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Monte Carlo Based Formula for Radiation Shielding Assessment in the Forward Direction
C. Wilkinson, D. Fizgerald, S, Frankle, R Hutson, and R, Maceh
Medium Cacrgy Physics Division, Los Aliimos Natonal Laboratory, Los Aluios, NM E794S USA

Abstract

Monite Carlo simulations of 800-MceV proton beam spnlls
in common shiclding matenials show that ncutron dose
cquicalent raes 1w the fooward direction can we charact aszed
by a Moyer Model-like formulal 1,2}, Parucle transpont codes
were used 10 determine the neutron flux at depths up 10 6
meters and  for production angles from (F 10 300 for pnmary
proton beam spills on cylindrical beam stops. The tlux was
then converted o dose equivalent rate as a function of depth
and angle. The results for three common shielding materials
were combined and the resulting fitted tormula provides a
quick method tor estimating the dose equivalent rites and
shiclding elfectiveness outside thick shielding at forward
angles.

L. INTRODUCTION

The assessment of radiation shiclding for the beam lines and
cxperimental arcas at the Los Alamaos Meson Physics Facility
(LAMPE) required a quick and simple method ol estimaung
newiron dose equivalent rwes for 800-MceV proton beam spills
w the forward direction. Although some work has been done
on sunple formulas for forward production at energies above a
few GeVid, no usclul formula exasts at the intermediate
cnergies found at LAMPE. Since the Moyer Madel tormula
worked well for us for calculations in the transverse direction,
it was our hope that we could [it a sinular, simple formula
Muonte Carlo results for dose equivalent rates i the torward
direction.

n. MONTE CARLQO SIMULATION

A Parti le Transport Codes and Computer

The particle transport codes LAHET[4] and MONP[S)
were used o Sunulate particle histories resulting trom  the
mteraction of a4 monochromatte RKOO-MceV proton beiun an
three common shieiding materids: conerete, maural mon, and
magnente concrete. LAHET was used w0 create and tack
tustaries {or protons above 1 MeV oand neatrons above
20 MeV, wiidle MOUONP was used to track neatrons below
S0 MeVoand photons, No virsuee reduction techmigiies were
used an the sumulaonons, The simulations were run on an HP?
130 workstation, witich has been shown to be approximanely
cquivitlenian speed 1o a CRAY Y MIPPan benchinauk tests tor
these condes,

N Nemadation CGeometry and Data Recoeds

The Monte Carlo geometry sunubated proton beam spalls
on thiee evlindncal beam stops wade of the idividual
shicldimg niatenals. The bean spall pomt was taken to e the
venter of the end face of each beam stop, with the incdem
bearn pacillel o the axas of the cvhmder See Figue 1 B

cach ot the shiclding matenals, the particie fluxes ¢l ooy
a tunction of energy b, producuon angle 0, and materid depth
rowere recorded on several surtaces bisectng the oy hinder
normal to the mewdent beam direcion Each surface was
divided mto seven concentric annuh subtending producton
angles 0 ¢ 259 where 0 09 82 100 159 20 280 o W0
The distance 1 was measured from the spill pomt o the
mudpoint of cach annular nng, and 0 was the producuon angle
as measured from the cident beam direstion,  Dose
cquivalert raws RER(0, r) were obtained by muluply g the
(lux by the energy -dependent FCRPI6] conversion Lictons and
suamng over enerey for each 0 and r.
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Fige-e 1. Cyhindncal beam stop geometry voed tor Monte
Carlo simulations. ‘The spill point s the center ot the imeident
tace. Particle flax as a funcuon of energy, producton angle O,
and distance r from the spill pomt was reer ed over annulin
arcas on surlaces at several depths.

. Removal of Backseatter and Mintmual Contributions

Contributions to the total dose equivilent rate DER(O. 1
trom photons were on the order ol a few percent or less and
were theretore agnored.  Protons, however, contnibuted o
substantial fraction o the calculated dose equivadent rate ap to
depths of several meters. By the tme the DER had reached
acceptable hwologrcal occupanon  levels, however,
contrtbutions by protons were a lew percent sad were ipnored
tor the purposes of this study, Only neatron Huxes were used
m the Nit,

We were snterested an the neatron dose equivalent e
outside the shiclding. The neatron Hox inside the eyl
however, icluded contnibunons trom mternably bk
scattered neations, Ths antemal backscatieng compoenent
must fist be iemoved before using the iesalts trom msade the
cyhnder. To do s, sevenl addional Monte Carlo vuns
were petformed with tuncated cyhinders whose end Lices
corresprnded to the posiions of some ol the mtenal baces A
companison of mtemal and end sachwe DERCS allowed an
estinte of the backscaticred contnbutons w be mgede. o
the  three here, the
Lackscattered contmbabons tor cach nuenal was ecentathy

matenls  discussed L hon o

cotntant Tor all angles and all suetaces twested Conecnon

tactors of 070 Lor concrete, O OR Tor magnetite concrete and



040 Lor ron were apphied o the dose equivalent rates tor
mtemal surtaces so that the Died vadues woukd be aeearate for
calculabons outside shiclding,

HL SELECTION OF DATA SAMPLE

It was our intent 1o obtun adequate statisucal samples m
cach matenial to depths of at least 7 radiion attenuaion
lengths, approximately the shueldimg duckness needed tor our
worst-case spills. A sufhicient number ot source protons,
several mitlhion an the cases ol both concrete and magneue
concrere, were started such that the tinal average staustical
errors for the flux bins oI, 8, 1) up 1o depths of 1 9L were
1% I the data at =0 the annulus with the smallest
sampling arca) were excluded, the average staustcal errors on
the fluxes were 0%, The tron data presented a shghtly
different picture: the average statistcal error on the flux bins
[or depths up o 6& was 9% This number was influenced by
a few hins at wide angles and targe depths, as mcdicated by the
Lt that 20% of the flux was contned i bins wath stansaeal
crrors of 5% or less, Shghtly more than a nulhion source
protons were reguired to obtun this accuracy nron. For the
purposes of developing a simple formula tor dose equivalent
rates outside the shielding, we excluded data within 1wo
attenuation lengths of the spill pomt to get past the build up of
particles and mito an equilibrium region that could be titted
sunply. e data mcluded in the ficare given i Table

Table 1.
Input data for the weighted MINUIT fitof Monte Carlo dose
cquivalent rares and the parameters of the (e Data for all
angles between 00 and 30Y weve ancluded. Numbers
parentheses give the depthan terms of ancenuation lengths, A,

Input Data to the Monte Carlo
Material Density Depth
Rmjem ; meters
Concrete 242 15 50
(2.0 R.A
lion 787 070 o
0 S DA
Magnetie Vol o a0 |
Condrete
PRI

IV, RESULTS OF A WEIGIHTTED FIT 1O
MOYLER MODEL FORMULA

The dose cquivadent Gites DEREO O and stansie al errory
tor the three nateribs, at alb angles and at the dephs heged ain
Fable 1, were used to perform a global, weighted Dt 1o
Maoyer type tormalivol the fom

" '
[ L (]
) o o ) oxiK A)

Here Dorcny/henA) s the neutron dose equivalent rate,

Al
Hovrem ms/hr nAy s the souree termy cun s the distanee

from spill o observavon pomt, Jerad By the anwuba

relavaton paramerer, Ocead) s the productnion angle between
the mordent beanmy dicection and the ray from spali o
obscivation post, and Acm) s the anenuation length lor
tatcnad Pl Gt parameic, g, B, ana Bhe mdmaduad A's
for concrete, won, and Magnene CONCres are given i
fable 2

Table 2.
Fitted parameters from g MINUTT it 1o a Moyer type
formula. Units are remem< e aA tor the source term b,
Numbers m parentheses give the radiation attenuation lengths
n gmime-,

Hyy M) Acone Avron A
R0 Jldrad | ()58 m 0.3 m 03t m
(1404 (275 (150 9)

The tited vadues were isensitive 1o the mclusion ot
Monte Carlo data at greater depths than those listed i
luble 1 When the hiowas expanded o inchiie addinonal data
tor depths up 10 6 moan conerete, 3 mom won, and S momn
magneate conerete, there was no signihicant change i the it
parameters, although the relative crrors tor the parametens
mereased several pereent. The plots m Prigures 24 show the
Monte Carlo vesults acall depths, but the Tine representng the
i only includes the data hsted i Table 1 lecan be seen thi
the calculated values using the tormula are sudl a pood Wit to
the data ot the greatest depths, but not tor data i the badd up
repion at depthy less than A

It should be noted that the fitted attenuation leagth
A-OS m tor mon tor lorwand production angles s
sipnthicantly longer than the value of 021 m normally quoted
tor use i the tansverse Moyer Maodel, This s because the
forward Tormula s fie to dacy that exphicitdy includes low
encrey neuttons, When neatrons with energy elow M0 hey
e excluded trom the toowsnd Ticto mron, an attenwauon lenyth
al 01 mowobtuned, s e lusion ol the low encrgy datim
the torward pacameters and toirula removes the need tor the
addiion of hydrogenoas matenal to obaun the caloulited van
dose cquivalent tite notmally advised o the transverse cawe

V. SUMMARY

A Moyer Model ke luncoon prosvades a very pood it o
the Monte Carlo resalts o nedtron dose sqvatdent rates i
the torwand duccpran taor bewn spdis by o monochoon
ROO MeY proton beam Phis funcaoe can e used 1o estimate
neutron dose equivident cates outside radhiation shielding, in
sinple prometnes where the contiibunons troone ridiredt
sontees sl oas shyshime and backsoaticning from nearhy
st tures e notsaenibicant. A compartson el esinated dove
coponalent ves oo the tonmualae and measaed values fon



beams spills at LAMPE[7] shows that the tormula waves o
asciul estimate ot the neutron dose cquivalent rate ain cases

with mmnnal mdirect contnibutions,
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