for a 

given target material and primary proton energy, E • 
P 

One can also write 

f· . d 
2 
n (E, 8 ) , dE = g ( 8 ) 

dE dn 

E > 150 MeV 

where g(8) is the angular distribution function for hadrons with energy 

greater than 150 MeV. 

Thus 

</> (E > 150 MeV) g(8h- 2 exp(-x/:\) m(E ) 
p 

(5) 

For an equilibrium cascade the total dose equivalent is proportional 

to the fluence of hadrons with energy above 150 MeV. 

H = k</> (E ::. 150 MeV) 
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and over the rangEr of interest g(8i ) can be approximated by an exponential 

of the form 

g(8) = C exp(-S8) 

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

Moyer did, from an equation of the form 

H = kC m(E )r-2 exp(-S8) exp(-x!A) 
p 

(6) 

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

combiningt~e many constants in the above expression into one empirically 

determined cons tant H (E. ): 
o p 

H = H "(E )r-2 exp(-S8) ~xp(-x/~) (8) 
o p 

H (E ) can be determined from experimental data. Also since the 
o p 

8 = 900 case is the one that most often enters into practical considera-

tion, one can further ~implify: 

(9) 

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

at 900 • 

HI may be related to Ho by substituting 8 = n/2 into Eq. (8): 

(10) 

f 
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and comparing with Eq. (9) it follows: 

= H (Ep) exp(-Sn/2) 
o 

It will then later be shown that ,the best value of S determined by 

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

3. Moyer Model Parameters 

= 2.70 x 10- 2 H (E ) 
o P , 

(11). 

The three Moyer Model parameters, H , S and A must be determined 
o 

experimentally. The first two, Hand S may depend upon, incident proton 
o 

energy and primary target material while the third (A) is, as we have 

seen, essentially energy independent but will depend upon shield 

material. 

In this section experimental determinations of the Moyer Model 

Parameters at Argonne Nationai Laboratory, Brookhaven National 

Laboratory, CERN and the Rutherford Laboratory wilt be summarized. 

(i) 1966 CERN-LRL-RHEL Shielding Experiment (1966). 

One of the most extensive high-energy accelerator shielding experl.-

ments was carried out on the CERN 25 GeV proton synchrotron (CPS) by a 

team drawn from CERN, the Lawrence Berkeley Laboratory and the Rutherford 

Laboratory. This experiment (referred to as the CLR experiment) has been 
, . 

described in great detail and the interested reader who wishes to furth~r 

his understanding of,these measurements is referred to the original 

paper (Gi 68) ~ 
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Measurements of neutron flux density were made in several locations 
~ 

in the earth shield surrounding an int'ernal alUminum t'arget bombarded by 

protons of 13.7 and 2S.S GeV. Measurements were made using activation 

27 24' 12 11 . 
detectors (primarily the Al + Na and C + C react~ons, referred 

to in what follows as the Al and C reactions). The analysis of this 

experiment proceeded by expressing the flux density at a point in terms 

of five factors: 

(I) A source distribution term: {I + a l exp{-a
3
z)} 

(2) An angular distribution term 

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

earth shield, : exp{-5I.F/aS) and exp{-5I.E/.a~) 

(4) An inverse square law term. 

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

expression: 

2 2 
(Z-Z.) + V. ' 

~ ~ 

Here we follow the original notation of Gilbert et al. (Gi 6S) 

dz. 

(12) 

for the parameters aI' a2 ••• a9• Two parameters - a 7 and as - do not 

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

For our purposes a
7 

= as = 0 and the corresponding buildup factor is 

therefore unity. 
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In Eq. (12) ~Fe and, £E are the shield thicknesses correspoilding to 

the point (Z., V.) at which the flux density was measured. Equation (12) 
1 1 

may be seen to have ~even free parameters, a 1 - a
9 

inclusive. a
9 

is a 

* global normalization parameter. Gilbert et al. (Gi 68) were able to 

use a least squares fitting analysis to obtain values of these parameters. 

Initial analysis showed that the exact value of the attenuation length 

in iron, a
5

, did not profoundly influence the quality of the fit to the 

. -2 
data. It was therefore fixed at a value of 0.2 m (1500 kg m ) to 

simplify further analysis. The number of free parameters in Eq. (4) 

is therefore reduced to five: aI' a3 , a4 , a
6 

and the product a2a
9

• 

Of these a
1 

and a 3 relate to the beam loss distribution and only a4, 

a
6

, and the product of a
2

a
9 

are of interest in determining the Moyer 

Model parameters. 

Gilbett et al. (Gi 68) showed that the attenuation length in earth, 

a
6

, was well constrained and had the value 1170 + 20 kg m- 2• 

The angular distribution parameter, a
4

, was not so well constrained -

-1 values in the range 2.1 to 2.4 rad being obtained~ A value of 2.2 

was assumed to be the "best" value, independent of the proton energy. 

The beam loss parameters gave the "best fit" values of a
1 

= 220 m and 

-1 a = O. 15 m also ipdependent of E • 
3 p 

The values obtained for the normalization. constant a 2·a
9 

are· 

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

b . . d' . 1 . b f 1 12 . e1ng norma11ze to a C1rcu at1ng eam current 0 1.0 x 0 pps. 

* See Gilbert et"al. (Gi 68). 
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appropriate values of HI have been calculated from the value of Hand 
o 

the fitted value of a
4

, (or 8). These values are also' listed in Table 1. 

a
9 

is related to the mDnber of lost or interacting protons, 

i.e., the number.of protons lost between z and z+ dz = 

~9 {I + a1 exp(-a3z)} ·dz. The constant a 2 has the same significance 

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

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

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

12 - -1 12 (0.54 x 10 protons s in Run II and 0.50 x 10 t S -1 ~n Run pro ons .L 

VII) may be set equal to 

f
628m 

a
9

a
1 

exp(-a
3

Z) dZ 
o .' 

.' 8 -1 8 - -1 
a

9 
has the values 3.7 x 10 pps.m and 3.4 x 10 pps.m for the 

13.7 and 25.5 GeV runs respectively. The values of a 2 are then those 

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

the conversions (Gi 68): 

1 n m- 2 == 9.3 x 10- 14 Sv 
" 

1 n m- 2 == 2.9 x 10- 13 Sv 

* In the original reference the 

3.0 -2 -1 10-3 n cm s = rem 

0.95 n -2 .... 1 10-3 cm s = rem 

* for the C detectors. ' 

* . for the Al detectors • 

conversion factors are given 

h -1 for the C detectors. 

h 
,..1 

for the Aldetectors. 

as: 



Table 1. Values of the normalizing constants a
4

, He) and HI.· 

Energy Run* Detector a
2

a
9 

a
2 a

4 
H (E ) 

o p HI (E) p. 

(GeV) 
-1 -1 (m s ) -2 -1 (m s ) -1 (rad ) 2 (Sv·m ) 

.. 2 
(Sv·m ) 

13.7 VII C 
9 

9.16 x 10. 2.69 x 10 
1 2~ 5 x 10-12 7.8 x 10- 14 

13.7 Al 9 1 3.1 x 10- l2 9.4 x 10-14 ..... VII 3.47 x 10 1.02 x 10 
N 

1. 29 x 1010 1 
2.1-2.4 

3. 3 ~ 10- 12 1.0 x 10- 13 25.5 II C 3.49 x 10 

25.5 II Al 
"9-

6.15 x 10 1.66 x 10 
1 5.0 x 10- 12 1.5 x 10- 13 

*See Gilbert et al. (Gi 68). 

~ ,. 
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ii) Rutherford Laboratory Measurements 

Stevenson et al. have reported measurements with 7.4 GeV protons 

incident upon fl thick tungsten target ,(Sh 69, St 69). Al and C detectors, 

were again used to measure the flux densities. The normalized flux dens i-

ties have been mUltiplied by the square of the detector-target distance 

in me~ers and by the attenuation factors in iron and concrete; these 

values are shown plotted in Fig. 2. This gives the function gee) 

according to the equation: 

gee) = Ho • exp(-s·e) (13) 

where Fe and C refer to the parameters for iron and'concrete respectively.' 

The .value fo'~ AC was chosen to be 1170 kg'm-2 (Gi 68). In their original 

-2 analysis Stevenson et al. used a value of 1650 kg'm for the attenuation 

length in iron. This value is probably too high. The, data of Gilbert 

-2 et a1. (Gi 68) are consistent with a value of 1470 kg'm and in Fig. 2 

the d,ata shown .have been recatculated from the originally published data 

using this latter value ~f, AFe • The parameters HI and S determined 

from these data are given in Table 2. 

(iii) Argonne National Laboratory (1966) 

Howe et a1. (Ho 66) have described measurements of absorbed dose 

in the 'concrete shielding -3 rate (p = 3800 kg'm ) around a copper target 

bombarded by 10 GeV protons. 

Dose equivalent rates were determined from measurements with tissue 

equivalent chambers and an LET spectrometer. Film badges were also used 

to obtain a relative measure proportional to dose equivalent. (The film 

badge calibration did not permit absolute dose estimates to be made). 
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Fig. 2. Angular distribution of flux density about a thick tungsten 
target measured with aluminum and carbon detectors. 
(Rutherford Laboratory). 
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Table 2. Values of the Moyer Model parameters determined at the 
Rutherford Laboratory. 

Detector 

Al 

C 

2.3 + 0.4 

2.4 + 0.2 

3.9 x 10- 14 

5.6 x 10- 14 

The measurements made with three target lengths (copper target) 

were corrected for inverse square law and attenuation; they are shown 

plotted in Fig. 3. The "best fit" angular distribution parameters are 

given in Table 3. 

(iv) Operational Measurements in CERN - West Hall 

Marchall et al. (Ma 79) have reported a det~iled set of measurements 

around the extracted beam blockhouse with a 23 GeV proton beam incident 

upon a 5 em long aluminum target. Three locations are suitable for a 

determination of the Moyer parameter, HI' (clean geometry free from 

scattered radiation from holes in the shield). The measured values at 

angles other than 900 were corrected using ari angular relaxation 

parameter of 2.3 (see previous sections). 

The mean value of thr~edeterminations gave: 
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Fig. 3. Angular distribution and observed dose rate measured about 
a thick upper target (Argonne National Laboratory). Relative 
film badge measurements are also shown. 
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Table 3. Values of the Moyer Model parameters determined at Argonne 
National Laboratory~ '. " 

Detector " 

Film 

Tissue Equivale~t 
Ionization Chamber 

-1 (rad ) 

2.0 + 0.3 

2.5 + 0.2 

Absorbed dose rate 
at 1 meter from the 
target and at 900 

",.' 2' 
(rad·m per inter­
acting proton per 
sec) 

-9 (1.9 + 0.2) x10 . 

(v) Target Experiment in CERN - East Hall 

(2~6 + 0.3}10-14 

Measurements on the top of and alongside a shield around a target in, 
" "",.: " ,. r 

the CERN East Experim~ntal Ar'ea were made during a target feasibil~ty 

study at 21 GeV (Ha 79),. The mean value determined for the parameter 
.. r' , 

( ) 4 4 10
-14, ,2 

.,IH1 Ep = • x Sv·m 

(vi) Experience at Brookhaven National ',Laboratory' 

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

4 2 parameter HI as 7.4 x 10 (rem/h}ft /kw. Assuming that this measurement 

was made at 30 GeVwe obtain, upon conversion of units: 

. '-14 2 
H1

(E ) = 9.2 x 10 Sv·m 
p' 
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SUMMARY 

We are interested in the valuesand variation with proton energy of 

\ 

three basic parameters so that the Moyer Model may be used to calculate 

shielding. These parameters are the attenuation length, A, the angular 

distribution parameter, 8, and the normalization constant, H (E). 
o 

As we have seen in the previous sections there is a gre~t deal of 

experimental evidence to show that 8 and A are essentially independent of 

energy in the range of interest. 

The value of attenuation length in earth was well determined in the 

experiments of Gilbert et a1. (Gi 68) as (1170 + 20)kg·m- 2. The experi-

ments of Gilbert et ale (Gi 68) and Stevenson et ale (Sh 69, St69) are 

-2 consistent with a value of 1470 kg·m for the attenuation length in iron 

and this value is consistent with the value extrapolated for iron from 

the value measured in earth by Gilbert et ale These values of 

attenuation length may be regarded as independent of proton energy for 

use in the Moyer Model. 

As we have suggested the value of angular relaxation parameter, B, 

is also independent of proton energy. Table 4 summarizes the values 

of 8 determined in the shielding experiments described in the previous 

sections. The mean value of 8 obtained from these measurements is 

2.3 + 0.1. 

.. 
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Table 4. Stmnnary of measured values of angular relaxation parameter, 8 ~ 

Laboratory 

CERN - LBL - Rutherford 

Laboratory Collaboration, 

Rutherford Laboratory , 

Argonne National 
Laboratory 

Incident 
proton energy 

(GeV) 

13.7 

13.7 

25.5 

7.4 

7.4 

10.0 

10.0 

Detector (a) Aluminum Activation 

(b) Carbon Activation 

(c) Film 

-1 (rad ) 

2.1 - 2.4(a, b) 

2.3 + 0.4(a) 

2.4 + 0.2(b) 

2.0+ 0.3(c) 

2.5 + 0.2(d) 

(d) Tissue Equivalent Ionization Chamber 
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It is interesting to compare the,yalues of /3, given l.nTable 4 

with those d~te,!JIlinecl from di,stributions measured close to the target 

without any shielding present. Such distributions are presented and 

other results summarized by Levine et al., 1972 (Le 72). Values of /3 

are reported as a function of threshold ,energy; these are shown plotted 

in Fig. 4. These values of 6, in the angular range 60 to 120 degrees, 

were independent of target material (AI, eu, W) and did not differ for 

proton energies of 3.7 and 23 GeV. Recent experiments at 225 GeV have 

confirmed this inde~endence on proton ~nergy (Stevenson et a1., 1979) 

(Fa 79). The value of /3 corresponding to a threshold of 150 MeV taken 

from Fig. 4 is 2.3 + 0.3 in agreement with the values of 8 determined 

in the e~periments of the previous sections." 

Because the measurements reported here are made at angles to the 

target in the range 600 ,;;;; e ,;;;; 1200 the Moyer Model constant, H, most 

naturally determined is HI (corresponding to measurement exactly at 

900 to the target). The procedure adopted here has been to calctilate 

the mean value of HI determined by the various experiments repor'ted 

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

- 81ft 2 e 

by substituting the best experimental value of 8. 

This procedure reduces scatter in the individual determinations of 

H due to variations in the individual values of 8 deduced-from the 
o 

separate experiments. 
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Figure 5 shows the values of HI determined from the measurements 

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

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 900 to the target, is essentially independent of target 

material. 

If we express the variation of H (E ) 1n the form: 
o p 

H (E ) = H En 
o p 0 

(3) 

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 what follows 1n 

this paper we will make the conservative assumption that n = land thus 

H (E ) is proportional to beam power interacting in the target. Thus: 
o p 

H(E,)=H'E 
o pop 03a) 

Inspection of Table 5 shows that the values obtained are in agree-

ment within a factor of two. Variations in the value of H ,dete'rmined 
o 

magnitude are to be expected because of the different shield 

compositions, geoketries and particle detectors used. 

The mean value of the values of H 1S: 
o 

H o 
= (1.03 + 0.13) x 10-3 Sv m2 j-l 

' .. 
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Table 5. Summary of experimentally determined values of H (E ). 
o p 

Laboratory 

CERN, LBL, Rutherford 

Laboratory Collaboration 

Rutherford 
Laboratory 

Primary Proton 
Energy 
(GeV) . 

13.7 

13.7 

25.5 

25.5 

7.4 

7.4 

2 (Sv m ) 

2.5 x 10-12 

3.1 x 10- 12 

3.3 x 10-12 

5.0 x 10- 12 

(a) 

(b) 

(a) 

(b) 

1.4 x 10- 12 (a) 

2.1 x 10- 12 (b) 

1.2 x 10- 3 

1.4 x 10- 3 

0.81 x 10- 3 

1. 2 x 10- 3 

1.2 x 10- 3 

1.8 x 10- 3 

Argonne 
National Laboratory 10.0 9.6 x 10- 13 (c)' 0.60 x 10-3 

CERN 

(West Hall) 

(East Hall) 

Brookhaven National 
Laboratory 

23.0 

21.0 

30.0 

3.5 x 10-12 

1.6 x 10- 12 

3.4 x 10- 12 

Mean Value: H = (1.03 + 0.13) x 10- 3 Sv·m2 J-1 
o 

(a) Aluminum Detector 

(b) Carbon Detector 

(c) LET Spectrometer 

(d) REM Meter and Carbon Detector 

(d) 

(d) 

0.94 x 10- 3 

0.48 x 10- 3 

0.71 x 10- 3 
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4. An Example: The Use of the Moyer Model to Calculate Shielding 

For Extended Line Sources 

A particular example of the value of the Moyer Model is in the. 

calculation of transverse shielding such as might be needed, for example, 

along long transported particle beams with small and rather uniform beam 

losses. 

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 ~quivalent 

rate is given by: 

H L 
o 

H = a+d In exp( - sa) exp( - d cosec a/ A) d a 

o 

(14) 

where a and d have their usual meaning and the integral of Eq. (14) may 

. * be designated by M(8, d/A) and is known as a Moyer Integral. 

Routti and Thomas have published tabulated values of Moyer Integrals 

with values in the iangesO ~ 13 ~ 10; 0 ~ d/A ~ 40. As we have shown in 

the previous sections of the paper the value of 8 of most interest for 

high energy shielding is 8 = 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 (13=0). 

1T 

M(S,d/A) e.J' exp(-sa) exp -d cosec8 
A 

de 
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Table 6. Tabulated values of the Moyer Integral, M(2.3, d/A). 

d/A M d/A' M d/A M d/A M 

0.10 0.26570E+00 5.10 0.23505E-03 10.10 0.10211E-05 15.10 0.53891E-08 
.J 

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 0.10725E-03 10.80 0.48649E-06 15.80 0.26052E-08 
0.90 0.48301E-01 5.90 0.9 5964E- 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 O. 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 0.11l45E-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 0.1l134E-06 17.20 0.611lOE-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 0.73"i85E-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 0.1l804E-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 O. 11714E-09 
3.90 0.93297E-03 8.90 0.36693E-05 13.90 O. 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 "i'· 
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·dO 
5.00 0.26319E-03 10.00 0.11355E-05 15.00 0.59794E-08 20.00 0.34039E-1O 
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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 lost per unit 

length, Eq. (14) becomes: 

1i(d/A,r) = 
H 

o 
r 

E(dJ/dZ) M(2.3,d/A) (15) 

In their originaL paper Routti arid Thomas derived a value of the , . 

normalizing H of LOx 1O~3 -1 -1 This constant, 
0' 

rem h m GeV ·cm.s. 

value was derived from data reported by Gilbert et a1. (Gi 68) so as to 

be ~onsistentwith predicti~ris'. for the shi~ld'i:hickne;s req~ired for a 

200 GeV proton sy~chrotron ;then being designed at the Lawrence Berkeley 
, 1" 

Laboratory (LB 65) •. The use of this value for the normalizing constant 

has led to some confusion which we will attempt to clarify here. 

The v.alue .. for the original norrtia'iizingcohstant is only compatibl~ 

-1 
with the value S = 4.0 rad taken by Routti and' Thomas for the angular 

relaxation coefficient. (Th~ value B ~ 4.Q ra~-l appeared to be the best 

choice at the time' of publication). Subsequently, as we have seen, it 
" . ", 

was shown experimentally that S had the value' 2.3 (Le 72). Rindi and 
" " 

Thomas (Ri 73) renormalized the data used by Routti and' Thomas for this 

4 -1 
better value of S and obtained a value of 1. 1 x 10- rem h ·m GeV 1· cm. s. 

, 
With a change in units this corresponds to the value: 
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H 1.1 
-6 2 -1 -1 = x 10 rem·m h GeV s 

0 

3.05 
-10 2 GeV- 1 = x 10 rem·m 

1.91 2 -1 = rem·m J 

1. 91 -2 2 -1 = x 10 Sv·m J 

This value of H is about a factor of 20 higher than that indicated by o 

the data of Table 5. 

The reason for the choice of the large value of H . by Routti and o 

Thomas was essentially to obtain agreement with shield thfckness calcu-

lations by Gilbert et al. (Gi 68). These calculations were made assuming 

that the magnet iron in the experiments of Gilbert et al. was distributed 

continuously around the accelerator rather than in magnets 5 meters in 

length reported by open regions of approximately 2 meters. The assump-

tion that iron was present in the magnet gaps will result in too large 

a value for H. When the presence of magnet gaps is properly allowed 
o 

for, the value of H is reduced by a factor of 4.5. In addition, Routti 
o 

and Thomas assumed that the attenuation length in iron was identical 

to that in ~arth (1170 kg·m- 2). -2 Using the proper value of 1470 kg·m 

it may be shown that their value of H should be reduced by a factor of 
o 

2.6. Thus, in all, the total correction is to reduce the value quoted 

by a factor of 11.7 giving a value of: 

-3 2-1 
= 1.62 x 10 Sv·m J 

which is in reasonable agreement with the values given in Table 5. 

~'I 
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In the previous sections we have shown that the best value of H , 
o 

obtained from several experiments, is 1. 0 x 10-3 Sv m2 J -1 . and this 1S 

the value we will use in what follows. 

Equation (IS) may therefore be written as 

-3 

H(d/A,r) 1.0 x 10 . E(dJ/dZ) M(2.3, d/A) = r 

where H Sv 
-1 

1S 1n s 

E is 1n Joules 

(dJ/dZ) is in 
-1 -1 

protons m ·s 

r is in meters. 

Equation (lSa) may also be written as: 

H(d/A., r) = 
6.0xlO-8 

r 

-1 where H is 1n rem hand E is in Gev. 

M(2.3,d/A) 

(lSa) 

(ISb) 

As we have suggested, the use of Eqs. (lSa) or (lSb) should predict 

values of dose equivalent rate to within a factor of about two. 

One useful check on the claim is to compare the shield thicknesses 

calculated by other means. One such comparison may be made with the work 

of O'Brien (O'B 68) who has solved the Bo!tzmann transport equation in an 

earth/concr~te shield using a spherical harmonicsapprbximation. 

O'Brien expresses his results in the form: 

= ~ E(dJ/dZ) B(d/A) 
r 

(I6) 
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where k is a constant 

B(d/A) a a barrier transmission factor 

, and the other symbols have their usual meaning. 

The similarity between Eq. (15a) and (16) is obvious and it follows 

that, if these calculations are to give identical results: 

k B(d/>..) 
M(2.3, d/>") on 

O'Brien's calculations take into account the variations 1n neutron 

spectrwn produced by the water content of the shielding. Values of the 

barrier transmissions factors ar,e given for concrete with various frac-

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

the fraction of water in the shield increases the transmission factor 

decreases (i.e.; the shield becomes more efficient) - an effect that has 

been observed experimentally (Gi 68). This is due to the increasing 

efficiency of moderation of intermediate energy neutrons by the water 1n 

the shield and the subsequent capture of the thermal neutrons in the 

elements of high thermal neutron absorption cross section present in the 

shield. Table 7 gives an indication of the magnitud~ 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. (6% water by weight is typical for concrete.) 
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Table 7. Influence of water content of concrete on neutron 
transmission (after O'Brien). 

Water Content 
(Percentage by 

Weight, w%) 

o 

2.5 

6 

16 

25 

M Value of 
B(x, w%) 

ean B(x, 6%) 

2.50 

1. 21 

1. 00 

0.70 

0.54 

Inspection of Table 7 shows the variation of about a factor of two 

~n Dose Equivalent Rate are poss'ib1e from those calculated for "normal" 

concrete. 

Equation (17) may be used to estimate a value of the Moyer Parameter 

H , from the calculations of O'Brien, and Fig. 6 shows values for the 
o 

family of curves H (d/>", w) plotted as a function of d/X. Also shown 
o 

is the mean of the experimental values already des'cribed in this paper. 

The band of uncertainty indicated represents one standard deviation. 
\ 

Within the plotted range 1 ~ d/>.. ~ 15 and for the range of water 

content in normal concrete (2.5% ~ W ~ 25%) (Ja 75). The values of H 
o 

determined from O'Brien's calculations differ by no more than a factor of 

two from the mean value of the experimental data considered in this 

paper. This is within the level of agreement of the experiments them-

selves and is therefore considered quite good. 
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Fig. 6. Comparison of values of Ho(d/A) determined from the calcula­
tion of O'Brien with the experimental value. The dark band 
shows the region extending two standard deviations from the 
mean value of Ho. (95% confidence band) 
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5. Limitations of the Moyer Model 

The Moyer Model as outlin;~d in the previous sections may De used to 

calculate the intensity of the radiation field outside shielding around 

a target, in the energy range 1 - 50 GeV. The accuracy is probably 

within a factor of two, depending upon the geometry of the shielding. 

Two examples follow which expl~in the limitation in accuracy on the 

method, especially that of assuming a multiplicity which is independent 

of angle. (It should, however, be remembered that the dependence of the 

buildup factor on shield material has also been ignored here. -We believe 

it to be of less importance than the effect 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 sma~l target to shield distance, 

secondaries with a higher average energy leaving the target at an angle, 

8, other than 90 degrees can also make interactions in the shield which 

will contribute to the dose rate at P since the effective shield thick­

ness Xl is not very different from x. In case (b) however, where the 

target to shield distance, x2 ,is, very much greater than xl' these same 

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 

the larger distance x2• Thus the constant HI determined in the previous 

sections should be ~~ed in situations similar to those 1n which it was 

determined (i.e., for target shield distances -1m). 

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 secondary interactions in the wall of a 

vacutnn 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 marked 

at high proton energies as can be seen from Fig. 9 where the hadron star 

density in the walls of a vacutnn pipe of raditnn 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 region, 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 the operation of high-energy proton accelerators has ied 

to the acctnnulation of a great deal of experimental information 

(summarized in this paper) which has eliminated the uncertainties found 

in the early literature and secondarily because of the development of 

sophisticated methods of computation of the transport of high-energy 

radiation through accelerator shielding (Ne 80). The question therefore 

arises as to whether there is a continuing need for semi-empirical models 

such as the Moyer Model when these more sophisticated and powerful tech­

niques are available. 

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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the precision possible with the use of a computer); such methods will 

facilitate rapid decisions in the preliminary stages of planning experi­

ments or modifications to the accelerator. 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~ 

The design of high energy accelerator shielding usually proceeds in 

two stages - firstly, an approximate calculation of shield thickness ~s 

made using semiphenomemological models for fairly simple geometries, and 

secondly, at a later stage when accelerator parameters have been more 

closely defined, these simple calculations are verified by the use of 

more sophisticated numerical methods, usually involving Monte Carlo 

technique,s to calculate electromagnetic and hadronic cascade phenomena ~n 

the shield. These numerical techniques are not necessarily more accurate 

than the empirical models in estimating the intensity of radiation fields 

outside shielding when the geometry is simple and the primary particle 

energy is in a region where good experimental data are available. Under 

these conditions both methods can predict radiation field intensities to 

within a factor of two or better. The numerical tec4niques are of 

greatest value in extrapolations to new energies or for calculations with 

difficult geometries. 

Semiphenomenological models are therefore still of great value ~n 

shielding design and have the additional advantage 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 Model may be seen from its use in 

the preliminary design for the shielding fora proton storage ring at the 

Stanford Linear Accelerator to operate with PEP (LB 76,Mc 73,;Mc ~l) and 

the design of shielding for the 50 GeV proton synchrotron to be built 

near Beijing (Ch 80). 

7. Acknowledgments. 

The authors would like to thank their colleagues who have provl.deq 

the data discussed in this paper. In part'icular the.members of the 

health physics group at Argonne National Laboratory, Brookhaven National 

Laboratory, CERN, Lawr.ence Berkeley Laboratory and the Rutherford 

Laboratory are to be thanked for providing their experimental results 

and helpful discussions. We gratefully acknowledge the .adviteand 

encouragement of K. Goebel and M. Hofert of CERN, J. B: McCaslin and 

W. D. Hartsough.of·LBL during: the preparation of this paper. 

This work was supported by the European Centre for Nuclear Research 

Geneva; by the Institute of High-Energy Physics, Academia Sinica, Beijing 

and by the u.s. Department of Energy under Contract No. W-7405-ENG-48 

with the University of California. 



40 

APPENDIX: 

NOTE CONCERNING UNITS 

We have tried to use coherent SI units wherever possible 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 

system which are not converted. 

It has been usual to express dose equivalent rates with time 

expressed in hours (millirem h- l , rem h- l , etc.). We have chosen to 

. -1 utilize the um.t Sv s - principally 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 reasons in selecting units for the Moyer Model 

2 -1 parameter, H , we have chosen to express it in Sv m J even though 
o 

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

cited). 

For the benefit of those not entirely familiar with the 

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

Unit 

Quantity Cgs System SI System 

~\ 



Aw 70 

Ch 80 

De 62 

Fa 79 

Gi 68 

Gi 69 

Ho 66 
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